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Abstract: Persistent atrial fibrillation (PeAF) is a progressive cardiovascular disease with a high risk for most patients
after diagnosis. Poor molecular description of PeAF has led to unsatisfactory interpretation of the pathogenesis
of it, resulting in the lack of effective treatments. The aim of the present study was to find several new potential
biomarkers for early prevention, diagnosis and treatment of this disease and explore the underlying molecular
mechanisms. An absolute quantitation Tandem Mass Tag (TMT)-liquid chromatography-tandem mass spectrometry
(LC-MS/MS) approach was applied to identify differentially expressed proteins (DEPs) in left atrial appendage. To-
tally, 4682 proteins were identified and 4159 proteins were quantified. Compared with control subjects, 118 DEPs
(85 upregulated proteins and 33 downregulated proteins) were identified in the atrial tissues of PeAF patients. Using
String software, a regulatory network containing 87 nodes and 244 edges was built, and the functional enrichment
showed that DEPs were predominantly involved in protein digestion and absorption, regulation of metabolism and
focal adhesion. Four proteins, collagen 1 (COL-l), collagen 2 (COL-l), ras-related protein 1 (RAP1) and leucine-rich
alpha-2-glycoprotein 1 (LRG1) were selected for validation using Western blot analysis to distinguish PeAF patients
and control subjects. The present results provide a comprehensive understanding of the pathophysiological mecha-
nisms of PeAF and the validated biomarkers for the diagnosis of PeAF, which facilitate the development of thera-

peutic targets.
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Introduction

Atrial fibrillation (AF) is the most common
arrhythmia in the clinic and it mainly occurs in
the elderly [1]. It is well recognized that AF leads
to adverse consequences such as stroke,
thromboembolism and heart failure, resulting
in increased mortality and disability in patients
[2, 3]. According to statistics, the risk of stroke
in patients with AF is 5 times higher than that
in patients without AF, and about 4-5% of
patients with AF are suffering from cerebral
apoplexy every year [4]. Pulmonary vein isola-
tion (PVI), a standard ablative strategy for par-
oxysmal AF, is unideal in patients with persis-
tent AF (PeAF), thus the mortality of AF still
maintains an upward trend. In recent years,
people have also deeply studied the pathogen-
esis of AF, mainly including inflammatory re-

sponse, atrial remodeling, oxidative stress and
genetic inheritance. However, the differentially
expressed proteins (DEPs) in atrial tissue of
PeAF patients and control subjects have not
been investigated. Identifying DEPs in atrial tis-
sue of PeAF patients and control subjects is
beneficial to the better understanding of the
molecular mechanisms of AF, which may be of
great importance for the early prevention, diag-
nosis and treatment of PeAF.

The emergence of proteomics has provided a
new research direction for current biology.
Compared with the conventional biochemical
approaches, which analyze only one or several
specific proteins at a time, proteomics con-
ducts a large-scale analysis of protein expres-
sion, forming the more accurate molecular
mechanisms related to the development of dis-
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eases [D]. At present, protein biomarkers are
gradually becoming the important biomarkers
for multiple diseases in clinical practice [6, 7].
Zou et al [8] found that three verified proteins
biomarkers could diagnose the myocardial in-
farction (MI) and monitor the disease state and
the therapeutic effects of MI. Sun et al [9] uti-
lized iTRAQ coupled with 2D LC-MS/MS to find
the differential urinary proteins between pa-
tients with coronary artery disease and heal-
thy subjects. llias P. Doulamis et al [10] indicat-
ed that PeAF was related to changes in the pro-
teome of patients undergoing cardiac surgery
and the differential protein biomarkers could
stratify risk for PeAF. Importantly, the applica-
tion of proteomics in the diagnosis of heart dis-
eases is gradually prevalent.

The TMT coupled with LC-MS/MS-based app-
roach is a powerful sensitive proteomic tool,
which can simultaneously quantify proteins in
2-plex, 6-plex and 10-plex samples to discover
protein biomarkers of multiple diseases [11-
15]. The TMT technique has been widely used
in the proteomic research due to its advantag-
es such as high sensitivity, labeling efficiency
and resolution, good sample compatibility and
ideal repeatability. Bioinformatics analysis ba-
sed on TMT-coupled proteomics was also per-
formed to find DEPs in pathophysiological me-
chanisms of several cardiovascular diseases
[13, 16, 17]. However, as far as we know, no
study has identified protein biomarkers in atri-
al tissue from AF patients and control subjects
with TMT-based approaches.

