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Introduction: LMNA splicing mutations occur in 9.1% of cases with cardiac involvement cases, but the phenotype and severity of disease they cause have not yet been systematically studied. The aim of this study was to understand the clinical and pathogenic characteristics of the LMNA splice-site mutation phenotype in patients with LMNA-related dilated cardiomyopathy (DCM) and sudden cardiac death (SCD).
Methods and Results: First, we reported a novel family with LMNA-related DCM and SCD, and the clinical characteristics of all current patients with LMNA splicing mutations were further summarized through the ClinVar database. Seventeen families with a total of 134 individuals, containing a total of 15 LMNA splicing mutation sites, were enrolled. A total of 42 subjects (31.3%) had SCD. Compared without with the non-DCM group (n = 56), the patients within the DCM group (n = 78) presented a lower incidence of atrioventricular block (AVB) (p = 0.015) and a higher incidence rates of non-sustained ventricular tachycardia (p = 0.004),) and implantable cardioverter defibrillator (ICD) implantation (p = 0.005). Kaplan‒Meier survival analysis showed that the patients with pacemaker (PM) implantation had a significantly reduced the occurrence of SCD compared to patientswith those without PM implantation (log-rank p < 0.001), while there was no significant difference in ICD implantation between the two groups (log-rank p = 0.73). Second, we identified the family that we reported with a mutation in an LMNA c.513+1 G>A mutation in the reported family, and pathogenic prediction analysis showed that the mutation site was extremely harmful. Next, we conducted gene expression levels and cardiac pathological biopsy studies on the proband of this family. We found that the expression of normal LMNA mRNA from the proband was significantly downregulated in peripheral blood mononuclear cells than incompared with healthy individuals. Finally, we comprehensively summarized the pathological characteristics of LMNA-related DCM, including hypertrophy, atrophy, fibrosis, white blood cell infiltration, intercalated disc remodeling, and downregulation of desmin and connexin 43 (Cx43) expression.
Discussion: Above all, Cardiaccardiac involvement in patients with LMNA splice-site mutation presented with a high rate of SCD. Implanting a pacemaker significantly reduced the SCD rate in non-DCM patients with AVB. The pathogenic characterization was not only haveinvolved suppressed the expression of the healthy LMNA allele, but was also associated with abnormal expression and distribution of desmin and Cx43.
Keywords: LMNA, lamin A/C, desmin, connexin 43, dilated cardiomyopathy (DCM)
INTRODUCTION
Lamin A/C, encoded by the LMNA gene, is widely expressed in the myocardium and skeletal muscle and plays key roles in cell signal transduction, post-translational modification, maintaining DNA stability in cells, and regulating apoptosis (Meune et al., 2006). LMNA produces two kinds of mRNA from exon 10 during transcription, encoding lamin A and lamin C. However, exon missense mutations and intron splice site mutations can cause changes in the mRNA sequence and affect the structure and function of lamin A/C. So far, more than 500 mutation forms and 300 protein variants have been identified (Wang and Dobreva, 2023), which can present a variety of clinical phenotypes, such as dilated cardiomyopathy (DCM) (Lee et al., 2019), Hutchinson–Gilford progeria syndrome (Koblan et al., 2021), and LMNA-related muscular dystrophy type 1B (LGMD1B) (Cesar et al., 2023), among others. According to statistics (Captur et al., 2018), 10% of genetically related DCM cases are caused by LMNA mutations. LMNA-related DCM progresses rapidly, with a sudden cardiac death (SCD) rate as high as 46%, which is related to uncontrollable heart failure and malignant arrhythmia (complete atrioventricular block, ventricular tachycardia, ventricular fibrillation). A 44-point mutation identified in 12 exons of LMNA can cause DCM with cardiac conduction system disease (CCD) (Perrot et al., 2009). Splicing mutations in the intron region of LMNA mostly cause limb-girdle muscular dystrophy type 1B (LGMD1B) (Cesar et al., 2023; Rogozhina et al., 2013; Chen et al., 2013). Additionally, the combined cardiac involvement is manifested as CCD, which has been reported to include c.513 + 45T>G (Rogozhina et al., 2013) and c.513 + 1G>A (Chen et al., 2013).
The pathogenesis of myocardial lesions caused by LMNA mutations is currently unclear. lamin A/C belongs to the type 5 intermediate filament (IF) protein, and desmin is a type 3 intermediate filament protein, both of which form an IF network to jointly maintain cell morphology and function. Evidence has shown that the depletion of desmin causes unfolding of the nuclear envelope, resulting in the loss of nuclear integrity and DNA damage (Heffler et al., 2020). Furthermore, lamin A/C gene mutation in the LMNAH222P/H222P mouse model has been shown to present as desmin aggregation, disorganization of intercalated discs, and mitochondrial defects (Galata et al., 2018). Additionally, intercalated disc dysfunction is the basis for the occurrence of various types of arrhythmia in DCM (Domínguez et al., 2018). It has also been shown that LMNA E82K significantly reduces connexin 43 (Cx43) expression and alters its localization in neonatal myocytes (Sun et al., 2010). Cx43 is an important protein expressed in intercalated discs, and it is speculated that LMNA mutations can affect cardiac intercalated disc function. However, there is currently a lack of direct evidence of intercalated disc pathological changes in LMNA-related DCM.
Here, we report a family with LMNA c.513 + 1G>A presenting with DCM combined with malignant ventricular tachycardia without LGMD1B involvement. We comprehensively summarized the clinical characteristics of multiple LMNA splicing mutation sites. Furthermore, we explored the pathogenesis of cardiomyopathy from the perspective of abnormal expression of cardiac skeletal proteins, with the aim to provide direct evidence of myocardial remodelling and electrical activity disorders in LMNA-related DCM.
METHODS
Clinical evaluation
The genealogical information of three generations of the study family (from Liaoning province, PR, China) was collected. All subjects underwent an initial clinical evaluation, which included clinical history, encompassing a family history of SCD, cardiogenic death, cardiac arrest, atrioventricular block, dizziness, syncope, cardiac device implantation, muscle strength, and cardiopulmonary examination. Blood routine tests, including plasma potassium, creatine kinase, alanine aminotransferase, and serum creatinine measurements, were performed, and 12-lead electrocardiogram (ECG) and Holter were applied to investigate the presence of sick sinus syndrome, atrioventricular block, bundle branch block, or another arrhythmia. The proband also underwent transthoracic echocardiography. The left atrial and ventricle diameters were obtained in the parasternal long-axis view during end-systole, and the left ventricular ejection fraction was measured by the modified Simpson method.
