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A case of arrhythmic cardiomyopathy caused by rare multiple gene mutations
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Arrhythmogenic cardiomyopathy (ACM) is an inherited cardiomyopathy characterized by a high risk of ventricular tachycardia and sudden cardiac death, often involving the right ventricle or both ventricles, with the initial onset usually in adolescence or young adulthood, and most cases can be diagnosed before the age of 40 years. Studies have shown that ACM is often caused by mutations in genes encoding desmosomal proteins, with a small proportion caused by mutations in nonencoding desmosomal proteins. In this paper, we report a patient with biventricular arrhythmogenic cardiomyopathy who presented with recurrent syncope, paroxysmal ventricular tachycardia, and heart failure in old age. Genetic testing revealed that the patient (proband) carried three rare genetic variants in the genes encoding desmosomal and nondesmosomal proteins at the same time. No relevant reports were found in the literature review, and the phenotypic penetrance age differences among family members carrying the same genetic variant were also large, further indicating the complexity of ACM genotype–phenotype expression. We treated the family members for one year of follow-up. To provide more references for risk assessment, individualized management and genetic counselling of ACM patients are needed.
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Introduction

The main pathophysiological change in ACM is that the normal ventricular myocardium is gradually replaced by fibres or fibroadipose tissue, and this pathological process slows the conduction of intraventricular electrical signals, triggers fatal ventricular arrhythmias through scar-related mechanisms (1, 2), and gradually results in heart failure. Because right ventricular involvement is relatively common, it was previously known as arrhythmogenic right ventricular cardiomyopathy (ARVC). In recent years, 56% of patients have bilateral ventricular involvement, and a small proportion of patients present with left ventricular involvement (3, 4). Therefore, the International Task Force (ITF) proposed the definition of ACM in 2010 and classified ACM into arrhythmogenic right ventricular cardiomyopathy (ARVC), arrhythmogenic left ventricular cardiomyopathy (ALVC) and arrhythmogenic biventricular cardiomyopathy (biventricular cardiomyopathy), which are currently diagnosed and evaluated in terms of cardiac structural imaging, histology, electrocardiogram, arrhythmia characteristics, and genetic testing via the 2020 “Padua cardiomyopathy” (5, 6). Previous studies have shown that ACM is an important cause of sudden death in young people and athletes and has a significant familial genetic predisposition, with an incidence between 1:1,000 and 1:2,000, and causative mutations can be found in approximately half of patients. The Clinical Genome Resource (ClinGen) identifies genetic variants such as DES, DSC2, DSG2, DSP, JUP, PKP2, and TMEM43 as clearly associated with ACM pathogenesis (7, 8). In this case, the proband presented with typical manifestations of ACM, such as syncope, paroxysmal ventricular tachycardia, and heart failure, and the multimodality imaging results revealed biventricular involvement. We performed genetic testing, comprehensive evaluation, treatment, and follow-up for the patient (proband) and his family members, as reported below.



