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Editorial on the Research Topic
Case reports in cardiovascular genetics and systems medicine: 2022



Case reports remain a very useful resource especially for rare genetic conditions where only a handful of reported mutations maybe reported. Indeed, it has previously been reported that case-reports, are a compendium of useful ideas for our daily activity in the context of clinical management of patients (1).

But more specifically for rarer genetic diseases, there may be situations where an additional family with a distinct mutation is needed to prove the disease gene(s) is linked to the phenotype of the specific genetic disorder. Further, the clinical work up of rare cases will allow for genotype-phenotype correlations. In situations where rare genetic variants are classed as Variants of Uncertain Significance (VUS) characterising variants for clinical action is extremely important. Internationally there are many efforts ongoing to address this such as the ClinGen Gene Curation Working Group (2). This grouping has developed a method to qualitatively define the “clinical validity” of a gene-disease relationship using a semiquantitative method to assess the clinical validity of gene-disease relationships. More recently this has been applied to a well-known cardiovascular disease, Dilated Cardiomyopathy (DCM) (3). More specifically in this study they have investigated evidence-based assessment of genes in DCM where the authors carried out a large-scale analysis of 51 genes previously associated with DCM, providing strong evidence for DCM associated genes that can be used to define and improve clinical practice and management of patients. Overall case reports may also highlight new clinical findings for a particular disease/syndrome, that have not been previously documented thus can extend the phenotypic spectrum. This can be true even for genetic diseases with mutations in the same gene, known as allelic heterogeneity.

In this latest exciting series of case reports, we illustrate the value of publishing such case reports in a range of cardiovascular genetic diseases including cardiomyopathies, tetralogy of fallot (TOF), and other rare syndromes including Ehlers Danlos syndrome. The series includes 2 case reports highlighting where specific mutations in a Cardiomyopathy can be linked to sudden cardiac death, a situation where defining the genetics can not only give a reason for this devasting outcome, but also inform genetics for future cases within the same family and allowing for accurate genetic counselling. One of these cases published by Jin et al. report a variant in the Myosin Binding Protein C3 encoding MYBPC3, which is an apparent “silent” variant which although doesn't change the amino acid, results in altered splicing of the transcript leading to reduced expression of the gene.

An interesting case published by Wang et al. report a family with TOF, which is the most common cyanotic congenital heart disease (CHD), but only a small number of familial TOF cases have been reported to date. Using whole exome sequencing (WES) the authors report a novel heterozygous missense variant in the MYOM2 gene, thus expanding the spectrum of the gene variants that lead to TOF.

Two other case reports are focused on Ehlers Danlos syndrome, a rare connective tissue disorder characterised by spontaneous arterial, bowel or organ rupture. In one case Manhas et al. functionally characterise a missense variant in COL3A1, classifying it as pathogenic. A further case of Ehlers-Danlos syndrome was reported by Taurino et al. with complex arterial findings and death at young age identified a novel COL3A1 variant which concludes early diagnosis could lead to treatment choices, improved management, and ultimately, better outcomes.

In summary, this series of case reports include rare genetic diseases that are important to publish and extend the phenotype-genotype correlations of this collection of rare cardiovascular diseases. They highlight the challenges and value in assigning pathogenicity of the specific genetic variant where functional characterisation is often required, in order to ultimately improve patient management and introduce personalised treatments where possible.
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Background: Sudden cardiac death (SCD), based on sudden cardiac ejection cessation, is an unexpected death. Primary cardiomyopathies, including dilated cardiomyopathy (DCM), are one of main causes of SCD. The DCM is characterized by a cardiac dilatation and a reduced systolic function with a prevalence of 1/250 in adults. The DCM has been reported with more than 60 disease-causing genes, and MYBPC3 variants are one of the most common and well-known causes of DCM.

Methods: We identified a 29-year-old female who died of SCD. We performed a whole-exome sequencing (WES) to detect her genetic etiology and used minigene modeling and immunohistochemistry staining to verify the pathogenicity.

Results: We determined that the woman died of SCD caused by DCM due to an identified novel synonymous variant of MYBPC3 (NM_000256.3: c.24A>C, p.P8P) in the deceased. The variant can result in abnormal splicing, which was confirmed by minigene models and immunohistochemistry staining.

Conclusion: We may have identified the first deleterious synonymous variant of MYBPC3 in an SCD case and verified its significant impact on RNA splicing. Our description enriched the spectrum of MYBPC3 variants and emphasized the significance of synonymous variants that are always disregarded in genetic screening.

Keywords: MYBPC3, sudden cardiac death, dilated cardiomyopathy, synonymous variant, splicing


INTRODUCTION

Sudden cardiac death (SCD) is an unexpected death based on sudden cardiac ejection cessation. It accounts for 15–20% of unnatural death in developed countries (1, 2). The prominent symptoms of SCD include chest pain, dyspnea, palpitations, presyncope, and syncope. Primary electrical disorders, atherosclerosis, congenital cardiovascular diseases, and cardiomyopathies are the four main causes of SCD (3).

Cardiomyopathies can be divided into dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), and myocarditis (4). Among these cardiomyopathies, DCM is the most frequent, with a prevalence in adults of at least 1/250 (5). The DCM is characterized by cardiac dilatation and reduced systolic function. A heritable pattern is present in 20–35% of cases (6). Most of inherited DCMs show an autosomal dominant pattern and are usually present in the second or third decade of life (5).

Dilated cardiomyopathy (DCM) has been reported with more than 60 disease-causing genes, involving the sarcomere, Z disc, sarcoglycans, cytoskeletal complex, nuclear envelope, potassium and sodium channels, heat shock proteins, transcription factors, and mitochondria proteins (5).

The MYBPC3 variants are one of the most common and well-known causes of DCM. The MYBPC3 encodes the cardiac isoform of myosin-binding protein C and is located in the cross-bridge-bearing zone of A bands in striated muscle (7). An MYBPC3 defect would result in a striking pattern of sarcomere disorganization and dysgenesis, triggering cardiomyopathy (8).

In the study, we identified a 29-year-old female who died of SCD caused by DCM. We detected a synonymous variant of MYBPC3 (NM_000256.3: c.24A>C, p.P8P) in the deceased. The variant occurred in the penultimate base of exon 1 and resulted in abnormal splicing. Minigene and immunohistochemistry verified its pathogenicity. To the best of our knowledge, the variant may be the first reported deleterious synonymous variant of MYBPC3. Our identification enriched the spectrum of MYBPC3 variants and emphasized the significance of synonymous variants which are always disregarded in genetic screening.



MATERIALS AND METHODS


Subjects

The study was approved by the Institutional Review Board of Changsha Forensic Appraisal Center. Written informed consent was obtained from the legal guardian and/or next of kin of the deceased for the publication of any potentially identifiable images or data included in this article. The sample was evaluated according to postmortem measures of the International Society and Federation of Cardiology. The anatomical assessment was performed by an expert forensic pathologist and confirmed by a second independent pathologist.



DNA/RNA Extraction and Reverse Transcription

Genomic DNA was extracted by the DNeasy Blood and Tissue Kit (Qiagen, Valencia, USA), and RNA was extracted by the RNeasy Mini Kit (Qiagen, Valencia, USA). Reverse transcription was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo, Vilnius, Lithuania).



Whole-Exome Sequencing

Berry Genomics Company Limited (Chengdu, China) performed an exome capture, a high-throughput sequencing, and a common filtering, as described in a previous article (9). In this study, we retained all synonymous variants. After common filtering, we predicted the influence of these variants on splicing using NetGene2-2.42 (https://services.healthtech.dtu.dk/service.php?NetGene2-2.42). Causative variants were screened by the list of cardiopathy-related genes (Supplementary Table S1) and were classified based on the American College of Medical Genetics and Genomics (ACMG) Standards and Guidelines (10).



Sanger Sequencing and Agarose gel Electrophoresis

The MYBPC3 reference sequence and coding region (NM_000256.3) were obtained from NCBI (https://www.ncbi.nlm.nih.gov/gene/4607). Primer pairs (MYBPC3 f: 5′-CCTCAGCTCTCTGGAATTCATC-3′, r: 5′-GGGTTTACCTTCACCTCTCATC-3′; minigene validated f: 5′-GGACTACAAGGATGACGATGAC-3′, r: 5′-CCAGCAATGACTGCGTAAGA-3′) were designed. Target fragments were amplified by polymerase chain reaction (PCR) and were analyzed using the ABI 3100 Genetic Analyzer (ABI, Foster City, USA). The PCR products were electrophoresed on 1% agarose gels.



MYBPC3 Minigene Model

The pcDNA3.1-MYBPC3-minigene plasmids (including exon 1, intron 1, and exon 2) were obtained from WZ Biosciences Inc. (Jinan, China). The mutagenesis of c.10G>A (pcDNA3.1-MYBPC3-10G>A) and c.24A>C (pcDNA3.1-MYBPC3-24A>C) was operated by Fast Mutagenesis Kit V2 (Vazyme, Nanjing, China).



Hematoxylin-Eosin Staining and Immunohistochemistry Staining

Paraformaldehyde-fixed left ventricle tissue was embedded in paraffin and sliced into sections. The sections were stained with hematoxylin-eosin (HE) or immunohistochemistry of MYBPC3 (Proteintech, 19977-1-AP, 1:200), following the protocol in our previous paper (11).




RESULTS


Postmortem

We recruited a family with history of SCD from Central-South China (Figure 1A). The deceased (II:1) was a 29-year-old woman. At 12:00 on February 22, 2017, she expired when she sat on the sofa for a rest at home. She was diagnosed with DCM 8 years ago without other comorbidities. Pathological and toxicological tests (involving ethanol, benzodiazepines, barbitone, benzedrine, methamphetamine, ketamine, morphine, dimethylenedioxyamphetamine, and tetrahydrocannabinol acid) showed no abnormalities. Her serum IgE level was normal (27 IU/ml; reference range: 0–358 IU/ml). There was no increase of eosinophilic granulocyte (4.7%; reference range: 0.5–5%). Postmortem revealed that her heart was enlarged with valve incrassation and myocardial fibrosis, and a congestion in multiple organs with no obvious degranulation of mast cells (heart weight was 363 g; normal level: 240–260 g). The HE staining showed that cardiac muscle cells did not present the hypertrophies or other anomalies (Figure 1B). No other fatal injury or disease was observed. We concluded that she died of SCD that might have been triggered by DCM. According to a description from her mother (I:2), we speculated that her father (I:1) might have died of a heart attack at 37. The mother and sister (II:2) were unaffected.


[image: Figure 1]
FIGURE 1. Identification of a synonymous variant of MYBPC3 in a family with history of Sudden Cardiac Death (SCD). (A) Pedigree of the family with SCD. The black symbols represent the affected members and arrows indicate probands. Genotypes are identified by letters and a slash, with red representing variants. (B) H and E staining of left ventricle tissue of II:1 did not present hypertrophies and other anomalies. (C) Sequencing result of the MYBPC3 variant (c.24A>C, p.P8P) using Sanger sequencing. Red arrow indicates the variant site.




Genetic Analysis

The mother hoped to know whether her other daughter had a risk of SCD and turned to us for help. Blood from the heart of the deceased was collected and stored in a refrigerator at −80°C. We extracted a DNA from the blood and preformed a whole-exome sequencing (WES). We eliminated common variants using Genome Aggregation Database (GnomAD; http://gnomad.broadinstitule.org) and Chinese Millionome Database (CMDB; http://cmdb.bgi.com/cmdb/) and predicted the pathogenicity of variants using MutationTaster (http://www.mutationtaster.org/), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/), and SIFT (http://provean.jcvi.org/index.php). Five variants in cardiopathy-related genes were identified in the deceased (Table 1). Based on the ACMG classification of these variants, we highly suspected that MYBPC3 variant (NM_000256.3: c.24A>C, p.P8P) was the genetic etiology of the deceased. The variant was classified as “Likely pathogenic” following the ACMG evidence PS3, PM2, PP1, and PP3. Although the variant was synonymous, it occurred in the penultimate base of exon 1, which may affect the RNA splicing. Sanger sequencing verified the MYBPC3 variant in the deceased (Figure 1C). Her mother and sister did not harbor this variant.


Table 1. Variants identified in the deceased by whole-exome sequencing (WES) in combination with the filtration of cardiopathy-related genes.
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Minigene Modeling and Immunohistochemistry Staining

To investigate whether the synonymous variant altered the RNA splicing, we constructed minigene models (Figure 2A). Sanger sequencing validated the mutagenesis of c.10G>A and c.24A>C in the minigene (Figure 2B). The pcDNA3.1-MYBPC3-c.10G>A plasmid was used to exclude the possibility that the mutagenesis, itself, broke the splicing site. The HEK293 cells were used in transfection. Agarose gel electrophoresis indicated that pcDNA3.1-MYBPC3-minigene model and pcDNA3.1-MYBPC3-c.10G>A model had a minigene full-length band (approximately 1,500 bp) and a spliceosome band (approximately 300 bp), while the pcDNA3.1-MYBPC3-c.24A>C model did not produce the spliceosome band, suggesting that c.24A>C caused abnormal splicing (Figure 2C). The abnormal splicing may lead to intron 1 retention and frame shift. Immunohistochemistry staining showed that compared with the deceased without SCD, the MYBPC3 expression was decreased in the left ventricle tissue of II:1 (Figure 2D). Therefore, we inferred that the synonymous variant damaged the splicing, reduced MYBPC3, and was one genetic precipitating factor of her DCM and SCD.


[image: Figure 2]
FIGURE 2. Verification of the pathogenicity of the MYBPC3 variant (c.24A>C, p.P8P). (A) The schematic diagram of minigene models. Arrows indicate variant sites and red represents the variant detected in this study. (B) Identification of minigene models by Sanger sequencing. (C) Agarose gel electrophoresis and Sanger sequencing showing that c.24A>C results in the splicing alteration. (D) Immunohistochemistry staining of MYBPC3. Left represents the left ventricle section of the deceased with natural death, and right represents II:1.





DISCUSSION

Sudden cardiac death (SCD) is defined as “sudden and unexpected death occurring within an hour of the onset of symptoms, or occurring in patients found dead within 24 h of being asymptomatic, presumably due to a cardiac arrhythmia or hemodynamic catastrophe” (12). In the study, through postmortem and disease history talking, we confirmed that the deceased had DCM through negative pathological and toxicological assessment, without other fatal defects. The DCM could have triggered the hemodynamic anomaly and had threatened her life. Hence, we postulated that SCD was her cause of death. In addition, her father had a sudden death despite a momently struggle, supporting our speculation that the father also died of SCD.

Dilated cardiomyopathy (DCM) is one of the most common causes of heart failure and accounts for around 60% of childhood cardiomyopathies (6). Common causes of DCM include infection, inflammation, autoimmunity, chemical and toxin exposure, and genetic variants (13). Genetic causes are important at all ages as approximately 2% of family DCM harbor MYBPC3 variants (6). In the study, the deceased carried a synonymous variant of MYBPC3 (c.24A>C, p.P8P). In this variant, the penultimate base of exon 1, A, was substituted by C, which was predicted to change the splicing site. Her mother and sister, without the MYBPC3 variant, was not found to have a DCM or other cardiovascular diseases.