In this study, we used TMT with nano-LC-MS/
MS to find the DEPs in atrial tissue from PeAF
patients and control subjects to better under-
stand the molecular mechanism in signaling
pathway and biological processes, which could
provide important theoretical basis for the ear-
ly prevention, diagnosis and treatment of PeAF
in clinical practice.

Materials and methods
Materials and experimental design

Human left atrial appendage tissue samples
were obtained from PAF patients (n = 6; mean
age + SD: 56.3 + 8.2 years; 2 female, 4 males)
or PeAF patients (n = 6; mean age + SD: 56.3 £
8.3 years; 2 female, 4 males) who had received
atrial transplantation surgery at the cardiotho-
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racic surgery department of Nanjing Drum To-
wer Hospital (Nanjing, PR China). Histological
examination of the explanted atrial confirmed
the diagnosis of PAF or PeAF conducted by pa-
thologists. All patients met the diagnostic crite-
ria for PAF or PeAF defined by an official ATS/
ERS/JRS/ALAT statement: PeAF: evidence-ba-
sed guidelines for diagnosis and management.
However, PeAF-2 sample was eliminated due to
the great individual differences. Control atrial
tissue (Control subjects; mean age + SD: 56.7
+ 8.6 years; 2 females, 4 males) was collected
from 6 patients having cardiac surgery at tho-
racic surgery of Nanjing Drum Tower Hospital. 5
mL peripheral venous blood of patients and
control subjects was collected into a test tube
without anticoagulant reagent. After centrifuga-
tion at 3,000 r/min for 5 min, the supernatant
was obtained and placed in an EP tube. The
samples of tissues and serum were stored in
an ultra-low temperature freezer at -80°C for
subsequent experiments. The study protocol
was approved by the Ethics Committee of
Nanjing Drum Tower Hospital of Medical Sch-
ool of Nanjing University. Informed consent was
obtained in writing from each subject for the
study protocol. Demographic and clinical data
(atrial function test parameters) on control sub-
jects or patients receiving transplantation are
summarized in Supporting Information.

Protein extraction

The atrial tissue sample was ground into cell
powder with liquid nitrogen and transferred to a
5-mL centrifuge tube. Subsequently, four vol-
umes of lysis buffer (8 M urea, 1% Protease
Inhibitor Cocktail) was added to the cell pow-
der and sonicated on ice using a high-intensity
ultrasonic processor (Scientz) for three times.
(Note: For PTM experiments, inhibitors were
also added to the lysis buffer, e.g. 3 uM TSA
and 50 mM NAM for acetylation). The remain-
ing debris was removed after cell powder cen-
trifugation at 12,000 g and 4°C for 10 min.
Finally, the supernatant was collected, and the
protein concentration was determined by BCA
kit according to the manufacturer’s instruc-
tions.

Trypsin digestion

For digestion, the protein solution was volatil-
ized with 5 mM dithiothreitol for 30 min at 56°C
and alkylated with 11 mM iodoacetamide for
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15 min at room temperature in darkness. The
protein sample was diluted by adding 100 mM
TEAB when the urea concentration was less
than 2 M. Finally, the protein sample was
digested with trypsin (trypsin/protein = 1:50)
overnight and then digested with trypsin (tryp-
sin/protein = 1:100) for 4 h.

TMT labeling

Peptide was reconstituted in 0.5 M TEAB and
processed in accordance with the manufactur-
er’'s protocols for TMT kit/TMT Kkit. Briefly, one
unit of TMT/TMT reagent was thawed which
was reconstituted in acetonitrile. The peptide
mixtures were then incubated for 2 h at room
temperature and then pooled, desalted and
dried by vacuum centrifugation.

HPLC fractionation

The tryptic peptides were separated into frac-
tions by high pH reverse-phase HPLC using
Thermo Betasil C18 column (5 um particles, 10
mm ID, 250 mm length). Concisely, peptides
were separated into 60 fractions with a gradi-
ent of 8% to 32% acetonitrile (pH 9.0) over 60
min. Then, the peptides were synthesized into
18 fractions and dried by vacuum centrifu-
gation.