To further understand the effect of LMNA splicing mutations on cardiac phenotype, splicing variants of LMNA were identified in cardiomyopathy patients reported to date by the ClinVar database and the human gene mutation database (HGMD). By reviewing the clinical information of probands and family members from previous LMNA splicing mutation family reports, we extracted the following information: gender, age of onset, type of arrhythmia, time of pacemaker (PM)/ICD implantation, SCD time, and mutation sites in each family. Finally, the aggregation of all LMNA-related cardiac phenotypes across the databases included 23 splicing variants. After excluding cases without available clinical information on family members, we included a total of 15 LMNA splicing mutation sites, present in 134 individuals in 17 families (Supplementary Table S1). All variants used for the study are publicly available online at ClinVar (www.ncbi.nlm.nih.gov/clinvar/) and HGMD (https://www.hgmd.cf.ac.uk/ac/).
Whole-exon sequencing and sanger sequencing
After obtaining the peripheral blood samples of the proband within our reported family, high-throughput sequencing was performed using the HiSeq X system (Illumina, Carlsbad, CA, United States). Genomic DNA was isolated from the blood using a blood genomic DNA extraction kit (Qiagen, Hilden, Germany). PCR amplification was conducted with CAP-PCR Master Mix and CAP Hotstar enzyme, and then purified using Ampure XP beads (AMP, Germany). The following PCR primers were used: 5′-GACCTGACCA TCTGGAGTTGC-3' (forward) and 5′-AGT​AAT​CTC​GAG​CCT​CCT​GGG-3' (reverse). Finally, the results of Sanger sequencing were obtained through ABI PRISM 3730 genetic analysis (Thermo Fisher Scientific, Waltham, MA, United States).
RNA extraction and reverse transcription–polymerase chain reaction
RNA was extracted from peripheral blood samples of the proband and other six healthy individuals using an RNA Isolation Kit (Roche, United States). Subsequently, cDNA was synthesized using a Transcriptor First Strand cDNA Synthesis Kit (Roche, United States). PCR with cDNA and Sanger sequencing was performed with the primers in exon 1 (1F: 5′- AGC​AAA​GTG​CGT​GAG​GAG​TT -3´; 5′- CCG​AGT​CTG​AAG​AGG​TGG​TC-3′), exon 3 (3R: 5′-GAA​GTT​GCT​TCT​TGG​CCT​CA-3′), and exon 4 (4R: 5′- AAT​CTC​CAC​CAG​TCG​GGT​CT-3′), before sequencing by Tian Yihui Gene Technology (Guangzhou, China) using an ABI3730XL sequencer.
Real-time quantitative PCR
Real-time quantitative PCR (qPCR) was performed using SYBR Green real-time PCR master mix (Thermos, United States). To determine the transcriptional expression level of LMNA, we performed qPCR on the proband and six healthy individuals with specific primers in exons 6–7 (6F: 5′-TGG​ACG​AGT​ACC​AGG​AGC​TT-3´; 7R: 5′-AGT​TTG​CGC​TTT​TTG​GTG​AC-3′); and exons 11–12 (11F: 5′-GCT​CTT​CTG​CCT​CCA​GTG​TC-3´; 12R: 5′-GGG​TTA​TTT​TTC​TTT​GGC​TTC​A-3′). Cycle threshold (Ct) values were recorded for each gene, and target mRNA levels were normalized to the level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Relative gene expression was calculated using the 2−ΔΔCT method.
Mutation and bioinformatics analyses
The impact of candidate sites on splicing effects were predicted using the dbscSNV_ Ada_ Score and dbscSNV_ RF_ Score tools, with scores more than 0.6 indicating the presence of harmful splicing effects (Li and Wang, 2017). Splice AI software is based on deep learning to predict splicing changes caused by single nucleotide mutations, and can accurately predict splicing sites (position and probability of abnormal splicing) from any mRNA precursor sequence, as well as predict abnormal splicing caused by mutations in noncoding RNA regions. The Python package (Inc., Deep Genomics, Canada), download from https://github.com/Illumina/SpliceAI, can predict the sites within 300 bp of splice site to determine whether single nucleotide variation (SNV) affects splicing, and analyze synonymous, missense, and nonsense mutations in the exon region. The SPIDEX annotation database for use in ANNOVAR is downloaded from http://www.openbioinformatics.org/annovar/spidex_download_form.php, and predictive output |z |> = 2 indicates that splicing effects are harmful and destructive.
Pathological staining: immunohistochemistry and immunofluorescence
A pathological biopsy was performed on the proband’s heart following heart transplantation, while the healthy donor heart that was unsuccessfully used in the first transplant was used as the control group. To observe the general composition and characteristics of the myocardium involvement, 3–5-μm-thick samples were stained by classic histochemical methods, including hematoxylin and eosin (H&E) and Masson’s trichrome (for connective tissue). Human monoclonal antibodies for lamin A/C (Affinit, United States), DES (Abcam, Cambridge United Kingdom), CD45 (Abcam, Cambridge United Kingdom), and Cx43 (Abcam, Cambridge United Kingdom) were used to identify muscle cells by immunohistochemical and polychromatic immunofluorescence staining. As previously described (Li et al., 2019), the Opal 7-Color Manual IHC Kit (catalog no. NEL801001KT, Perkin Elmer, Waltham, MA, United States) was used for the analysis of expression and localization of cytoskeletal proteins in myocardial cells in accordance with the manufacturer’s protocol. The dilution ratio and labeled fluorescence of the antibodies are shown in Supplementary Table S1. After washing with phosphate-buffered saline, DAPI (Beyotime Biotechnology, China) was added and image analysis was performed using a laser confocal microscope (FV3000; Olympus Corporation, Japan). All sections were analyzed by two observers blinded to the study.
Statistical analysis
For quantitative analysis, Image-Pro Plus 6.0 software (Inc., Media Cybernetics, United States) was applied to the areas showing positive proteins in immunohistochemistry using the integrated optical density (IOD)/area index and the area of collagen fibers using the volume fraction of collagen in Masson’s trichrome–stained sections. We used mean values and Student’s t-test to analyse baseline data between two groups. Data on the clinical characteristics were analyzed using Fisher’s exact test (two-sided). Kaplan–Meier survival analysis with a log-rank test was used for comparing the age at diagnosis of DCM or PM/ICD implantation. The data were analyzed using GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA, United States). p values <0.05 were considered statistically significant.
RESULTS
Clinical case
