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STATEMENT OF CLINICAL RELEVANCE 

BrS is a life threatening cardiac disorder, whose molecular basis has not been fully defined 

yet due to the genetic/phenotypic heterogeneity. Data presented in this paper, even though 

referred to a small group of patients, provide interesting and original insights into novel 

circulating biomarkers in BrS, which might be helpful for boosting the development of new 

strategies for diagnosis.   
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ABSTRACT 

Purpose 

The Brugada syndrome (BrS) is a severe inherited cardiac disorder. Given the high genetic 

and phenotypic heterogeneity of this disease, we integrated in a synergic way three different 

―omics‖ approaches to elucidate the molecular mechanisms underlying the pathophysiology 

of BrS, as well as for identifying reliable diagnostic/prognostic markers.   

Experimental design 

We performed the profiling of plasma Proteome and MiRNome in a cohort of Brugada 

patients that were preliminary subjected to genomic analysis to assess a peculiar gene 

mutation profile.  

Results 

The integrated analysis of ―omics‖ data unveiled a cooperative activity of mutated genes, 

deregulated miRNAs and proteins in orchestrating transcriptional and post-translational 

events that are critical determining factors for the development of the Brugada pattern. 

Conclusions  and clinical relevance 

Our study provides the basis to shed light on the specific molecular fingerprints underlying 

BrS development and to gain further insights on the pathogenesis of this life-threatening 

cardiac disease. 

 

KEY WORDS 

Brugada syndrome; Genomics; Proteomics; MiRNA; MAPK; ROS 

Abbreviation 

MAPK, mitogen-activated protein kinase; ROS, Reactive oxygen species; BrS, Brugada 

syndrome; ECG, electrocardiogram; SD,  sudden death; 2DE, two-dimensional gel 

electrophoresis; LC-MS/MS Liquid chromatography tandem-mass spectrometry; NGS, next 

generation sequencing; RT-qPCR, reverse transcription real-time polymerase chain reaction. 
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INTRODUCTION  

The Brugada syndrome (BrS) is an inherited cardiac disorder responsible for 5-12% of 

sudden death (SD) in otherwise healthy individuals, representing one of the most common 

causes of cardiac death among young adults, especially men nearly 40 years of age. 
[1]

  Main 

characteristics of BrS are ST-segment elevation in the right precordial leads of the  

electrocardiogram (so-called type 1 ECG) and ventricular tachyarrhythmias that predispose 

patients with structurally normal hearts to SD. Therefore, an early identification as well as an 

accurate risk stratification  are crucial in order to avoid lethal episodes. The first gene to be 

linked to BrS was SCN5A, encoding for the sodium voltage-gated channel α-subunit 5. 

Currently, in patients with BrS more than  300 pathogenic variants in more than 16 genes 

have been detected, which can be classified in four main sub-categories: i) loss of function of 

sodium channels; ii) loss of function of calcium channels; iii) gain of function of potassium 

channels; iv) alterations of other regulatory proteins. 
[2] 

Despite important advances in last 

years, current diagnostic strategies need to be improved. 

Given the high genetic and phenotypic heterogeneity of this disease, it has become 

increasingly clear that integrated approaches are needed in order to shed light on the 

complexity of the molecular mechanisms underlying the pathophysiology of BrS, as well as 

on the identification of reliable diagnostic/prognostic markers.  

Circulating biomarkers, such as proteins and micro-RNAs (miRNAs), can be highly 

informative, mainly because of their activation either before the clinical onset of the disease, 

or after the presence of an overt disease status.  

In this regard, proteomics is a valuable tool for biomarker discovery since it favors the 

comparison among hundreds of proteins in several samples in a single experiment. 



www.clinical.proteomics-journal.com Page 5 Proteomics - Clinical Applications 

 

 
This article is protected by copyright. All rights reserved. 

5/45 

In recent years, the focus has moved to plasma biomarkers, considering that each cell in the 

organism produces a number of normal or abnormal products, which eventually reach the 

bloodstream as a waste or as signaling molecules. 
[3,4] 

Although the dynamic range of plasma proteins spans over 10 orders of magnitude with the 

consequence that potential biomarkers could be entirely masked by the overwhelming 

abundance of few proteins,
 [5]

 the combination of Protein equalizer technology 

(Proteominer)
[6,7]

  with two-dimensional gel electrophoresis (2DE), and mass spectrometry 

(MS), allows the simultaneous assay of hundreds of proteins in a given sample. This 

approach bypasses the depletion of high abundant proteins that may cause the loss of 

potentially critical information. 
[5]

 

Using this strategy, our group has previously identified potential plasma biomarkers in a 

family with BrS sharing a heterozygous nonsense variant in the SCN5A gene. 
[8] 

Additionally, a class of genetic, epigenetic and translational regulators called miRNAs, are 

currently considered plasma circulating biomarkers as well.  

Besides regulation of basic biological processes including development, differentiation, 

apoptosis, fibrosis and proliferation, miRNAs finely tune numerous properties of cardiac 

excitability including conduction, repolarization, automaticity, Ca
2+

 handling, and spatial 

heterogeneity of impulse propagation. 
[9-13]

 

In the current literature, a large number of studies are based on the use of individual classes 

of biomarkers. In our opinion, however, a synergistic analysis of different categories of 

potentially interesting biomolecules, each reporting information on distinct mechanisms 

involved in a specific disorder, might turn up to be more informative and useful. 

For the present study, we selected a cohort of BrS patients that were preliminary subjected to 

genomic analysis to identify the genetic variants involved in the pathogenesis of the 

syndrome. In addition, an integrated study of the proteome and miRNome was performed to 
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uncover novel diagnostic/prognostic markers and to shed further light on the molecular 

mechanisms underlying this complex and intriguing cardiac disorder. 

 

MATERIAL AND METHODS 

 

Patients enrollment 

The study was approved by the ―Comitato Etico Azienda Ospedaliera Universitaria Mater 

Domini‖ University Magna Graecia of Catanzaro. Blood samples were obtained from each 

affected patient and family members after signing informed consent. Fifteen subjects were 

enrolled in the study. 

All enrolled patients were asymptomatic and presented a diagnostic ECG pattern for Brugada 

syndrome (type 1 ECG Brugada pattern), characterized by J-point elevation ≥2 mm in one or 

more leads among the right precordial leads V1 and/or V2 positioned in the fourth, third, or 

second intercostal space, followed by a coved-type ST-segment and a negative T wave, either 

spontaneously or after intravenous administration of ajmaline (1 mg/Kg over 10 minutes). All 

patients underwent echocardiography to rule out underlying structural cardiac disease. Five 

patients were probands, and the remaining 10 were diagnosed during family screening for 

BrS. 

Patients enrollment for test set. 

Samples were collected at the Cardiology Unit, Magna Graecia University, Medical School, 

Catanzaro, Italy, and officially registered. All patients and healthy relatives were asked to 

give informed written consent approved by the ethical committee of the Medical School.  

