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Abstract: The GPD1L gene encodes a small cytoplasmic protein that is involved in the
regulation of sodium currents. Alterations in this gene have been associated with Brugada
syndrome. This rare arrhythmogenic syndrome is characterized by a typical electrocardio-
graphic pattern, incomplete penetrance, variable expressivity, and risk of sudden cardiac
death. To date, few families with a clinical diagnosis of Brugada syndrome caused by a
rare alteration in the GPDIL gene have been reported worldwide. The increase in data
focused on genetic variants allows us to improve the interpretation of their role in Bru-
gada syndrome. In our study, we have compiled the GPDIL variants reported so far in
patients with a definitive clinical diagnosis or suspected Brugada syndrome. We performed
an exhaustive update and interpretation of each variant following the guidelines of the
American College of Medical Genetics and Genomics and the Association for Molecular
Pathology. Our results showed that none of the variants described to date can be classified
as truly harmful in Brugada syndrome. Despite this fact, more clinical and genetic data
are needed to definitively rule out the GPDIL gene as a cause of Brugada syndrome. In
summary, to date, there is insufficient evidence to conclude a definitive association between
GPD1L and Brugada syndrome.
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1. Introduction

Brugada syndrome (BrS) is a rare inherited arrhythmogenic syndrome (IAS) char-
acterized by malignant episodes, usually occurring at rest/night. A wide spectrum of
phenotypic expressivity has been reported, from asymptomatic to syncope and sudden
cardiac death (SCD), always in normal structural hearts [1]. The diagnosis is confirmed
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by the typical elevation of the ST segment in the right precordial leads (V1-V3) followed
by T wave negativity on the electrocardiogram (ECG), the so-called type 1 ECG. To date,
hundreds of rare variants located in different genes have been suggested as the cause of
BrS, but all of them together do not explain more than 35% of the diagnosed cases (ABCCY,
AKAPY, ANK2, CACNAIC, CACNA2D1, CACNB2, CASQ2, DSG2, DSP, FGF12, GPDIL,
HCN4,HEY2, KCNAB2, KCNB2, KCND2, KCND3, KCNE3, KCNE5, KCNH2, KCNJ8, KCNJ16,
KCNT1, LRRC10, PLN, PKP2, RANGRF, RyR2, SCN10A, SCN1B, SCN2B, SCN3B, SCN4A,
SCN5A, SCNN1A, SEMA3A, SLMAP, TBX5, TKT, TRPM4, TTN, XIRP1, and XIRP2). In fact,
only the SCN5A gene has been definitively associated with BrS to date, which is responsible
for almost 30% of BrS cases [2]. Most reported rare variants in BrS continue to have an
ambiguous role, according to the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology (ACMG/AMP) guidelines [3]. These variants are
classified as of unknown significance (VUS), so it is yet to be clarified whether other genes
play a suspected or conclusive damaging role in BrS [4]. The ongoing clinical and genetic
data published in BrS may help clarify the role of these genes.

One of the current minority genes associated with BrS is GPD1L (HGNC: 28956 /NCBI
Gene: 23171). This gene encodes the glycerol-3-phosphate dehydrogenase-like protein
1 (G3PD1L), which is located on chromosome 3p22.3, near the SCN5A gene (main gene
responsible for BrS). The GPDI1L gene is composed of eight exons and covers 62.2 Kb,
generating a protein of 351 amino acids. The protein encoded is cytoplasmic and is
associated with the alpha subunit of the voltage-gated sodium channel type V (Nav1.5)
protein, encoded by the SCN5A gene. The G3PD1L protein plays a role in the regulation of
the Nav1.5 cardiac sodium channel along with other proteins associated with this sodium
channel [5]. The first link between GPDIL and BrS was established by genetic linkage
analysis [6], and in 2007, London et al. published the first candidate gene analysis [7]
(phenotype MIM number: 611777 /Gene-Locus MIM number: 611778). To our knowledge,
10 variants in the GPDIL gene have been published that have been associated with patients
diagnosed with BrS or with a BrS-like phenotype to date.

In our study, we have focused on rare GPDIL variants associated with BrS to update
the available data and clarify the role of these rare variants as a definitive or suspected
cause of this malignant IAS.