LC-MS/MS analysis

The tryptic peptides were dissolved in 0.1% for-
mic acid (solvent A) and directly loaded onto a
home-made reversed-phase analytical column
(15-cm length, 75 um i.d.). The gradient was
changed as follows: solvent B (0.1% formic acid
in 98% acetonitrile) increased from 6% to 23%
in 26 min, increased from 23% to 35% in 8 min,
reached 80% in 3 min and maintained at 80%
for the last 3 min. The constant flow rate of
mobile phase was 400 nL/min in an EASY-nLC
1000 UPLC system. The peptides were subject-
ed to NSI source followed by tandem mass
spectrometry (MS/MS) in Q ExactiveTM Plus
(Thermo) coupled online to the UPLC with 2.0
KV electrospray voltage. The m/z scan ranged
from 350 to 1800 for full scan, and intact pep-
tides were detected in the Orbitrap at a resolu-
tion of 70,000. Further, the peptides were
selected for MS/MS using NCE setting as 28
and the fragments were detected in the Or-
bitrap at a resolution of 17,500. A data-depen-
dent procedure alternated between one MS
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scan and another followed by 20 MS/MS sc-
ans with 15.0 s dynamic exclusion. Automatic
gain control (AGC) was set at 5E4 and fixed first
mass was set as 100 m/z.

Database search and bioinformatics methods

The MS/MS data were processed using Max-
quant search engine (v.1.5.2.8). Tandem mass
spectra were searched against Uniprot data-
base concatenated with reverse decoy data-
base. Trypsin/P was defined as a cleavage
enzyme that tolerated up to 4 missing cleav-
ages. The mass tolerance for precursor ions
was set as 20 ppm in First search and 5 ppm in
Main search, and that for fragment ions was
set as 0.02 Da. Carbamidomethyl on Cys was
specified as fixed modification and oxidation
on Met were defined as variable modifications.
FDR was adjusted to < 1% and the minimum
score of modified peptides was set > 40. The
classification of DEPs was performed based
on the annotations obtained from the UniProt
knowledge base (http://www.uniprot.org/). In
addition, the terms of Gene Ontology (GO)
(http://geneontology.org/) were utilized to elab-
orate cellular components (CC), biological pro-
cess (BP), and molecular function (MF). Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway (http://www.genome.ad.jp/kegg/pa-
thway.html) was used to elucidate the knowl-
edge of biochemical pathways and other types
of molecular interactions.

Masson staining

Atrial tissue sections (3 mm thick) were ob-
tained and treated with masson compound
staining solution for 5 minutes. Then they were
slightly washed with 0.2% acetic acid, treated
with 5% phosphatotungstic acid, soaked and
washed with 0.2% acetic acid three times. Af-
ter washing with acetic acid water three times
and dewaxing with anhydrous ethanol, the sec-
tions were transparently treated with dimethyl-
benzene and neutral gum to seal the slides.
Finally, the slides were observed and photo-
graphed by an optical microscope (CKX41,
Olympus, Tokyo, Japan).

HL-1 cell pacing model

Mouse atrial cardiomyocyte cell line HL-1
(SCCO65; Sigma-Aldrich) was used for cell pac-
ing model. HL-1 cells were cultured and main-
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tained in supplemented Claycomb Medium
(Sigma-Aldrich) [18]. The cells were serum-
starved for 24 h on the third day after passag-
ing and then depolarized spontaneously at a
rate of 0.5-1 Hz. Pacing was administered us-
ing a C-Pacel00TM-culture pacer and CDi-
sh100TM culture dishes (lonOptix Corporation,
Netherlands) with a 1 V/cm, 5-ms pulse width
and 5-Hz frequency, according to previous stu-
dies [19, 20]. HL-1 cells in control group without
stimulation were also performed in parallel.

Western blot analysis

For atrial tissue, proteins were extracted fr-
om approximately 100 mg of atrial tissue and
quantified with a BCA Protein Concentration
Determination Kit (Beyotime Biotech). The sep-
aration of proteins (40 pg) was performed by
electrophoresis in 10%, 12% or 15% SDS-PAGE
gels. The proteins were then transferred onto
polyvinylidene difluoride (PVDF) membranes,
and blocked with 5% skimmed milk in TBST
under 25-30°C for 1 h. The membranes were
then incubated with the corresponding primary
antibodies at 4°C overnight. The primary anti-
bodies of COL1A1 (COL-l), COL3A1 (COL-IIl) and
GAPDH were purchased from Bioworld Te-
chnology (St.Louis Park, MN, USA) and LRG1
and Rap-la/b were obtained from Santa Cruz
Biotechnology (Dallas, TX, USA). Subsequently,
the blots were incubated with peroxidase-con-
jugated secondary antibodies at 25-30°C for 1
h and visualized with enhanced chemilumines-
cence (ECL) detection reagent (Sigma Chemical
Co). For HL-1 cell, HL-1 cells were washed with
PBS for 3 times and treated with RIPA lysate on
ice for 30 min, which was then transferred to a
new EP tube for centrifugation for 10 min. The
supernatant was quantified with a BCA Prote-
in Concentration Determination Kit (Beyotime
Biotech). The subsequent procedure was simi-
lar to above.