Diagnosis of BS was made by two distinct physicians according to clinical and instrumental 

manifestations; the presence of a heterozygous nonsense variant (Q1118X) in the SCN5A 

gene was demonstrated in the proband and in 6 relatives by genetic analysis. 
[8]
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GENETICS SECTION 

DNA samples 

First, genomic DNA from 15 BrS patients was extracted with Chemagic MSM I from 

peripheral blood (Chemagic human blood- Chemagen) and the concentration was checked by 

fluorometry (Qubit, Life Technologies). Purity was measured with NanoDrop1000 

spectrophotometer (Thermo scientific) to assess quality ratios of absorbance. DNA integrity 

was assessed on a 0.8% agarose gel. DNA sample was fragmented by Bioruptor (Diagenode). 

Library preparation was performed according to the manufacturer’s instructions (SureSelect 

XT Custom 0.5–2.9 Mb library, Agilent Technologies, Inc). After capture, the indexed library 

was sequenced in a six-sample pool cartridge. Sequencing process was developed on MiSeq 

System (Illumina) using 26150 bp reads length. 

 

Custom resequencing panel 

A custom resequencing panel including 55 genes was applied (table 1). This panel includes 

the most prevalent genes involved in SD-related pathologies, according to available scientific 

literature. The genomic coordinates corresponding to these 55 genes were designed using the 

tool eArray (Agilent Technologies, Inc.). All the isoforms described at the UCSC browser 

were included at the design. The final size was 432,512 kbp of encoding regions and UTR 

boundaries. The coordinates of the sequence data is based on NCBI build 37(UCSC hg19). 

 

Bioinformatics analysis  

Mapping DNA reads to an annotated reference sequence and determining the extent of 

variation from the reference. An in-house pipeline for secondary data analysis was developed.  
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To increase the quality of the analysis, reads from FASTQ files were trimmed based on the 

quality of the last nucleotides towards the 5' ends. The processed reads were mapped with 

GEM Mapper
.[14]

 The output from mapping steps was joined and sorted. Only the uniquely 

and properly mapped read pairs were selected. Finally, the cleaned BAM file was annotated 

with SAM tools v.1.18 [15], GATK v2.4,
[16]

 together with an ad hoc developed method to 

generate the first raw VCF files. Variants were annotated with dbSNP IDs, Exome Variant 

Server (EVS) 
[17]

 
 
 and the 1000 Genomes browser. 

[18] 

Tertiary analysis was then performed. For each genetic variant identified, allelic frequency 

was consulted in ExAC, EVS, and 1000 genomes databases. In addition, HGMD 
[19]

  was also 

consulted to identify pathogenic mutations previously reported. Regarding novel genetic 

variants, in silico prediction of pathogenicity was assessed using PROVEAN,
[20]  

PolyPhen-

2,
[21]

 
  
and Mutation Assessor.

[22]
 

 

Genetic confirmation 

To confirm the results obtained after NGS, conventional Sanger sequencing was applied to 

the genomic DNA. Polymerase chain reaction (PCR) was used to amplify the exons where 

the rare genetic variants were found by NGS. The PCR product was purified by ExoSAP-IT 

(USB Corporation, Cleveland, OH, USA) and directly sequenced by dideoxy chain-

termination method in ABI Prism Big Dye® Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems, USA). Sequencing was processed in a 3130XL Genetic Analyzer (Applied 

Biosystems) and analyzed by means of the SeqScape Software v2.5 (Life Technologies) 

comparing the obtained results with the reference sequence from hg19. Protein numbering 

reflects the translation initiator Methionine numbers as +1. 

 

PROTEOME PROFILING  
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Sample collection 

Plasma samples were obtained according with Plasma Proteome Project guidelines; we 

collected 15 plasma samples from patients with inherited BrS (Table 2) and 15 plasma 

samples from healthy volunteers, based on clinical observations. Cases and controls were 

age and sex matched.   Approximately 4 ml of blood were drawn by venipuncture and 

collected in K2EDTA tubes. The samples were centrifuged within 2 hours of collection at 

1,300 x g for 10 minutes, and resulting plasma was aliquoted into silicone tubes and stored at 

-80°C until use.  

Sample preparation for ProteoMiner 

Plasma samples were treated with combinatorial peptide ligand library (CPLL) provided by 

the ProteoMiner kit according to the manufacturer’s protocol. 
[7]

 

This technology is based on the treatment of complex biological specimens with a large 

hexapeptide library bound to a chromatographic support. Each hexapeptide is able to bind to 

a unique protein and the binding is limited by the bead capacity. Under these conditions, 

high-abundance proteins rapidly saturate their ligands; on the other hand, low-abundance 

proteins are concentrated on their specific hexapeptides, thereby decreasing the dynamic 

range of proteins in the sample.  

Briefly, the column was washed three times with PBS buffer. Subsequently, 1 ml of diluted 

human plasma pool containing 60 mg of proteins was added to the column and incubated at 

room temperature for 2 h with gentle shaking. The proteins bound to the beads containing 

combinatorial peptide ligands were washed three times and eluted with 100 µl of elution 

buffer for three times, accordingly with manufacturer’s instructions. Proteins, eluted in three 

sequential steps, were pooled together and stored for future experiments.  

 

1-D SDS PAGE 
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Following ProteoMiner enrichment, total protein content of plasma samples was determined 

using the Bradford Protein Assay (Bio-Rad) according to the manufacturer’s instructions with 

human serum albumin (Sigma Aldrich) as standards. 
[23]

 

Samples of crude and treated plasma were analyzed by one dimensional sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (1D-SDS-PAGE) to assess 

quantitative/qualitative differences in protein profiles. Briefly, for SDS-PAGE, 20 µg of each 

sample were diluted with Laemmli buffer, incubated at 100 °C for 5 min, and loaded onto a 

12% SDS-polyacrylamide gel. Separation was achieved at 80 V.
[24] 

Resulting Gel was stained 

with EZBlue
TM

 Gel Staining Reagent, (Sigma Aldrich). 

 

 

2D Gel electrophoresis analysis   

After ProteoMiner treatment, plasma samples were pooled to create three groups (SCN5A 

variant positive BrS patients, SCN5A variant negative BrS patients and controls subjects) 

with the aim to minimizing intra-class sample variability. Resulting pools were subjected to 

high-resolution 2DE. 
[25-27].

 For each pool, 130 µg of proteins were diluted into 

Isoelectrofocusing (IEF) sample buffer containing 8 M urea, 4% CHAPS, 0.1 M DTT, 0.8% 

pH 3–10 nonlinear (NL) carrier ampholyte buffer.  IEF was carried out on non-linear 

immobilized pH gradients (pH 3–10 NL; 24-cm-long IPG strips; GE Healthcare). The first 

dimension was run on a GE Healthcare IPGphor unit, and a total of 70 000 Vh was applied. 

Prior to SDS-PAGE, IPG strips were equilibrated with a dithiothreitol (10 mg/mL) SDS 

equilibration solution followed by a treatment with iodoacetamide (25 mg/mL) SDS 

equilibration solution as described in the GE Healthcare Ettan DIGE protocol. Second 

dimension separation was carried out on 10% SDS-polyacrylamide gels, (2W/gel; 25°C) until 

the bromophenol blue dye front reached the end of the gels. 
[28]  

MS-compatible silver 
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staining protocols was used to stain resulting gels.
[29-30]

  Each pooled analysis was performed 

in triplicate. 