2. Materials and Methods

Our study included all rare variants reported to date (November 2024) in the GDP1L
gene associated with patients/families with a definitive diagnosis of BrS. All collected data
were discussed and verified by the authors. No studies were eliminated due to inaccurate
or incomplete clinical evaluations/diagnoses or genetic analyses. Clinical and genetic
data were collected from PubMed, ClinGen, OMIM, Springer Link, and Science Direct.
Only English language studies were included in this study. Genetic data were updated in
MasterMind, Varsome, LOVD, ClinVar, and the Genome Aggregation Database. Finally,
all rare variants identified in the GPD1L gene were reclassified following ACMG/AMP
guidelines [3], including specific modifications/updates [8-12]. All authors also discussed
and agreed on the updated genetic classification, and the definitive or potential deleterious
role of each GPD1L variant in BrS.

3. Results

We identified 15 studies that reported a total of 10 rare variants in the GPDIL gene
associated with BrS (Table 1). More than one rare variant was reported in six of these
studies; concretely, four variants in Hedley et al. [13], three variants in Van Norstrand
et al. [14], and two variants in four studies [15-19]. In addition, four rare variants were
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identified in more than one study: p.(Ala280Val) in six studies [7,13,17,19,20], p.(Glu83Lys)
in five studies [5,13,14,16,17], as also occurs with p.(Ile124Val) [13,14,16,21,22], and finally
p.(Arg273Cys) identified in two studies [13,14]. All variants were reported in heterocigosis,
which is located in the central exons of the gene (between exons 2 and 6), and were missense
except for two: one intronic (c.48-30T>C) [15] and other nonsense, p.(Argl89Ter) [23]
(Table 1; Figure 1).

Table 1. Genetic data of variants in the GPDIL gene potentially associated with Brugada Syndrome
or phenotype-like (updated November 2024). ACMG/AMP: American College of Medical Genetics
and Genomics and the Association for Molecular Pathology; LB: likely benign; NA: not available;
VUS: variant of unknown significance.

Nucleotide Protein dbSNP/ClinVar GnomAD (%) ACMG/AMP Reported
¢.48-30T>C NA rs1700537085/NA 8/ 1367%36 VUS Makiyama, 2008
(0.0005%)
c.161A>T p-(Asp54Val) NA NA VUS Yuan, 2021
Van Norstrand, 2007
Valdivia, 2009
C247G>A p.(Glus3Lys) r572\5,I5J2§92/ 24(50/ 3;*66;7)62 LB Hedley, 2009
R Paludan-Miiller, 2019
Chen, 2019
rs755240955/ 6/1461764
c.257A>G p-(GIn86Arg) vUS (0.0004%) VUS Marshall, 2019
c.335C>T p-(Prol12Leu) rs1201810677/NA 5/1461202 VuS Fan, 2020
(0.0003%)
Van Norstrand, 2007
Hedley, 2009
c370A>G p.(Ile124Val) “7255]‘32293 / 241(20/ 11;"51)798 LB Hasdemir, 2015
o Paludan-Miiller, 2019
Sahlin, 2019
rs113645050/ 1276/1461858 .
c.465C>T p-(Alal55Ala) LB (0.08%) LB Makiyama, 2008
¢.565C>T p.(Arg189Ter) “98%/78(5)623/ NA VUS Huang, 2018
rs72552294/ 87/1461446 Van Norstrand, 2007
c817C>T p-(Arg273Cys) VUS (0.005%) LB Hedley, 2009
London, 2007
Hedley, 2009
rs72552291/ 117/1461050 Liu, 2009
c.839C>T p-(Ala280Val) VUS (0.008%) LB Chen, 2019
Campuzano, 2019
Fan, 2020