According to the ACMG guideline, we listed the following evidence and determined that the synonymous variant of MYBPC3 was “Likely pathogenic.” (1) We performed a minigene modeling and an immunohistochemistry staining and verified the damaging effect of the variant (PS3). (2) The variant was absent from controls in GnomAD and CMDB (PM2). (3) The variant was not identified in the unaffected family members (PP1). (4) MutationTaster predicted the synonymous variant to be disease-causing as a result of splice site alteration (PP4) (10). The MYBPC3 splicing variants (c.24 + 1G>A and c.24 + 3A>C) and our variant (c.24A>C) impacted on the same splicing site. Notably, these two splicing variants were associated with HCM (14, 15). Therefore, we considered that the synonymous variant was the genetic etiology of the deceased.

To confirm the pathogenicity of our variant, we established minigene models. Generally, minigene should be constituted by the affected exon and the adjacent introns and exons at its upstream and downstream (16). In the present case, the synonymous variant was located in the first coding exon. Thus, we constructed the minigene lack of upstream sequences as it may reduce the splicing efficiency. The minigene full-length band was prominently brighter than the spliceosome band in the pcDNA3.1-MYBPC3-minigene model. In the pcDNA3.1-MYBPC3-c.24A>C model, the spliceosome band was absent, suggesting that the variant damaged the RNA splicing. We constructed the pcDNA3.1-MYBPC3-c.10G>A model to be a negative control, while variant c.10G>A promoted the splicing capacity. Mutant models exhibited the different influences of the exonic variants on the splicing and verified the pathogenicity of variant c.24A>C. The variant c.24A>C caused intron retention and frame shift, which may lead to a premature termination of translation and/or protein degradation. As per our expectation, MYBPC3 expression was decreased in the left ventricle tissue of the deceased. Although Ito et. al. predicted and summarized the MYBPC3 variants that alter RNA splicing, which included several missense variants, the variant (c.24A>C, p.P8P) may be the first known synonymous variant in MYBPC3 that causes disease. This, therefore, reminded us of the significance of synonymous variants (16).

The MYBPC3 is mapped to 11p11.2, spans more than 21 kb, and contains 35 exons (17, 18). MYBPC3 is transversely arrayed in sarcomere A-bands, binds myosin heavy chain in thick filaments, binds titin in elastic filaments, and modulates contraction. An MYBPC3 defect may affect the actin-myosin interactions, break sarcomere stabilities, alter calcium handling in myocardial cells, and cause DCM, HCM, or left ventricular non-compaction (8). In the study, the MYBPC3 variant (c.24A>C, p.P8P) reduced the MYBPC3 expression and was associated with DCM and SCD.

Sudden cardiac death (SCD) is a major public health problem worldwide. It is responsible for approximately 540,000 deaths per year in China and 170,000 to 450,000 deaths per year in the United States (12). Nearly 80% of patients with SCD had preexisting heart disease. Notably, patients presented SCD at the first clinical manifestation (19). Genetic screening of cardiopathy-related genes, such as MYBPC3, can contribute to assessing the risk of cardiopathy and SCD and help prevent and treat related diseases. Ehlermann et al. suggested that MYBPC3 variants are not generally associated with a good prognosis and might cause sudden death even in asymptomatic individuals (20).



CONCLUSIONS

In summary, we reported a young woman who died of SCD. Using WES, we identified a novel variant of MYBPC3 (NM_000256.3: c.24A>C, p.P8P) in the deceased, which may be the first known synonymous variant of MYBPC3 that can cause disease. It damaged the splicing and resulted in the reduced MYBPC3 expression. Our findings expanded the genetic spectrum of SCD, confirmed the pathogenicity of the MYBPC3 variant (c.24A>C, p.P8P), emphasized the significance of synonymous variants, and contributed to the clinical diagnosis of cardiomyopathy and SCD.
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Sitosterolemia (OMIM ##210250), also known as phytosterolemia, is a rare autosomal recessive disorder caused by mutations in the ATP-binding cassette subfamily G member 5 (ABCG5) or member 8 (ABCG8) genes. This leads to abnormal functions of the transporter sterolin-1 protein encoded by ABCG5 and sterolin-2 protein encoded by ABCG8, respectively, which can hinder the formation of stable ABCG5/G8 heterodimers, decreasing its ability to transport sterols. As a result, phytosterols in tissue or plasma are significantly increased, leading to early onset atherosclerosis-related diseases and xanthelasma of tendons and skin. In this study, whole exome sequencing was performed on a Chinese Han proband with sitosterolemia to capture the target gene and screen for suspected pathogenic mutations. Sanger sequencing of the family members was performed to verify the relationship between family genetics and phenotypes. The structural and functional changes in the transporter sterolin-1 protein after the responsible mutation were predicted using bioinformatics analysis. A novel compound heterozygous mutation in the ABCG5 gene (NM_022436) was identified in a proband with sitosterolemia, one of which was inherited from the father: c.296T >G (p.M99R), and one from the mother: c.−76 C >T. SIFT, Polyphen2, and Mutation Taster software predicted that p.M99R may be the responsible variant and a novel variant. RNAFold software predicts that c.−76 C >T may affect the transcriptional information or the binding of RNA binding proteins by regulating the structure of RNA, and ultimately affect gene transcription or RNA stability and translation. Swiss model software predicts that the amino acid sequence around p.M99R is highly conserved, and p.M99R leads to instability of the tertiary structure of the ABCG5/ABCG8 heterodimer. GPS 5.0 predicted that M99R affects the phosphorylation of nearby amino acid sequences, and DUET and VarSite software predicted that M99R affects the stability of sterolin-1 and cause disease. The p.M99R and c.−76 C >T mutations led to the formation of unstable heterodimers, which disturbed sterol absorption and excretion in vivo. The compound heterozygous variants c.296 T >G (p.m99r) and C.−76 C >T on exon 3 of ABCG5 in this family may be the molecular genetic basis of sitosterolemia.

Keywords: sitosterolemia, sterolin-1 protein, ABCG5, mutation, bioinformatics analysis


INTRODUCTION

Sterols are important natural active substances that are widely present in many living things, but the type of sterol used can be different- thus fungi use ergosterol, plants use phytosterols and mammals use cholesterol (1). Cholesterol is a sterol, can be synthesized internally, but phytosterols are not synthesized in the human body and can only be obtained through the diet. Phytosterols are components of plant cell membranes, existing mainly in vegetable oil, grains, fruits, vegetables, and nuts, with cereal sterol being the most abundant (2). Under normal conditions, the absorption of cholesterol by the human body is approximately 50%, while only a negligible proportion of phytosterols (especially xenosterols) are absorbed (<5%); they are almost discharged into the intestinal cavity and bile, and are kept at a very low levels by the action of ABCG5/ABCG8.

Sitosterolemia (OMIM ##210250), also known as phytosterolemia, is a rare autosomal recessive disorder. The clinical manifestations are similar to those of familial hypercholesterolemia, immune thrombocytopenia, and Evans syndrome. Phytosterols in the blood of normal individuals account for only 0.2%. As the plasma sitosterol content cannot be detected by routine examination, sitosterolemia can be easily misdiagnosed or missed (3, 4). Sitosterolemia is caused by mutations in ATP-binding cassette subfamily G member 5b (ABCG5) or ABCG8 (5). According to the Exome Aggregation Consortium (ExAC), a public gene bank, there may be 1 in every 220 people in the general population. Individuals develop gene loss-of-function (LOF) mutations in ABCG5 or ABCG8 (6).



MATERIALS AND METHODS


Subjects

The proband was a 7-year-old male of Han nationality from Fujian, China. The main clinical manifestations were several raised nodules of different sizes on the elbow joints, finger joints, and ankle joints, with the largest being approximately 1 × 1.5 cm, pale yellow with borders clear, firm, and non-tender. A routine biochemical full set was re-examined in external hospitals several times, which indicated that blood lipid indicators, such as cholesterol and low-density lipoprotein, were significantly increased. The parents were not consanguineous, and there was no family history of coronary heart disease or increased blood lipid levels. The blood phytosterols spectrum and gene sequencing of the family members were investigated based on clinical manifestations, examination results, and family history of the child. This study was approved by the Ethics Committee of Fujian Provincial Hospital, and all family members or guardians who participated in this study signed an informed consent form.



Determination of Plasma Phytosterols by Gas Chromatography—Mass Spectrometry

Next, 0.1 ml of plasma was placed in a 10 ml centrifuge tube, 0.1 ml of mixed standard solution (including the following standards: squalene, cholestanol, desmosterol, lathosterol, campesterol, stigmasterol, stiosterol) was added, then 1 ml 1 mol/L Potassium hydroxide ethanol solution were also added, vortexed and mixed, sealed with a stopper, and saponified at 60°C for 60 min. After saponification, the solution was cooled to room temperature, 1 ml of deionized water and 3 ml of n-hexane were added, vortexed for 2 min, centrifuged at 3000 r/min for 10 min, and the supernatant (n-hexane layer) was transferred to a 10 mL centrifuge tube. 3 ml of n-hexane was added to the lower aqueous phase, vortexed and mixed, and centrifuged at 3000 r/m for 10 min. The supernatant was taken out and combined, and air dried with high-purity nitrogen at 40°C. 0.1 ml of derivatization reagent (BSTFA-TMCS = 99:1) was added to the residue and placed in a 60°C oven for 60 min. After the derivatization reaction, 1 μl of the sample was directly taken for analysis by gas chromatography—mass spectrometry (GC-MS) (GCMS-QP2010Plus, Shimadzu Corporation, Japan; Beijing Fu-you-Long-hui Genetic Disease Clinic assists in completing GC-MS).



Mapping and Screening of Mutant Genes in Proband and Family Members

Next-generation sequencing of the proband was performed, and DNA capture chip with multiple genes was used to enrich multiple gene fragments, comprising the target genes ABCG5, XYLT2, NBAS, SLC6A19, ERCC6, ATP7B, and BMP1. Protein function prediction was performed using SIFT, Polyphen2, and MutationTaster software. Sanger sequencing was used for verification, and primers for target sequences were designed using Primer Premier 5.0. The amplified fragment length of the target sequence where the suspected mutation point ABCG5(NM_022436) c.296T >G (p.M99R) was 492 bp. The following primers were used: forward, GAAGGAATGGGCAAGCGTAGG; reverse, TCATGCCTGCACAGAGGGGTCT. The annealing temperature was set to 58°C. The amplified fragment of the target sequence where another suspicious mutation, c.-76 C >T, was located was 369 bp. The following primers were used: forward, ACAAACGTGTGTGTTCTGCC; reverse, TGCCTTACCTGACGCTGTAG. The annealing temperature was set to 57°C. The primers were synthesized by Wuhan Kangshengda Medical Laboratory and the PCR products were sequenced according to the standard procedure of BigDye Terminator v3.1 kit.



Biological Information Analysis Method

Swiss model and Chimera were used to predict the effect of M99R mutation on protein tertiary structure;Sift and Polyphen software were used to analyze the conservation of amino acid sequence near M99R; GPS 5.0 was used to predict the effect of M99R mutation on phosphorylation modification of nearby amino acid sequence. DUET software was used to predict the effect of M99R mutant on the stability of ABCG5 protein. The pathogenicity of M99R mutant was predicted by VarSite software. RNAFold software was used to predict the binding of transcription factors at ABCG5 c.-76C site and analyze the conservatism.




RESULTS


Evaluation of the Clinical Data of the Probands and Family Members

The family consisted of 12 members, comprising seven males and five females, wherein only one proband had sitosterolemia (Figure 1A). A 7-year-old proband (III1) was found to have several xanthomas of various sizes in the elbow, knuckle, and ankle joints (Figure 1B). Physical examination showed that several protuberant nodules of different sizes could be found in the elbow, finger and ankle of the child, with a maximum of about 1 × 1.5 cm, light yellow, clear boundary, hard, and no tenderness. After admission, the results of routine blood examination including platelet count and volume, liver and kidney electrolytes, and blood glucose tests were all normal. Tests for autoantibodies and anti-O antibodies were negative. The immune panel, blood cell sedimentation rate, and C-reactive protein level were also normal. Thyroid function tests showed no abnormalities in TSH, T3, and T4 levels. The electrocardiogram (ECG) findings were unremarkable. Full set of blood lipids: Serum total cholesterol (TC) 15.22 mmol/l (normal is <5.18 mmol/l), triglyceride (TG) 1.68 mmol/l (normal is <1.7 mmol/l), low density lipoprotein cholesterol (LDL-C) 13.28 mmol/l (normal is 1.56–3.37 mmol/L), high-density lipoprotein cholesterol (HDL-C) 1.18 mmol/l (normal is 1.29–1.55 mmol/l), apoprotein A (apoA) 1.02 g/l (normal is 1.2–1.6 g/l), apoprotein B (apoB) 3.57 g/l (normal is 0.6–1.1 g/l). Phytosterols spectrum report: squalene 0.41 μmol/L (normal 0.30–4.00 μmol/L), Cholesterol 23.48 μmol/L (normal 0.01–10.00 μmol/L), Desmosterol 2.83 μmol/L (normal 0.30–5.00 μmol/L), Lathosterol 0.64 μmol/L (normal 0.01–12.50 μmol/L), Campesterol 34.79 μmol/L (normal 0.01–10.00 μmol/L), Stigmasterol 5.74 μmol/L (normal 0.10–8.50 μmol/L), Sitosterol 280.29 μmol/L (normal 1.00–15.00 μmol/L) (Table 1). Therefore, the proband was diagnosed with sitosterolemia in combination with clinical manifestations, laboratory tests, exclusion of familial hypercholesterolemia and cerebral tendon xanthoma, and subsequent genetic sequencing.
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FIGURE 1. (A) Family genetic pedigrees map for sitosterolemia. Blue indicates a carrier of the mutation of ABCG5(NM_022436) c.296 T >G (p.M99R) and green indicates a carrier of the mutation of ABCG5 c.-76 C >T. the arrow indicates the proband, the square indicates males, and circle indicates female. (B) The proband’s joint skin xanthoma. (D–E) Sanger sequencing showed that proband III1 carried the c.-76 C >T heterozygous variant inherited from mother (II4). (F–H) Sanger sequencing map showing that proband III1 carried the c.296T >G (p.M99R) heterozygous variant inherited from father (II3).



TABLE 1. Biochemical indicators of family members with sitosterolemia.

[image: Table 1]
The child was treated with ezetimibe 5mg QD for 2 months after diagnosis, and had a low phytosterols diet at the same time. Re-examination of phytosterol spectrum showed: Sitosterol spectrum report: squalene 0.48 μmol/L (normal 0.30–4.00 μmol/L), Cholesterol 12.77 μmol/L (normal 0.01–10.00 μmol/L), Desmosterol 2.90 μmol/L (normal 0.30–5.00 μmol/L), Lathosterol 0.70 μmol/L (normal 0.01–12.50 μmol/L), Campesterol 95.17 μmol/L (normal 0.01–10.00 μmol/L), Stigmasterol 6.58 μmol/L (normal 0.10–8.50 μmol/L), Sitosterol 93.18 μmol/L (normal 1.00–15.00 μmol/L). The cholestanol and stiosterol were significantly lower than before, but campesterol was increased. Blood lipid reexamination: Serum TC 4.86 mmol/l (normal is <5.18 mmol/l), TG 0.83 mmol/l (normal is <1.7 mmol/l), LDL-C 2.24 mmol/l (normal is 1.56–3.37 mmol/l) L), HDL-C 1.78 mmol/l (normal is 1.29–1.55 mmol/l), apoprotein A 1.5 g/l (normal is 1.2–1.6 g/l), apoprotein B 0.87 g/l (normal is 0.6–1.1 g/l). The previously elevated TC and LDL-C decreased to normal. The treatment of ezetimibe and low phytosterols diet has a significant effect on the improvement of the child’s condition.