A 31-year-old male proband presented with symptoms that included post-activity shortness of breath, palpitation, and syncope without muscular strength involvement. The first clinical evaluation was performed in 2021, at which time ECG showed atrial fibrillation, paroxysmal ventricular tachycardia, and frequent ventricular premature diffuse ventricular block (Figures 1E,F). Echocardiography revealed the following: left atrium, 56 mm; right atrium, 57 mm; left ventricle, 60 mm; right ventricle, 29 mm; interventricular septum, 7 mm; left ventricular free wall, 7 mm; left ventricular apex, uncompacted; thickened myocardium, 5-mm thick; and left ventricular ejection fraction, 29%. Additionally, the level of blood B-type natriuretic peptide was increased (3,319 pg/mL), whereas that of creatine kinase was normal (42 U/L). During hospitalization, the patient experienced recurrent ventricular tachycardia, which was not controlled by lidocaine, propafenone, and amiodarone, and necessitated electrical cardioversion. Later, intracardiac electrophysiological examination revealed that the lesion was located in the tricuspid valve ring (one o’clock His bundle), but radiofrequency ablation was unsuccessful in two hospitals. To prevent SCD, an ICD was implanted to the proband after 1 year. The proband was repeatedly admitted to the hospital due to heart failure and had poor efficacy in taking anti-heart failure drugs such as sarcubatrixartan, digoxin, and diuretics. Heart transplantation was finally performed on 12 August 2021, and the postoperative electrocardiogram was normal (Figure 1G). Compared with the first donor heart, the patient’s isolated heart showed significant enlargement of the left ventricle, thinning of the ventricular wall, and significant noncompaction of the left ventricular apex myocardium (Figures 1H–J). It has been 2 years since follow-up, and the proband’s cardiac function has been good without any episodes of ventricular arrhythmias. The familial tree reconstructed based on verbal testimony contains six people across three generations (Figure 1A). Except for the proband, the other three family members suffered from SCD, which exhibited an autosomal dominant mode of inheritance.
[image: Figure 1]FIGURE 1 | Clinical characteristics and genetic analysis of the LMNA mutation. (A) Schematic pedigree of the family. The reviewed patients (I1, II2, II3) had died of cardiac disease in their early years. (B, C) A heterozygous mutation of “G” to “A” transition at the splicing donor site at intron 2 (c.513 + 1 G>A). (D) Results of pathogenic prediction analysis by bdscSNV, SpliceAI, and SPIDEX on-line tools. (E, F) Electrocardiogram (ECG) of the proband before cardiac transplantation. (G) ECG of the proband after cardiac transplantation. (H) Anterior view of the abandoned healthy donor heart. (I) Anterior view of the proband’s heart. (J) Left ventricular internal view of the proband’s heart.
Clinical findings of 15 LMNA splicing mutation sites
A total of 130 individuals from 17 families were enrolled and divided into the non-DCM group and the DCM group. Table 1 summarizes the main clinical features of LMNA splicing mutation associated with cardiac phenotype. There was no gender difference between the two groups (p = 0.6). The average age at onset was 42.7 ± 13 years in the DCM group and 39.3 ± 11.3 years in the non-DCM group. Compared with the non-DCM group, the DCM group presented a lower incidence of AVB (p = 0.015) and higher incidence rates of non-sustained ventricular tachycardia (p = 0.004) and ICD implantation (p = 0.005). A total of 10.4% of the patients underwent heart transplantation, and they were all from the DCM group. The manifestation of cardiac phenotype centered around the age of 30–40 years in the non-DCM group, and after the age of 50 years in the DCM group. There was a difference in the age distribution between these two groups (p = 0.027) (Figure 2A). The number of individuals who underwent PM/ICD implantation was higher in the DCM group than in the non-DCM group, but within each of the groups, there was no statistically significant difference in the age distribution (p = 0.32) (Figure 2B). Although the number of PM/ICD implantations was significantly higher in the non-SCD group than in the SCD group (p = 0.004), there was no difference in the age distribution between DCM group and without DCM group (p = 0.36) (Figure 2C). Furthermore, we constructed survival curves to investigate the relationship between DCM, PM implantation, ICD, and the occurrence of SCD. The results indicated that there was no difference in the occurrence of SCD depending on the presence or absence of DCM (log-rank p = 0.16) (Figure 2D). However, PM implantation significantly reduced the incidence of SCD (log-rank p < 0.001) (Figure 2D), suggesting that PM treatment for AVB prevented the occurrence of SCD. ICD primarily aims to reduce the incidence of SCD by treating ventricular tachycardia and ventricular fibrillation. Surprisingly, ICD implantation did not reduce the occurrence of SCD in patients with LMNA splicing mutation (log-rank p = 0.73) (Figure 2F).
TABLE 1 | Clinical characteristics of LMNA splicing mutation associated with cardiac phenotype.
[image: Table 1][image: Figure 2]FIGURE 2 | Summary of the clinical characteristics of LMNA splicing mutation sites. (A). Bar chart comparison of age at diagnosis between the DCM and non-DCM groups; (B). Bar chart comparison of the proportion of PM/ICD implantation between the DCM and non-DCM groups; (C). Bar chart comparison of PM/ICD implantation between the SCD and non-SCD groups; (D). SCD-free survival comparing the patients with DCM with those without DCM; (E). SCD-free survival comparing the patients with PM implantation with those without PM implantation; (F). SCD-free survival comparing the patients with ICD implantation with those without ICD implantation. p values of a, b, and c were calculated by Fisher’s exact test. p values of c, d, and f were calculated by log-rank test.
Genetic and functional analysis
The intronic splicing mutation LMNA (c.513 + 1G>A) was identified (chr1:156100565, NM_170707) by WES and Sanger sequencing technology, and Sanger sequencing further verified a heterozygous mutation of “G” to “A” transition at the splicing donor site at intron 2 (c.513 + 1 G>A/wild type, Figure 1B). Furthermore, the scores of dbscSNV were ada_ Score 0.9999 and rf_ Score0.936, indicating a high probability of a harmful splicing effect. The predicted result of SpliceAI for the LMNA (chr1:156100565) mutation is A |LMNA|0.00|0.00|0.79|1.00|–10|–1|–10|–1, meaning that after G mutation A, the probability of 156100555 being a splicing receptor increases by 0.00, while the probability of 156100555 being a splicing donor increases by 79%; the probability of using 156100564 as a splicing acceptor decreases by 0.00, while the probability of using it as a splicing donor decreases by 100%. Additionally, the SPIDEX prediction result was −22.3643 (absolute value ≥2 indicates broken splicing) (Figure 1D).
LMNA RNA expression analysis