All of these rare variants were reported as causing BrS at the time of first publication,
but after updating the data available so far, none should be classified as pathogenic/likely
pathogenic (P/LP) according to the ACMG/AMP guidelines. Actually, five variants
should be classified as VUS: ¢.48-30T>C, p.(Asp54Val), p.(GIn86Arg), p.(Prol12Leu), and
p-(Argl89Ter) (Table 1; Figure 1). These five variants show low population frequencies in
recently updated databases, and in silico algorithms have conflicting predictions. Further-
more, the lack of family segregation data, as well as functional studies, does not allow us
to obtain a conclusive role for each of these variants in BrS. Specifically, only two variants
were functionally analyzed and a decrease in G3PD1L protein expression was identified in
both: p.(Prol12Leu) and p.(Arg189Ter). The other five variants should be classified as likely
benign (LB): p.(Glu83Lys), p.(Ile124Val), p.(Alal55Ala), p.(Arg273Cys), and p.(Ala280Val)



Cardiogenetics 2025, 15, 9

40f8

N-Term

tatgtttt——cttttgtagGGGTTCAGCT

[

(Table 1; Figure 1). These last five variants currently have population frequencies that are
too high to be harmful based on the prevalence of BrS. In addition, in silico algorithms
show conflicting predictions or a tendency to be tolerated, thus ruling out a deleterious
role in BrS.
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Figure 1. Diagram of rare variants reported in Brugada syndrome in the GPD1L gene. Numbers
indicate amino acids of reported variants. Green cercles indicate variants classified as likely benign.
Orange cercles indicate variants classified as ambiguous. C-Term: 3’ C-Terminal; Ex: exon; N-Term:
5" N-Terminal; NAD: nicotinamide adenine dinucleotide.

4. Discussion

Our study is the first to comprehensively analyze the GPDI1L variants associated with
BrS. We identified 10 rare variants, all of which were potentially associated with the BrS
phenotype. However, our comprehensive genetic reanalysis showed that none should
be classified as P/LP according to the current ACMG/AMP guidelines. Therefore, the
association between variants in GPDIL and BrS must be appropriately interpreted before
clinical translation because of the limited evidence available to date. This result is consistent
with the non-definitive association of this gene with BrS [2].

The first key point to consider is the establishment of a definite BrS diagnosis in the
patients in which these variants were identified [7,15,24,25]. For instance, patients showing
atrioventricular nodal re-entrant tachycardia (AVNRT) with concealed BrS [21], ventricular
tachycardia with recurrent syncope [23], early repolarization syndrome (ERS) [19], and
cases of sudden unexplained death (SUD)/sudden infant death syndrome (SIDS) [14,16,22]
have also been reported. A conclusive clinical diagnosis of BrS is crucial before genetic
testing because patients may show ST-segment elevation mimicking a type 1 BrS pattern
due to causes unrelated to BrS, so-called Brugada ECG phenocopy [26]. Only five of the
10 variants reported in the GPDIL gene were identified in patients with a definitive diag-
nosis of BrS: c.48-30T>C, p.(Asp54Val), p.(GIn86Arg), p.(Alal55Ala), and p.(Ala280Val).
However, none of these five variants showed a functional correlation with the pathophysio-
logical mechanism implicated as the cause of BrS. Regarding population frequencies, one
variant showed no MAF data to date: ¢.48-30T>C, and two variants showed very low MAF:
p-(Asp54Val), p.(GIn86Arg). Finally, two variants showed a too high MAF to be considered
deleterious: p.(Alal55Ala) and p.(Ala280Val). Taking all these items into account, the
ACMG/AMP guidelines allowed for the classification of three variants as VUS: ¢.48-30T>C,
p-(Asp54Val), and p.(GIn86Arg). Two variants were classified as LB: p.(Alal55Ala) and
p-(Ala280Val).

Regarding functional analysis, only two variants reported so far have been evaluated
in vitro: p.(Prol12Leu) [19] and p.(Arg189Ter) [23]. In both studies, a significant decrease
in protein expression was reported, but the mechanisms of expression and abnormal
intracellular transport of the G3PD1L protein have not yet been clarified. The missense
variant p.(Prol12Leu) was reported in an ERS patient [19], and the nonsense variant
p-(Argl89Ter) was reported in a family with ventricular tachycardia, recurrent syncope,
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and cases of sudden death [23]. Taking these elements into account, the ACMG/AMP
guidelines allow for the classification of these two variants as VUS. Therefore, further
comprehensive functional studies with conclusive results may help clarify the role of these
two rare variants, as well as the role of other reported GPDI1L variants.