Immunofluorescence

Atrial tissue sections (3 mm thick) were ob-
tained, blocked with 10% serum for 1 h and
incubated against RAP1 and LRG1 overnight at
4°C. After washing for 3 times, the sections
were incubated with a secondary antibody at
20-37°C for 1 h. Finally, the sections were st-
ained with DAPI staining for 15 min, which were
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observed by an optical microscope (CKX41,
Olympus, Tokyo, Japan).

ELISA assay

The expression level of LRG1 in serum of PeAF
patients and control subjects was detected by
RayBio® Human LRG1 ELISA Kit (RayBiotech.
Inc) according to instructions. Absorbance at
450 nm was recorded, and concentration (ug/
ml) was calculated from a standard curve.

Statistical analysis

Data are presented as mean + standard devia-
tion (SD). Unpaired and two-tailed Student’s
t test was used to compare the results of
Western blot analysis and ELISA assay of two
groups. All data were statistically analyzed
using SPSS 21.0. Differences were considered
statistically significant at P < 0.05.

Results
Cohort characteristics

To quantitatively describe the proteomic varia-
tion in human left atrial appendage tissues, we
specially selected the most differentiated tis-
sue extremes represented by clinical indexes,
such as BMI, LAD, LVEF, BNP and CRP. Table
1 summarizes the characteristics of patients
with associated heart functions. All subjects
were between 55 and 60 years old. The mean
value of FEV1/FVC was 0.34 measured by spi-
rometry tests in PeAF patients, which was obvi-
ously below the COPD diagnostic criterion of
FEV1/FVC < 0.70.

Masson staining of left atrial appendage

The histomorphology changes of left atrial ap-
pendage in control subjects (Figure 1A), PAF
patients (Figure 1B) and PeAF patients (Figure
1C) were observed by masson staining. There
were some collagen fibers appearing in left atri-
al appendage in PAF patients and many colla-
gen fibers appearing in left atrial appendage in
PeAF patients, compared with the control sub-
jects (CTRL).

Bioinformatics analysis

The samples of left atrial appendage from pa-
tients and control subjects were randomly ana-
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Table 1. Clinic characters of left atrium appendage samples

PAF (n = 6) SR (n=6) PeAF (n=6)
Age (y) 56.3 + 8.2 56.7 + 8.6 56.3 + 8.3
Gender (Male/Female) 4/2 4/2 4/2
BMI (kg/m?) 25,5+ 3.6 229+29 23.7+4.6
Hypertension (n) 3 3 1
Diabetes mellitus (n) 0 0 1
CKD (n) 0 0 0
Smoke abuse 3 1 1
Alcohol abuse 0 1 1
Coronary artery disease (n) 1 3 0
Stroke (n) 1 0 1
LAD (cm) 53+0.9 48+0.9 58+0.6
LVEF (%) 50.3+10.1 545+35 450+11.2
BNP (pg/ml) 165.1 +96.6 122.6 +94.7 219.3+91.0
CRP (mg/dl) 31+14 54+42 5.6+4.3
eGFR (mL/(min-1.73 m?)) 97.3+181 88.8+209 99.2+16.6
Beta blockers 3 4 5
Anticoagulants 4 3 3
Digoxin 0 0 0
PGI2 1 1 2

Heart rate (bpm) 708+54 85.6+15.6 80.5+374

BMI = Body mass index, CKD = Chronic kidney disease, LAD = Left atrium diam-
eter, LVEF = Left ventricular ejection fraction, BNP = Brain natriuretic peptide,
CRP = C-reactive protein, GFR = Glomerular filtration rate, PGI2 = Prostacyclin.

subjects, and patients with PeAF
are at a higher risk than those
with PAF. Therefore, we decided
to focus our research on PeAF
analysis.

To investigate the functional cl-
assification of all DEPs, we per-
formed GO analysis and catego-
rized these proteins according
to their molecular function (MF),
biological process (BP), and cel-
lular component (CC) by employ-
ing the Blast2 GO software. The
DEPs derived from PeAF pati-
ents and control subjects (con-
trols) were classified into biologi-
cal process, cellular component
and molecular function by the
GO analysis tool (Figure 5A).