To understand the effect of splicing mutation on the second exon subsequence, we next sought to obtain the RNA sequence after mutation. We designed two pairs of primers in the first and third exon regions, 232 and 497 bp, respectively. After extracting RNA from peripheral blood mononuclear cells, reverse transcription cDNA was performed. However, the PCR map of the proband was very weak (Figure 3A), and no mutation sequence was detected in the sequencing of two PCR products. The sequencing results of the proband and two control groups are shown in Supporting Material (Files 1–3). Furthermore, real-time PCR evaluation of mRNA expression in the peripheral blood of the proband and six healthy individuals was performed to identify whether LMNA RNA expression was reduced after LMNA mutations. We designed the LMNA 11–12 Exon (11F: 5′-GCT​CTT​CTG​CCT​CCA​GTG​TC-3´; 12R: 5′-GGG​TTA​TTT​TTC​TTT​GGC​TTC​A-3′) from primer I as a specific sequence of lamin A, and LMNA six to seven Exon (6F: 5′-TGG​ACG​AGT​ACC​AGG​AGC​TT-3´; 7R: 5′-AGT​TTG​CGC​TTT​TTG​GTG​AC-3′) from primer II as a common sequence of lamin A/C. The results demonstrated that the patients with LMNA mutations showed significantly reduced LMNA transcription (p < 0.001, Figures 3B,C).
[image: Figure 3]FIGURE 3 | (A) PCR map. The leftmost strip is the DNA molecular weight marker. The 232 bp and 497 bp fragments on 1.5% agarose gel are positive for the map using the two primers. (B, C) Two qPCR primers were applied to detect the RNA expression of the proband and six control individuals; n = 3.
Pathological analysis
The control and proband’s left ventricular apex were assessed by various histopathologic patterns. Compared with the control group, the DCM group showed significantly more uneven hypertrophy, a larger nucleus, irregular karyotype, massive atrophy, and vascular degeneration of myocardial cells according to the results of H&E staining (Figures 4A,B). Moreover, we noted that the proband’s myocardial cells were stained blue due to the increase in collagen fibers and obvious scarring of fibers, while the normal myocardium was stained red by Masson–Goldner trichrome. Additionally, some hypertrophic cardiomyocytes showed homogeneous red-stained coagulation particles of different sizes, suggesting the remnants of incompletely decomposed protein components in myocardial cells (Figures 4C,D). DES is located in the cytoplasm, Cx43 is located in the intercalated disk, lamin A/C is located on the nuclear membrane, and CD45 (a white blood cell marker) is located in the myocardial interstitial tissue. According to polychromatic immunofluorescence staining analysis (Figure 5), the distribution and expression of DES, Cx43, and lamin A/C showed significant abnormalities in the proband group compared with the control group. Additionally, there was more significant white blood cell infiltration in the myocardium of the proband, indicating a close relationship between LMNA-related DCM and inflammatory injury. To better understand the effect of LMNA mutation on cytoskeletal protein and intercalated disc function, we conducted a study on the distribution and expression levels of lamin A/C, desmin, and Cx43. LMNA mutation leads to selective loss and irregularity of lamin A/C expression in myocyte nuclei and exhibits an aggregated distribution of desmin and partial absence of expression or aggregation to one side of Cx43. As expected, the expression levels of lamin A/C, desmin, and Cx43 were significantly lower than those of the control group (Figure 6).
[image: Figure 4]FIGURE 4 | Representative sections of the control and proband hearts assessed by hematoxylin and eosin (H&E) staining (A,B) and Masson’s trichrome staining (C,D).Homogeneous red stained coagulation particles in the cardiomyocytes of the proband (red arrows) (D). Quantification of collagen volume fraction (CVF) (p < 0.001) between the two groups (E).
[image: Figure 5]FIGURE 5 | Representative polychromatic immunofluorescence myocardial staining for CD45 (red), desmin (green), Cx43 (orange), lamin A/C (yellow), and DAPI (blue). In the control group (A), the distribution of DES, Cx43, and lamin A/C was uniform. In the proband group (B), the distribution and expression of DES, Cx43, and lamin A/C were abnormal, and there was significant white blood cell infiltration of the myocardium. Scale: 100 μm.
[image: Figure 6]FIGURE 6 | Representative sections of the control and proband hearts were assessed by lamin A/C, DES, and Cx43 (A,B,D,E,G, H). Selective loss and irregularity of lamin A/C expression in myocyte nuclei (red arrows) of the proband. The relative lamin A/C protein IOD/areas are shown (C,F, I). There was a significant difference in the lamin A/C, DES, and Cx43 protein integrated optical density (IOD)/area (p < 0.001) between the two groups. Scale: 100 μm. The results are expressed as the mean ± SEM of slices of eight regions of the left ventricular per group.
DISCUSSION
Together, lamin A/C protein and lamin B protein, encoded by the LMNB gene, form the nuclear lamina, which plays a key role in the cell cycle, differentiation, signal transduction, apoptosis, DNA repair, and other cell life processes (Taghizadeh et al., 2019). In general, the two nucleotides directly connected to the exon in the splicing region are highly conservative. The bases of the 5′end (donor site) and 3′end (recipient site) of the intron are almost GT and AG, called GT-AG rules. In mammalian genomes, the probability of splicing sites with classic GT-AG combinations is 98.71% (Burset et al., 2001), and splicing mutations located in this conserved region are highly probably pathogenic. The canonical intrinsic splicing mutation in the LMNA gene would cause cardiac involvement with variable myopathy (Rogozhina et al., 2013; Chen et al., 2013; Burset et al., 2001). However, we report for the first time that the intrinsic variant c.513 + 1G>A exhibits a cardiac phenotype without skeletal muscle involvement. The difference in clinical phenotype is closely related to the individual difference in the fidelity of the splicing mechanism, which may determine the proportion of normal and mutant lamin A/C isoforms in cells, thus related to the severity of clinical symptoms. Mutations in LMNA intron and splice-related conservative sites can lead to abnormal expression and function of lamin A/C products, and we further confirmed that both the proband’s peripheral blood LMNA mRNA expression and the expression levels of lamin A/C on the nuclear membrane of heart slices were significantly lower than those of the control group. To investigate the impact of RNA splicing mutations on the mRNA exon 2 sequence, we extracted peripheral blood RNA from the proband and control groups for RT-PCR followed by cDNA sequencing. However, the sequencing results only showed unmodified LMNA sequences. Similar to the LMNA c.357–2A>G study (Zaragoza et al., 2016), although the LMNA c.513 + 1G>A mutation is predicted to result in transcription of aberrant mRNAs with an out of frame deletion of exon 2 and introduction of a premature