Currently, more than a hundred rare variants in different genes are proposed to be
causative of BrS. In a previous study published by our group, we performed a compre-
hensive analysis of all genes potentially associated with BrS and concluded that only the
SCNb5A gene should be classified as having a definitive association with BrS based on the
data published so far [27]. This conclusion is in concordance with the consensus published
in 2022 by Wilde et al. [2]. Today, we stand by this statement and believe that only SCN5A
should be included in the current list of genes associated with BrS to allow genetic diagnosis
in the clinical setting. However, we cannot rule out the possibility that other alterations in
minority genes not identified so far could be associated with BrS. Some minority genes,
although not yet clearly associated with BrS, show a high probability of causality (SCN2B,
SCNN1A, SEMA3A, and SLMAP) [27]. Based on the obtained data, we completed the
aforementioned gene list, including GPD1L, because some of the analyzed variants remain
classified as VUS and cannot be ruled out as deleterious in BrS.

In the field of genetic research, additional genetic approaches focusing mainly on
whole genome sequencing (WGS) should be performed to discover new genetic alterations
and/or genes. These alterations may help explain the genetic origin of more than 70%
of families diagnosed with BrS but without a genetic diagnosis. In this way, genome-
wide association studies (GWAS) in patients with BrS have identified rare non-coding
variants at the SCN5A locus [28,29], but also common variants at this and other sodium
channel-associated genes that may influence BrS susceptibility, suggesting a polygenic
architecture [30-32]. Currently, these studies focus on the group of different proteins that
are part of the protein complex and are involved in the correct functioning of the cardiac
sodium channel. Therefore, further studies may uncover common and/or rare variants in
the regulatory regions of the GPDIL gene that may cause BrS.

Previous studies suggested that the dysfunction of glycerol-3-phosphate dehydro-
genase 1-like protein leads to a reduction in In, current through the GPD1-L-dependent
phosphorylation of Nav1.5. It implies a decreased surface membrane expression of the
Nav1.5 channel, leading to a reduction in the depolarizing current [5,7]. Due to the low
number of patients carrying rare variants in the GPDIL gene, no exhaustive studies have
been performed so far concerning drug-induced ECG type 1 in comparison to spontaneous
diagnostic ECG. Despite this lack of data, clinical protocol and genetic testing for BrS
patients carrying a rare variant in the GPDIL gene should be the same as SCN5A genetic
carriers [33]. It is important to remark that the role of electrophysiological study (EPS) in
risk stratification was not deeply analyzed in GPDIL genetic carriers; however, the last data
concerning this critical point suggest that EPS does not seem to aid prognostic stratification
in drug-induced type-1 BrS patients [34].

We acknowledge that our study has some limitations that we must mention. The
current insufficient number of families with a definitive diagnosis of BrS reported world-
wide carrying a rare variant in the GDPIL gene prevents an irrefutable association or
rejection of this gene as a cause of BrS. Therefore, further studies in large cohorts should
be conducted to resolve this genotype-phenotype gap. Furthermore, functional studies
(in vivo and/or in vitro) are necessary to clarify the role of each variant and thus help to
unravel an undisputable association between GPD1L and BrS. From our point of view, if all
variants currently classified as VUS degrade their role, the real involvement of this gene as
a cause of BrS should be ruled out.
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5. Conclusions

In conclusion, BrS is a rare genetic disease associated with arrhythmogenic malignant
events. Ten rare variants in the GPD1L gene have been reported as potential causes of BrS.
Periodic updating of genetic variants should be performed due to the continuous viability
of clinical and genetic data, especially if a variant remains classified as ambiguous. We
identified that none of the rare variants reported so far in the GPD1L gene played a defined
deleterious role in BrS. This finding implies a suspected but not definitive association of
the GPDI1L gene with BrS, so a personalized and careful translation of GPDIL variants in
patients with BrS must be performed. We recommend including this gene in the genetic
analysis of families diagnosed with BrS because, to date, no irrefutable data are available to
definitively rule out this gene as a cause of BrS.