The software Image master 2D-Platinum, version 6.0 (GE Healthcare), was used to perform 

gel image analysis. The spot auto-detect function was applied for all group comparisons using 

identical parameters. Groups were matched automatically and corrected manually if 

necessary. Differences in protein expression were identified using the relative volume 

(%Vol). Applying this option, data became independent of experimental variations caused by 

differences in loading or staining.
[31]

 Analysis was performed using three independent 

experiments, respectively. All data were presented as mean ± SEM (N=3), where SEM 

represents the standard error of the mean and N specifies the number of experimental 

biological replicates.  

Protein levels in each data set were compared to control group using unpaired t-test. A two-

sided p-value < 0.05 was considered statistically significant. Data were plotted using Excel 

spreadsheet (Microsoft). 

Electrophoretic spots, obtained from analytic 2D gels, were manually excised, destained, and 

acetonitrile-dehydrated. The eluted proteins were then digested using an in-gel procedure as 

previously described. 
[32]

 

The resulting tryptic peptides were purified by Pierce C18 Spin Columns (Thermo Fisher 

Scientific Inc.) according to the manufacturer’s procedure, eluted with 40μL of 70% 

acetonitrile and dehydrated in a vacuum evaporator.
[33]

 Each purified tryptic peptide was 

finally analyzed through Nanoscale LC-MS/MS. 

 

Nanoscale LC-MS/MS analysis 

LC-MS/MS analysis was performed using an Easy LC 1000 nanoscale liquid 

chromatography (nanoLC) system (Thermo Fisher Scientific, Odense, Denmark). The 
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analytical nanoLC column was a pulled fused silica capillary, 75 μmi.d., in-house packed to a 

length of 10 cm with 3 μm C18 silica particles from Dr. Maisch (Entringen, Germany). The 

peptide mixtures were loaded at 500 nL/min directly onto the analytical column. A binary 

gradient was used for peptide elution. Mobile phase A was 0.1% formic acid, 2% acetonitrile, 

whereas mobile phase B was 0.1% formic acid, 80% acetonitrile. Gradient elution was 

achieved at 350 nL/min flow rate, and ramped from 0% B to 30% B in 15 minutes, and from 

30% B to 100% B in additional 5 minutes; after 5 minutes at 100% B, the column was re-

equilibrated at 0% B for 10 minutes before the following injection.  MS detection was 

performed on a quadrupole-orbitrap mass spectrometer Q-Exactive (Thermo Fisher 

Scientific, Bremen, Germany) operating in positive ion mode, with nanoelectrospray (nESI) 

potential at 1800 V applied on the column front-end via a tee piece. Data-dependent 

acquisition was performed by using a top-5 method with resolution (FWHM), AGC target 

and maximum injection time (ms) for full MS and MS/MS of, respectively, 70,000/17,500, 

1e6/5e5, 50/400. Mass window for precursor ion isolation was 2.0 m/z, whereas normalized 

collision energy was 30. Ion threshold for triggering MS/MS events was 2e4. Dynamic 

exclusion was 15 s.  

Data were processed using Proteome Discoverer 1.3 (Thermo Fisher Scientific, Bremen, 

Germany), using Sequest as search engine, and the HUMAN-refprot-isoforms.fasta as 

sequence database. The following search parameters were used: MS tolerance 15 ppm; 

MS/MS tolerance 0.02 Da; fixed modifications: carbamidomethylation of cysteine; variable 

modification: oxidation of methionine, phosphorylation of serine, threonine and tyrosine; 

enzyme trypsin; max. missed cleavages 2; taxonomy Human.  

Protein hits based on two successful peptide identifications (Xcorr> 2.0 for doubly charged 

peptides, >2.5 for triply charged peptides, and >3.0 for peptides having a charge state >3) 

were considered valid. 
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Western blotting analysis 

Equal amounts of total proteins (50µg) from each specimen were used to perform quantitative 

western blotting analysis and to validate a subset of candidate biomarkers.  Proteins of crude 

plasma samples were resolved on 12% SDS-polyacrylamide gel, electrophoresed at 100 V for 

2 h, and blotted onto nitrocellulose membranes by electrotransfer using Turboblot (Biorad). 

The electrophoretic bands were blocked with 5% nonfat dry milk/PBS (MPBS), 0.2% Tween 

20 for 1 h at room temperature, after controlling the amount of total protein loaded on each 

lane by the Ponceau red staining (Sigma-Aldrich),each membrane was incubated with the 

specific antibodies at the following dilutions: Mouse monoclonal (B9) to alpha1 Antitrypsin  

(Abcam)  1:500;  Mouse monoclonal  ApoE (D6E10) sc-58242  (SantaCruzBiotecnology ) 

1:1000;  Vitronectin Rabbit monoclonal Antibody (Epitomics)  1:1000. 

The signal was detected using anti-mouse horseradish peroxidase-conjugate secondary 

antibodies (Cell Signaling) for mouse primary antibody, antirabbit horseradish peroxidase-

conjugate secondary antibodies (Cell Signaling) for Rabbit primary antibody and ECL 

reagent (Santa Cruz Biotechnology). HRP-conjugated γ-Tubulin (clone C-20, Santa Cruz) 

was used at a final concentration of 1μg/ml to ensure equal amount of protein loading. Blots 

were developed using the SuperSignal West Femto ECL substrate (Pierce, EuroClone). 

Densitometric software (Alliance 2.7 1D fully automated software) determined the percent 

distribution of blotted proteins after image acquisition by Alliance 2.7 (UVITEC, Eppendorf, 

Milan, Italy). 

Data were analyzed and plotted using Excel spreadsheet (Microsoft), and expressed as 

mean±SEM (N), where SEM represents the standard error of the mean and N indicates the 

number of experimental repeats. Unpaired t-test was used to compare protein levels in each 

data set. A two sided p-value <0.05 was considered statistically significant. 
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To normalize the protein loading for the plasma samples during Western blot analysis, as 

there are no housekeeping genes, the Ponceau red stained membranes were densitometrically 

scanned and images were analyzed using Alliance 2.7 1D fully automated software. The 

values obtained were then used to cross normalize the densities of bands corresponding to 

analyzed proteins. 

 

 

MiRNA PROFILING  

miRNA  panel 

For miRNAs profiling, total RNA was extracted from plasma using the miRCURY™ RNA 

Isolation Kit - Biofluids (Exiqon, Denmark) according to the manufacturer’s instructions. 