Except for the slightly higher serum TC and TG levels of I2, I4, and II5, the lipid metabolism-related indicators of other family members, sitosterol test spectrum, routine blood examination including platelet count and volume, liver and kidney electrolytes, cardiac function, and blood glucose tests were normal. Tests for autoantibodies and anti-O antibodies were negative. Blood cell sedimentation rate and C-reactive protein levels were normal. Thyroid function and ECG findings were normal.



Gene Mutation Analysis of the Probands and Family Members

Next-generation sequencing analysis showed that two heterozygous mutations were found in the ABCG5 gene (NM_022436) in the proband, forming a compound heterozygous mutation. The two mutation points were from the parents, one of which was inherited from the father: c.296T >G (p.M99R), and the other from the mother, and the reference nucleotide sequence hg19, in which thymine (T) at c.296 of exon 3 is replaced by guanine (G), resulting in the replacement of amino acid methionine at position 99 of the coding region by arginine. This mutation was not included in the Human Gene Mutation Database (HGMD), Clinvar Database, MAF population frequency (MAF is the maximum value of ExACALL, esp6500, 1000G frequency), or gnomAD population in East Asia. The predicted scores of SIFT, polyphen2 and mutation taster were 0.006, 0.777, and 0.956, respectively. Referring to the interpretation guide of ACMG gene mutation, this locus meets four requirements (PM1, PM2, PP3, and PP4) and can be graded as a possible pathogenic mutation. The c.-76 C >T mutation in the mother was located in the vicinity of exon 3, and the cytosine (C) of c.-76 was replaced by thymine (T). This variant was not included in the HGMD, Clinvar, and East Asian gnomAD populations. The population frequency of MAFs for this locus was 0.0002. Referring to the interpretation guide of ACMG gene mutations, this locus meets two requirements (PM2, PP4), whose grading evaluation was of unknown significance. The proband’s mother (II4) and grandfather (I4) carried C.-76 >T heterozygotes, whereas the proband’s grandmother (I1), uncle (II2), and father (II3) carried c.296 T >G (p.M99R) heterozygotes (Figures 1C–H). III2, I2, II1, II5, and II6 were wild-type, without carrying the above two heterozygotes.



Biological Information Analysis

The tertiary structure of the protein after the c.296 T >G p.M99R mutation of the ABCG5 gene (NM_022436) was predicted by Swiss model software1 (Figure 2A)2 (Figure 2B),3 (Figure 2C). As a result, the spatial structure of the p.M99R position was found to change after the mutation. Aligning the same sequence of multiple mammalian species, it was observed that Met99 of the sterolin-1 protein encoded by the ABCG5 gene was highly conserved in multiple species (Figure 2D). M99R affected the phosphorylation modification function of the CAMK pathway adjacent to T94, S100, and T108 (Figure 2E),4 which may have reduced the stability of the sterolin-1 protein structure exhibited a predicted increase in ΔΔG at M99R (2.21 Kcal/mol) (Figure 2F).5 The pink areas are all pathogenic mutations, and the higher the score of the number of variants, the stronger the pathogenicity. M99R was predicted to be pathogenic by VarSite (Figure 2G).6 The c.−76C >T mutation significantly weakens the matching possibility of the stem-loop structure, leading to the apparent loosening of the RNA at the initiation codon, which frees the initiation codon and improves the translation efficiency. This is similar to the translation regulation mode of riboswitch, suggesting that C. − 76 C >t affects the binding of transcriptional information or RNA binding proteins by regulating the structure of RNA, and ultimately affects gene transcription or RNA stability and translation (Figure 3).7


[image: image]

FIGURE 2. Prediction of the effect of the ABCG5 (NM_022436) c.296 T >G (p.M99R) variant on the tertiary structure of ABCG5. (A) Tertiary structure of the ABCG5/ABCG8 heterodimer (https://swissmodel.expasy.org/repository/uniprot/Q9H222?template=5do7). Green indicates ABCG5 and orange indicates ABCG8. The position marked by the arrow indicates ABCG5 p.M99R. (B) Prediction of changes in the tertiary structure of ABCG5 after p.M99R mutation (green) by Chimera (https://community.chocolatey.org/packages/chimera/1.15). (C) Protein structural information at the p.M99R site. Functional prediction of the ABCG5 M99R mutation (http://smart.embl-heidelberg.de/). (D) Conservation analysis of amino acid sequences near ABCG5 M99R. (E) GPS 5.0 predicts the effect of M99R on phosphorylation modifications of nearby amino acid sequences (http://gps.biocuckoo.cn/). (F) DUET predicts the stability effect of M99R on ABCG5 (http://structure.bioc.cam.ac.uk/duet). (G) Prediction of the pathogenicity of ABCG5 M99R by VarSite (https://www.ebi.ac.uk/thornton-srv/databases/VarSite). The pink areas are all pathogenic mutations, and the higher the score of the number of variants, the stronger the pathogenicity.
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FIGURE 3. RNAFold (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold) predicts the secondary structure of ABCG mRNA fragments (−140 to + 17) in normal wild-type (Top) and C. − 76C >T mutations (Bottom). Arrow, mutation site; Underline, translation initiation codon; Ruler color, possibility of matching. The c.−76C >T mutation significantly weakens the matching possibility of the stem-loop structure, leading to the apparent loosening of the RNA at the initiation codon, which frees the initiation codon and improves the translation efficiency. This is similar to the translation regulation mode of riboswitch.





DISCUSSION

In Patel et al. mapped the sitosterolemia disease gene to two adjacent homologous genes on chromosome 2p21: ABCG5 and ABCG8. Mutations in one of these two genes can lead to sitosterolemia, which is supported by in vitro data (7–9). To verify that the expression of ABCG5 and ABCG8 limits sterol absorption and promotes cholesterol excretion, Yu et al. established transgenic mice containing human ABCG5 and ABCG8 genes (10). Wild-type (WT) mice and ABCG5 and ABCG8 knockout mice (G5G8–/– mice) were fed grain-based rodent chow containing 0.02% cholesterol and 4% fat ad libitum. The content of phytosterols in the plasma of wild-type mice was almost undetectable, whereas the absorption fraction of phytosterols in G5G8–/– mice increased by 2-3 times, and phytosterols accumulated in the plasma and liver. The sitosterol content in the liver of G5G8–/– mice increased significantly, and its plasma sitosterol level was approximately 30-fold higher than that of wild-type mice (11). In addition, Yu et al. fed WT mice and G5G8–/– mice a powdered diet containing 0.02% cholesterol or 2% cholesterol, respectively, and determined the lipid content in plasma and liver by gas chromatography. The results showed that the plasma cholesterol level of WT mice did not increase significantly after a high cholesterol diet, while the liver cholesterol level increased by 3-fold. After a high cholesterol diet in G5G8–/– mice, the plasma cholesterol increased by about 2.4-fold, while liver cholesterol levels increased by 18-fold (11). Thus, the overexpression of ABCG5 and ABCG8 resulted in a decrease in plasma phytosterol levels and an increase in bile cholesterol secretion. After blocking the pair of genes, the sterol levels in the plasma and liver increased significantly. Transgenic mice with increased ABCG5 and ABCG8 expression showed a 50% reduction in dietary sterol absorption, a significant increase in cholesterol bile secretion, and a significant reduction in plasma phytosterol levels. The overexpression or blockade of sterols in mice leads to changes in sterol content in vivo, confirming that ABCG5 and ABCG8 are related to the absorption and excretion of sterols.

Both ABCG5 and ABCG8 contain 13 exons and 12 introns, and are approximately 60 kb in size. Although the two genes are only 374 base pairs apart, they are transcribed in opposite directions and share a bidirectional promoter and regulatory elements (7). The proteins encoded by ABCG5 and ABCG8 are members of the ATP-binding cassette (ABC) transporter family. However, they are different from other transporters in the family because the transporters they encode are semi-transporters, sterolin-1 (encoded by ABCG5), and sterolin-2 protein (encoded by ABCG8). They contain six transmembrane structures and an ATP-binding site and form a heterodimer in the endoplasmic reticulum to become a complete ABC transporter. This is then transported to the apical membrane of hepatocytes and the apical membrane of intestinal brush border intestinal epithelial cells and is regulated by N-glycosylation and cAMP signaling during transport. It supplies energy through ATP at the apical membrane to regulate the absorption and excretion of phytosterols and cholesterol, especially sitosterol in phytosterols (12). Intestinal epithelial cells promote the excretion of phytosterols into the intestine, maintain the absorption rate of phytosterols at a low level of <5%, and promote the excretion of cholesterol to a certain extent. In liver cells, they promote the excretion of phytosterols and cholesterol into the bile, thereby reducing retention in the body (12–14).

Sitosterolemia, a genetic disease with autosomal mutations, has been confirmed to be caused by mutations in the ABCG5 or ABCG8 genes. The ABCG8 mutation gene is mainly found in Caucasians, especially in Northern Europeans, while ABCG5 gene mutations are mainly found in Asians, namely Chinese and Japanese (15). These two genes are located in close proximity and are homologous; however, the mutation of ABCG8 is more polymorphic than that of ABCG5 (16). As of April 2022, there were 44 (115) and 48 (119) related mutations in ABCG5 or ABCG8 genes included in HGMD, mainly missense mutations, while some were splicing mutations and base deletion frameshift mutations. Monkol Lek et al. analyzed the exon sequences of 60,706 people and found that more than 110 cases of ABCG5 and ABCG8 carried loss-of-function alleles, of which only 37 had been described as sitosterolemia. At the same time, nearly 1990 missense variants were found; however, the pathogenicity of these missense mutations was uncertain and had not been tested or clinically verified (6). The potentially pathogenic c.296T >G (p.M99R) variant, identified in the sitosterolemia family, was a novel variant. It has been reported that ABCG5 c.293c >G (p.Ala98Gly) (CM169032) has a disease spectrum of congenital giant thrombocytopenia with moderate thrombocytopenia (17). It can be seen that ABCG5 or ABCG8 gene mutations can lead to a group of highly heterogeneous disease spectrum with different phenotypes. As far as the currently confirmed mutations disease spectrum is concerned, sitosterolemia, phytosterolemia, macrothrombocytopaenia, cholelithiasis, coronary artery disease, increased risk, hypercholesterolemia, increased serum cholesterol, in low-cholesterol consumers, reduced serum non-cholesterol sterols, and smaller decline in cholesterol synthesis after weight loss, among others, are the most common, followed by phytosterolemia.

Mutations in ABCG5 or ABCG8 cause proteins encoding the transporters sterolin-1 and sterolin-2 to fail to form stable heterodimers, resulting in hypersteroidemia. The levels of phytosterols in the plasma, lipoprotein, red blood cells, adipose tissue, and skin surface are increased in patients with sitosterolemia. The main clinical manifestations are tendon and skin xanthoma (18). This can occur when the patient is very young, such as during the first year after birth (19). The main mechanism of xanthoma appears to be similar to the early developmental stage of atherosclerosis, that is, the formation of foam cell populations, especially in areas prone to friction (14, 20). According to statistical analysis of familial hypercholesterolemia patients, patients with xanthoma are 3.2-fold more likely to develop cardiovascular disease than patients without xanthoma (21). Furthermore, the accumulation of phytosterols in plasma lipoproteins can increase tissue sterols by affecting the stability of lipoprotein cholesterol and phytosterols. This triggers an inflammatory response, promotes the formation of foam cells and plaques, and induces premature atherosclerosis and coronary heart disease (22). In addition, patients with sitosterolemia may also have anemia and hemolysis. The lifespan of erythrocytes is closely related to lipid metabolism in the plasma, which is related to the abnormal morphology of erythrocytes and the increase in osmotic fragility caused by the appearance of phytosterols in erythrocytes (23). Patients with sitosterolemia also experience abnormal bleeding and thrombocytopenia. This is related to the direct entry of phytosterols into the platelet membrane, resulting in decreased αIIbβ3 expression on the membrane surface, which in turn leads to the loss of GPIba-FlnA linkages, the formation of microparticles, and platelet dysfunction (24), making them more susceptible to deformity and rupture. In addition, this can also be related to joint pain, arthritis, splenomegaly, adrenal dysfunction, and other clinical manifestations.

Hayato Tada suggested that sitosterolemia can be diagnosed if the following conditions are all met at the same time (25): (1) clinical manifestations (xanthoma of skin or tendon); (2) laboratory tests (serum sitosterol ≥1 mg/dl); (3) familial hypercholesterolemia and cerebrotendinous xanthomatosis are excluded; (4) pathogenic mutations ABCG5 or ABCG8. But the clinical manifestations of sitosterolemia are highly heterogeneous, although the genotype and phenotype lack an obvious correlation, and most laboratories lack conditions for phytosterol determination (26). Thus, at present, the diagnosis of this disease remains very difficult. Some patients with sitosterolemia have no xanthoma and only show blood system changes, such as hemolytic anemia and thrombocytopenia. This is often misdiagnosed as idiopathic thrombocytopenia and EVANS syndrome, or even splenectomy (27). Therefore, for the diagnosis of sitosterolemia, it is not only necessary to proceed from clinical manifestations but also to improve the detection of plasma phytosterols, the morphological analysis of blood cells, and genetic diagnosis (27). And based on the pathophysiology of sitosterolemia,ezetimibe and low phytosterols diet are currently effective methods for the treatment of sitosterolemia. Ezetimibe, a Niemann-Pick C1 Like 1 inhibitor, can effectively reduce plasma phytosterols and cholesterol in patients with sitosterolemia by affecting the absorption of various sterols in the intestine (25, 28–30).
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We report a unique case of an 18-day-old girl with three coronary artery fistulas to the right atrium and right ventricle, respectively: three collateral arteries arising from the descending aorta and one from the right subclavian artery draining through a sac to the top of the right atrium, patent ductus arteriosus, and atrial septal defect. She presented symptoms of acute congestive heart failure. Cardiac catheterization and surgical interventions were performed to repair the defects. The patient recovered uneventfully and grew up well at 3 years of follow-up. Whole-genome sequencing (WES) in the patient, compared to her parents, showed 17 variants within 11 genes. Among these, only compound heterozygous mutation, c.T470G (p.L157R) and c.A1622G (p.D541G), in the DRC1 gene have been reportedly related to congenital heart disease and are the most likely causative in our patient.

Keywords: congenital heart defect, coronary artery fistula, multiple collateral arteries, DRC1, whole-exome sequencing


INTRODUCTION

Congenital coronary artery fistulas account for 0.4% of congenital heart defects (CHD) (1). Coronary artery fistulas arising from the right coronary artery are present in 50–60% of cases, from the left anterior descending coronary artery in 25–40%, and both coronary arteries in 5% (2–4). Coronary artery fistulas terminate most frequently in the right ventricle, followed by the right atrium, coronary sinus, and pulmonary arterial trunk (2, 5, 6). Children with such a defect are generally asymptomatic, but congestive heart failure may happen in those with a substantial left to right shunt (7). About 55–80% of coronary arterial fistulas are isolated and 20–45% are associated with other CHD, such as patent ductus arteriosus, atrial, and ventricular septal defects (3).

Major collateral arteries are usually a component of cyanotic congenital heart defects that are embryologically linked with pulmonary valve atresia or near atresia (8, 9), clinically called MAPCAs, i.e., major aortopulmonary collateral arteries. These collateral arteries regress normally with the formation and development of pulmonary arteries but may persist in pulmonary atresia or hypoplasia (10). Congenital collateral arteries are rare. To our knowledge, there has been only one report of an association of coronary arterial fistula with an arteriovenous collateral artery to the superior vena cava (11).