termination codon, we found no evidence for aberrant LMNA splicing. We speculate that the reason for this is that the abnormal mRNA transcription of LMNA heterozygous mutation alleles is eliminated through nonsense mediated mRNA decay (Narula et al., 2012; Al-Saaidi et al., 2013). Although we did not obtain direct evidence of the LMNA mRNA sequence after splicing mutation, we used Mutation and Bioinformatics Analysis tools to predict pathogenicity. However, the clinical diagnosis of rare genetic disorders still faces many problems: the diagnosis rate of exon group sequencing is only 25%–30%; the sequence of the non-coding region obtained by genome sequencing can account for 90%, but the mutation of the non-coding region that destroys the normal splicing mode of mRNA is often ignored because it is difficult to accurately identify. The artificial intelligence software Splice AI can accurately predict the splicing change caused by single nucleotide variation. In patients with neurodevelopmental disorders, approximately 10% of pathogenic mutations may be spliced non-coding mutations, which will lead to an abnormal splice and abnormal splicing point mutations often leads to a variable splice (Jaganathan et al., 2019). In brief, the predicted pathogenicity of LMNA c.513 + 1G>A with splicing mutations is consistently extremely harmful, as determined by SpliceAI, dbscSNV, and SPIDEX tools.
Our study revealed that LMNA splicing mutations resulted in LMNA-related DCM in 58.2% of cases and AVB in 62.7% of cases, which is markedly higher than the incidence rates of 6.2% and 32% reported for LMNA missense mutations in another study (Hasselberg et al., 2018). Apart from AVB, non-sustained ventricular tachycardia (occurring in 23.1% of cases) and advanced heart failure were the main causes of SCD. Guidelines recommend considering an ICD in the presence of two of the following risk factors: left ventricular ejection fraction <45%, male sex, non-sustained ventricular tachycardia, and nonmissense variants (Al-Khatib et al., 2018). Wahbi et al. constructed a new risk prediction score for life-threatening ventricular tachyarrhythmias (LTVTA) in laminopathies, and proposed that a threshold between 7% and 10% at 5 years represented a satisfactory compromise between the identification of the maximum number of patients with LTVTA and the minimization of unnecessary ICD implantations (Wahbi et al., 2019). However, ICD implantation did not decrease the occurrence of SCD in the patients with LMNA splice mutations. Undeniably, the statistical bias observed in this study might be attributed to the limited sample size. Another critical factor is that with advancing age, there was a significant increase in the number of individuals with LMNA-related DCM. SCD resulting from refractory heart failure renders ICD implantation ineffective as a preventive measure. Actually, nearly half of presumed SCDs are not arrhythmic (TSeng, et al., 2018), and less than 30% of SCD cases are due to shockable ventricular arrhythmias, while trends indicate that asystole and pulseless electrical activity are the more common presenting rhythm among SCD victims in the general population (Khairy et al., 2022). Therefore, relying solely on ICD for preventing SCD was confirmed insufficiently effective. Cardiac resynchronization therapy implantable defibrillator (CRT-D) is the preferred treatment for severe heart failure, cardiac dyssynchrony, and ventricular arrhythmia survivors. It has been demonstrated that CRT-D could improve systolic function, associated with survival benefits in in patients with LMNA-related DCM during a median follow-up of 1.3 years (Sidhu et al., 2022). However, further clinical studies are needed to confirm whether CRT-D effectively reduces the long-term cardiac mortality rate in patients with LMNA-related DCM. Our research confirmed that PM implantation can reduce the incidence of SCD, with the primary beneficiaries being LMNA-related non-DCM patients with concurrent AVB. There is currently no consensus on the indications for heart transplantation in patients with LMNA-related DCM. We found a heart transplantation rate of 10.4% among the patients with LMNA-related DCM, with no reported instances of SCD, indicating the therapeutic value of heart transplantation. However, Hasselberg et al. reported that 19% of LMNA patients required heart transplantation, and the combined incidence of mortality or heart transplantation over nearly 8 years of follow-up was 24% (Hasselberg et al., 2018). The limited availability of heart donors, high costs, and postoperative complications such as infections and bleeding have hindered the widespread adoption of heart transplantation.
The myocardial cytoskeleton and related proteins form the structural basis of myocardial cell contraction. Once the cytoskeleton components of myocardial cells are damaged, the stability of the sarcomere of the myocardium will be damaged. Unstable sarcomere movement will lead to myocardial contraction disorder and affect intracellular signal transmission. Therefore, skeletal protein defects represent an important mechanism of DCM (Le Dour et al., 2022). However, the molecular pathogenesis of LMNA-related DCM has not yet been clearly clarified. It has been widely proposed that LMNA deletion or mutation can cause weakness of the nuclear lamina skeleton protein and structure, damage to the cardiomyocyte coding sarcomere or Ca2+ processing protein, and lead to cardiomyocyte apoptosis and abnormal contractile function, which has been implicated in disease progression in DCM and arrhythmias (Nikolova et al., 2004; Su et al., 2022; Chatzifrangkeskou et al., 2023). Lamin A/C is localized in the nuclear and nucleoplasm, and desmin can transiently enter the nucleus and interact with transcription factors by connecting lamin A/C (Fuchs et al., 2016). Moreover, lamin A/C deficiency causes desmin detachment at the nuclear–cytoskeletal interface. Changes in the spatial structure of desmin can destroy the fiber skeleton, which will lead to an increase in the mechanical fragility of myocardial fibers and eventually lead to the collapse of the myocardial cell structure. Additionally, lamin A/C knockout mice show disorganization of desmin nuclear attachments, a Z disc cross-striation pattern, and variation in the intensity of myofibril staining (Nikolova et al., 2004). We found similar results in the cardiac pathological biopsy of the proband, showing that LMNA splicing mutations could cause myocardial colonization and interstitial fibrosis and decrease the expression level of desmin with uneven accumulation distribution. Gap junction channels, mostly formed by CX43, are important for desmin anchoring intercalated discs, which allow electrical coupling between neighboring cardiomyocytes. It was found that remodeling of gap junctions represented redistribution to the lateral sides of cardiomyocyte membranes (i.e., “lateralization”) and reduced expression of Cx43 in