Author Contributions: Conceptualization: G.S.-B. and O.C.; data curation and formal analysis:
GS.-B,EM.-B,].C,S.C,EC,ND.-E, PC,LZ,PL. and O.C,; writing—original draft: G.S.-B., A.G.,
E.M.-B. and O.C.; Writing—review and editing. All authors have read and agreed to the published

version of the manuscript.

Funding: This work would not have been possible without the support of grants for research projects
of Instituto de Salud Carlos III (ISCIII), Fondo Investigacién Sanitaria-FIS-(P121/00094), co-funded by
the European Union, and Fundacié Bosch i Aymerich. CIBERCYV is an initiative of the ISCIII, Ministry
of Economy and Competitiveness of Spain. IDIBGI and Institut de Recerca Sant Joan de Déu are a
“CERCA Programme/Generalitat de Catalunya”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: This work would not have been possible without the support of grants for re-
search projects of Instituto de Salud Carlos III (ISCIII), Fondo Investigacién Sanitaria-FIS-(P121/00094),
co-funded by the European Union, and Fundacié Bosch i Aymerich. CIBERCV is an initiative of the
ISCIII, Ministry of Economy and Competitiveness of Spain. IDIBGI and Institut de Recerca Sant Joan
de Déu are a “CERCA Programme/Generalitat de Catalunya”.

Conflicts of Interest: All authors declare no conflicts of interest to disclose.

References

1.

Popa, LP; Serban, D.N.; Maranduca, M.A.; Serban, I.L.; Tamba, B.I,; Tudorancea, I. Brugada Syndrome: From Molecular
Mechanisms and Genetics to Risk Stratification. Int. J. Mol. Sci. 2023, 24, 3328. [CrossRef] [PubMed]

Wilde, A.A.; Semsarian, C.; Marquez, M.E; Shamloo, A.S.; Ackerman, M.].; Ashley, E.A ; Sternick, E.B.; Barajas-Martinez, H.; Behr,
E.R.; Bezzina, C.R,; et al. European Heart Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/Asia Pacific Heart Rhythm
Society (APHRS)/Latin American Heart Rhythm Society (LAHRS) Expert Consensus Statement on the State of Genetic Testing
for Cardiac Diseases. Europace 2022, 24, 1307-1367. [CrossRef] [PubMed]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
Campuzano, O.; Sarquella-Brugada, G.; Fernandez-Falgueras, A.; Cesar, S.; Coll, M.; Mates, ].; Arbelo, E.; Perez-Serra, A.; del
Olmo, B.; Jorda, P; et al. Genetic interpretation and clinical translation of minor genes related to Brugada syndrome. Hum. Mutat.
2019, 40, 749-764. [CrossRef]

Valdivia, C.R.; Ueda, K.; Ackerman, M.].; Makielski, J].C. GPDIL links redox state to cardiac excitability by PKC-dependent
phosphorylation of the sodium channel SCN5A. Am. ]. Physiol. Heart Circ. Physiol. 2009, 297, H1446-H1452. [CrossRef]

Weiss, R.; Barmada, M.M.; Nguyen, T.; Seibel, ].S.; Cavlovich, D.; Kornblit, C.A.; Angelilli, A.; Villanueva, F.; McNamara, D.M,;
London, B. Clinical and molecular heterogeneity in the Brugada syndrome: A novel gene locus on chromosome 3. Circulation
2002, 105, 707-713. [CrossRef]


https://doi.org/10.3390/ijms24043328
https://www.ncbi.nlm.nih.gov/pubmed/36834739
https://doi.org/10.1093/europace/euac030
https://www.ncbi.nlm.nih.gov/pubmed/35373836
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1002/humu.23730
https://doi.org/10.1152/ajpheart.00513.2009
https://doi.org/10.1161/hc0602.103618

Cardiogenetics 2025, 15, 9 70f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

London, B.; Michalec, M.; Mehdi, H.; Zhu, X.; Kerchner, L.; Sanyal, S.; Viswanathan, P.C.; Pfahnl, A.E.; Shang, L.L.; Madhusudanan,
M.; et al. Mutation in glycerol-3-phosphate dehydrogenase 1 like gene (GPD1-L) decreases cardiac Na+ current and causes
inherited arrthythmias. Circulation 2007, 116, 2260-2268. [CrossRef]