To elucidate the functional dif-
ferences between down-regulat-
ed and up-regulated proteins,
three types of enrichment-based
clustering analyses were con-
ducted for the quantified pro-

lyzed by TMT-based proteomics method to
determine the DEPs which may be related to
the molecular mechanism of PAF or PeAF. Our
experimental design was shown in Figure 2.
Figure 3 is a volcano plot of the log2 fold-
change (x-axis) versus -log10 p value (the y-
axis represents the probability that the prote-
in could be differentially abundant). The red
points in the upper right (ratio > 1.3) and the
green points in the upper left (ratio < 0.77) sec-
tions with P < 0.05 represent significantly dys-
regulated proteins in PAF (left) and PeAF (right)
patients. In total, 4682 proteins were identi-
fied, of which 4159 proteins were quantified.
118 DEPs (85 upregulated proteins and 33
downregulated proteins) (fold change = 1.3)
were identified in atrial tissue from PeAF pa-
tients and control subjects.

According to Venn Diagram analysis, there are
only 8 altered proteins in common between
PAF and PeAF, such as COL1A1, COL1A2,
COL3A1 and LRG1 (Figure 4). However, the
difference of protein abundance between PeAF
patients and control subjects was more obvi-
ous than that between PAF patients and control
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teins: Gene Ontology (GO) enri-

chment-based clustering analy-
sis, KEGG pathway enrichment-based cluster-
ing analysis and protein complex enrichment-
based clustering analysis. Figure 5B demon-
strated that DEPs between PeAF patients and
control subjects (controls) show a significant
enrichment tendency in Calcium ion binding
and other functional types. Negative logarithm
(-log10) transformation is carried out for the p
value obtained from the enrichment test (Fi-
sher’s exact test is used here). The larger the
value is obtained after conversion, the more
significant the enrichment of this functional
type will be.

Overexpression of DEPs on a given pathway
refers to the pathway enrichment analysis of
DEPs. Figure 6 exhibited the results of KEGG
pathway enrichment analysis of DEPs in atrial
tissue from PeAF patients and control subjects
(controls). Each point in the graph represents a
KEGG pathway, the name of which can be clear-
ly seen on the left coordinate axis. The x-axis
represents enrichment factor. The larger the
enrichment factor is, the more reliable the
enrichment significance of the differential pro-
tein in this pathway will be. KEGG pathway
enrichment analysis showed that the altered
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Figure 1. The fibrosis in left atrial appendage tissue samples of control subjects (A), PAF patients (B) and PeAF pa-
tients (C) was observed by Masson staining.

proteins in atrial tissue were predominantly
involved in protein digestion and absorption,
ECM-receptor interaction, focal adhesion and
PI3BK-AKT signaling pathway. All of these path-
ways have reported to be related to the myocar-
dial fibrosis, especially focal adhesion [21].

Figure 7 is a heat map of the most significant
DEPs in atrial tissue from PeAF patients and
control subjects (controls). The x-axis repre-
sents different atrial tissue samples and the
DEPs in atrial tissue from PeAF patients and
control subjects (controls) are shown on the
right coordinate axis. The color of each square
represents different expression levels of pro-
teins. The protein abundance showed by heat
map was different in atrial tissue between
PeAF patients and control subjects (controls).

Proteins often cannot act alone, but they can
interact with other proteins to perform multiple
functions in different pathways. To understand
the molecular mechanism between PeAF pa-
tients and control subjects, the identified DEPs
were connected by string to form the protein-
protein interaction (PPI) regulatory network [22,
23] (Figure 8). The network nodes mean pro-
teins. Moreover, the different types of lines
connecting the proteins represent various pro-
tein-protein interactions. COL1A1, COL1A2, CO-
L3A1, COL5A2, COLBA1 and COLBA2 were col-
lagens that participated in the composition of
myocardial fibers. These collagens interacted
with each other and connected with FN1, RA-
P1B and LRG1.

Verification of the differently expressed pro-
teins

In this experiment, 4682 proteins were identi-
fied in total atrial tissue samples, of which
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4159 proteins were quantified. A total of 118
DEPs were identified in atrial tissue from PeAF
patients and control subjects (controls). Four
DEPs, which were COL-l, COLIIl, RAP1 and
LRG1, were validated using western blot to ver-
ify the proteomics results. As shown in Figure
9A, the expression of COL-l, COL-lll, Rap-1a/b
and LRG1 was increased in atrial tissue in PeAF
patients than in control subjects (Ctrl). The
results of Western blot analysis were consis-
tent with the results of TMT-based quantitative
proteomics. Immunofluorescence experiment
was conducted to determine the expression of
Rapl and leucine-rich alpha-2-glycoprotein 1
(LRG1) in atrial tissue from PeAF patients
(Figure 9B). RAP1 (orange) was prominent in
the atrial myocardial cells. The expression of
LRG1 (red) was found both in myocardial cells
and extracellular matrix. The expression level
of LRG1 in serum of PeAF patients was de-
creased compared with that in control subjects
(Ctrl). As shown in Figure 9C, the expression
level of LRG1 in serum of PeAF patients was
lower than that in control subjects (Ctrl). In
pacing model, the expression of Rap-1la/b and
LRG1 in pacing HL-1 cells was increased com-
pared with control subjects (Ctrl) (Figure 9D).