Briefly, plasma was thawed on ice and centrifuged at 3,000xg for 5 min in a 4 °C 

microcentrifuge. An aliquot of 200 μL of plasma per sample was transferred to a new 

microcentrifuge tube and 60 µL of Lysis solution was added. The tube was mixed and 

incubated for 3 min at room temperature. Twenty μL of Protein Precipitation Solution was 

added to the mixture, incubated for 1 min at room temperature and centrifuged for 3 min at 

11,000xg. The supernatant was transferred to a new microcentrifuge tube and 270 μL of 

isopropanol was added. The contents were mixed thoroughly and transferred to a Qiagen 

RNeasy® Mini spin column in a collection tube followed by centrifugation at 11,000 x g for 

30 sec at room temperature. The process was repeated until all the remaining samples had 

been loaded. Total RNA was eluted by adding 50 μL of RNase-free water to the membrane of 

the Qiagen RNeasy® mini spin column and incubating for 1 min before centrifugation at 

11,000 x g for 1 min at room temperature. The RNA was stored in a − 80 °C freezer. RNA 

concentration and purity were evaluated using Nanodrop (Thermo Scientific). miRNAs were 

reverse-transcribed using the miRCURY LNA™ Universal RT miRNA PCR, 
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Polyadenylation and cDNA synthesis kit (Exiqon, Denmark). cDNA was diluted and assayed 

in PCR reactions according to the protocol for miRCURY LNA™ Universal RT miR PCR. 

For the screening, each miRNA was assayed in triplicate by qPCR on the miRNA Ready-to-

Use PCR plates. Each panel contains LNA™ primers for 179 human serum/plasma 

microRNAs, control and reference assays. DNA and RNA spike-ins were included in the 

qPCR and RT step, to supervise extraction and amplification steps. Negative controls 

excluding template from the reverse transcription reaction were conducted and profiled like 

the samples. The amplification was performed in the iQ5 real-time PCR detection system 

(Bio-rad) in 96 well plates using cycling parameters recommended by Exiqon. The 

amplification curves were analyzed using the iQ5 Optical System Software, both for 

determination of crossing points (Cp) and for the melting curve analysis. The median of 

triplicate probes was used for each array, and expressed data were normalized using the 

median normalization method.  

Data analysis was performed using GenEx2.0 Software. Data was managed according with 

software instruction.  We compared the miRNA profile of BrS patients either positive and 

negative for SCN5A variant with control group. Analyses were done using unpaired Student’s 

test. All tests were done two-tailed and  P value was adjusted for multiple comparisons 

using Bonferroni correction and set at <0.035 for significance. 

Candidate miRNA confirmation and quantification by Taqman real-time quantitative PCR 

TaqMan MicroRNA assay (Life Technologies, Inc.) was used for specific miRNA assays. 

Ten ng of total RNA of plasma was used to perform RT using miRNA specific primers for 

three candidates (miR-425-5p, miR-320b and miR-92a-3p) and for endogenous control (miR-

93-5p) as per manufacturer’s protocol (Life Technologies Inc.). 

Reverse transcription (RT) was performed with TaqMan miRNA RT Kit (Life Technologies, 

Carlsbad, CA, USA) according to manufacturer’s protocols. RNA concentration and purity 
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were evaluated using Nanodrop (Thermo Scientific) and used as template RNA (10 ng serum 

miRNA) for RT reactions.  

Briefly, RT reaction mixture contained 3 µL of 5X RT primer, 0.15 μl 100 mM dNTPs (with 

dTTP), 1 μl multiscribe reverse transcriptase (50 U/μ l), 1.50 μ l 10X RT Buffer, 0.19 

μlRNAse inhibitor (20 U/μ l), RNA template and nuclease-free water to a final volume of 15 

μl. RT reaction was carried out on Veriti 96-Well Thermal Cycler (Life Technologies, 

Carlsbad, CA, USA) according to manufacturer’s recommended thermal cycling conditions. 

Reactions were held on ice for at least 5 min, followed by incubation in a thermal cycler at 

16°C for 30 min, 42°C for 30 min, 85°C for 5 min, and hold at 4°C. 

miR-93-5p, which gave the most stabilized expression both in control and Brugada syndrome 

samples, was used as an endogenous control for the validation of all selected candidate 

miRNAs. 

Real-time qPCR was performed using a TaqMan MicroRNA assay to quantitate individual 

miRNAs. Briefly, 1.33 μl of RT product was used along with 10 μl of TaqMan preamp 

mastermix along with 1μl 0.2X TaqMan small RNA assay (20x) and nuclease free water to a 

final volume of 20 μl. The thermal cycling conditions for the iQ5 instrument consist of an 

initial denaturation at 95°C for 10min, and 45 cycles of 95°C for 15 sec, 60°C for 60 sec. 

TaqMan miRNA assays were carried out in triplicates to validate the changes in level of 

expression for some Brugada syndrome candidate miRNAs. Each miRNA was calibrated to a 

selected endogenous control miR-93-5p to get a delta Ct (ΔCt) value for each miRNA 

(miRNA Ct value– miR-93-5p Ct value). The fold changes were then calculated using the 

comparative Ct method (2−ΔΔCt).  

The amplification curves were analyzed using the iQ5 Optical System Software, both for 

determination of crossing points (Cp) and for the melting curve analysis. The median of 
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triplicate probes was used for each array, and expressed data were normalized using the 

median normalization method. 

 

BIOINFORMATIC ANALYSIS 

Pathway analysis 

Ingenuity Pathway analysis (Ingenuity Systems, www.ingenuity.com) was performed to 

examine functional correlations within differentially expressed proteins and miRNAs. IPA 

constructs hypothetical protein interaction clusters based on a regularly updated Ingenuity 

Pathways Knowledge Base. 

Data sets containing proteins and miRNAs identifiers and corresponding expression values 

were uploaded into the application. Molecules differentially expressed, with a fold change of 

at least ±1.5, were overlaid onto global molecular networks developed from information 

contained in the knowledge base. Networks were then algorithmically generated based on 

their connectivity. Networks were ―named‖ on the most common functional group(s) present. 

Canonical pathway analysis acknowledged function-specific proteins significantly present 

within the networks.
[34]

 Each analysis was statistically evaluated by the Fischer exact test. 

This was used to calculate a p-value determining the probability that each biological function 

and/or disease assigned to that network is due to a random event. 

 

 

RESULTS  

A total of 27 rare genetic variants were identified in 14 cases (Table 2). Only in one case 

(index case 15) no mutations were found. At least one variant was identified in each case 

analyzed. New genetic variants in the SCN5A, TTN, ANK2, and VCL genes were detected in 5 

cases showing showing restricted segregation after screening the family members.. Other rare 
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genetic variants were detected in 8 cases but without available DNA of relatives in order to 

perform familial segregation: TTN, SGCA, CACNA1D, JUP, SCN5A, DSC2, JPH2, DSP, 

TCAP genes. Lack of segregation was observed after familial screening only in 1 case (Table 

2). 

 

Segregation studies 

Segregation studies were performed in 5 available families.. The analysis showed restricted 

segregation due to lack of parent’s sample (Index cases 1-5, Figure 1): p.V1415M_SCN5A 

(Figure 1A); p.K21298N_TTN (Figure 1B);  p.D1802E_SCN5A and p.K14782R_TTN (Figure 

1C); p.T1612A_ANK2 and p.Q1017H_VCL (Figure 1D); and p.E1061X_SCN5A (Figure 1E). 

One of the studied families did not show segregation (Index case 14): p.R1194Q_CACNA1H 

and p.P307S_KCNA5 (Supplementary Figure 1). 