the heart of LMNAH222P/H222P (H222P) mice (Macquart et al., 2019). Additionally, our study showed that 23.1% of the patients with LMNA splice mutations concurrently presented with atrial fibrillation, and the latest research has confirmed that atrial fibrillation is related to decreased expression and lateral distribution of Cx43, as well as interstitial fibrosis (Shin et al., 2015). We further confirmed that the LMNA splicing mutation caused myocardial electrical activity disorder and was closely associated with intercalated disc remodeling and downregulation of Cx43 expression. LMNA mutation also displayed aberrant calcium homeostasis, which led to arrhythmias at the single-cell level, representing another potential pathogenesis of LMNA-related DCM (Lee et al., 2019). Moreover, we confirmed for the first time that there was a significant white blood cell infiltration of the diseased myocardium with LMNA mutation. Previous studies have shown that disruption of nuclear membrane integrity can lead to immune inflammatory response and activation of autophagy (Yao et al., 2021). However, further research is needed to clarify how inflammatory damage participates in the pathogenesis of LMNA-related DCM.
CONCLUSION
First, we summarized for the first time the clinical characteristics of the LMNA splicing mutation–related cardiac phenotype. In our cohort, implanting a pacemaker significantly reduced the SCD rate in non-DCM patients with AVB, while the sole implantation of an ICD was not effective in reducing the SCD rate in DCM patients with non-persistent ventricular tachycardia and heart failure. Second, we used LMNA c.513 + 1G>A as an example to study the pathogenesis. We demonstrated that LMNA c.513 + 1G>A not only downregulated the expression of normal LMNA mRNA but also affected the expression of cytoskeletal proteins in myocardial cells. We comprehensively summarized the pathological characteristics of LMNA-related DCM, including hypertrophy, atrophy, fibrosis, inflammatory cell infiltration, intercalated disc remodeling, and downregulation of desmin and Cx43 expression. We propose that the disordered myocardial cytoskeleton protein and the impairment of intercalated disc function may be the underlying molecular mechanism of DCM and ventricular arrhythmia caused by LMNA c.513 + 1G>A. Statistical limitations stem from our utilization of a retrospective clinical cohort study, coupled with the possibility of statistical bias due to the relatively small sample size. Further large-sample, multicenter research data are necessary to validate the outcomes we have derived. Future works should focus on the potential regulatory mechanism of LMNA splicing mutations on skeletal proteins. We hope that the results will help us to understand the pathogenic characteristics of LMNA-related DCM.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are publicly available. This data can be found here: https://databases.lovd.nl/shared/phenotypes/0000326855.
ETHICS STATEMENT
The studies involving humans were approved by the First Affiliated Hospital of Hainan Medical College. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
XL: Data curation, Writing–original draft, Writing–review and editing. YH: Investigation, Writing–original draft. XJ: Data curation, Methodology, Writing–original draft. YL: Data curation, Methodology, Writing–original draft. XW: Investigation, Writing–original draft. JW: Methodology, Writing–review and editing. WJ: Writing–review and editing. HL: Methodology, Writing–review and editing. SH: Project administration, Writing–review and editing. JG: Conceptualization, Writing–review and editing. TL: Writing–review and editing. ZW: Writing–review and editing. TL: Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. National Natural Science Foundation of China (82260052,82060053); National Science Fund for Distinguished Young Scholars (JBGS202104); the Cardiovascular Disease Research Science Innovation Group of Hainan Medical University; the Project of Hainan Province Clinical Medical Center; Natural Science Foundation of Hainan Province (821QN0986, 821QN0988); Postgraduate Innovative Research Project of Hainan Medical University (HYYB 2021A03); China Scholarship Scheme (China Scholarship Council [CSC]) from simply China Scholarship Council, Grant/Award Number (CSCNO.202287); Hainan Provincial Health Foundation (20A200369, 21A200307); Hainan Province Clinical Medical Center (QWYH2022341); Scientific Research Project of Health Industry of Hainan Province (20A200178). Youth Cultivation Fund of the First Affiliated Hospital of Hainan Medical University (HYYFYPY202305).
ACKNOWLEDGMENTS
The authors would like to thank the whole family for their cooperation and consent to this study.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1291411/full#supplementary-material
REFERENCES
 Al-Khatib, S. M., Stevenson, W. G., Ackerman, M. J., Bryant, W. J., Callans, D. J., Curtis, A. B., et al. (2018). 2017 AHA/ACC/HRS guideline for management of patients with ventricular arrhythmias and the prevention of sudden cardiac death: a report of the American College of cardiology/American heart association task force on clinical practice guidelines and the heart rhythm society. J. Am. Coll. Cardiol. 72 (14), e91–e220. doi:10.1016/j.jacc.2017.10.054
 Al-Saaidi, R., Rasmussen, T. B., Palmfeldt, J., Nissen, P. H., Beqqali, A., Hansen, J., et al. (2013). The lmna mutation p.Arg321ter associated with dilated cardiomyopathy leads to reduced expression and a skewed ratio of lamin a and lamin c proteins. Exp. Cell Res. 319 (19), 3010–3019. doi:10.1016/j.yexcr.2013.08.024
 Burset, M., Seledtsov, I. A., and Solovyev, V. V. (2001). Splicedb: database of canonical and non-canonical mammalian splice sites. Nucleic Acids Res. 29 (1), 255–259. doi:10.1093/nar/29.1.255
 Captur, G., Arbustini, E., Bonne, G., Syrris, P., Mills, K., Wahbi, K., et al. (2018). Lamin and the heart. Heart 104 (6), 468–479. doi:10.1136/heartjnl-2017-312338
 Cesar, S., Campuzano, O., Cruzalegui, J., Fiol, V., Moll, I., Martínez-Barrios, E., et al. (2023). Characterization of cardiac involvement in children with lmna-related muscular dystrophy. Front. Cell Dev. Biol. 11, 1142937. doi:10.3389/fcell.2023.1142937
 Chatzifrangkeskou, M., Le Dour, C., and Muchir, A. (2023). Modulation of cytoskeleton in cardiomyopathy caused by mutations in lmna gene. Am. J. Physiol. Cell Physiol. 324 (6), C1223–C1235. doi:10.1152/ajpcell.00471.2022
 Chen, C. H., Tang, S. C., Su, Y. N., Yang, C. C., and Jeng, J. S. (2013). Cardioembolic stroke related to limb-girdle muscular dystrophy 1b. BMC Res. Notes 6, 32. doi:10.1186/1756-0500-6-32
 Domínguez, F., Cuenca, S., Bilińska, Z., Toro, R., Villard, E., Barriales-Villa, R., et al. (2018). Dilated cardiomyopathy due to blc2-associated athanogene 3 (bag3) mutations. J. Am. Coll. Cardiol. 72 (20), 2471–2481. doi:10.1016/j.jacc.2018.08.2181