Discussion

AF refers to the loss of regular atrial electrical
activity, replaced by irregular atrial fibrillation
waves, which is one of the most common clini-
cal arrhythmias [1]. In the process of AF, effec-
tive contraction of atria disappears, and cardi-
ac output decreases by 25% or less in sinus
rhythm. AF-induced hemodynamic instability
and high blood coagulation lead to cerebral
apoplexy and other thromboembolism compli-
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Figure 3. Differentially expressed proteins in left atrial appendage tissue of PAF and PeAF patients compared with
control subjects (CTRL). PAF/CTRL: Volcano plot of protein changes in left atrial appendage tissue of PAF and CTRL
groups. There were 30 proteins with fold change of > 1.5 or < 0.67 and p-values < 0.05 were identified as signifi-
cantly dysregulated. PeAF/CTRL: There were 108 proteins with fold change of > 1.5 or < 0.67 and p-values < 0.05

were identified as significantly dysregulated.

PAF—down

Figure 4. Venn diagram showing the overlapping differentially expressed
proteins in left atrial appendage tissue from PAF and PeAF patients.

cations, resulting in high disability and morta-
lity rates, which seriously harm the human
health [24]. Stroke is one of the biggest haz-
ards of PeAF and the stroke caused by atrial
fibrillation can bring more serious consequenc-
es [25].
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PeAF—up

PeAF-down

The diagnosis of AF relies on
clinical symptoms and signs
and can be confirmed by an
electrocardiogram [26, 27]. In
previous studies, a set of AF
biomarkers were chosen for AF
patients with hypertension or
metabolic syndrome [28, 29].
Recently, Akshay Goel et al
[30] have found that L-arginine
derivatives, ADMA and ADMA,
appear to be promising bio-
markers for the prediction of
prognosis and risk stratifica-
tion of AF patients. However,
there is little research on bio-
markers for early diagnosis of
AF. Therefore, differentiating
the proteins in atrial tissue
from PeAF patients and control
subjects could provide an ef-
fective way to identify diagnos-
tic biomarkers. In the present
study, we used TMT-based proteomics coupled
with nano-LC-MS/MS to screen the DEPs in
atrial tissue from PAF or PeAF patients and con-
trol subjects. Because the difference of protein
abundance between PeAF patients and control
subjects is more obvious than that between

Am J Transl Res 2020;12(9):5032-5047



Proteomic analysis to identify differentially expressed proteins in the PeAF

A GO terms of DEPs M up no.of Protein B down no. ofproteins
90

80

70
60
50
40
30
20
10
O —_
g

I I I l I | I I I |I Il I I- I. ll I I I Il l. ke 1. I I Il Inl = 8 =
4 395 5 8§ 58 862858552 ® 5 5§ 55 8 3 2T 5T L
8 &8 53 8 § 8§ 8§ 0 = 8 g 8 5 £ T fi = a2 E 38 o 8| 2 2 8B 2 3 = £
& k] e ® 5§ & & 8| g = B E & e ¥ 8 = E £ £ 8
¢ ¢ &8 E 2 B 2 2§ 2 2 28 2 ¢ B § 5 PE S8 E 2\ s T %S EE B
a 53 %5 f% 53 g @3 E 38 2 E p 5 3 33 &3 8 g T8
£ h a2 B a2 W 2 8 g & S g 3 3 = s 2 - 8 8 ©
§ 5 » o 5 2 g 2 B8 g 2 & B E 3 kB £ 3 kB S 32 5 £ 8 §
s = 8 8 A S & 5 % B = T 3 5 ¥ 3 T @ =2 g 8 ©
g F o a 2 = E & g B e g £ 3 B B @& o
S @ £ E e =3 8 O 1] n
g0 B & B0 o & 2 e =
= 2 g B > 82 2 o 5 © 5 ¢ a ] “ E 5 § 8 B
& 2 o FE s © B g & B 5 E E ® ¢ 5 & &
> a ¢ e ¥ o s = @ & b a S B " m &
[} ] [ = = b 5 a = e =
= = e £ IS = €t 32 S 3
5 =R = E g E 3 £ g g 3
g - £ - s
= 5 =
E 5
(=9
| =
o
8
k
=
]
g
Biological Process Cellular Component Molecular Function
B -log10(p value)