Case presentation

A 71-year-old male patient (proband) presented to the hospital with recurrent sudden syncope, and comprehensive evaluation revealed that his electrocardiogram revealed a prolonged Q-T interval, low-voltage QRS complexes in the limb leads, and multiple episodes of nonsustained ventricular tachycardia (QRS complexes with left bundle branch block morphology) (Figures 1A–C); echocardiography and magnetic resonance imaging revealed global enlargement of the left and right ventricles, global hypokinesia, multiple thinning of the ventricular wall, ventricular aneurysm in the right ventricle (regional myocardial paradoxical movement), widening of the right ventricular outflow tract, and decreased left and right ventricular ejection fractions (Figures 2A,B,D,E); magnetic resonance enhancement (LGE) revealed subepicardial free walls in the middle left ventricle, interventricular septal wall, and transmural myocardial fibrosis images in the right ventricular inferior wall (Figures 2C,F) (Supplementary Material S1), and coronary angiography revealed plaque formation in the proximal left anterior descending artery, 30% stenosis, and no significant stenosis in the remaining vessels. In view of the proband's clinical manifestations and multimodality imaging results, we suspected that he had ACM and performed whole exome sequencing (WES): DNA was first extracted from peripheral blood, libraries were constructed using Agilent SureSelectXT V6, and sequenced on the Illumina NovaSeq 6,000 platform.Data analysis was screened by BWA alignment (GRCh37/hg19), PICARD de-duplication, SnpEff and ANNOVAR annotation, focusing on exonic regions and non-coding variants affecting splicing (Splice-AI > 0.2), combined with disease database and Shengxin software prediction. The pathogenicity of genetic variants was judged according to the American College of Medical Genetics and Genomics (ACMG) and Association for Molecular Pathology (AMP) criteria (9), the results revealed that he carried three rare mutations: the heterozygous missense variant c.1786G > A (p.Asp596Asn) in the LMNA gene(suspected causative), the heterozygous variant c.8187delC (p.Gln2730SerfsTer16) in the DSP gene(suspected causative), and the heterozygous missense variant c.5351A > G (p.His1784Arg) in the AKAP9 gene (unknown significance) (Figure 1D). All variants were verified by Sanger sequencing, and co-segregation analysis was performed on family members. The proband was diagnosed with arrhythmogenic biventricular cardiomyopathy and Q-T interval prolongation according to the revised 2020 ITF diagnostic criteria for ACM and was considered to have a high risk of malignant arrhythmia and sudden death. Radiofrequency ablation and drug therapy were performed after consultation with the proband and his family members, considering the hereditary nature of the disease, we conducted genetic testing and comprehensive evaluations for the proband's family members.
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FIGURE 1
proband's ECG: Q-T interval prolongation, low voltage of QRS complex in limb leads (A), non-persistent ventricular tachycardia (QRS group with left bundle branch block pattern) (B). Electrophysiological: the earliest V wave measured in the chamber speed state (C). Sanger sequencing confirmed the the variants in DSP, AKAP9, LMNA genes in the proband (D).
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FIGURE 2
(A,B): Proband's echocardiogram: showed whole heart enlargement, overall movement weakened, left ventricular EF45% FS23%. (C–F): CMR images of probands. (C): Cardiac short-axis LGE: delayed enhancement between the free wall of the middle left ventricle and the subepicardium of the right ventricle, and delayed enhancement between the muscular walls of the interventricular septum. (D): Right ventricular outflow tract widening: 36 mm. (E): Left and right ventricular wall multiple thinning, right ventricular wall tumor (local myocardial contradictory movement). (F): Short axis native T1: increased T1 value between subepicardial left ventricular free wall and interventricular septum muscle wall.


The proband's daughter A (39 years old) also presented with multiple syncope symptoms, and electrocardiogram and electrophysiology revealed frequent multifocal ventricular premature beats and low voltage in limb leads; echocardiography revealed left atrial ventricular enlargement, global weakening of wall motion, decreased left ventricular systolic and diastolic function, and no abnormalities in the right atrium and ventricle (Figures 3A–G); multiple attempts to perform MRI for her failed to complete the examination because she developed claustrophobic syndrome manifestations such as fear, tachycardia, and increased respiration during the examination. Genetic testing revealed that she carried two rare mutations: the heterozygous variant c.8187delC (p.Gln2730SerfsTer16) in the DSP gene(suspected causative), and the heterozygous missense variant c.5351A > G (p.His1784Arg) in the AKAP9 gene (unknown significance)(Supplementary Material S3) which was diagnosed as ALVC based on the above examination results, and comprehensive treatment, such as radiofrequency ablation and drugs, was given.
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FIGURE 3
ECG and electrophysiological of the proband's daughter A display: frequent multi-source ventricular premature beats, low limb lead voltage (A–D). Echocardiography: enlarged left atrial ventricle, overall weakened ventricular wall motion, reduced left ventricular systolic and diastolic function, and no abnormalities in the right atrium and ventricle, left ventricular EF44% and FS22% (E–G).