 Fuchs, C., Gawlas, S., Heher, P., Nikouli, S., Paar, H., Ivankovic, M., et al. (2016). Desmin enters the nucleus of cardiac stem cells and modulates nkx2.5 expression by participating in transcription factor complexes that interact with the nkx2.5 gene. Biol. open 5 (2), 140–153. doi:10.1242/bio.014993
 Galata, Z., Kloukina, I., Kostavasili, I., Varela, A., Davos, C. H., Makridakis, M., et al. (2018). Amelioration of desmin network defects by αB-crystallin overexpression confers cardioprotection in a mouse model of dilated cardiomyopathy caused by LMNA gene mutation. J. Mol. Cell Cardiol. 125, 73–86. doi:10.1016/j.yjmcc.2018.10.017
 Hasselberg, N. E., Haland, T. F., Saberniak, J., Brekke, P. H., Berge, K. E., Leren, T. P., et al. (2018). Lamin A/C cardiomyopathy: young onset, high penetrance, and frequent need for heart transplantation. Eur. Heart J. 39 (10), 853–860. doi:10.1093/eurheartj/ehx596
 Heffler, J., Shah, P. P., Robison, P., Phyo, S., Veliz, K., Uchida, K., et al. (2020). A balance between intermediate filaments and microtubules maintains nuclear architecture in the cardiomyocyte. Circ. Res. 126 (3), e10–e26. doi:10.1161/CIRCRESAHA.119.315582
 Jaganathan, K., Kyriazopoulou Panagiotopoulou, S., McRae, J. F., Darbandi, S. F., Knowles, D., Li, Y. I., et al. (2019). Predicting splicing from primary sequence with deep learning. Cell 176, 535–548. doi:10.1016/j.cell.2018.12.015
 Khairy, P., Silka, M. J., Moore, J. P., DiNardo, J. A., Vehmeijer, J. T., Sheppard, M. N., et al. (2022). Sudden cardiac death in congenital heart disease. Eur. Heart J. 43 (22), 2103–2115. doi:10.1093/eurheartj/ehac104
 Koblan, L. W., Erdos, M. R., Wilson, C., Cabral, W. A., Levy, J. M., Xiong, Z. M., et al. (2021). In vivo base editing rescues hutchinson-gilford progeria syndrome in mice. Nature 589 (7843), 608–614. doi:10.1038/s41586-020-03086-7
 Le Dour, C., Chatzifrangkeskou, M., Macquart, C., Magiera, M. M., Peccate, C., Jouve, C., et al. (2022). Actin-microtubule cytoskeletal interplay mediated by mrtf-a/srf signaling promotes dilated cardiomyopathy caused by lmna mutations. Nat. Commun. 13 (1), 7886. doi:10.1038/s41467-022-35639-x
 Lee, J., Termglinchan, V., Diecke, S., Itzhaki, I., Lam, C. K., Garg, P., et al. (2019). Activation of pdgf pathway links lmna mutation to dilated cardiomyopathy. Nature 572 (7769), 335–340. doi:10.1038/s41586-019-1406-x
 Li, Q., and Wang, K. (2017). Intervar: clinical interpretation of genetic variants by the 2015 acmg-amp guidelines. Am. J. Hum. Genet. 100 (2), 267–280. doi:10.1016/j.ajhg.2017.01.004
 Li, W., Yang, L., He, Q., Hu, C., Zhu, L., Ma, X., et al. (2019). A homeostatic Arid1adependent permissive chromatin state licenses hepatocyte responsiveness to liver-injury-associated YAP signaling. Cell Stem Cell 25 (1), 54–68. doi:10.1016/j.stem.2019.06.008
 Macquart, C., Jüttner, R., Morales Rodriguez, B., Le Dour, C., Lefebvre, F., Chatzifrangkeskou, M., et al. (2019). Microtubule cytoskeleton regulates connexin 43 localization and cardiac conduction in cardiomyopathy caused by mutation in a-type lamins gene. Hum. Mol. Genet. 28 (24), 4043–4052. doi:10.1093/hmg/ddy227
 Meune, C., Van Berlo, J. H., Anselme, F., Bonne, G., Pinto, Y. M., and Duboc, D. (2006). Primary prevention of sudden death in patients with lamin a/c gene mutations. N. Engl. J. Med. 354 (2), 209–210. doi:10.1056/NEJMc052632
 Narula, N., Favalli, V., Tarantino, P., Grasso, M., Pilotto, A., Bellazzi, R., et al. (2012). Quantitative expression of the mutated lamin a/c gene in patients with cardiolaminopathy. J. Am. Coll. Cardiol. 60 (19), 1916–1920. doi:10.1016/j.jacc.2012.05.059
 Nikolova, V., Leimena, C., McMahon, A. C., Tan, J. C., Chandar, S., Jogia, D., et al. (2004). Defects in nuclear structure and function promote dilated cardiomyopathy in lamin A/C-deficient mice. J. Clin. Invest. 113 (3), 357–369. doi:10.1172/JCI19448
 Perrot, A., Hussein, S., Ruppert, V., Schmidt, H. H., Wehnert, M. S., Duong, N. T., et al. (2009). Identification of mutational hot spots in lmna encoding lamin a/c in patients with familial dilated cardiomyopathy. Basic Res. Cardiol. 104 (1), 90–99. doi:10.1007/s00395-008-0748-6
 Rogozhina, Y., Mironovich, S., Shestak, A., Adyan, T., Polyakov, A., Podolyak, D., et al. (2013). New intronic splicing mutation in the lmna gene causing progressive cardiac conduction defects and variable myopathy. Gene 595, 202–206. doi:10.1016/j.gene.2016.10.001
 Shin, S. Y., Jo, W. M., Min, T. J., Kim, B. K., Song, D. H., Hyeon, S. H., et al. (2015). Gap junction remodelling by chronic pressure overload is related to the increased susceptibility to atrial fibrillation in rat heart. Europace 17 (4), 655–663. doi:10.1093/europace/euu294
 Sidhu, K., Castrini, A. I., Parikh, V., Reza, N., Owens, A., Tremblay-Gravel, M., et al. (2022). The response to cardiac resynchronization therapy in LMNA cardiomyopathy. Eur. J. Heart Fail 24 (4), 685–693. doi:10.1002/ejhf.2463
 Su, W., van Wijk, S. W., and Brundel, B. (2022). Desmin variants: trigger for cardiac arrhythmias?Front. Cell Dev. Biol. 10, 986718. doi:10.3389/fcell.2022.986718
 Sun, L. P., Wang, L., Wang, H., Zhang, Y. H., and Pu, J. L. (2010). Connexin 43 remodeling induced by lmna gene mutation glu82lys in familial dilated cardiomyopathy with atrial ventricular block. Chin. Med. J. Engl. 123 (8), 1058–1062.
 Taghizadeh, E., Rezaee, M., Barreto, G. E., and Sahebkar, A. (2019). Prevalence, pathological mechanisms, and genetic basis of limb-girdle muscular dystrophies: a review. J. Cell Physiol. 234 (6), 7874–7884. doi:10.1002/jcp.27907
 Tseng, Z. H., Olgin, J. E., Vittinghoff, E., Ursell, P. C., Kim, A. S., Sporer, K., et al. (2018). Prospective countywide surveillance and autopsy characterization of sudden cardiac death:POST SCD study. Circulation 137, 2689–2700. doi:10.1161/CIRCULATIONAHA.117.033427
 Wahbi, K., Ben Yaou, R., Gandjbakhch, E., Anselme, F., Gossios, T., Lakdawala, N. K., et al. (2019). Development and validation of a new risk prediction score for life threatening ventricular tachyarrhythmias in laminopathies. Circulation 40 (4), 293–302. doi:10.1161/CIRCULATIONAHA.118.039410
 Wang, Y., and Dobreva, G. (2023). Epigenetics in LMNA-related cardiomyopathy. Cells 12 (5), 783. doi:10.3390/cells12050783
 Yao, R. Q., Ren, C., Xia, Z. F., and Yao, Y. M. (2021). Organelle-specific autophagy in inflammatory diseases: a potential therapeutic target underlying the quality control of multiple organelles. Autophagy 17 (2), 385–401. doi:10.1080/15548627.2020.1725377
 Zaragoza, M. V., Fung, L., Jensen, E., Oh, F., Cung, K., McCarthy, L. A., et al. (2016). Exome sequencing identifies a novel lmna splice-site mutation and multigenic heterozygosity of potential modifiers in a family with sick sinus syndrome, dilated cardiomyopathy, and sudden cardiac death. PloS one 11 (5), e0155421. doi:10.1371/journal.pone.0155421
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Ling, Hou, Jia, Lan, Wu, Wu, Jie, Liu, Huang, Wan, Li, Guo and Liang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-14-1291411-g005.gif