 

 

1D gel analysis before and after ProteoMiner enrichment 

Plasma samples of control subjects and BrS patients were incubated with ProteoMiner beads 

to reduce the dynamic range of protein concentration, and subsequently analyzed by 1D SDS 

PAGE. As presented in Supplementary Figure 2, comparing the proteins profile of non-

fractionated plasma (lanes 2 and 4) with that of ProteoMiner-treated plasma (lanes 3 and 5), 

there was a significant reduction in the amount of most abundant proteins (e.g. albumin and 

IgG light/heavy chains), and  a concomitant enrichment in less abundant proteins, as 

suggested by the appearance of new protein bands in the low molecular weight region (below 

35kDa).  

 

2DE analysis 
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ProteoMiner eluates from BrS patients positive for SCN5A variants, BrS patients negative for 

SCN5A variants and control subjects were analyzed by 2DE gels. Figure 2A shows 

representative 2D maps. Gel maps were analyzed using Image master 2D platinum. After 

automatic spot detection, background subtraction and volume normalization, 1097±45 spots 

were detected in control sample maps, while 1101±38 were detected in BrS samples (SCN5A 

positve) and 1106±32 in BrS samples (SCN5A negative). Only reproducibly detected spots 

were subjected to statistical analysis. Following the comparative analysis, 68 spots resulted 

significantly deregulated in BrS samples versus controls. The comparative analysis allows us 

to conclude that patients positive for SCN5A variants as well as  patients negative for SCN5A 

have a very similar omics pattern profile.     

Among the differentially expressed proteins, 30 were up-regulated while 38 were down-

regulated. Following the comparative analysis, the 68 spots of interest were manually excised 

from the gels, trypsin-digested, and subjected to LC-MS/MS analysis. A list of up- or down-

expressed proteins and the relative identifications is provided as Supplementary Table 1. 

 

Western blot validation 

Western blot analysis was performed on three differentially expressed proteins to confirm 

2DE gels results. The analysis was done on unfractionated plasma samples to exclude 

artifacts due to the enrichment system. The selection of proteins to be confirmed by western 

blot was based on our previously published proteomic data and current literature.
8 

As 

expected, blot analysis confirmed that Apoliprotein E and Vitronectin were significantly 

upregulated in the plasma samples of BrS subjects versus controls whereas α-1-antitrypsin 

was downregulated (Figure 2B). 

 

MiRNA profiling  
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MiRNA profiling was done using Serum/Plasma Focus microRNA PCR Panels I and II 

(ExiqonInc.). The qPCR devices contained inter-plate as well as reverse transcription 

calibrators. These were used to normalize the data after it was exported to Genex software 

v.6.1 (ExiqonInc). 

In plasma samples there is always a risk that hemolysis has occurred while handling the 

blood samples, giving rise to cellular derived microRNA contamination. The plates included 

a way of testing for hemolysis that consisted in monitoring the ΔCt between has-miR-23a-3p 

and has-miR-451a. The quality control test, performed with Genex, assessed that all the 

plasma samples included in the study have a ΔCt less than 7, accordingly with the criteria of 

inclusion provided by device’s manufacturer. 

Moreover, the Genex function NormFinder was used to find the miRNA detected in all 

samples to be the best normalizer. All the data was normalized according to miRNAs 93-5p 

as reference. 

Normalized values for all BrS patients vs. controls were subjected to a fold-change analysis. 

Statistical analysis was performed using Student t-test.  P value was adjusted for multiple 

comparisons using Bonferroni correction and set at <0.037 for significance. 

To investigate a possible difference in miRNA expression profile between BrS patients and 

healthy subjects, 179 miRNAs were assessed in plasma from 13 patients with Brugada 

syndrome  and 10 healthy blood donors. Patients with BrS were clustered in two groups, 

subjects that carry a variant on SCN5A gene and subjects negative for  SCN5A variant that 

carry a mutations on a gene candidate to be associated with Brugada syndrome.  Patient’s 

characteristics are summarized in Table 2. BrS patients, either negative and positive for 

SCN5A variants, show a similar trend in the miRNAs expression pattern compared to  

controls.A total of 28 miRNAs were differentially expressed (Bonferroni p<0.035), of which 

17 were downregulated and 11 were upregulated (Figure 3, panel a). 
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To confirm the Brugada miRNA profiling, Taqman qPCR assays were performed; the 

analysis was done on three miRNAs, i.e. miR-92a, miR-320b and miR-425-5p, whose 

expression is related with cardiovascular diseases. MiR 93-5p was used as reference miRNA 

for comparative Ct method. 

Taqman assay confirmed that miR-425-5p was considerably decreased, while miR-320b and 

miR-92a-3p were significantly increased in Brugada syndrome plasma samples (either 

positive and negative for SCN5A variants) vs. control subjects, (Figure 3, panel b, c, d).  

 

Ingenuity Pathway Analysis  

Proteins and miRNAs differentially expressed in BrS patients vs. healthy controls were 

connected predominantly to canonical pathways as LXR/RXR Activation, Acute Phase 

Response Signaling, FXR/RXR activation, and Coagulation System (Supplementary Figure 

3). 

Deregulated molecules were mapped into six main networks of interacting protein clusters 

(Figure 4a). The most representative were the first two (Figure 4b, and c), with scores of 28 

and 15 focus molecules, each. The largely represented molecules were those associated with 

vascular diseases, including angiogenesis, vasculogenesis, thrombus formation, acute 

coronary syndromes and peripheral vascular disease.  

IPA also depicted cardiovascular diseases associated with the networks of interest (categories 

listed in Supplementary Table 2).  

Finally, in order to condense the IPA-identified networks, MAP (Molecule Activity 

Predictor), a function that anticipates the upstream/downstream effects of activation or 

inhibition of molecules included in the analyzed dataset, established the in-silico up 

regulation of Erk1/2 pathway (Supplementary Figure 4). Remarkably, by investigating the 

relationships between deregulated molecules and mutated genes that showed segregation in 
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BrS, it was possible to map 173 pathways overlapping the dataset of deregulated proteins and 

miRNAs, which depicted ERK1/2 as focal hub. (Supplementary Figure 5). 

 

 

Implication of genetic variations in omics dataset. 

Using IPA tool we investigated the most interesting connection between mutated genes and 

omics dataset. As previously reported, we mapped 173 pathways linking affected genes and 

deregulated omics dataset. Here are details the most intriguingly relations.  