Kobayashi, Y.; Yang, S.; Nykamp, K.; Garcia, J.; Lincoln, S.E.; Topper, S.E. Pathogenic variant burden in the EXAC database: An
empirical approach to evaluating population data for clinical variant interpretation. Genome Med. 2017, 9, 13. [CrossRef]

Abou Tayoun, A.N.; Pesaran, T.; DiStefano, M.T.; Oza, A.; Rehm, H.L.; Biesecker, L.G.; Harrison, S.M.; ClinGen Sequence Variant
Interpretation Working Group. Recommendations for interpreting the loss of function PVS1 ACMG/AMP variant criterion. Hum.
Mutat. 2018, 39, 1517-1524. [CrossRef]

Biesecker, L.G.; Byrne, A.B.; Harrison, S.M.; Pesaran, T.; Schiffer, A.A.; Shirts, B.H.; Tavtigian, S.V.; Rehm, H.L. ClinGen guidance
for use of the PP1/BS4 co-segregation and PP4 phenotype specificity criteria for sequence variant pathogenicity classification.
Am. . Hum. Genet. 2024, 111, 24-38. [CrossRef]

Biesecker, L.G.; Harrison, S.M.; ClinGen Sequence Variant Interpretation Working, G. The ACMG/AMP reputable source criteria
for the interpretation of sequence variants. Genet. Med. 2018, 20, 1687-1688. [CrossRef] [PubMed]

Pejaver, V.; Byrne, A.B.; Feng, B.]J.; Pagel, K.A.; Mooney, S.D.; Karchin, R.; O’'Donnell-Luria, A.; Harrison, S.M.; Tavtigian,
S.V.; Greenblatt, M.S,; et al. Calibration of computational tools for missense variant pathogenicity classification and ClinGen
recommendations for PP3/BP4 criteria. Am. J. Hum. Genet. 2022, 109, 2163-2177. [CrossRef] [PubMed]

Hedley, P.L.; Jorgensen, P.; Schlamowitz, S.; Moolman-Smook, J.; Kanters, ] K.; Corfield, V.A.; Christiansen, M. The genetic basis
of Brugada syndrome: A mutation update. Hum. Mutat. 2009, 30, 1256-1266. [CrossRef]

Van Norstrand, D.W.; Valdivia, C.R.; Tester, D.].; Ueda, K.; London, B.; Makielski, J.C.; Ackerman, M.]. Molecular and functional
characterization of novel glycerol-3-phosphate dehydrogenase 1 like gene (GPD1-L) mutations in sudden infant death syndrome.
Circulation 2007, 116, 2253-2259. [CrossRef]

Makiyama, T.; Akao, M.; Haruna, Y.; Tsuji, K.; Doi, T.; Ohno, S.; Nishio, Y.; Kita, T.; Horie, M. Mutation analysis of the glycerol-3
phosphate dehydrogenase-1 like (GPD1L) gene in Japanese patients with Brugada syndrome. Circ. J. 2008, 72, 1705-1706.
[CrossRef]

Paludan-Miiller, C.; Ghouse, J.; Vad, O.B.; Herfelt, C.B.; Lundegaard, P.; Ahlberg, G.; Schmitt, N.; Svendsen, J.H.; Haunsg,
S.; Bundgaard, H.; et al. Reappraisal of variants previously linked with sudden infant death syndrome: Results from three
population-based cohorts. Eur. . Hum. Genet. 2019, 27, 1427-1435. [CrossRef]

Chen, CJ; Juang, J.J.; Lin, L.Y,; Liu, Y.B.; Ho, L.T;; Yu, C.C.; Huang, H.C,; Lin, T.T.; Liao, M.C.; Chen, ].].; et al. Gender difference
in clinical and genetic characteristics of Brugada syndrome: SADS-TW BrS registry. QJM Mon. ]. Assoc. Physicians 2019, 112,
343-350. [CrossRef]