The etiology of CHD remains largely unknown, likely involving genetics, epigenetics, and environmental etiologies (12). The identification of gene mutation underlying CHD may improve our understanding of cardiovascular development. With WES, the list of known CHD genes is rapidly expanding. For example, Zaidi et al. (13) analyzed the 362 parent-offspring trios with the patient affected by CHD and found that de novo mutations in ~400 genes could account for about 10% of the CHD cases.

In this report, we described a unique phenotype and genotype case of congenital bilateral coronary artery fistulas with multiple collateral arteries from the aorta to the right atrium, patent ductus arteriosus, and atrial septal defect with genetic findings from the child and her parents.



CASE REPORT

The report was approved by the institutional Research Ethics Board at the Guangzhou Women and Children's Medical Center (No. 24801) and written informed consent was obtained.


Clinical Details

An 18-day-old girl who presented with tachypnea, tachycardia, and poor feeding was admitted to the Cardiac Intensive Care Unit. She was delivered by caesarian section at 39-week gestation with a birth weight of 2.9 kg. She was the only child in the family. Her parents, as well as family and relatives, have been unaffected by CHD or other congenital abnormalities (Supplementary Table S1). At a physical examination, she had a heart rate of 145 beats /min, respiratory rate of 45 times /min, and blood pressure of 74/40 mmHg. An electrocardiograph showed sinus tachycardia and right ventricular hypertrophy. Using transthoracic echocardiography, she was diagnosed with bilateral coronary artery fistulas, multiple collateral arteries from the descending aorta, patent ductus arteriosus, atrial septal defect, and moderate mitral regurgitation and mild-moderate tricuspid regurgitation.

At the age of 5 weeks old, cardiac catheterization was performed for hemodynamic assessment and interventions. The pulmonary to systemic blood flow ratio was 4.29 with pulmonary vascular resistance 1.7 Wood unit *m2. A selective angiography revealed four collateral arteries draining into the right atrium. No. 1 (4.3 mm in diameter) of the collateral arteries was originating from the right subclavian artery (Figures 1A,C). No. 2 was seen at the level of the 6th thoracic vertebra and twisted to the right atrium (Figures 1B,D). No. 3 was a tortuous collateral artery (2.7 mm at the proximal and 1.7 mm at the minimal), located between the 6th and the 7th thoracic vertebra (Figures 1B,E). No. 4 was a very tortuous collateral artery between the descending aorta and the right atrium (Figures 1B,F). No. 1 and No. 3 collaterals were occluded with coils. Coronary arterial angiography also revealed a right coronary arterial fistula to the right ventricle and another to the right atrium (Figures 1A, 2A), and a fistula branching from the left anterior descending coronary artery to the right atrium (Figures 1A, 2B). Pulmonary arterial pressure was 43/22 mmHg.


[image: Figure 1]
FIGURE 1. Schematic diagram of the patient's diagnosis of 3 coronary artery fistulas to the right atrium and right ventricle, respectively (A). Four collateral arteries draining through a sac to the top of the right atrium (A,B). Super-selective angiogram shows the following collaterals terminating to the sac and then to the right atrium. No. 1 collateral artery originating from the right subclavian artery (C). No. 2 at the level of the 6th thoracic vertebra (D). No. 3 originating from the descending aorta (E). No. 4 located at the lower edge of the 9th thoracic vertebra (F). Surgical image of the sac at the top of the right atrium (G).



[image: Figure 2]
FIGURE 2. Right coronary angiogram from left anterior oblique 45° view shows the dilated right coronary artery fistula with a proximal fistula to the right atrium and a distal fistula into the right ventricle (A). Left coronary angiogram shows a fistula from the left anterior descending coronary artery to the right atrium (B).


More details were found at cardiac surgery at the age of 6 weeks old. A 15-mm sac was found an opening to the top of the right atrium (Figures 1A,G). Three collateral arteries originated from the anterior and posterior walls of the descending aorta and another from the right subclavian artery coursed into the sac and then the right atrium. The patent ductus arteriosus (4 mm) was ligated and cut down. Subsequently, a cardiopulmonary bypass was performed to suture the openings of the sac and the coronary arterial fistulas. The remaining two collateral arteries were clipped.

She had a smooth postoperative recovery and was discharged from the hospital on the 22nd postoperative day. At the 3rd year follow-up, the girl did not have any symptoms of congestive failure and grew up well.



Genetic Analysis

Whole-exome sequencing (WES) was performed on the patient and her parents to screen for potentially causative mutations. Genomic DNA (gDNA) was extracted from peripheral blood samples. Exons were captured by the Agilent SureSelect Human All Exon V6 kit (Agilent, Santa Clara, CA), followed by high-throughput sequencing on the Illumina Hiseq 2500 platform to generate 150-bp paired-end reads. The average sequencing depth for the targeted region achieved 121x, and ~98% of targeted regions were covered at >20x. The sequencing of raw data was analyzed with Genome Analysis Toolkit (GATK) for removing low-quality, including adapter contaminated reads, N-contaminated reads with more than 10% bases, and reads with more than 55% low-quality bases (<5), and then, were aligned to the reference human genome (GRCh37/hg19) with Burrows-Wheeler Aligner (BWA). Sambamba was used to mark and remove duplicate reads. Single nucleotide variants (SNVs) and deletion/ insertions (indels) were called with SAMtools. The raw calls of SNVs and indels were filtered further with the following inclusion thresholds: (1) read depth > 5; (2) Root-Mean-Square mapping quality of covering reads > 30; and (3) the variant quality score of > 20. Finally, the variants were annotated with ANNOVAR. Annotations included minor allele frequencies (MAF ≤ 1%) from public control data sets, as well as deleteriousness and conservation scores, enabling further filtering and assessment of the likely pathogenicity of variants.

A total of 175,380 variants, including 155,400 SNVs and 19,970 indels, were detected and analyzed by several filtering methods (Figure 3A). Firstly, we filtered for rare variants by excluding variants with minor allele frequencies of >1% in all the three databases, including 1,000 genomic data, ESP5600, and gnomAD data (gnomAD_ALL and gnomAD_EAS), and 5,728 variants remained. A total of 891 variants were found in the exon or splice site, of which 594 were non-synonymous variations leading to amino acid alternation. Then, we applied four prediction algorithms (SIFT, Poly-Phen-2, Mutation Taster, CADD) to identify candidate deleterious variants. A total of 402 variants, predicted to be damaging by at least two algorithms, were included for further downstream analysis. Given the characteristics of the pedigree, homozygous, compound heterozygous, and de novo variants were considered to be a candidate for causal variations. As a next step, we prioritized candidate genes among these variants. Eleven candidate genes were determined in our patient, of which three belonged to recessive mutation, 5 compound heterozygous mutations, and 3 de novo mutations (Supplementary Table S2). Among the candidate genes, DRC1 was reportedly associated with CHD (14). In our patient, the compound heterozygous variations, c.T470G (p.L157R) adopted from her father and c.A1622G (p.D541G) adopted from her mother, in the DRC1 gene were considered as diseased causal mutations (Figure 3B).


[image: Figure 3]
FIGURE 3. Schematic diagram of filtering strategies in our report. Several variant filtering processes and candidate gene prioritization were applied. Only one candidate gene was associated with CHD (A). Pedigrees of the patient's family. The filled and unfilled symbols represent subjects with and without CHD, respectively. Arrow indicates the proband of the family. DRC1 genotypes are shown near each symbol, WT represents wide type (B). Multiple sequence alignment of the DRC1 protein sequences indicates the Leu157 residue and Asp541 residue are highly conserved among various species (C). Schematic of domains within DRC1 protein. Rare variants p.L678Q and p.Y674C in DRC1 had been identified in CHD mouse by Li et al. (14), while compound heterozygous variant, c.T470G (p.L157R) and c.A1622G (p.D541G), in DRC1 was identified in our patient of which c.T470G (p.L157R) variant was lined in NYD-SP28 domain (D).


The paternally inherited c.T470G variant, located within the exon 4 of the DRC1 gene, was found to result in substituting leucine for arginine at position 157 of the encoded protein, while the maternally inherited c.A1622G variant within the exon 13 result in substituting aspartic for glycine at position 541 of the encoded protein. The pathogenicity effect of these mutations was confirmed by prediction tools (Mutation taster, SIFT, PolyPhen-2, CADD) and both the variants were predicted to be deleterious (Table 1). Furthermore, homology analysis indicated that leucine at position 157 and aspartic at position 41 are highly conserved among various species (Figure 3C).


Table 1. Compound heterozygous mutation in DRC1 gene was predicted in our patient by whole-exome sequencing (WES).
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DISCUSSION

A hemodynamic shunt always occurs in the presence of coronary artery fistula/fistulas, whereby the blood flows from the high-pressure fistula into the low-pressure chamber. Most patients with one coronary artery fistula are asymptomatic early in life because of the small fistula with the insignificant shunt (15, 16). However, some patients who presented with large fistula/fistulas and substantial left to right shunt may have symptoms of congestive heart failure with a cardiac enlargement (7, 17–20). The latter was the case in our patient with a pulmonary to systemic blood flow ratio of 4.29, which was uniquely compounded with 4 collateral arteries to the right atrium, patent ductus arteriosus, and atrial septal defect. Congenital collateral arteries have been rarely reported (11).

Interventional treatment, catheterizations, or/ and surgery, should be considered in the case of substantial shunt, significant aneurysmal formation, or presence of other cardiac malformations (21, 22). Cardiac catheterization was firstly performed on our patient to coil-occlude two of the collateral arteries. Considering the patient's severe condition and potential contrast media overdose, together with the indications of surgery, the catheterization was stopped. Cardiac surgery was subsequently performed to repair the remaining malformations. The patient recovered well from the interventions and grew well at 3 years of follow-up.

To explore the genetic pathogenesis, WES was performed on our patient and her parents. Eleven candidate genes, including three genes with recessive variants, five genes with compound heterozygous variants, and three genes with de novo variants were identified in our patient. To date, about 400 genes with the causative mutation have been determined in patients or mice with CHD (13, 14, 23, 24). The genetic analysis of our patient mainly concentrated on the possibility of these known genes. Among the 11 candidate genes, the DRC1 gene with compound heterozygous variants has been associated with CHD.

The DRC1 gene is located on chromosome 2p23.3 and contains 17 exons. It encodes dynein regulatory complex protein 1 consisting of 740 amino acids. DRC1 is a key component of the nexin-dynein regulatory complex (N-DRC) and plays an important role in ciliary movement (25). Previous studies have reported that mutations in DRC1 largely result in primary ciliary dyskinesia (26, 27), morphological abnormalities of the sperm flagella, and male infertility (28). Notably, a study revealed the central role of cilium and cilia transduced-cell signaling in the pathogenesis of CHD by the recessive forward genetic screen in mice. DRC1 variants have been observed in several types of CHD in mouse models. The mouse model with recessive c.A2021G (p.Y674C) variant was presented with cardiac malformation, such as dextrocardia, atrial septal defect, ventricular septal defect, and malformation of large arteries, including interrupted aortic arch and transposition of great arteries, while mouse model with recessive c.T2033A (p.L678Q) variant was also presented with dextrocardia (14). We found both variants lined in SYD-28 assoc domain through analysis of domain by Pfam with Uniprot code Q3USS3. SYD-28 assoc is the C-terminal domain of DRC1. Interestingly, the c.T470G (p.L157R) variant in our patient was located at the SYD-28 domain of DRC1, thus, may impair the function of this domain (Figure 3D). SYD-28 is the N-terminal domain of DRC1. The NYD-SP28 assoc is a short region found at the very C-terminus of family members of NYD-SP28. NYD-SP28, a human sperm tail protein, is expressed in a development-dependent manner and plays a significant role in sperm capacitation (29). Presently, reports regarding the function of NYD-SP28 remain limited. Therefore, we proposed an assumption that these two domains may be partly responsible for the influence of DRC1 on cardiovascular development. Although another damaging variant, c.A1622G(p. D541G), was located at neither the SYD-28 domain nor the SYD-28 assoc domain, it may have contributed to the functional or structural alteration of DRC1.

Heterogeneity is one of the major characteristics of CHD in general. A specific gene with different variants may result in different phenotypes. For example, different variants in NOTCH1 have been observed in several types of CHD, such as pulmonary stenosis (PS) (30), left ventricular outflow tract obstructive (31), and ventricular septal defect (32). Taken together, the compound heterozygous variants, c.T470G (p. L157R), and c.A1622G (p. D541G), in DRC1 is the most probable cause of CHD in the patient. Our study indicates the first novel variants in DRC1 identified in humans with CHD.

The limitations of our study should be noted. WES may miss the intronic variants that are likely to have a significant role in the pathogenesis of CHD. Sanger sequencing and the animal experiment would confirm our hypothesis that the identified genetic variants contribute to the unique CHD phenotypes in our patients.
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Case Report: Tetralogy of Fallot in a Chinese Family Caused by a Novel Missense Variant of MYOM2

Jing Wang1†, Chunyan Wang2,3†, Haiyang Xie4, Xiaoyuan Feng5, Lei Wei4, Binbin Wang2,3, Tengyan Li3, Mingan Pi4* and Li Gong4*


1Department of Medical Genetics and Developmental Biology, School of Basic Medical Sciences, Capital Medical University, Beijing, China

2Graduate School of Peking Union Medical College and Chinese Academy of Medical Sciences, Beijing, China

3Center for Genetics, National Research Institute for Family Planning, Beijing, China

4Department of Cardiothoracic Surgery, Wuhan Children's Hospital (Wuhan Maternal and Child Healthcare Hospital), Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

5Department of Echocardiography, Wuhan Children's Hospital (Wuhan Maternal and Child Healthcare Hospital), Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Edited by:
Neil Morgan, University of Birmingham, United Kingdom

Reviewed by:
Hannah Titheradge, Birmingham Women's and Children's Hospital, United Kingdom
 Laura Southgate, St George's University of London, United Kingdom

*Correspondence: Li Gong, 1043324064@qq.com
 Mingan Pi, pimingan@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cardiovascular Genetics and Systems Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 27 January 2022
 Accepted: 31 May 2022
 Published: 07 July 2022

Citation: Wang J, Wang C, Xie H, Feng X, Wei L, Wang B, Li T, Pi M and Gong L (2022) Case Report: Tetralogy of Fallot in a Chinese Family Caused by a Novel Missense Variant of MYOM2. Front. Cardiovasc. Med. 9:863650. doi: 10.3389/fcvm.2022.863650



Background: Rare genetic variants have been identified to be important contributors to the risk of Tetralogy of Fallot (TOF), the most common cyanotic congenital heart disease (CHD). But relatively limited familial studies with small numbers of TOF cases have been reported to date. In this study, we aimed to identify novel pathogenic genes and variants that caused TOF in a Chinese family using whole exome sequencing (WES).

Methods: A Chinese family whose twins were affected by TOF were recruited for this study. A WES was performed for the affected twins, their healthy brother, and parents to identify the potential pathogenic mutated gene(s). Heterozygous variants carried by the twins, but not the unaffected brother, were retained. Public databases were used to assess the frequencies of the selected variants, and online prediction tools were accessed to predict the influences of these variants on protein function. The final candidate variant was further confirmed by Sanger sequencing in other members of the family.

Results: After several filtering processes, a heterozygous missense variant in the MYOM2 gene (NM_003970.4:c.3097C>T:p.R1033C) was identified and confirmed by Sanger sequencing in the affected twins and their unaffected father, suggesting an inheritance pattern with incomplete penetrance. The variant was found to be extremely rare in the public databases. Furthermore, the mutated site was highly conserved among mammals, and as shown using multiple online prediction tools, this variant was predicted to be a detrimental variant.