In our opinion, it is singular that SCN5A, TNT, VCL and ANK2 are all able to affect the 

activity of TP53, the first directly, and the others through the interaction  with Cdk2.
[35-38-77] 

TP53 is a key regulator of miRNA biogenesis.
[39]

 In our model, IPA analysis predicts also the 

down regulation of TP53. The reduction of the levels of TP53 should be determinant for the 

induction of miR320,
[40] 

 whose high levels are reported to be related with an increased risk of 

infarction.
[41]

 

It is also described that the one by one interference of SCN5A, ANK2 or VLC gene, produces 

the activation of MAPK pathway.
[42-44]

 

The activation of this pathway might be crucial for the up regulation of Complement C3.
[43]

 

Interestingly, several proteins dysregulated in the blood of patients either carrying or not a 

peculiar genetic variation on SCN5A gene compared to control subject, seem to have a key 

role in cardiovascular pathophysiology. We assessed the upregulation of Complement C3 

concomitantly with a down regulation of FGB coherently with the finding that high levels of 

C3 protein as well as low levels of FGB increase size of infarct.
[45, 46]  

  

TNT mutations are reported to negatively affect the expression of miR425.
[47]

 Low levels of 

mir425 induce the over expression of IL24,
[48]

 a well-characterized cytokine increasing the 

production of ROS.
[49] 

The down regulation of  miR425, through IL24 upregulation, might  

https://en.wikipedia.org/wiki/Cytokine
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account for the decrement of vimentin, 
[50-51]

 and for the up-regulation  of Alpha-2-

macroglobulin and Apolipoprotein A4. 
[52-54]

 

VNC is able to affect the expression of interleukin 6 whose up regulation might be 

determinant for the up regulation of Fibrinogen gamma chain,  alpha-2-macroglobulin, 

complement C3 and miR 342-3p.
 [56-59]

 

 

pErk 1/2 expression validation  

The upregulation of pErk1/2 was confirmed using western blot analysis on BrS plasma and 

control samples. PhosphoErk1/2 signal was normalized using the total Erk1/2. As shown in 

figure 4d, pErk was indeed clearly up-regulated in the plasma of BrS patients compared to 

control subjects. 

The upregulation of pErk1/2 was further confirmed in a test set of  brugada patients. (Figure 

4e) 

 

In silico ROS activation prediction 

Since IPA revealed increased production of reactive oxygen species (ROS) as well 

(Supplementary Figure 3), we further investigated the link between deregulated 

proteins/miRNAs and ROS pathways. The software defined 1315 pathways connecting the 

members of the ―-omics‖ data set with ROS generation. Using our quantitative data and the 

IPA MAP function, it was possible to predict a peculiar overexpression of ROS 

(Supplementary Figure 6).  

 

 

DISCUSSION  
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In this study, we show the results of an integrated genetic, proteomic and miRNomic analysis 

conducted on plasma samples from individuals with BrS. To this aim, we have enrolled 15 

BrS patients, belonging to five families in which segregation analysis demonstrated a 

potential positive score for the following genes: SCN5A, VCL, TTN and ANK2. Only one 

subject (index case 15) did not show any genetic variants. 

The number of patients enrolled for the study is justified by the low prelevance of 

the syndrome wandering  around  0.01%-0.3% in function of regions and ethnicities. 
[60]

The 

SCN5A gene is the most frequently affected by pathogenic variants in BrS patients 
[2,61,62].

 

Our data show that in spite of 33% SCN5A alterations, the identification of genetic variants in 

remaining 9 cases should be cautiously considered, since our multilevel examinations provide 

sufficient evidences that different genes, and various mutations, share common focal hub 

associated with BrS appearance. To this regard, two patients in our group (#4 and #10) 

presented a SCN5A variant, p.L1501V, which has been associated, as other genetic 

alterations, with only minor biophysical defects of the sodium channel itself 
[63].

 However the 

finding of concurrent variants in these BrS patients affecting vinculin (VCL), and ankyrin 

(ANK2) genes, which have not been directly linked to BrS so far 
[2,61],

 focuses the attention 

on the final common pathways that we observed in our ―–omics‖ integrated approach. In fact, 

vinculin protein plays a structural role in ventricular myocytes that, when disrupted, can lead 

to contractile dysfunction and dilated cardiomyopathy (DCM) 
[64].

 

Ankyrin protein is required for membrane targeting and stability of Na
+
/Ca

++ 
exchanger in 

cardiomyocytes, and loss of its interaction with the sodium channel has been related to 

cardiac arrhythmias 
[65]

. 

The translated product of the TTN gene is Titin protein. This high molecular weight protein 

provides connections at the level of individual microfilaments and it contributes to the fine 

balance of forces between the two halves of the sarcomere. Genetic variations in the TTN 
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gene have been associated with DCM; however, studies in different cohorts of patients 

identified variants of unknown significance in this gene. 
[66]

 

In cardiovascular medicine, the translation of proteomic discoveries has the primary benefit 

of providing an impartial assessment of complex protein mixtures. Despite significant 

advancement in the genetic characterization of BrS, the identification of reliable, 

reproducible and specific circulating biomarkers from patients affected by this life-

threatening cardiac disorder is still unsatisfactory and far to be defined. 

Here, proteomics has been effectively used for identifying a subset of plasma biomarkers 

useful for pathogenetic and diagnostic evaluation. A total of 68 differentially expressed 

proteins (30 upregulated and 38 downregulated) were detected by 2D-PAGE coupled with 

LC-MS/MS in plasma samples from BrS patients as opposed to controls.  We propose as 

brugada plasma biomarkers the proteins Apoliprotein E Vitronectin and α-1-antitrypsin, 

whose dysregulation was confirmed by Western blot analysis  coherently with our previosuly 

work. 
 [8]

 

 Furthermore to enhance the power of novel biomarkers detection from the available plasma 

samples, proteomic analysis was integrated by the study of circulating miRNAs in the same 

population. 

miRNA profiling offers great opportunity of investigation, aiming at understanding the 

molecular mechanisms underlying gene expression in cardiovascular development and 

disease. The role of miRNAs turns out to be determinant under different conditions, including 

arrhythmias.
 [67] 

Among the miRNAs whose expression is coherently substantiated from 

previous published data, we found of particular importance miR-92a, miR-320b and miR-

425-5p   The dysregulation of these miRNAs were clearly  confirmed by specific taqman 

assay. 
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Overexpression of miR-92a may lead simultaneously to cardiomyopathy and 

arrhythmogenesis by directly repressing two distinct targets: Pten, a regulator of heart size, 

and Cx43, a key regulator of cardiac rhythmicity 
[68]

.  Moreover, down regulation of miR-92a 

decreases the inflammation process with a consequent cardioprotective effect against 

ischemia/reperfusion (I/R) injury. 
[69]

 

miR-320b is involved in the regulation of I/R-induced cardiac injury and dysfunction by 

targeting the heat-shock protein Hsp20. 
[70]

 Recently, the use of antagonist useful to alter the 

expression levels of miR-320b demonstrated protection against myocardial I/R injury, 

triggering the suppression of pro-apoptotic pathways and the activation of anti-apoptotic 

signals. 

miR-425-5p is known to regulate blood pressure by binding a SNPs region of the NPPA 

gene, encoding for atrial natriuretic peptide (ANP). 
[71]

 Additionally, miR-425-p was included 

in a list of cardiac miRNAs, whose expression is modulated in response to physical exercise, 

suggesting a cardioprotective role in overstressed myocardium. 
[72]

  

Our findings support a cooperative activity of mutated genes, deregulated miRNAs and 

proteins in orchestrating transcriptional and post-translational events that are determinant for 

the development of another disease, namely the BrS, which has not been investigated 

thoroughly as for the other pathologic conditions discussed above. The strategies described 

here are complementary and represent an integrated workflow, which leads to an original, 

more comprehensive and high-throughput approach. In this regard, IPA tool turns up to be 

very helpful in combining proteomics with other high-throughput ―-omics‖ tools and greatly 

contributes to a systematic understanding of the cardiovascular system. 