The proband's daughter B (37 years old), genetic testing revealed that she carried the same genetic mutation as the proband did, but she currently had no obvious palpitation symptoms and had not developed syncope. Long-range electrocardiogram revealed ventricular premature beats of 224 beats/24 h, no other arrhythmias were found, and cardiac ultrasound revealed no cardiomegaly or ventricular wall abnormalities.

ACM has previously been shown to be an important cause of sudden cardiac death in young people, especially athletes (10). Early recognition is important. Therefore, we expanded the scope of genetic testing of family members and found that all four grandchildren of the proband carried suspected causative gene variants (Supplementary Material S3) and four grandchildren were assessed to have not yet developed symptoms such as palpitations and syncope (Figure 4, Table 1).


[image: Pedigree chart showing three generations. In generation I, a filled square (indicating an affected 71-year-old male) shows genetic mutations: LMNA: c.1786G>A, DSP:c.8187delC, and AKAP9:C.5351A>G. He has biventricular ACM, syncope, and palpitation. In generation II, a filled circle (indicating an affected 39-year-old female) shows mutations DSP:c.8187delC and AKAP9:C.5351A>G, with ALVC, syncope, and palpitation. Other members have genetic mutations listed. Generation III includes four children, ages 10 to 15, both with certain genetic mutations. Unaffected individuals are marked by open symbols and some family members have unknown genotype.]
FIGURE 4
The image illustrates family pedigree of three rare gene variants: c.1786G > A (LMNA: p.Asp596Asn het) heterozygous missense variant in the LMNA gene and c. in the DSP gene8187delC (DSP: p.Gln2730SerfsTer16 het) heterozygous variant, both of which were identified as suspected causative variants; AKAP9 gene c.5351A > G (AKAP9: p. His1784Arg het) heterozygous missense variant, which was identified as a variant of uncertain significance. Squares indicated male family members and circles denoted female family members. The arrow indicates the index proband. Solid black symbols in the pedigree denote individuals with a history of cardiac disease (ACM). The proband's phenotype was biventricular ACM, and the proband's daughter A (39-year-old) exhibited an ALVC phenotype. Both individuals experienced syncope episodes. No phenotypic expression or incomplete penetrance has been observed in the proband's daughter B (37-year-old) and his other offspring.




TABLE 1 Adult characteristics in pedigrees (before the follow-up).



	Characteristics
	Family Members



	Proband
	Proband's daughter A
	Proband's daughter B



	(Male, 71 years)
	(39 years)
	(37 years)





	Symptoms
	Syncope
	Syncope
	None



	PSVT
	PSVT



	Biventricular reduced ejection fraction
	Reduced LVEF



	Phenotype
	Biventricular ACM, Combined with Q-T interval prolongation
	ALVC
	Non-penetrant or incomplete penetrance



	Rare genetic variants
	LMNA:c.1786G > A
	DSP:c.8187delC
	LMNA:c.1786G > A



	DSP:c.8187delC
	AKAP9:c.5351A > G
	DSP:c.8187delC



	AKAP9:c.5351A > G
	AKAP9:c.5351A > G



	Other comorbidities
	None
	None
	None



	Medication History
	None
	None
	None



	Sleep quality
	Normal
	Normal
	Normal



	Exercise
	Agriculture labor
	Rarely
	Rarely



	Smoking Status
	∼20 cigarettes/day for 55 years
	No
	No



	Diet
	High-fat and high-protein foods
	Asian diet (low in salt, normal protein and fat content)
	Asian diet (low in salt, normal protein and fat content)



	Drinking Status
	Consume alcohol regularly (38%–50% vol. 3–4 times/week, 250–500 ml/ time)
	Seldom consume alcohol
	Seldom consume alcohol