Conclusion: We assessed a family with TOF caused by a rare heterozygous missense variant of MYOM2. Our findings not only further confirm the significant role of genetics in the incidence of TOF but also expand the spectrum of the gene variants that lead to TOF.

Keywords: Tetralogy of Fallot, whole exome sequencing, heterozygous variant, MYOM2, incomplete penetrance


INTRODUCTION

Congenital heart diseases (CHDs) are the most common birth defects affecting approximately 1% of live births each year (1). Previous studies have shown that CHDs involve a variety of cardiac malformations including patent ductus arteriosus (PDA) and Tetralogy of Fallot (TOF) (2). The TOF, as a malformation of the cardiac outflow tract, comprises four major cardiac defects that occur together: ventricular septal defect, right ventricular hypertrophy, pulmonary stenosis, and aortic override (3). The incidence of TOF is about 0.04% worldwide (4). Researchers have suggested that the etiology of approximately 80% of patients with non-syndromic TOF is unexplained.

In recent years, increasing evidence indicates that TOF has high genetic heterogeneity and various genes involved in heart development may be responsible for the phenotype of the disease (5–7). Several previous studies have identified rare potential pathogenic variants of new candidate genes in patients with TOF using whole exome sequencing (WES) such as notch receptor 1 (NOTCH1) (7), GATA-binding protein 4 (GATA4) (8), NK2 homeobox 5 (NKX2.5) (9), Jagged 1 (JAG1) (10), forkhead box C2 (FOXC2) (11), T-box 5 (TBX5) (12), T-box 1 (TBX1) (13), and Fms-related tyrosine kinase 4 (FLT4) (7). These findings provide insights into the complex genetic variants responsible for TOF; however, the specific etiology of most TOF cases remains unknown. Therefore, further studies on the genetic etiology of TOF were needed to better understand its pathogenesis. In addition, most studies focused on sporadic cases of TOF, and reports on families with TOF patients were relatively limited (14–19).

In this study, we performed a WES analysis on a Chinese family with two TOF affected children to identify novel genetic causes of TOF. Through focused analysis of shared, likely deleterious variants, we found a heterozygous missense variant of Myomesin2 (MYOM2) (NM_003970.4:c.3097C>T:p.R1033C) in the affected twins. Two previous reports have described rare MYOM2 variants in patients with TOF (20, 21). This study independently validates MYOM2 variants in the Chinese population and provides further evidence of the importance of this gene in the incidence of TOF.



MATERIALS AND METHODS


Subjects

A Chinese family with two affected fraternal twins was recruited from the Wuhan Children's Hospital. All family members were clinically evaluated by reviewing patient history, performing physical examinations, and consulting medical records. The parents and elder brother were healthy. The affected twins and their unaffected parents and elder brother were enrolled in the study. The probands of this family were the 9-month-old twins (II-2 and II-3). They were hospitalized due to hypoxia after birth and diagnosed with TOF using a Philips Epiq5 ultrasonic diagnostic instrument (S8-3 probe, frequency 3.0–8.0 MHz) according to American Society of Echocardiography criteria. The father took an echocardiogram as well. Peripheral blood samples were collected from the patients and their family members. This study was approved by the Ethics Committee of Wuhan Children's Hospital, and informed consent was obtained from the parents of this family.



Whole Exome Sequencing

Genomic DNA was extracted from the peripheral blood of the family members using a QIAamp DNA Blood Mini Kit (Qiagen, GER) according to the manufacturer's instructions. The quality of the DNA samples was then measured by NanoDrop2000 (Thermo Scientific, United States).

Exome sequencing was performed on the five members of this family. In brief, the subjects' exomes were captured using an Agilent SureSelect Human All Exon V6 Enrichment kit (Agilent, Santa Clara, CA, United States) and then sequenced on a NovaSeq platform (Illumina, San Diego, CA, United States) according to the manufacturer's guides, generating 150-bp paired-end reads. All reads were mapped to the NCBI human reference genome (hg19) using Burrows-Wheeler Alignment version 0.7.9a (http://bio-bwa.sourceforge.net). Single nucleotide variants (SNVs) and indels were detected using Genome Analysis Toolkit version 3.5 (https://gatk.broadinstitute.org/hc/en-us) and annotated using ANNOVAR (https://annovar.openbioinformatics.org/en/latest/user-guide/download/) based on splice site, intronic, exonic, 5' UTR, 3' UTR, intergenic, upstream, or downstream locations. For prioritization, missense, non–sense, frameshift, non-frameshift, or splicing site variants with a minimum allele frequency (MAF) of more than 0.1% in the East Asians and the total population in the gnomAD (https://gnomad.broadinstitute.org) database were removed.



In silico Analysis

The pathogenicity of the variants was predicted using online software programs: Sorting Intolerant From Tolerant (SIFT; http://sift-dna.org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), and MutationTaster (http://www.mutationtaster.org). The missense variants predicted to be deleterious by at least two of the above tools were selected for future confirmation and analyses. In silico prediction studies were then carried out for the selected variant using other different online available tools to further illustrate the effect on the protein function. We also used CLC Sequence Viewer 8 software to analyze the conservation of the mutated site in various species.



Sanger Sequencing Validation

A suspected disease-causing variant of the MYOM2 gene, c.3097C > T, was validated in the affected twins by standard Sanger sequencing. Primer5 software was used to design the polymerase chain reaction (PCR) primers specific to the regions of the variants in MYOM2. The primer sequences are shown in Table 1. The healthy parents and the elder brother were then sequenced for the segregation analysis of the variant.


Table 1. MOYM2-specific primers used for Sanger sequencing.
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Protein Modeling

The amino acid sequence of human MYOM2 was obtained from the NCBI (NP_003961.3). The wild-type and variant structures of the MYOM2 were built using the SWISS-MODEL. PyMOL software was used to represent structural figures.




RESULTS


Clinical Descriptions

The selected Chinese family included healthy non-consanguineous parents (I-1and I-2), a healthy elder brother (II-1), and two affected male twins (II-2 and II-3) (Figure 1). The probands (II-2 and II-3) were diagnosed by echocardiography at 9 months and 6 days old as having TOF. No other developmental abnormalities were found during a series of examinations, including a physical examination. They had smooth breathing, no obvious cyanosis of the face and lips, and were not in any distress. As shown on the ultrasonogram for the affected elder twin (Figure 2A), the position of the heart, aortic ventricular connections, and aorta were normal. The aortic arch had three branches with normal initial position and arrangement. The aortic wall was smooth, the lumen was unobstructed, and the inner diameter was about 15.6 mm. However, the outflow tract of the right ventricle was narrow and about 4.0 mm wide. And interruptions occurred in interventricular septa, a few left-to-right shunt signals were detected in the lower atrial septum and a small amount of regurgitation was detected on the tricuspid valve. For his twin brother as shown on the ultrasonogram (Figure 2B), the position of the heart, aortic ventricular connections, and aorta were normal, and the valve morphology, structure, and opening and closing were normal. However, interruptions occurred in interventricular septa. The pulmonary artery was stenosed and the outflow tract of the right ventricle was narrow and about 4.8 mm wide. There was a localized convex posterior to the upper part of the pulmonary artery. Based on these results, the twins were diagnosed with TOF. In addition, the echo results of the father illustrated that the shape, structure, wall thickness, and function of the heart were all normal (Supplemental Figure 1). Furthermore, none of the other family members exhibited TOF.


[image: Figure 1]
FIGURE 1. Pedigree of the family with TOF. The filled black symbols represent the affected members.



[image: Figure 2]
FIGURE 2. Echocardiogram images from patients II:2 and II:3 showing the apex of the heart. (A) The ultrasonogram for the elder twin (II:2). (B) The ultrasonogram for the younger twin (II:3). LV, left ventricle; RV, right ventricle; Ao, aorta; RVOT, right ventricular out ow tract; PA, pulmonary artery.




Exome Sequencing and Co-Segregation Analysis

The raw data of each subject was about 12G. The mean depth of the target region was 100X and the mean coverage of the target region was 99.8%. Following rigorous filtering for rare, predicted pathogenic variants shared in the twins, and the sequencing data from the elder brother (II:1) which was used to exclude any variants that were present in the unaffected brother, we found that the affected twins did not share any homozygous or compound heterozygous mutations of previously reported genes, as well as biallelic variants of novel genes. In addition, they also did not share any de novo variants. We subsequently screened 48 heterozygous, likely deleterious variants that were shared in the twins, including 15 variants inherited from the father and 33 variants inherited from the mother (see Supplemental Table 1). By examining the literature for known associations related to heart diseases, for example, whether the gene variants have been reported in patients with congenital heart diseases, whether mutant mice showed abnormal cardiac development, or whether they were involved in biological processes associated with cardiac development, we finally identified a heterozygous missense variant in exon 25 of MYOM2 gene, c.3097C>T (p.R1033C) as a possible genetic cause of TOF. The Sanger sequencing confirmed that this variant was present in the affected twins. The healthy father had a heterozygous status of this variant, however, the unaffected mother and brother did not carry this variant (Figure 3A).


[image: Figure 3]
FIGURE 3. Validation of the missense variant of MYOM2 in the family with TOF. (A) Sanger sequencing results from the probands, their brothers, and their unaffected parents. The heterozygous variant in the MYOM2 gene was identified in the twins, but not in their healthy brother. (B) The location of the variant in the protein structure of MYOM2. The arrow denotes the mutated site. (C) Amino acid alignment of the MYOM2 protein from several organisms. The position of Arg1033 residue (highlighted by a red box) was highly conserved among different species.




In silico Analysis of the MOYM2 Missense Variant

The minor allele frequency of the observed variant was assessed in East Asian and global populations using the GnomAD database and ChinaMap database (http://www.mbiobank.com/) which included deep whole genome sequencing data from 10,588 Chinese participants (22). The variant is extremely rare in both the East Asian and global populations (0.00016 and 0.000024, respectively). Furthermore, it is absent in the ChinaMap database. The missense variant of MYOM2 was predicted to be highly damaging to the function of the MYOM2 protein using multiple online prediction tools including SIFT, PolyPhen2, PROVEAN, MutationTaster, and CADD (Table 2). The variant site is near the Ig-like domain (Figure 3B). In addition, the alignment of MYOM2 amino acid sequences in different species showed high conservation of arginine at position 1033 (Figure 3C). These results suggest that this variant is highly pathogenic, and we hypothesized that this rare heterozygous missense variant of MYOM2 may be the cause of TOF in this affected family.


Table 2. Pathogenicity prediction of the identified mutation (c.3097C>T,p.R1033C) using multiple online in silico tools.
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Effect of Mutation on Protein

The 3D structure of MYOM2 protein was already created using the SWISS-MODEL program. To investigate the missense variant effect on protein, schematic structures of the WT (left) and the mutant (right) amino acids are shown in Figure 4. Compared with the 3D structure of WT protein, the mutant protein showed a different steric hindrance of the residue (the new residue has a smaller size), which may lead to protein misfolding, resulting in pathogenicity.


[image: Figure 4]
FIGURE 4. Wild-type and variant structure of MYOM2 protein. (A) Wild-type MYOM2 predicted 3D structure. (B) Mutation MYOM2 predicted 3D structure. Supplemental Figure 1 Echo images from the twins' father. The above 4 figures were taken from Cardiac ultrasound results. These figures illustrate the shape, structure, wall thickness, and function of the heart were all normal.





DISCUSSION

In this study, we enrolled a Chinese TOF family with two affected twins and identified a rare deleterious variant of the MYOM2 gene, c.3097C>T (p.R1033C) in the family by whole exome and Sanger sequencing. We speculated that this variant may be the genetic cause of TOF.

As a highly heterogeneous disease, previous studies have suggested that rare potential pathogenic variants of genes related to the heart development, such as Filamin A (FLNA), Kinase Insert Domain Receptor (KDR), and NKX2.5 are associated with the occurrence of TOF (12, 18, 19, 23). Recently, several variants in the sarcomere genes such as Myosin Heavy Chain 7 (MYH7) and Myosin Binding Protein C3 (MYBPC3) have been identified in patients with heart diseases (24–27). However, to date, the correlations between genetic variants of sarcomere genes and TOF have not been fully established.

The Myomesin gene family comprises three members including MYOM1, MYOM2, and MYOM3, and encodes the proteins of sarcomere which play important roles in the development of heart and skeletal muscles (28, 29). They all include fibronectin type III (FN3) and immunoglobulin type II (Ig) like domains, acting as crosslinkers for the neighboring thick filaments of myosin in the M-band. The Ig-like domains can be found in several diverse protein families and are involved in a variety of functions, including cell-cell recognition, cell-surface receptors, muscle structure, and the immune system (30). These three myosin subtypes are also related to the contractile properties of different fiber types. While MYOM1 is expressed in all striated muscles, MYOM3 is expressed in skeletal muscle intermediate fiber types, and MYOM2 is expressed in the adult heart and fast fibers (31–33). Previous studies have shown that variations in MYOM1 and MYOM3 could cause cardiac abnormalities, such as hypertrophic cardiomyopathy and dilated cardiomyopathy (34, 35). Moreover, Pehlivan et al. (2019) found that the loss of function of MYOM2 can result in the termination of gestation of the affected fetus, with cardiac and arthrogryposis findings, but this does not occur with loss of function of MYOM1 or MYOM3 (36). Auxerre-Plantie et al. (2020) identified three heterozygous deleterious variants of MYOM2 (c.590C > T, p.A197V; c.3320G > C, p.G1107A; and c.3904A > G, p.T1302A) which is located on the Ig-like domains and one deleterious variant of MYOM2 (c.2119G > A, p.A707T) which was located on the FN3 domain in TOF patients (21). Furthermore, Tang et al. (2022) also identified two compound heterozygous variants of MYOM2 in Chinese TOF patients and found the top enriched cluster of heart development contained GO terms that were related to the development of cardiac muscle and morphogenesis, including genes encoding the myomesins (MYOM1 and MYOM2) by functional enrichment analysis (20). These results might provide several genetic clues to the association between MYOM2 and heart development.

MYOM2 is located on chromosome 8p23.3, contains 37 exons, and encodes a 1,465–amino acid protein which is expressed in the human heart muscle and is a major structural component of the M-band (33, 37, 38). The sarcomere with two transverse structures, the Z-disk, and the M-band, is the Myofibrils' basic unit. Myofibrils have been reported to mediate skeletal and cardiac muscle contraction in vertebrates and invertebrates. Therefore, alterations of sarcomere proteins may influence the contractile performance of the heart and skeletal muscle (35). In addition, cardiomyocytes derived from induced pluripotent stem cells of healthy individuals and TOF patients reveal that MYOM2 is expressed during cardiac differentiation (39). Furthermore, MYOM2 is also expressed in embryonic and adult mouse hearts (40). Although there are no studies that mention the mammalian animal model for exploring the exact role of MYOM2 in the heart development, given the advantages of the fly model for studying the genetics of human disease mechanisms (41), Auxerre-Plantie et al. (2020) aimed to clarify the potential cardiac function of MYOM2 using Drosophila (21). They found that its partial loss of function or moderate cardiac knockdown resulted in cardiac dilation, whereas severely reduced function caused an increase in sarcomere myosin protein, which is clearly involved in the development of the heart. In addition, as it was shown that MYOM2 physically interacts with MYH7, which is known to be associated with the development of CHDs in vitro, the CG14964, the fly ortholog for MYOM2, and Mhc, the fly ortholog for MYH7, could also interact at the genetic level in vivo (25, 26, 42). Furthermore, they also identified some heterozygous missense variants of MYOM2 in TOF patients. The above findings indicate that MYOM2 might be a candidate gene for TOF.