Using IPA, it was possible to predict the activation of the ERK1/2 pathway, which was 

confirmed by western blot analysis and, clearly related to all BrS patients enrolled in the 
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study, although genetic variants which are currently found in some diagnosed patients, were 

not observed in the entire group (14/15 cases). 

ERK1/2 activation was further confirmed in a test set, that includes all subjects, heterozygous 

nonsense variant (Q1118X) in the SCN5A gene,, enrolled for previosuly published study [8]. 

Additionally, IPA analysis, integrating quantitative information of ―omics‖ data sets and 

western blot evidence on activation of ERK1/2 signaling pathway, allowed us to predict an 

overproduction of ROS, likewise reported by several groups. 
[73-75].

 

The implication of ROS signaling and toxicity has been described in many disease states and 

it is a major target in studies aimed at improving prevention and therapy. Several metabolic 

pathways are known to produce ROS, including ERK1/2 signaling activation. 
[76-77]

 

Recently, Liu and colleagues demonstrated that pyridine nucleotides regulate the cardiac Na
+
 

channel through the generation of ROS. It was reported that mutations in glycerol-3-

phosphate dehydrogenase 1-like protein (GPD1-L), a gene associated with BrS, cause an 

increase of intracellular NADH levels, which in turn, augmented ROS production. The 

increase of oxidative stress directly influences the activity of sodium channel through the 

reduction of the sodium current that eventually results in altered metabolism and arrhythmic 

risk. 
[78]

 

 

CONCLUSION 

All together, the data reported here strongly support the hypothesis that in BrS a fine balance 

among mutated genes, deregulated proteins, and miRNAs might exist. In our model, we 

predict that, under physiological conditions, the myocardium of BrS patients presents a 

constitutive activation of the ERK1/2 pathway and a moderate increase of ROS levels, which, 

in turn, modulate the sodium channel activity. Stressing conditions such as, fever or some 

drugs to be avoided, might produce a significant perturbation of this system, with the 



www.clinical.proteomics-journal.com Page 28 Proteomics - Clinical Applications 

 

 
This article is protected by copyright. All rights reserved. 

28/45 

consequential breakdown of the fine equilibrium and the unveiling of life-threatening 

tachyarrhythmias. 

In conclusion, our study highligts the power of an integrated, multi-omics approach in the 

pathophysiology of BrS and provides a strong basis to deepen the investigation on ERK1/2-

ROS cross talk and to elucidate how ERK1/2 pathway modulates cardiovascular cellular 

signaling under homeostatic and pathological conditions. 

A further elucidation of these mechanisms will allow us to gain an in-depth understanding of 

the pathogenesis as well as the progression and outcome of BrS. 
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TABLE LEGENDS 

Table 1  

ACTC1, ACTN2, ANK2, CACNA1C, CACNB2, CASQ2, CAV3, CRYAB, CSRP3, DES, DMD, 

DSC2, DSG2, DSP, EMD, FBN1, GLA, GPD1L, HCN4, JPH2, JUP, KCNE1, KCNE2, 

KCNH2, KCNJ2, KCNQ1, LAMP2, LDB3, LMNA, MYBPC3, MYH6, MYH7, MYL2, MYL3, 

MYOZ2, PDLIM3, PKP2, PLN, PRKAG2, RYR2, SCN4B, SCN5A, SGCA, SGCB, SGCD, 

TAZ, TCAP, TGFB3, TGFBR2, TNNC1, TNNI3, TNNT2, TPM1, TTN, VCL 

Table 1 

 List of the 55 SD-related genes included in our panel. 
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Table 2 

Genetic variations identified in each case.  At least one rare variant was identified in each case analyzed except one (index case 15). In column 3, 

A or C means if a gene is Associated with BrS or is a Candidate gene. In column 7, data refer to dbSNP (Single Nucleotide Polymorphism 

database) or HGMD (Human Gene Mutation Database) databases. Column 8 show deleterious prediction of 3 databases (PROVEAN -Protein 

Variation Effect Analyzer-, PolyPhen-2 Polymorphism Phenotyping v2-, and Mutation Assessor). NA (Data Not Available).  

Index 

Case 

Gene_RefSeq 

Candidate/ 

Associated 

cDNA 

variant 

Aa variant 
Exome Aggregation 

Consortium (ExAC) 

Code 

dbSNP/HGMD 

Deleterious 

In Silico Predictors 

Segregation 

Studies 

 Segregation 

1 SCN5A_ NM_198056 A c.4243G>A p.V1415M - - 2/3 Yes 

2 

TTN_NM_133378 C c.63894A>C p.K21298N NA - 3/3 Yes 

PRKAG2_NM_016203 C c.1568G>A p.R523K - - 0/3 No 

3 

SCN5A_NM_198056 A c.5406C>G p.D1802E - - 3/3 Yes 

TTN_NM_133378 C c.93578G>A p.R31193Q NA - 3/3 No 

TTN_NM_133378 C c.44345A>G p.K14782R NA - 0/3 Yes 

4 

SCN5A_NM_006514 A c.4501C>G p.L1501V 3/121386 rs199473266 / CM002389 3/3 No 

ANK2_NM_001148 C c.4834A>G p.T1612A - - 0/3 Yes 

https://doi.org/10.1002/prca.201800065
https://doi.org/10.1002/prca.201800065
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Index 

Case 

Gene_RefSeq 

Candidate/ 

Associated 

cDNA 

variant 

Aa variant 
Exome Aggregation 

Consortium (ExAC) 

Code 

dbSNP/HGMD 

Deleterious 

In Silico Predictors 

Segregation 

Studies 

VCL_NM_014000 C c.3051G>C p.Q1017H 2/121254 - 1/3 Yes 

5 SCN5A_ NM_198056 A c.3181G>T p.E1061X - - - Yes 

 No relatives available 

6 

TTN_NM_133378 C c.50693C>G p.G16898A NA rs201922910 3/3 

NA 

SGCA_NM_000023 C c.155T>G p.V52G 5/121270 rs148132791  

7 CACNA1D_NM_000720 C c.372A>C p.E124D 2/120644 rs368995943 0/3 NA 

8 

TTN_NM_133378 C c.75377G>A p.R25126H NA - 3/3 

NA TTN_NM_133378 C c.60116C>T p.T20039I NA - 2/3 

JUP_NM_002230 C c.1359G>T p.E453D - rs376608339 3/3 

9 TTN_NM_133378 C c.9512A>G p.N3171S NA rs139992576 3/3 NA 

10 

SCN5A_ NM_198056 A c.4498C>G p.L1501V 3/121386 rs199473266 / CM002389 

3/3 

 

NA 

DSC2_ NM_024422 C c.2194T>G p.L732V 146/121334 rs151024019 

0/3 

 

JPH2_ NM_020433 C c.380-6C>T - - rs201197277 - 

11 TTN_NM_133378 C c.90796G>A p.E30266K NA rs199761901 3/3 NA 

12 

DSP_NM_004415 C c.1736C>T p.T579M 1/121236 - 1/3 

NA 

TTN_NM_133378 C c.13495C>T p.R4499W NA rs377193479 3/3 
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Index 