	Vocation
	Farmer (Traditional farming)
	Electronic parts factory workers (Working hours: 8–9 h/day)
	Grocery clerk (Working hours: 8–9 h/day)



	Stressful Events
	Lose money
	Childbirth
	Childbirth



	BMI
	22
	20.8
	23.4







We used a combination of outpatient follow-up and telephone follow-up to follow up with family members according to individual risk stratification from the aspects of drug supervision, lifestyle adjustment, monitoring of related disease symptoms and arrhythmia, and reexamination of cardiac structure and function (8, 11). The current follow-up results revealed that the proband and his daughter A could take the drug on time after radiofrequency ablation and adopt a scientific lifestyle without syncope or obvious palpitation symptoms. Regular reexamination via cardiac B ultrasound revealed no progressive enlargement of the heart and no deterioration of cardiac function, and long-term ECG revealed no frequent ventricular premature beats or ventricular tachycardia. The proband's daughter B and the proband's grandchildren have thus far had no significant associated symptoms, and family members have been able to perform exercise restrictions. We will continue to follow family members and actively take scientific measures to prevent and treat cardiac malignant events such as sudden cardiac death.



Discussion

Previous studies have identified mutated genes that are closely associated with ACM pathogenesis, including genes encoding desmosomal proteins (PKP2, DSP, DSG2, DSC2, JUP) (7, 12–14). Desmosomes are key proteins of intercellular junctions and are abundantly expressed in tissues subjected to mechanical compressive stresses, such as the epidermis and myocardium, and their important function is to mechanically connect adjacent cells by connecting intermediate filaments of adjacent cells to form a unified cytoskeletal network (15). When desmosomal protein function is deficient, mechanical stress causes cells to detach from cells, resulting in cell death, which in turn produces local inflammation and is eventually replaced by fibres or fibroblasts. DSP encodes desmosomal protein, which is the most abundant component in desmosomes (16), Previous studies have shown that DSP mutation carriers predominantly exhibit left ventricular involvement and are prone to left ventricular dysfunction (manifested as reduced left ventricular ejection fraction, LVEF). Approximately one-third of patients display late gadolinium enhancement in the left ventricle while maintaining normal left ventricular systolic function. These cases more frequently present with left ventricular-originated ventricular arrhythmias, and an LVEF <55% is significantly associated with severe ventricular arrhythmias in DSP-related cases. Additionally, DSP mutation carriers demonstrate the highest rate of sudden cardiac death among arrhythmogenic cardiomyopathy (ACM) cases, accounting for about 11% of total sudden deaths caused by desmosomal gene mutations. DSP gene-related cardiomyopathy progresses rapidly and has a poor prognosis (17–20). A heterozygous DSP: c.8187dleC mutation was detected in the proband's pedigree, and a query of the population frequency database identified this variant as a rare variant (1,000 Genomes: None, ESP6500: None, ExAC: None), which changes polar uncharged glutamine at position 2,730 to polar uncharged serine, followed by protein frameshift expression, and a stop codon at amino acid 15 thereafter, thus affecting desmosomal protein expression. In this case, the proband and his two daughters carried the same heterozygous mutation of DSP: c.8187dleC (DSP: p.Gln2730SerfsTer16 het) in the family, and the proband phenotypically presented with arrhythmogenic biventricular cardiomyopathy and has now presented with global heart failure. His daughter A (39 years old) was phenotypically ALVC, and echocardiography revealed decreased left ventricular contractility, which is consistent with previous literature reports of susceptibility to left ventricular dysfunction carrying DSP gene mutations. The proband's daughter B (37 years old) was not found to have arrhythmia and structural and functional changes in the heart at present, considering that the current phenotype was not penetrant or that the possibility of incomplete penetrance was high. The proband had recurrent ventricular tachycardia with a left bundle branch block morphology in the QRS complex originating from the right ventricular base, and frequent multifocal ventricular premature beats originating from the left ventricular free wall and right ventricular outflow tract were observed in the proband's daughter A through electrophysiological examination. In an observational study of 74 patients with ACM, Eva Cabrera-Borrego reported that sustained monomorphic ventricular tachycardia (SMVT) occurring in those carrying DSP mutations presented as a right bundle branch block morphology originating from the inferolateral segment of the left ventricle (21).