In this study, we performed WES on all five members of a TOF-affected family to identify novel potential pathogenic variants and genes based on rigorous bioinformatic analyses. By applying several filtering processes, we identified a heterozygous missense variant, c.3097C > T (p.R1033C), in MYOM2 in the affected twins. Furthermore, Sanger sequencing confirmed that, while the variant was present in the affected twins and the proband's father, who did not have any abnormal cardiac phenotypes, the proband's healthy brother did not carry the variant. These results showed that this variant was transmitted from an unaffected father indicating incomplete penetrance. A previous study has reported rare heterozygous variants of MYOM2 in TOF patients without co-segregation analysis (21). Some rare heterozygous missense variants in NOTCH1, a known disease-causing gene, have also been reported in the TOF patients and some of these variants are inherited from their unaffected parents (7). The incomplete penetrance is in keeping with the complex genetic etiology of non-syndromic TOF, in which families segregating the condition in a Mendelian fashion are rarely encountered and genetic background, except for the environmental factors, can be inferred to play significant roles. In addition, the missense variant identified in MYOM2 is extremely rare in East Asian populations and the overall human population, based on the genome database archived in gnomAD and is absent in the ChinaMap database (www.mBiobank.com). Furthermore, the mutated site is highly conserved among mammals, and the variant was predicted to be deleterious by multiple online software programs. Interestingly, this mutated site is near to the previously reported rare deleterious variant of MYOM2. Therefore, the heterozygous missense variant that we found may have caused the TOF by affecting MYOM2 protein function in this family.

In summary, we identified a novel heterozygous missense variant of MYOM2 (NM_003970.4:c.3097C>T:p.R1033C) as a possible genetic contributor to familial TOF in a Chinese population. This finding increases our knowledge of the etiology of TOF by identifying a possible causative gene variant, which should be considered when diagnosing this disease. However, the exact role of this variant for TOF has not been clearly explained. Therefore, further studies are required to elucidate the exact mechanism of the association between the missense MYOM2 variant and TOF by performing functional experiments in vitro and in vivo, and studies with larger sample sizes are needed to identify more variants of MYOM2 in different populations.
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One of the most common autosomal dominant disorders is familial hypercholesterolemia (FH), causing premature atherosclerotic cardiovascular diseases and a high risk of death due to lifelong exposure to elevated low-density lipoprotein cholesterol (LDL-C) levels. FH has a proven arsenal of treatments and the opportunity for genetic diagnosis. Despite this, FH remains largely underdiagnosed worldwide. Cascade screening is a cost-effective method for the identification of new patients with FH and the prevention of cardiovascular diseases. It is usually based only on clinical data. We describe a 48-year-old index patient with a very high LDL-C level without controlled guidelines-based medication, premature atherosclerosis, and a rare variant in the low-density lipoprotein receptor (LDLR) gene. Phenotypic cascade screening identified three additional FH relatives, namely the proband's daughter, and two young grandsons. The genetic screening made it possible to rule out FH in the proband's younger grandson. This clinical case demonstrates that genetic cascade screening is the most effective way of identifying new FH cases. We also first described in detail the phenotype of patients with a likely pathogenic variant LDLR-p.K223_D227dup.
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Introduction

One of the most common autosomal dominant disorders is familial hypercholesterolemia (FH) (1–3), causing premature atherosclerotic cardiovascular diseases and a high risk of death due to lifelong exposure to elevated low-density lipoprotein cholesterol (LDL-C) levels (4). The genetic basis of FH is well understood and in the vast majority of cases are variants in one of the three genes: low-density lipoprotein receptor gene (LDLR), apolipoprotein B gene (APOB), and proprotein convertase subtilisin/kexin type 9 gene (PCSK9) (1). Highly effective lipid-lowering therapy (LLT) and extracorporeal methods of FH treatment (apheresis) are currently available (4). Despite this, FH remains largely underdiagnosed worldwide (5).

Cascade screening is a mechanism for identifying people with a genetic condition by the process of systematic family members examination using phenotypic or genetic strategy (6). It is a cost-effective method for the identification of new patients with FH and the prevention of cardiovascular disease, as highlighted in the major international guidelines (4–7). Genetic testing is recommended in international guidelines to confirm the FH, but it is not obligated and the diagnosis of FH is usually based only on clinical data (the phenotypic strategy) (4–8). However, if the FH can be diagnosed by clinical data, what are the benefits of genetic testing?

Here, we demonstrate the role of genetic screening for FH in real clinical practice and describe a case of a 48-year-old index patient with premature atherosclerosis and a very high LDL-C level without controlled guidelines-based medication. Genetic testing identified a rare likely pathogenic LDLR variant. Phenotypic and then genetic cascade screening confirmed heterozygous FH (HeFH) in proband's daughter with the same LDLR variant. Phenotypic screening suggested HeFH in two proband's grandsons, whereas the genetic screening made it possible to rule out FH in the younger grandson. We also first described in detail the phenotype of patients with a likely pathogenic variant LDLR: hg19::chr19:11216249_11216263dup, or NM_000527.5:c.667_681dup, NP_000518.1:p.K223_D227dup at the protein level. We observed segregation of this variant in three generations.



Case description


Materials and methods
 
Subjects

Three-generation family (a 48-year-old woman (the index patient), the proband's pregnant 30-year-old daughter (gestational age −3.5 weeks), and two grandsons (ten and four-year-old) presented to the Lipid Clinic (National Medical Research Center for Therapy and Preventive Medicine, Moscow, Russia) in October 2020.



Genetic analyses

Using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany), DNA extraction was performed. DNA concentration was measured on a Qubit 4.0 (Thermo Fisher Scientific, Waltham, MA, USA). The libraries for the NGS custom panel were done with the SeqCap EZ Prime Choice Library kit (Roche, Basel, Switzerland). This panel included exon sequences of the LDLR, APOB, PCSK9, and LDLRAP1 genes, as well as other genes, associated with lipid metabolism disorders (ABCA1, ABCG5, ABCG8, ANGPTL3, APOA1, APOA5, APOC2, APOC3, APOE, CETP, GPD1, GPIHBP1, LCAT, LIPC, LIPI, LMF1, LPL, MTTP, SAR1B, STAP1, USF1). Next-generation sequencing (NGS) was performed on the Nextseq 550 (Illumina, San Diego, CA, USA). All stages of sequencing were carried out according to the manufacturer's protocols.

After the bioinformatic analysis .bam and .vcf files were generated. For clinical interpretation only variants with minor allele frequency (MAF) <0.01% in the Genome Aggregation Database (gnomAD; http://gnomad.broadinstitule.org) were analyzed according to the American College of Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP2015) guidelines and according to the Clinical Genome Resource (ClinGen) guidelines for LDLR variant classification (9, 10).

The validation of variants was done by Sanger sequencing on the Applied Biosystem 3,500 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).




Results
 
Phenotypic cascade screening of the proband and first-degree relatives

A 48-year-old woman presented to the Lipid Clinic in October 2020 with severe hypercholesterolemia. The first blood test for total cholesterol (TC) was done in 2014 (the TC value was about 10 mmol/L) and irregular LLT (rosuvastatin 20 mg daily) was started. In February 2020 TC was 11.46 mmol/L (without LLT). The patient continued rosuvastatin 20 mg daily (LDL-C was 7.81 mmol/L). At the time of the visit, the patient's medications included rosuvastatin 20 mg daily and evolocumab 140 mg per 2 weeks (LDL-C was 3.92 mmol/L).

The patient had been smoking for 5 years and also had a history of early menopause. At a physical examination, she had obesity (height 164 cm, weight 84 kg, and body mass index 31.2 kg/m2), bilateral Achilles tendons xanthomas, and xanthelasmas, but not corneal arcus. She also had carotid (duplex ultrasound showed 25–30% stenoses of both carotid bifurcations), femoral (20–25% stenoses of left common femoral and left popliteal arteries), and coronary atherosclerosis (the Agatston score was 252.83). The echocardiography showed aortic valve calcification.

The patient's father had two strokes, with the first event occurring at the age of 55, and died of myocardial infarction at the age of 70. Father's TC levels are unknown. Proband's mother is 69-year-old. According to oral communication provided by the proband, her TC is not high, although the lipid profile is not available. TC levels had also not been measured in the patient's 30-year-old daughter and two grandsons (ten and four-year-old).

Given severe hypercholesterolemia, family history, and examination, the proband has a “definite” diagnosis of HeFH (14 points according to the Dutch Lipid Clinic Network (DLCN)) (11). Thus, HeFH was diagnosed in the proband by clinical data. The presence of FH in a proband indicates the need for phenotypic cascade screening in first-degree relatives. We invited the patient's 30-year-old daughter for examination. She had no xanthomas, xanthelasmas, or corneal arcus, but she had already had peripheral atherosclerosis (duplex ultrasound showed 15–20% stenosis of the right common femoral artery). She also had a high LDL-C level (9.81 mmol/L) but had never taken a LLT (Figure 1A). Therefore, proband's daughter also had a “definite” diagnosis of HeFH (10 points according to the DLCN).


[image: Figure 1]
FIGURE 1
 Phenotypic (A) and genetic (B) cascade screening. According to phenotypic screening, the younger grandson has HeFH [black-filled square (A)], in relation to genetic screening, he is healthy [white square (B)]. Circles represent females, squares indicate males, and diamond is pregnancy (unknown gender). Black-filled symbols show FH phenotype, gray symbols point to members with an unknown phenotype, and white symbols are healthy family members. Slashes indicate deceased members. +/– or -/- represent heterozygous or wild-type of LDLR-p.K223_D227dup variant. The index patient (II-1) is marked with an arrow. LDL-C, low-density lipoprotein cholesterol; P, pregnancy.




Genetic cascade screening of the proband and the proband's daughter

According to the 2019 European Society of Cardiology/European Atherosclerosis Society guidelines for the management of dyslipidaemias, a patient with a clinical FH diagnosis is recommended to undergo molecular genetic testing (recommendations class I, evidence level C) to identify pathogenic or likely pathogenic variants in the LDLR, APOB, or PCSK9 (4).

In the index patient, a total of 89 variants were identified. Of these, only two variants (duplication and missense) had MAF <0.01% and changed the gene amino acid sequence (Table 1).


TABLE 1 Two Two rare variants with MAF < 0.01% identified in the proband.

[image: Table 1]

One of the variants is a heterozygous missense variant in ABCG5: hg19:chr2:44059195G>C, NM_022436.3:c.293C>G, NP_071881.1:p.A98G, rs145164937. According to the ACMG/AMP2015 guidelines, this variant has two evidences of pathogenicity: MAF <0.01% in gnomAD (PM2) and multiple in silico predictions as deleterious (PP3). Thus, this variant can be classified as uncertain significance.

At the same time, the proband had a heterozygous likely pathogenic duplication in LDLR: chr19:11216249_11216263dup, NM_000527.5:c.667_681dup, NP_000518.1:p.K223_D227dup. The validation of this variant was done by Sanger sequencing (Figure 2). This variant was also confirmed in the proband's daughter by Sanger sequencing. The observed criteria of pathogenicity according to the ACMG/AMP2015 are PM4, PM2, PP1, and PP5 (9).


[image: Figure 2]
FIGURE 2
 Genetic analysis of the index patient. (A) Integrated genome view of LDLR-p.K223_D227dup with IGV (12). (B, C) Electropherograms of LDLR-p.K223_D227dup: (B) sequence from the forward primer, (C) sequence from the reverse primer (reverse complement).




Phenotypic cascade screening of the second-degree relatives

Considering the presence of HeFH in the proband's daughter, we analyzed the proband's grandson's lipid profile (Figure 1A).

For the diagnosis of FH in the proband's grandsons, the pediatric diagnostic criteria should be used (13). The eldest grandson has a very high LDL-C level and FH can be diagnosed by clinical data (LDL-C level and family history). The younger grandson's LDL-C level is not very high, but the positive genetic testing of his mother may suggest HeFH (LDL-C level ≥3.5 mmol/L).



Genetic cascade screening of the second-degree relatives

The same LDLR variant was verified in elder proband's grandson by Sanger sequencing. Despite that phenotypic screening suggested HeFH in two proband's grandsons, the genetic screening made it possible to rule out FH in the younger grandson (Figure 1B).



Personalized treatment and recommendations

Considering HeFH and additional risk factors, the proband has a very high cardiovascular risk. The LDL-C target level is less than 1.4 mmol/L. After 1 month of high-intensity statin therapy (rosuvastatin 40 mg daily) with ezetimibe 10 mg daily and the injection of evolocumab (140 mg per 2 weeks), she achieved the LDL-C target level (LDL-C 1.29 mmol/L).

The proband's daughter needs high-intensity statin therapy and her LDL-C target level is less than 1.8 mmol/L. However, she is currently pregnant. LLT should not be given during pregnancy or during the breastfeeding period (4). Therefore, we are going to initiate the LLT after the end of breastfeeding.

The proband's elder grandson was sent for further examination to a specialized pediatric department. He should be educated to adopt a proper diet and treated with a statin. His LDL-C target should be <3.5 mmol/L (4, 13).

We recommended a lipid-lowering diet and dynamic monitoring of LDL-C level for the proband's younger grandson. For future perspectives, NGS of the lipid metabolism disorder genes and determination of polygenic risk scores for LDL-C level may be considered. Finally, we recommended screening for HeFH of the future child of the proband's daughter after his birth.





Discussion

Familial hypercholesterolemia is one of the most common monogenic disorders with underestimated real prevalence. The meta-analyses of 2020 showed that the prevalence of HeFH in the general population is one in 313 (14). A recent population study in Russia showed the prevalence of HeFH is one in 173 (15).

In patients with FH cumulative LDL-C exposure is the leading cause of premature cardiovascular events (16). Hence, early identification of FH and its treatment with highly effective and safe LLT is necessary. Nevertheless, despite the high prevalence, the presence of diagnostic criteria, as well as the availability of NGS, and effective methods for reducing LDL-C levels, FH remains underdiagnosed and undertreated worldwide (5).

Here, we presented a three-generation family, where we identified HeFH by both phenotypic and genetic cascade screening in the proband's family members.

Using phenotypic cascade screening we confirmed HeFH by clinical data at the proband, the proband's daughter, and grandsons. The younger grandson's LDL-C level is not very high, but based on the positive genetic testing of his mother we may suggest HeFH. However, the genetic screening allowed to rule out FH in the younger grandson. Given FH at the proband's daughter, her future child also has a 50% probability of inheriting FH.

Using NGS we identified a rare LDLR duplication variant p.K223_D227dup with segregation in two proband's relatives. According to the ClinGen 2021 guidelines for LDLR variant classification, the duplication meets two moderate criteria, such as absence in the gnomAD (PM2) and segregation with phenotype in three informative meioses (PP1_Moderate). Besides, this variant was found in two unrelated FH cases (PS4_Supporting) (17) and also identified in a patient with FH diagnosis based on validated clinical criteria, after alternative causes of high cholesterol, were excluded (PP4). Therefore, p.K223_D227dup can be classified as likely pathogenic. This variant has not been previously described in patients with FH in the European population (18). The identification and interpretation of pathogenicity of new or rare FH-associated variants supplement the knowledge about the spectrum of FH variants. We also first described in detail the phenotype of patients with p.K223_D227dup based on segregation in three generations. This made it possible to increase the segregation level of pathogenicity from supporting to moderate.