Fan, J.; Yao, EJ.; Cheng, YJ.; Ji, C.C.; Chen, X.M.; Wu, S.H. Early repolarization pattern associated with coronary artery disease and
increased the risk of cardiac death in acute myocardium infarction. Ann Noninvasive Electrocardiol. 2020, 25, €12768. [CrossRef]
Fan, J.; Ji, C.C.; Cheng, YJ.; Yao, H.; Chen, X.M.; Zheng, Z.H.; Wu, S. A novel mutation in GPD1-L associated with early
repolarization syndrome via modulation of cardiomyocyte fast sodium currents. Int. J. Mol. Med. 2020, 45, 947-955. [CrossRef]
Liu, M.; Sanyal, S.; Gao, G.; Gurung, L.S.; Zhu, X.; Gaconnet, G.; Kerchner, L.J.; Shang, L.L.; Huang, C.L.-H.; Grace, A.; et al.
Cardiac Na+ current regulation by pyridine nucleotides. Circ. Res. 2009, 105, 737-745. [CrossRef]

Hasdemir, C.; Payzin, S.; Kocabas, U.; Sahin, H.; Yildirim, N.; Alp, A.; Aydin, M.; Pfeiffer, R.; Burashnikov, E.; Wu, Y.; et al. High
prevalence of concealed Brugada syndrome in patients with atrioventricular nodal reentrant tachycardia. Heart Rhythm. 2015, 12,
1584-1594. [CrossRef] [PubMed]

Sahlin, E.; Gréen, A.; Gustavsson, P; Liedén, A.; Nordenskjold, M.; Papadogiannakis, N.; Pettersson, K.; Nilsson, D.; Jonasson, J.;
Iwarsson, E. Identification of putative pathogenic single nucleotide variants (SNVs) in genes associated with heart disease in 290
cases of stillbirth. PLoS ONE 2019, 14, e0210017. [CrossRef] [PubMed]

Huang, H.; Chen, Y.Q,; Fan, L.L.; Guo, S.; Li, ].].; Jin, ].Y.; Xiang, R. Whole-exome sequencing identifies a novel mutation of
GPD1L (R189X) associated with familial conduction disease and sudden death. J. Cell. Mol. Med. 2018, 22, 1350-1354. [CrossRef]
Marschall, C.; Moscu-Gregor, A.; Klein, H.G. Variant panorama in 1,385 index patients and sensitivity of expanded next-generation
sequencing panels in arrhythmogenic disorders. Cardiovasc. Diagn. Ther. 2019, 9, 5292-5298. [CrossRef]

Yuan, M.; Guo, Y,; Xia, H.; Xu, H.; Deng, H.; Yuan, L. Novel SCN5A and GPDIL Variants Identified in Two Unrelated Han-Chinese
Patients With Clinically Suspected Brugada Syndrome. Front. Cardiovasc. Med. 2021, 8, 758903. [CrossRef]

Baranchuk, A.; Nguyen, T.; Ryu, M.H.; Femenia, F.; Zareba, W.; Wilde, A.A.; Shimizu, W.; Brugada, P.; Pérez-Riera, A.R. Brugada
phenocopy: New terminology and proposed classification. Ann Noninvasive Electrocardiol. 2012, 17, 299-314. [CrossRef]
Campuzano, O.; Sarquella-Brugada, G.; Cesar, S.; Arbelo, E.; Brugada, J.; Brugada, R. Update on Genetic Basis of Brugada
Syndrome: Monogenic, Polygenic or Oligogenic? Int. J. Mol. Sci. 2020, 21, 7155. [CrossRef]

Perez-Agustin, A.; Pinsach-Abuin, M.L.; Pagans, S. Role of Non-Coding Variants in Brugada Syndrome. Int. J. Mol. Sci. 2020,
21, 8556. [CrossRef]