In recent years, an increasing number of ACM cases associated with non-desmosomal gene mutations have been discovered. These mutations are present in genes encoding proteins such as intermuscular line protein (DES), lamin A/C antigen (LMNA), transmembrane protein 43 (TMEM43), titin (TTN), and filament protein C (FLNC) (22); the proteins encoded by these genes have multiple biological functions, including cardiomyocyte cytoskeletal structure, calcium handling, sodium transport, and cytokine signalling (23, 24). LMNA encodes lamin A/C, which belongs to the lamin family. Lamin A/C is involved in DNA replication, chromatin structure, spatial localization of nuclear pore complexes, binding of nuclear membrane proteins, and nuclear stabilization. In this case, the family carried a heterozygous missense variant c.1786G > A (p.Asp596Asn) in the LMNA gene, which was a rare variant according to population frequency databases. This variant changes the amino acid from a polar, negatively charged aspartate to a polar, uncharged asparagine, affecting protein function. Eva Cabrera-Borrego reported that ACM patients carrying LMNA gene mutations had the highest recurrence rate of ventricular tachycardia in their study (21); therefore, continued close follow-up of the proband is needed. The proband's daughter B (37 years old) also carried the c.1786G > A heterozygous missense variant, and no significant manifestations of cardiomyopathy have been identified in this patient. However, previous studies have shown that cardiomyopathy patients carrying a causative mutation in the LMNA gene have a wide range of onset ages and can develop the disease any time from adolescence to old age, with an average age of 40 years; penetrance increases with age, with 50% penetrance in autosomal dominant patients aged 30–40 years and 90% penetrance in patients aged >40 years (25). Therefore, although the proband's daughter B is currently asymptomatic, regular follow-up should be performed.

The AKAP9 gene encodes a protein that belongs to a-kinase anchoring protein, which functions by binding to protein kinase a (PKA) regulatory subunit and restricting the holoenzyme to discrete positions in the cell and can also participate in mediating the protein kinase A pathway and participating in the phosphorylation of L-type calcium channels and potassium channels in cardiomyocytes. Previous studies have shown that AKAP9 gene mutations are associated with the development of autosomal dominant long QT syndrome (26). In this case, both the proband and his two daughters carried the rare AKAP9 gene c.5351A > G heterozygous missense variant (AKAP9: p.His1784Arg het), which was found to be a rare variant by querying the population frequency database, but multiple bioinformatics prediction software programs (including SIFT and Polyphen-2, etc.) cross-predicted that the results were mostly harmless, suggesting that amino acid changes caused by this variant may not have an effect on protein function. However, the ECG of the proband in this case showed prolonged Q-T interval (QTc = 476 ms), Although his two daughters carried the same heterozygous missense variant in the AKAP9 gene (c.5351A > G, AKAP9:p.His1784Arg het) as their father, repeated ECG examinations revealed no Q-T interval prolongation. Given the proband's age and unhealthy lifestyle, his prolonged Q-T interval may have been acquired rather than congenital, with little association to the AKAP9 c.5351A > G heterozygous missense variant (AKAP9:p.His1784Arg het). However, previous literature reports that individuals with a QTc interval >440 ms have a 2–3 times higher risk of sudden cardiac death compared to those with a QTc interval <440 ms (27). The proband carries suspected pathogenic mutations in both the LMNA and DSP genes, along with QTc prolongation, indicating a poor prognosis and high risk of sudden death. Active preventive measures should therefore be taken.