Cascade screening is the step-by-step identification of patients with a monogenic disease among the proband's first-, second-, and, when possible, third-degree relatives. There are two strategies for cascade screening of the proband's relatives: phenotypic and genetic (6).

Considering a phenotypic strategy, FH can be based on clinical data, using the DLCN criteria (11), the Simon Broome Register Diagnostic Criteria (19), the biochemical criteria for diagnosis of the proband's relatives (8), and the criteria of FH in children (13). Genetic testing is also recommended in international guidelines to confirm the FH and conduct cascade screening (4–8). However, if the FH can be diagnosed by clinical data, what are the benefits of genetic testing?

Firstly, genetic testing helps to confirm the genetic basis of the disease and clarify the cardiovascular risk stratification. In this case, the positive genetic testing results for the proband, the proband's daughter, and especially for the proband's elder grandson may suggest a greater risk of developing cardiovascular events compared with a clinical FH phenotype without an established monogenic etiology. This statement has been noted in a number of studies (20, 21). Furthermore, the gene type and even the pathogenic variant type can affect an individual's LDL-C level and consequently the risk of developing premature coronary and peripheral atherosclerosis (7). In a number of studies, it has been noted that LDLR pathogenic variants carriers have a greater level of LDL-C compared to APOB or PCSK9 variants (22). In this case, all positive LDLR variant patients had a very high LDL-C level. The LDL-C level of the 10-year-old male was almost comparable to his 30-year-old mother.

Besides this, cardiovascular risk in patients with FH is considered manageable. Using genetic testing not only does not decrease perceptions of control over FH, cholesterol levels, or cardiovascular diseases but on the contrary, leads to more positive patient perceptions of FH (23, 24). It means that patients feel personally responsible for managing their health. Patients consider that FH genetic testing is very important and, regardless of the result, are ready to recommend genetic screening to their family members, which, in turn, can help to improve FH diagnosis (24). In this case, all available proband's relatives underwent genetic screening.

A meta-analysis of 17 studies performed in 2016 did not show any significant behavioral changes in smoking, physical activity, or dietary intake before and after the genetic testing. However, only one study of patients with FH was included in this meta-analysis (25). On the other hand, several studies of patients with FH showed other behavioral changes, such as changes in the perception of the most effective way to achieve LDL-C level. The patients with pathogenic variants consider their disease more accurately, with increased motivation to take LLT (23, 24). In this work after the positive genetic testing results, the proband began to take all prescribed LLT and achieved LDL-C targets. The early diagnosis is associated with appropriate treatment, lifestyle modifications, and in turn better prognosis. However, children have a silent presentation of FH and phenotypic screening alone is not enough. For examination of children and adolescents, it is not often possible to identify such phenotypic markers as xanthomas, corneal arcus, arteries atherosclerotic changes, or premature cardiovascular events (13, 26).

Genetic testing in childhood and adolescence, in a period of the formation of healthy lifestyle habits, is essential for ensuring long-term adherence and can contribute to the primary prevention of cardiovascular diseases. Starting FH treatment from a young age, and being surrounded by other family members during treatment, facilitates adherence and has particular importance in the treatment of FH (27). Children with FH variant are more understanding of their genetic disease basis. Furthermore, FH carrier children demonstrate high feelings of control over their disease (28).

Characterization of genetic cascade screening benefits is presented in Figure 3.


[image: Figure 3]
FIGURE 3
 Genetic cascade screening benefits. FH, familial hypercholesterolemia. LDL-C, low-density lipoprotein cholesterol.


It is important to note that FH variants are verified only in 20–80% of patients with HeFH phenotype and at the same time the negative genetic testing results do not rule out a diagnosis of FH (29, 30). In this case, the genetic screening allowed to exclude the presence of LDLR variant p.K223_D227dup in the younger grandson. It is likely that his elevated LDL-C level is due to diet. Even with a negative FH genetic analysis, it is always necessary to remember about other lipid metabolism genetic disorders or that some patients with the typical FH phenotype may have a polygenic etiology of hypercholesterolemia (31). Targeted, exome or even genome sequencing, as well as genetic risk scores, may help to establish the reason for hypercholesterolemia. This highlights the unique role of genetic testing in the personalized medicine era.



Conclusion

In summary, given the high FH prevalence, the availability of NGS, and effective methods for reducing LDL-C levels, genetic cascade screening is the most reliable, effective, and expedient method of personalized medicine for identifying new FH cases, including children and adolescents at the preclinical stage. This helps to clarify the cardiovascular risk stratification, and carry out targeted preventive measures, including lifestyle, cardiovascular risk factors correction, and early initiation of intensive LLT to achieve LDL-C targets and prevent the development of cardiovascular events. In unclear phenotypes, especially in children, genetic screening may help to rule out FH.
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It is arduous to determine clinical solutions for Andersen-Tawil syndrome (ATS) in patients intolerant of β-blocker. Here, we present the case of a 7-year-old boy with periodic paralysis and dysmorphic features who experienced syncope four times during exercise. His ECG revealed enlarged U waves and QU-prolongation associated with ATS-specific U wave patterns, frequent PVCs, and non-sustained bidirectional or polymorphic ventricular tachycardia. The genetic test showed a de novo missense R218W mutation of KCNJ2. With the diagnosis of ATS and intolerance of β-blocker, the patient was prescribed oral medications of mexiletine 450 mg/day without severe adverse effects. The repeat ECG showed decreased PVC burden from 38 to 3% and absence of ventricular tachycardia. He remained symptom-free during over 2 years of outpatient follow-up. This case demonstrates a new anti-arrhythmic therapy with mexiletine for prevention of life-threatening cardiac events in patients with ATS who are intolerant of β-blocker treatment.
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Introduction

Andersen-Tawil syndrome (ATS) is a rare hereditary arrhythmia disease also classified as long QT syndrome type 7 (LQT7) and is manifested as ventricular arrhythmias (VAs), periodic paralysis, and dysmorphic features. In patients diagnosed with ATS, β-blockers and/or flecainide is primarily recommended according to a Heart Rhythm Society (HRS) expert consensus statement (1). However, it is arduous to determine clinical solutions for patients intolerant of β-blocker considering the lack of access to flecainide in China. Recently, several studies reported that patients with LQT types 1–3 were responsive to anti-arrhythmic mexiletine. However, the efficacy of mexiletine in patients with ATS (LQT7) with KCNJ2 mutation was rarely reported. Here, we present the effective treatment of a boy who suffered from ATS and recurrent syncope with oral mexiletine for complex ventricular arrhythmias.



Case description

A 7-year-old boy was brought to the local hospital with a main complaint of experiencing syncope four times. The first episode happened during a tug-of-war at the kindergarten about 2 years ago before the visit to our hospital; the boy reported palpitation with amaurosis followed by loss of consciousness without limb convulsions, tongue bites, or incontinence. The boy regained consciousness spontaneously after 20 s and experienced palpitations for the following 10 min. The patient experienced three additional episodes during exercising, climbing stairs, and lifting heavy objects. A 24-h ambulatory electrocardiogram (ECG) demonstrated frequent premature ventricular contractions (PVCs) in bigeminy and non-sustained bidirectional ventricular tachycardia (VT). His serum potassium was 3.9 mmol/L, and the echocardiograms revealed normal cardiac structure and function. Both head computer tomography and electroencephalogram (EEG) appeared to be normal. The local doctors then considered the diagnosis of catecholaminergic polymorphic ventricular tachycardia (CPVT) and prescribed metoprolol 11.25 mg twice per day. He manifested apparent fatigue and cold extremities after taking the pill just for 2 days. Successive electrocardiograms showed sinus bradycardia, and he stopped taking the medication. Two months later, the boy lost consciousness repeatedly after climbing stairs. Therefore, he was transferred to our institution, a university-affiliated teaching hospital, for further evaluation and treatment.

Upon admission, his neurology examination was unremarkable. The physical examination revealed dysmorphology, including mandibular hypoplasia, single palmar crease, and long bone over hyperextension (Figure 1A). His medical history revealed lower limb myasthenia with hypokalemia, but it recovered after potassium supplement. The patient was of normal stature (height of 125 cm) with no family history of sudden cardiac death (SCD).


[image: Figure 1]
FIGURE 1
 (A) Dysmorphology pictures of the boy included mandibular hypoplasia, single palmar crease, and long bone over hyperextension. (B) Genetic testing of our patient identified a heterozygous missense mutation named c.652C > T (p.R218W) in the coding region of KCNJ2. His parents were tested as wild types without mutations, so our patient carried a de novo mutation.


The patient's surface electrocardiograms (ECGs) taken in the local hospital demonstrated sinus rhythm with frequent PVCs. Enlarged U waves (U wave is defined as an early diastolic deflection after the end of the T wave and is considered enlarged if its amplitude is ≥ 0.15 mV and its duration is ≥ 210 ms, indicated by red arrows in Figure 2) (2) in leads II, III, aVF, V1-V2, and wide T-U junction (T peak-U peak 240 ms) were shown in ECGs. He had a QTc interval of 380 ms and a QUc interval of 671 ms (QU interval is defined as from onset of QRS to the end of the U wave, and QT and QU intervals are corrected (QTc and QUc) using Bazett's formula for comparison with different heart rates).


[image: Figure 2]
FIGURE 2
 Electrocardiogram (ECG) of the local hospital demonstrated sinus rhythm with frequent PVCs. Enlarged U waves (U wave is considered enlarged if its amplitude is ≥ 0.15 mV and its duration is ≥ 210 ms, indicated by red arrows) in leads II, III, aVF, V1-V2, and wide T-U junction (Tp-Up, 240 ms) were shown in ECGs. He had QTc of 380 ms and QUc of 671 ms.


A series of electrocardiograms conducted in our hospital revealed frequent PVCs with right bundle branch block (RBBB) morphology and bidirectional PVCs, with QTc of 420 ms and QUc of 680 ms (Supplementary Figure 1). Furthermore, frequent PVCs (38% of total beats) in bigeminy and recurrent asymptomatic non-sustained bidirectional or polymorphic ventricular tachycardia (bVT/pVT, 2,659 times VT) were shown in 24-h Holter recording (GE MARS) (Supplementary Figure 2). Atrial electrical abnormalities were not detected during careful rhythm monitoring. U wave was more prominent at a slow heart rate.

The clinical diagnosis of congenital ATS was made based on the typical prolonged QUc interval and enlarged U waves, dysmorphology, and history of paroxysmal hypokalemia. The recurrent syncope was most likely due to sustained VT or ventricular fibrillation (VF). With the diagnosis of ATS and intolerance to β-blocker, the patient was prescribed an oral medication of mexiletine. Considering the high risk of gastrointestinal side effects, a low dose of 300 mg/day (10 mg/kg/day every 8 h) was initially prescribed. Then, the prescribed dosage was gradually increased to 450 mg/day (15 mg/kg/day every 8 h), for which the patient reported occurrence of mild side effects including nausea and loss of appetite. Three days after taking mexiletine, continuous electrocardiograph monitoring showed suppressed ventricular arrhythmias. A 24-h Holter was performed after the treatment showed decreased PVC burden from 38 to 3% of total beats (Figure 3) and absence of ventricular tachycardia. We also measured the patient's electrocardiographic indexes of SCD prediction including heart rate turbulence (turbulence onset and turbulence slope, TO and TS) and T wave alternans, TWA). The result showed a significant difference before and after the treatment (TO 1.84 vs.−1.24%, TS 3.44 vs. 14.17 ms/RR, and TWA 98 uV vs. 77 uV in lead V1). Additionally, the patient was given an exercise stress test (Bruce protocol). The test results revealed a QUc 730 ms at the baseline heart rate 78 bpm and 590 ms during exercise with a heart rate of 121 bpm, a U wave infusion with the P wave, and a “U on P” sign (U-wave masquerading P-wave) at peak heart rate 144 bpm (Supplementary Figure 3). Neither ventricular nor atrial arrhythmia was induced during exercise after taking mexiletine.
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FIGURE 3
 Frequency of ventricular arrhythmia in 24-h Holter recording before and after taking mexiletine 3 days, kinds of ventricular arrhythmias (isolated PVCs, bigeminy PVCs, couplet PVCs, and non-sustained ventricular tachycardia) were suppressed.


Considering the genetic characteristics, we screened the ECGs of his 1st-degree blood relatives. The QT interval was completely normal without a U wave in his parents. The genetic testing of our patient identified a heterozygous missense mutation named c.652C > T (p.R218W, NM_00891, Figure 1B) in the C-terminal interaction domain of KCNJ2. The mutation was a hot spot that caused loss of function and resulted in a dominant-negative effect on Kir2.1 (3). His parents were tested as wild types without mutations (Figure 1B). Therefore, the result showed that our patient carried a de novo mutation.

The patient was discharged from our hospital with a prescription of mexiletine (15 mg/kg/day every 8 h). The patient reported no further experience of severe adverse effects. For over 2 years of outpatient follow-up, he remained symptom-free. A repeat 24-h Holter showed < 0.1% PVC burden. The QUc interval was shortened from 680 to 610 ms with no change in U wave amplitude (Supplementary Figure 4).



Discussion

Andersen-Tawil syndrome (ATS) is a rare inherited disease characterized by specific ventricular arrhythmias including bidirectional or polymorphic ventricular tachycardia (bVT/pVT), periodic paralysis, and dysmorphic features (2). BVT/pVT has been popularly described in ATS excluding digitalis toxicity and catecholaminergic polymorphic ventricular tachycardia (CPVT). Since both ATS and CPVT are rare inherited arrhythmic disorders, there are some clinical similarities between patients with ATS and those with CPVT. Careful differential diagnosis between ATS and CPVT is important before treatment. First, typical QUc prolongation is obvious in widespread limb and/or precordial leads of baseline electrocardiograms in ATS. Second, frequent premature ventricular contractions (PVCs) with right bundle branch block (RBBB) morphology are popular in patients with ATS, while those with left bundle branch block (LBBB) morphology are dominant in patients with CPVT. Third, ventricular arrhythmias are induced during exercise stress test even on effective medication in patients with CPVT while suppressed at peak exercise in patients with ATS (4).

There are two types of ATS based on gene mutation. Type 1 ATS, in which a mutation in the KCNJ2 gene can be identified, accounts for about 60–70% of all patients with ATS, while type 2 (ATS2), of which the genetic cause is still unknown, accounts for the remaining 30–40% of ATS cases. The KCNJ2 gene encodes the Kir2.1 inward rectifier potassium channel protein, which mainly causes prolongation of phase 3 of the action potential with reduced inward rectifier potassium current (IK1) resulting from KCNJ2 mutations (3). Cardiac repolarization duration prolongation leads to distinctive T-U wave morphology and a variety of ventricular arrhythmias. According to the latest ATS-iPS cell-derived cardiomyocytes, the mechanism of ventricular arrhythmia is associated with intracellular calcium overload and sodium/calcium exchanger (NCX) mediated triggered activity (5).

In the expert consensus on the treatment of ATS, the β-adrenergic blocker is a primary option including metoprolol or propranolol in China. However, treatment response varies in patients with the type of arrhythmia. Proportional LQT2 patients and a majority of LQT3 patients showed QT interval prolongation in slow heart rate after taking β-blocker. And the efficacy of β-blockers was controversial for counteracting VAs in patients with ATS (6). In our case, the boy experienced apparent fatigue and bradycardia after receiving metoprolol 11.25 mg twice a day for only 2 days. Flecainide is an alternative anti-arrhythmic agent for patients' intolerant of β-blocker. It can significantly suppress ventricular arrhythmia by directly blocking NCX and irregular calcium release besides blocking the fast-inward sodium channel. Additionally, flecainide may activate IK1 in ventricular myocytes (7). Unfortunately, flecainide is not yet available in China.