OPS/images/fgene-14-1291411-g006.gif





OPS/images/fgene-14-1291411-g003.gif





OPS/images/fgene-14-1291411-g004.gif





OPS/images/fgene-14-1291411-t001.jpg
All LMNA subjects Without LMNA-related DCM LMNA-related DCM p-value

n=(134) (n = 56) (n=78)
Gender (male) (n, %) 78 (58.2) 34 (557) 44 (603) 06
Cardiac history (age at diagnosis) (years) 412123 [ 393 +113 27:13 012
Combined LGMDIB (n, %) 31(23.) 18 (295) 13 (42) 015
AVB (n, %) 84 (627) [ 45 (73.8) 39 (53.4) 0015
Atrial fibrillation (n, %) 31(23.) 13 (21.3) 18 (24.7) 065
Non-sustained ventricular tachycardia 28 (209) [ 6(98) 22 (30.1) 0.004
(n, %)
PM interventions (n, %) 58 (43.3) [ 25 (41) 33 (452) 062
ICD interventions (n,%) 16 (119) [ 2(33) 14 (192) 0005
PM/ICD interventions (age at diagnosis) 471 £ 118 [ 45 £88 485+ 131 02
(years)
SCD (n, %) 42 (313) 21 (344) 21 (288) 048
SCD (age at diagnosis) (years) 47.6 + 128 [ 48+ 119 473%139 088
Heart transplant (n, %) 14 (104) 0 14 (19.2) <0.001
Heart transplant (age at diagnosis) (years) 466+ 135 0 46+ 135 <0001

DO, dkwed canbonvwopatiy: BEMD 15, Bob gindle muscular dvstrovky type: 15: AV, sttiowentricalar ilodk 30D, intrscardisc defibrillgoe: PIL. sacesthor: 80D, sudden cardsc deathy





OPS/xhtml/nav.xhtml
Contents

		Cover

		Characterization of cardiac involvement in patients with LMNA splice-site mutation–related dilated cardiomyopathy and sudden cardiac death		Introduction

		Methods		Clinical evaluation

		Whole-exon sequencing and sanger sequencing

		RNA extraction and reverse transcription–polymerase chain reaction

		Real-time quantitative PCR

		Mutation and bioinformatics analyses

		Pathological staining: immunohistochemistry and immunofluorescence

		Statistical analysis





		Results		Clinical case

		Clinical findings of 15 LMNA splicing mutation sites

		Genetic and functional analysis

		LMNA RNA expression analysis

		Pathological analysis





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/fgene-14-1291411-g001.gif





OPS/images/fgene-14-1291411-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