In summary, three rare gene mutations were involved in the pedigree of this proband: the c.1786G > a heterozygous missense variant in the LMNA gene, the c.8187delC heterozygous variant in the DSP gene, and the c.5351A > G heterozygous missense variant in the AKAP9 gene. The proband also carried the above three variants, namely, phenotypically arrhythmogenic biventricular cardiomyopathy with a prolonged Q-T interval and recurrent ventricular tachycardia leading to syncope with global heart failure, and was severely ill, which may be associated with the additive effects of carrying two suspected causative gene variants, advanced age, and unhealthy lifestyle. The proband's daughter A (39 years old) also carried the c.8187delC heterozygous variant of the DSP gene and the c.5351A > G heterozygous missense variant of the AKAP9 gene with the ALVC phenotype and no Q-T interval prolongation and has now experienced decreased left ventricular contractility and has experienced syncope, with multifocal ventricular premature beats monitored by electrocardiogram and electrophysiological examination. Syncope has previously been associated with adverse outcomes in patients with ARVC, including sudden cardiac death (28). Although the proband's daughter A carried the same heterozygous variant of the suspected causative gene DSP gene c.8187delC as the proband did, the phenotypic penetrance occurred significantly earlier than that of the proband did, and no influencing factors, such as comorbidities, unhealthy lifestyles, drugs and toxic and hazardous substances, were found after evaluation. The differences in the phenotypic penetrance age between the father and his daughter A may be related to genetic modifiers, polygenic background differences and other factors.

The proband's daughter B (37 years old) carried the same three genetic variants as the proband did, and the follow-up results from the past year revealed that she still had no obvious symptoms, that no cardiac structural or functional abnormalities were detected via echocardiography, and that no arrhythmias were detected via long-range electrocardiography. Taken together, the findings of previous studies suggest that the proband's daughter B has no or incomplete phenotype at present, which may be related to genotype-specific mechanisms: the same variant may produce different amino acid sequences due to alternative splicing or protein modification differences, and the corresponding protein expression is different.

The proband had four grandchildren with a current age of 8–15 years. The results of genetic testing revealed that they all inherited the suspected causative gene from their mothers, and the follow-up results from the past year revealed that the children performed exercise restrictions according to the doctor's advice and could adhere to a scientific lifestyle. No ACM-related manifestations occurred after evaluation, and we will continue to follow up with the family members.



Conclusion

In this case, the proband also carried three rare genetic variants: the c.1786G > a heterozygous missense variant of the LMNA gene, the c.8187delC heterozygous variant of the DSP gene, and the c.5351A > G heterozygous missense variant of the AKAP9 gene. No relevant reports were found in the literature review, which may be the first discovery. The proband's phenotype was biventricular affected ACM, the phenotype was penetrant in later life, the condition was severe, and there were unhealthy lifestyles such as smoking, alcohol consumption, and a high-fat and high-protein diet; the proband's daughter A (39 years old) and proband carried the same heterozygous variant of the suspected pathogenic DSP gene c.8187delC, the phenotype was ALVC, and there were no complications or unhealthy lifestyles, but the age of phenotypic penetrance was significantly earlier than that of the proband (her father); the proband's daughter B (37 years old) carried the same three rare gene variants as the proband (her father), there were no complications or unhealthy lifestyles, and the phenotype has not yet been penetrant or incomplete. The pedigree characteristics of this case further suggest the complexity of the aetiology and pathogenesis of ACM, and pathogenic genes and environmental factors may be involved in phenotypic expression. We combined the clinical manifestations, phenotypes, pathogenic genes, environmental factors (lifestyle and behavioural habits, etc.), and age characteristics of family members to risk stratify the disease, administer individualized follow-up management, and actively prevent and treat adverse events such as sudden cardiac death; at the same time, it is recommended that family members perform genetic counselling when fertility needs to effectively prevent the occurrence of genetic diseases.
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