Case 

Gene_RefSeq 

Candidate/ 

Associated 

cDNA 

variant 

Aa variant 
Exome Aggregation 

Consortium (ExAC) 

Code 

dbSNP/HGMD 

Deleterious 

In Silico Predictors 

Segregation 

Studies 

TCAP_NM_003673 C c.37_39delGAG - - CD062239 - 

13 TTN_NM_133378 C c.44345A>G p.K14782R NA - 0/3 NA 

 No segregation 

14 

CACNA1H_NM_021098 C c.1181G>A p.R1194Q 2/13298 - 0/3 No 

KCNA5_NM_002234 C c.919C>T p.P307S 230/118352 rs17215409 / CM067995 0/3 No 

15 No variants detected - - - - - - - 
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FIGURE LEGENDS 

 

Figure 1 

Families showing complete segregation of the detected variants 

A-Index case 1: a private genetic variant (p.V1415M) was detected in the SCN5A gene. The 

same variant was also identified in II:2 and II:3, both clinically affected. 

B-Index case 2: two new genetic variants were identified in the TTN and PRKAG2 genes. The 

TTN gene was also identified in II:2 and II:3, both relatives clinically affected. Nevertheless, 

the PRKAG2 variant was only identified in II.2. 

C-Index case 3: three private genetic variants were identified in the index case. Only the 

p.K14782R_TTN and p.D1802E_SCN5A variants were identified in II.1, clinically affected 

too. 

D-Index case 4: three variants were identified (p. L1501V_SCN5A, p.T1612A_ANK2 and 

p.Q1017H_VCL). Two private genetic variants (p.T1612A_ANK2 and p.Q1017H_VCL) were 

also identified in II.2, clinically affected. 

E: Index case 5: a new nonsense SCN5A variation was detected in the index case. This variant 

showed complete segregation because both affected I:1 and II:2 carried it. 

https://doi.org/10.1002/prca.201800065
https://doi.org/10.1002/prca.201800065
https://doi.org/10.1002/prca.201800065
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Figure 2 

Panel A: Representative 2D Gel maps 

Representative 2D Gel maps from a control subject (A) BrS patient positive for SCN5A 

variant (B) and BrS patients negative for SCN5A variant (C). Plasma samples were processed 

with Proteominer and separated by 2D gel electrophoresis. Isoelectrofocusing was carried out 

on 3-10NL IPGstrip, 24cm length. Second dimension was performed on 12% SDS-PAGE. 

Gel images were analyzed using Image master 2D platinum. Differentially expressed spots 

were digested and analyzed by  LC-MS/MS. 

Panel B: Western blot analysis. 

Analysis was performed on crude plasma samples. 50μg of proteins were analyzed for each 

sample. In the figure are shown western blot for Vitronectin, Apolipoprotein E, and α1-

antitrypsin. Left panels: representative western blot,  Lane1-6 Brugada syndrome patients 

(positive for SCN5A variants: lanes 1,2,4,6; negative for SCN5A variants: lanes 3,5)  ; lane 

7-9 control subjects. Right panels: densitometric analysis for each blotted protein. Analysis 

was performed using three independent experiments. Data are mean±SEM. p value<0.05. 
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Figure 3 

MiRNA profiling using Exiqon microRNA array and validation assay by Taqman qPCR. 

 Panel a; Bar chart showing results of the Exiqon microRNA Array. The graph shows the 

most significant deregulated miRNA in BrS patients positive for SCN5A variants  vs healthy 

controls and in BrS patients negative for SCN5A variants  vs controls . Analysis was 

performed using three independent experiments. Data was processed using genex software. 

Panel b; Validation of miRNA array through Taqman assay.  rtPCR was done on miR-425-

5p.  

Panel c; Validation of miRNA array through taqman assay.  rtPCR was done on miR 92a-3p. 

Panel d; Validation of miRNA array through taqman assay.  rtPCR was done on miR 320b. 

Analyses were performed using three independent experiments. Data are mean±SEM. p 

value<0.05 
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Figure 4 

IPA analysis. 

In the figure are shown the list of network generated using ingenuity pathway analysis 

software (a) and the top two Networks, namely  network1 (b), network 2 (c). 

d) Quantification of ERK1/2 activation from the western blots. pERK1/2 band intensity was 

normalized to ERK1/2 total band intensity and calculated as a ratio between BrS patients 

positive for SCN5A variants  vs  controls and in BrS patients negative for SCN5A variants  

vs controls Analysis was achieved using three independent experiments. Data are mean±SEM 

. p value<0.05 

e) d) Quantification of ERK1/2 activation from the western blots in a test set. pERK1/2 band 

intensity was normalized to ERK1/2 total band intensity and calculated as a ratio between 

Brugada patients (positive for heterozygous nonsense variant (Q1118X) in the SCN5A gene) 

and healthy subjects. Analysis was done on  three independent experiments. Data are 

mean±SEM. p value<0.05 
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SUPPLEMENTARY TABLE LEGENDS 

Supplementary Table 1 

List of deregulated proteins with relative identifications.  In the table, for each protein, are 

reported: the identification score, the number of unique peptides, the molecular mass (Da) 

and quantitative data. Analysis was done using three independent experiments. Data are 

mean±SEM . (* p value<0.05) 

Supplementary Table 2 

IPA Analysis. Cardiovascular diseases associated with deregulated proteins and miRNAs. 

Categories are listed based on numerosity of molecular patterns related to the disease. 

SUPPLEMENTARY FIGURE LEGENDS 

 Supplementary Figure 1  

Family showing no segregation of the detected variants. A new genetic variant in the 

CACNA1H and a previously described variant in KCNA5  were detected in the index case. 

Both variants did not show segregation. 

Supplementary Figure 2 

1D SDS PAGE. Lane 1: Molecular Weight Markers; lane 2: crude plasma samples (control 

subject); lane 3: plasma samples after Proteominer enrichment (control subject), lane 4: crude 

plasma samples (Brugada syndrome patient); lane 5: plasma samples after Proteominer 

enrichment (Brugada syndrome patient). After proteominer treatment (lane 3 and 5), there is 

a clear decrement of high abundant protein bandS and the appearance of new bands 

consistent with low abundant proteins enrichment. 

Supplementary Figure 3 

IPA analysis. Canonical pathways classification. 

 

Supplementary Figure 4 
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IPA analysis. The super network was created by merging three overlapping network. Using 

the MAP function (molecule activity predictor), it has been possible to predict the activation 

of Erk1/2 signaling 

 

Supplementary Figure 5 

IPA analysis. Mutated genes were connected with Erk 1/2 using the path explorer function. 

Molecules mapped in the pathways were overlapped with the dataset of deregulated proteins 

and mirna. Using the MAP-function, it was possible to predict the activation of Erk1/2 

signaling. 

 

Supplementary Figure 6 

Network of pathways connecting the members of the omics data set with ROS generation. 

Using  quantitative data and the IPA MAP-function, it was possible to predict ROS 

overexpression. 
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