https://doi.org/10.1161/CIRCULATIONAHA.107.703330
https://doi.org/10.1186/s13073-017-0403-7
https://doi.org/10.1002/humu.23626
https://doi.org/10.1016/j.ajhg.2023.11.009
https://doi.org/10.1038/gim.2018.42
https://www.ncbi.nlm.nih.gov/pubmed/29543229
https://doi.org/10.1016/j.ajhg.2022.10.013
https://www.ncbi.nlm.nih.gov/pubmed/36413997
https://doi.org/10.1002/humu.21066
https://doi.org/10.1161/CIRCULATIONAHA.107.704627
https://doi.org/10.1253/circj.CJ-08-0508
https://doi.org/10.1038/s41431-019-0416-3
https://doi.org/10.1093/qjmed/hcz028
https://doi.org/10.1111/anec.12768
https://doi.org/10.3892/ijmm.2020.4454
https://doi.org/10.1161/CIRCRESAHA.109.197277
https://doi.org/10.1016/j.hrthm.2015.03.015
https://www.ncbi.nlm.nih.gov/pubmed/25998140
https://doi.org/10.1371/journal.pone.0210017
https://www.ncbi.nlm.nih.gov/pubmed/30615648
https://doi.org/10.1111/jcmm.13409
https://doi.org/10.21037/cdt.2019.06.06
https://doi.org/10.3389/fcvm.2021.758903
https://doi.org/10.1111/j.1542-474X.2012.00525.x
https://doi.org/10.3390/ijms21197155
https://doi.org/10.3390/ijms21228556

Cardiogenetics 2025, 15, 9 80f8

29.

30.

31.

32.

33.

34.

Walsh, R.; Mauleekoonphairoj, J.; Mengarelli, I.; Bosada, EM.; Verkerk, A.O.; van Duijvenboden, K.; Poovorawan, Y.; Wongcharoen,
W.; Sutjaporn, B.; Wandee, P; et al. A Rare Noncoding Enhancer Variant in SCN5A Contributes to the High Prevalence of Brugada
Syndrome in Thailand. Circulation 2024, 151, 31-44. [CrossRef]

Bezzina, C.R.; Barc, J.; Mizusawa, Y.; Remme, C.A.; Gourraud, J.B.; Simonet, E; Verkerk, A.O.; Schwartz, PJ.; Crotti, L.; Dagradi,
F; et al. Common variants at SCN5A-SCN10A and HEY? are associated with Brugada syndrome, a rare disease with high risk of
sudden cardiac death. Nat. Genet. 2013, 45, 1044-1049. [CrossRef]

Barc, J.; Tadros, R.; Glinge, C.; Chiang, D.Y.; Jouni, M.; Simonet, F,; Jurgens, S.J.; Baudic, M.; Nicastro, M.; Potet, F; et al.
Genome-wide association analyses identify new Brugada syndrome risk loci and highlight a new mechanism of sodium channel
regulation in disease susceptibility. Nat. Genet. 2022, 54, 232-239. [CrossRef] [PubMed]

Ishikawa, T.; Masuda, T.; Hachiya, T.; Dina, C.; Simonet, F; Nagata, Y.; Tanck, M.W.T.; Sonehara, K.; Glinge, C.; Tadros, R.; et al.
Brugada syndrome in Japan and Europe: A genome-wide association study reveals shared genetic architecture and new risk loci.
Eur. Heart ]. 2024, 45, 2320-2332. [CrossRef] [PubMed]

Moras, E.; Gandhi, K.; Narasimhan, B.; Brugada, R.; Brugada, J.; Brugada, P.; Krittanawong, C. Genetic and Molecular Mechanisms
in Brugada Syndrome. Cells 2023, 12, 1791. [CrossRef] [PubMed]

Mascia, G.; Brugada, J.; Barca, L.; Benenati, S.; Della Bona, R.; Scara, A.; Russo, V.; Arbelo, E.; Di Donna, P; Porto, I. Prognostic
significance of electrophysiological study in drug-induced type-1 Brugada syndrome: A brief systematic review. J. Cardiovasc.
Med. 2024, 25, 775-780. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/CIRCULATIONAHA.124.069041
https://doi.org/10.1038/ng.2712
https://doi.org/10.1038/s41588-021-01007-6
https://www.ncbi.nlm.nih.gov/pubmed/35210625
https://doi.org/10.1093/eurheartj/ehae251
https://www.ncbi.nlm.nih.gov/pubmed/38747976
https://doi.org/10.3390/cells12131791
https://www.ncbi.nlm.nih.gov/pubmed/37443825
https://doi.org/10.2459/JCM.0000000000001665

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