o -~ L) w £ o,
calcium ion binding I
PTB domain binding I
death receptor binding I
integrin binding I
collagen trimer I
protein trimerization I

fibrillar collagen trimer I
banded collagen fibril I

collagen type | trimer I
protein oligomerization I

protein heterotrimerization | IEEEEEEE—
collagen fibril organization I

platelet-derived growth factor binding I
extracellular matrix structural constituent IEEEEEEG—_—_—————
complex of collagen timers I
extracellular matrix component I
proteinaceous extracellular matrix IEEEEEE—_G_—S—
endoplasmic reticuum lumen I
collagen catabolic process I
collagen metabolic process I
multicellular organismal catabolic process I
cellular response to amino acid stimulus IEEEEEEE_—_—
multicellular organism metabolic process I
response o purine-containing compound I
protein heterooligomerization I
cellular response to organic cyclic compound I

tumor necrosis factor receptor superfamily binding NG
glucosamine-6-phosphate deaminase activity I
cellular response to organcnitrogen compound I

multicellular organismal macromolecule metabolic process I

Molecular Function Cellular Component Biological Process

Figure 5. Go terms of differentially expressed proteins in left atrial appendage tissue from PeAF patients and control
subjects. The identified proteins were classified into biological process, cellular components and molecular function
(A). Go enrichment of differentially expressed proteins in left atrial appendage tissue from PeAF patients and control
subjects (B).

PAF patients and control subjects, and PeAF Among the differentially expressed extracellu-
patients have a five-year survival rate only, lar matrix (ECM) proteins, COL-l, COL-Ill, RAP1
DEPs in atrial tissue from PeAF patients and and LRG1 were selected for their biological
control subjects are explored in this study. functions in the process of myocardial fibrosis
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Figure 6. KEGG pathway enrichment analysis of differentially expressed proteins in left atrial appendage tissue from

PeAF patients and control subjects.

in PeAF. One kind of DEPs was collagens, includ-
ing COL-I and COL-III. In the heart, collagens are
the main ECM proteins with unique physiologi-
cal properties encoded by different genes. ECM
is the general term of structural glycoproteins,
protein polysaccharide and glycosaminoglycan.
With the in-depth research on the pathophy-
siology of heart disease, ECM is found to be
changed in the heart disease. At present, col-
lagens in the heart mainly include COL-I, COL-III,
COL-1V, COL-V and COL-VI, among which COL-I
content is the highest followed by COL-IIl. COL
is a main component of large collagenous fi-
bers parallel to the myocardial bundles and its
increase may enhance the myocardial tensile
ability. In addition, COL-1ll mainly surrounds car-
diomyocytes with good extensibility and resil-
ience. Myocardial collagen network is an im-
portant factor in determining cardiac muscle
extension and resilience. COL-Il constitutes
a lateral connection between cardiomyocytes
and muscle bundles with spring-like spiral st-
ructure [31]. COL-I and COL-IIl also play impor-
tant roles in cardiac remodeling. A study has
shown that at the early stage of remodeling,
collagen degradation is enhanced while COL-III
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is often significantly increased, and COL-l is
mainly increased at the advanced stage of re-
modeling [32]. In this study, the expression of
COL-lI and COL-Ill is increased in atrial tissue
from PeAF patients compared with control sub-
jects (controls), indicating the decreased car-
diac muscle stretching and myocardial resi-
lience.

RAP1, a member of the Ras superfamily, is a
GTP binding protein involved in the cell-matrix
interactions and it mediates the cell adhesion
and apoptosis by binding to GTP (active form) or
GDP (inactive form) signaling pathway [33, 34].
In this study, it can be seen from the PPI regula-
tory network that RAP1 can interact with LRG1,
and it is increased in atrial tissue from PeAF
patients compared with control subjects (con-
trols). In addition, the expression of Rap-1a/b
in pacing HL-1 cells was also increased com-
pared with control subjects (Ctrl). LRG1, a newly
discovered angiogenic factor in recent years, is
a secretory glycoprotein mainly involved in cell
differentiation, cell adhesion, cell migration,
apoptosis and angiogenesis [35, 36]. A study
indicated that RAP1, which is located in cyto-
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Figure 7. Heat map of the most significant differentially expressed proteins
in left atrial appendage tissue from PeAF patients and control subjects
(CTRL). The colors represent the up-regulation (red) or down-regulation

(green) of the gene for each type.

Figure 8. Protein interaction network generated using STRING software.
Protein-protein interaction regulatory network of differentially expressed
proteins between PeAF patients and control subjects.
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plasm, is expressed mainly in
Golgi apparatus in normal rat
spermatogenic cells [37]. After
RAP1 activation, the signal is
transmitted to the nucleus th-
rough a series of downstream
effectors, regulating the biolo-
gical functions of the cell [38-
40]. The results of immunofluo-
rescence experiment showed
that RAP1 mainly appeared in
atrial myocardial cells and LR-
G1 appeared both in myocar-
dial cells and extracellular ma-
trix. Thus, we speculated that
RAP1 may regulate the secre-
tion process of LRG1 in myo-
cardial cells. Further studies
are required to explore the ef-
fect of RAP1 on the expression
of LRG1 in PeAF and to investi-
gate the possibility of prevent-
ing or reversing PeAF by up-
regulating the RAP1 expres-
sion.

LRG1 is a member of leucine-
rich repeat (LRR) protein fami-
ly, many of which participate in
protein-protein interactions, si-
gnaling and cell adhesion [41].
AF often results from cardio-
myopathy, hypertension, coro-
nary heart disease, valvular
disease, heart failure and con-
genital heart disease. Studies
have shown that different LR-
G1 expressions are associat-
ed with various heart diseases
[42, 43]. Gopalakrishnan et al
[44] demonstrated that LRG1
expression was obviously de-
creased in the left ventricle tis-
sue of hypertensive rat with
concentric cardiac hypertro-
phy. LRG1 expression was de-
creased at the later period of
heart failure due to dilated ca-
rdiomyopathy [45]. Transitory
activation of AKT1 caused re-
versible cardiac hypertrophy,
which was related to the de-
crease of LRG1 [46]. Similarly,
PI3K down-regulation obvious-
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Figure 9. Several altered proteins in atrial tissue, human serum and pacing HL-1 cells were selected to verify the results in proteomes analysis. A. The expression
of COL:|, COL-lll, Rap-1a/b and LRG1 in atrial tissue were detected by Western Blot. Data are shown as the mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001
vs. Ctrl group. B. The expression of Rapl and LRG1 in left atrial appendage tissue from PeAF patients and control subjects was showed by Immunofluorescence
experiment. C. The expression level of LRG1 in human serum was detected by ELISA assay. **P < 0.01 vs. Ctrl group. D. The expression of Rap-1a/b and LRG1 in
pacing HL-1 cells were detected by Western Blot. Data are shown as the mean £ SEM. ***P < 0.001 vs. Ctrl group.
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ly alleviated cardiac hypertrophy in transgenic
mice, which was also related to the simultane-
ous LRG1 overexpression [47]. LRG1 expres-
sion was decreased in mouse models of pa-
thological cardiac hypertrophy. LRG1 expres-
sion was obviously down-regulated in the heart
of mice with compensated pressure overload
hypertrophy [48, 49]. Moreover, the LRG1 ex-
pression was obviously decreased in the ven-
tricle of a-TM E180G transgenic mice, while
LRG1 overexpression could reverse cardiac
hypertrophy in o-TM E180G transgenic mice
[50]. LRG1 was also expressed in cardiac fibro-
blasts and cardiomyocytes [51, 52]. These find-
ings indicated that LRG1 expression is related
to the fibrosis, abnormal vascular properties
and heart failure induced by genetic modifica-
tion, pressure overload, or hypertension. The
results of the present study indicated that
LRG1 expression is increased in atrial tissue
while decreased in serum of PeAF patients
compared with control subjects (controls). We
speculated that the increase of LRG1 in tissues
may lead to the decrease of LRG1 in serum.
Because LRG1 can compete with TGF-B1 for
TGF-B receptor binding to inhibit the prolifera-
tion of fibroblasts induced by TGF-B1 [53], com-
pensatory increase of LRG1 expression in AF
process was to inhibit tissue fibrosis.

In conclusion, the DEPs between PeAF patients
and control subjects were discovered by a TMT-
based quantitative proteomics approach thro-
ugh analyzing the left atrial appendage. Four
DEPs (COL1A1, COL3A1, RAP1 and LRG1) were
validated by Western blot analysis in samples
of left atrial appendage of PeAF patients and
control subjects. Consistent with the previous
reports, our results confirmed fibrosis-related
proteins COL1A1 and COL3A1, and novel bio-
markers LRG1 and RAP1B as specific PeAF bio-
markers. The present results provide a novel
understanding of the pathophysiological mech-
anisms of PeAF and validated biomarkers for
the diagnosis of PeAF, which may facilitate the
development of therapeutic targets. Combining
TMT and LC-MS/MS coupled with subsequent
investigation may provide further insights into
the molecular mechanisms in pathogenesis of
PeAF.
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