Therefore, the class Ib anti-arrhythmic drug mexiletine was proposed as an alternative therapy for patients with partial LQT2, LQT3, and LQT8 (Timothy Syndrome). To date, mexiletine treatment efficacy in ATS (LQT7) with KCNJ2 mutations has rarely been reported. The mechanism underlying the suppression of VAs by mexiletine in ATS has not been fully understood. One possible explanation is that mexiletine inhibits the late Na current (INa−L), thereby reducing NCX and intracellular calcium during the repolarization phase. The physiologic INa−L is intensified by loss of potassium channel function including IKS and IK1. Additionally, the increased INa−L at lower heart rate was named as reverse use-dependence (8), which explains the treatment failure of beta-blocker in patients with ATS. It is important to note that the ratio of the inhibitory concentration at 50% block (IC50) for INa−L block by mexiletine falls within the therapeutic concentration range (9). There are no studies on the effect of mexiletine on the IK1 current. Another interpretation is that mexiletine shortens the action potential duration (APD) of ventricular muscles by activation of the ATP-sensitive potassium channel (KATP) (10), as the QUc interval is shortened by 70 ms in our patient. The most popular adverse effects associated with mexiletine are minor gastrointestinal or neurological effects, which can be tolerated.

In summary, our case demonstrates a new anti-arrhythmic therapy with mexiletine for prevention of life-threatening cardiac events in patients with ATS who are intolerant of β-blocker. Future studies are needed to provide empirical supports for the aforementioned treatment and to further examine the underlying mechanism of its efficacy.
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Case report: Spontaneous bilateral intraocular lens dislocation in a patient with homocystinuria

Bangtao Yao1*, Xujian Chen2, Gang Liu1* and Xiaogui Zhao1*

1Department of Ophthalmology, Nanjing Lishui People’s Hospital, Zhongda Hospital Lishui Branch, Southeast University, Nanjing, China

2Department of Ophthalmology, Nanjing Lishui District Hospital of Traditional Chinese Medicine, Nanjing, China

[image: image]

OPEN ACCESS

EDITED BY
Olivier M. Vanakker, Ghent University, Belgium

REVIEWED BY
Zizhong Hu, Nanjing Medical University, China
D. Ch. Zhang, Pizhou Chinese Hospital, China
Yaowen Song, Shanxi Eye Hospital, China

*CORRESPONDENCE
Bangtao Yao, yaobamtao_njmu@163.com
Gang Liu, lg1974329@163.com
Xiaogui Zhao, zhaoxiaogui_jsph@163.com

SPECIALTY SECTION
This article was submitted to Cardiovascular Genetics and Systems Medicine, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 21 June 2022
ACCEPTED 23 August 2022
PUBLISHED 14 September 2022

CITATION
Yao B, Chen X, Liu G and Zhao X (2022) Case report: Spontaneous bilateral intraocular lens dislocation in a patient with homocystinuria.
Front. Cardiovasc. Med. 9:974842.
doi: 10.3389/fcvm.2022.974842

COPYRIGHT
© 2022 Yao, Chen, Liu and Zhao. 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.

Background: Spontaneous bilateral intraocular lens dislocation of the vitreous cavity is a rare ocular disorder. This article aims to comprehensively describe bilateral spontaneous intraocular lens dislocation with unilateral lamellar macular hole and retinoschisis in a Chinese woman with homocystinuria.

Case presentation: A 72-year-old Chinese woman with homocystinuria presented with a painless bilateral blurring of vision. The slit lamp showed the absence of lenses in both eyes. B-ultrasound and orbital computed tomography (CT) demonstrated bilateral posterior dislocation of the crystalline lenses, and spectral-domain optical coherence tomography (SD-OCT) revealed a lamellar macular hole and retinoschisis in the right eye. Biochemical examination demonstrated that the total homocysteine level was moderately elevated.

Conclusion: This report is the first to present an extensive and valuable description of bilateral intraocular lens dislocation with unilateral lamellar macular hole and retinoschisis secondary to homocystinuria. We have demonstrated that this case was spontaneous and chronic. CT is an effective diagnostic tool for patients with ectopia lentis. Early diagnosis and suitable management of patients with homocystinuria are essential to prevent these complications.

KEYWORDS
ectopia lentis, homocystinuria, spontaneous, high myopia, lamellar macular hole, osteoporosis, CT


Introduction

Homocystinuria is a rare autosomal recessive disease mainly caused by the absence of cystathionine-β-synthase, which is involved in the methionine metabolism pathway, affecting 0.82 in 100,000 the population worldwide (1, 2). Untreated cases result in multisystemic disorders, including ocular diseases, skeletal abnormalities, developmental delay, and thromboembolic events (3).

Ectopia lentis, also known as lens subluxation or dislocation, is the most significant ocular complication in patients with homocystinuria (4). Previous reports have documented that cystathionine-β-synthase deficiency could influence the nutritional metabolism of the lens zonule, leading to their degeneration and disruption (5). A completely dislocated lens can move freely from the original position into the anterior chamber or vitreous cavity, which may result in acute angle-closure glaucoma and uveitis (1, 6).

To our knowledge, complete lens dislocation into the vitreous cavity associated with a lamellar macular hole and retinoschisis in homocystinuria has not been reported.



Case description

A 72-year-old Chinese woman with homocystinuria presented with a bilateral painless blurring of vision for several decades. She said that the problem had occurred since childhood; however, it had remained untreated. The patient did not complain of metamorphopsia or recent vision deterioration. The patient did not also complain of any other systemic symptoms, such as chest tightness, palpitation, dizziness, or headache. The patient had no history of trauma or surgery, high blood pressure, diabetes mellitus, hyperlipidemia, coronary atherosclerotic heart disease, Marfan syndrome, or Marchesani syndrome. The patient’s parents were close relatives.

On examination, her height and weight were 165 cm and 66.2 kg, respectively. The best-corrected visual acuity was 20/300 OD and 20/250 OS, with a refractive status of +5.25/−2.75 × 25 OD and +5.75/−3.25 × 154 OS. The anterior segment showed the absence of lenses in both eyes. Fundus examination revealed optic atrophy, staphyloma, and chorioretinal atrophy. The initial intraocular pressure was 16 mm Hg OD and 17 mm Hg OS, and the axial length was 31.11 mm OD and 29.33 mm OS. B-ultrasound showed that the lenses were located in the vitreous cavity in both eyes (red arrows, Figure 1). Orbital computed tomography (CT) demonstrated free-floating lenses in the posterior poles (yellow arrows, Figure 2), and spectral-domain optical coherence tomography (SD-OCT) revealed a lamellar macular hole and retinoschisis in the right eye (Figure 3).


[image: image]

FIGURE 1
B-ultrasound showed that the lenses were located in the vitreous cavity in both eyes (red arrows).
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FIGURE 2
Orbital computed tomography (CT) demonstrated free-floating lenses in the posterior poles (yellow arrows).
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FIGURE 3
Spectral-domain optical coherence tomography (SD-OCT) revealed the lamellar macular hole and retinoschisis in her right eye.


The plasma total homocysteine concentration was 49.1 μmol/L (normal 0–15). The X-ray bone density test showed osteoporosis (−2.9 g/cm2), and a slender appearance with arachnodactyly was not observed. All other investigations were normal.

The patient was diagnosed with homocystinuria, osteoporosis, ectopia lentis, lamellar macular hole, and retinoschisis. The patient was treated with vitamin B6 and folic acid. She chose to defer surgery and was advised to undergo physical and ophthalmic examinations every 6 months. During the 3-year follow period, her condition remained stable. The patient did not provide any other chief complaints. Her intraocular pressure was normal, and SD-OCT images remained unchanged.



Discussion

Homocystinuria is a rare autosomal recessive metabolic disease caused by cystathionine-β-synthase deficiency (1). It is diagnosed by elevated plasma total homocysteine concentration (7). Clinically, it is characterized by ocular disorders, skeletal abnormalities, developmental delays, and thromboembolic events (3).

Ocular complications secondary to homocystinuria include ectopic lentis, high myopia, secondary pupillary block glaucoma, optic atrophy, and retinal detachment. Ectopia lentis (lens subluxation or dislocation) is the most significant manifestation of these complications and was first described by Dr. Karl Stellwag in 1856 (1, 4).

Ectopia lentis is typically inferonasal and has been observed in more than 90% of untreated patients with homocysteinemia in their third decade of life (1). Age has been reported as a predictor of zonular instability and disruption, and complete dislocation is frequently observed in older patients (1). The lens can move significantly either into the anterior chamber or the vitreous cavity with or without angle-closure glaucoma. However, bilateral posterior lens luxation is rare.

The biochemical mechanism of ectopia lentis in homocystinuria is not yet fully understood. Defects in fibril disulfide bridges may provide a biochemical basis for lens dislocation (5). Previous reports have shown that the deficiency of cystathionine-β-synthase could influence the nutritional metabolism of the lens zonule, which causes their degeneration and rupture. Furthermore, elevated homocysteine levels may interfere with the cross-linking of sulfhydryl groups in elastin (8).

Myopia is secondary to lens instability and axial elongation in patients with homocysteinemia. Previous reports have documented that high myopia is related to pathological changes in weak scleral connective tissue, and it was present in almost 45% of homocystinuria cases (4). Hsia et al. suggested that a lamellar macular hole in association with retinoschisis is specific to myopic tractional maculopathy (9). In the present case, a lamellar macular hole and retinoschisis secondary to high myopia were observed on SD-OCT images. A lamellar macular hole is a common macular structural defect in high myopia tractional maculopathy; however, its formation is complicated. Lamellar hole-associated epiretinal proliferation and posterior vitreous adhesion occur more frequently in eyes with high myopia (10).

In the present case, homocystinuria presented with ophthalmic manifestations of osteoporosis. Other complications, such as developmental delay and thromboembolism, were not present, possibly due to the well-controlled homocysteine concentration for decades.

Bilateral ectopia lentis is closely associated with several systemic disorders (6). Therefore, differential diagnoses, such as Marfan syndrome, should be carefully addressed. Patients with Marfan syndrome typically have arachnodactyly and a tall slender appearance, and ectopia lentis is commonly subluxated and superior temporal (11).

Clinically, vitamin B6 and folic acid have proven effective for homocystinuria, reducing the incidence of complications (1). However, the treatment of ectopia lentis remains controversial. Surgical intervention in patients with anterior lens dislocation with or without secondary acute glaucoma is recommended. Surgical decisions must be made with caution in cases, where the lens is dislocated into the vitreous cavity, as postoperative retinal detachment and vitreal prolapse have been reported (12). In the present case, the patient chose to defer surgery and was treated with vitamin B6 and folic acid. During the 3-year follow-up period, her condition remained stable.

However, the present study has some limitations. First, the sample size of this study was small. Second, the enzyme activity assay was not performed.

In conclusion, we described the first case of bilateral intraocular lens dislocation with a lamellar macular hole and retinoschisis in a patient with homocystinuria. We have demonstrated that this case was spontaneous and chronic. Neonatal screening and early diagnosis are essential for preventing these complications.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by the Nanjing Lishui People’s Hospital. The patient/participant provided their written informed consent to participate in this study and for the publication of this case report.



Author contributions

BY wrote the manuscript, established the diagnosis, and reviewed the manuscript. XC dealt with the figures and consulted the literature. GL edited the manuscript. XZ reviewed the manuscript. All authors have read and approved the final manuscript.



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.



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/fcvm.2022.974842/full#supplementary-material



References

1. Harrison DA, Mullaney PB, Mesfer SA, Awad AH, Dhindsa H. Management of ophthalmic complications of homocystinuria. Ophthalmology. (1998) 105:1886–90. doi: doi.org/10.1016/S0161-6420(98)91035-1

2. Weber Hoss GR, Sperb-Ludwig F, Schwartz IVD, Blom HJ. Classical homocystinuria: a common inborn error of metabolism? An epidemiological study based on genetic databases. Mol Genet Genomic Med. (2020) 8:e1214. doi: doi.org/10.1002/mgg3.1214

3. Sellos-Moura M, Glavin F, Lapidus D, Evans K, Lew CR, Irwin DE. Prevalence, characteristics, and costs of diagnosed homocystinuria, elevated homocysteine, and phenylketonuria in the United States: a retrospective claims-based comparison. BMC Health Serv Res. (2020) 20:183. doi: 10.1186/s12913-020-5054-5

4. Gus PI, Donis KC, Marinho D, Martins TF, de Souza CFM, Carloto RB, et al. Ocular manifestations in classic homocystinuria. Ophthal Genet. (2021) 42:71–4. doi: doi.org/10.1080/13816810.2020.1821384

5. Gerding H. Ocular complications and a new surgical approach to lens dislocation in homocystinuria due to cystathionine-beta-synthetase deficiency. Eur J Pediatr. (1998) 157(Suppl. 2):S94–101. doi: 10.1007/pl00014312

6. Miraftabi A, Zand A, Abri Aghdam K. Unilateral and spontaneous complete anterior dislocation of the crystalline lens in a patient with homocystinuria. Cureus. (2021) 13:e14655. doi: 10.7759/cureus.14655

7. Garland J, Prasad A, Vardy C, Prasad C. Homocystinuria: challenges in diagnosis and management. Paediatr Child Health. (1999) 4:557–62.

8. Hua N, Ning Y, Zheng H, Zhao L, Qian X, Wormington C, et al. Recurrent dislocation of binocular crystal lenses in a patient with cystathionine beta-synthase deficiency. BMC Ophthalmol. (2021) 21:212. doi: 10.1186/s12886-021-01974-8

9. Hsia Y, Ho TC, Yang CH, Hsieh YT, Lai TT, Yang CM. Clinical characteristics and long-term evolution of lamellar macular hole in high myopia. PLoS One. (2020) 15:e0232852. doi: 10.1371/journal.pone.0232852

10. Lai TT, Yang CM. Lamellar hole-associated epiretinal proliferation in lamellar macular hole and full-thickness macular hole in high myopia. Retina. (2018) 38:1316–23. doi: doi.org/10.1097/IAE.0000000000001708

11. Morris AA, Kožich V, Santra S, Andria G, Ben-Omran TI, Chakrapani AB, et al. Guidelines for the diagnosis and management of cystathionine beta-synthase deficiency. J Inherit Metab Dis. (2017) 40:49–74. doi: doi.org/10.1007/s10545-016-9979-0

12. Monera Lucas CE, Escolano Serrano J, Romero Valero D, Fernández Martínez C, Navarro Navarro A, Martínez Toldos JJ. Posterior bilateral lens luxation in an agitated patient: cause or consequence? Arch Soc Esp Oftalmol. (2021) 96:93–6. doi: doi.org/10.1016/j.oftale.2020.07.015












	
	TYPE Case Report
PUBLISHED 16 September 2022
DOI 10.3389/fcvm.2022.899283






De novo LAMP2 insertion mutation causes cardiac-only Danon disease: A case report

James Jiqi Wang1,2†, Bo Yu1,2†, Xiuli Song1,2 and Hong Wang2,3*


1Division of Cardiology, Department of Internal Medicine, Tongji Medical College, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China

2Hubei Key Laboratory of Genetics and Molecular Mechanism of Cardiological Disorders, Tongji Medical College, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China

3Genetic Diagnostics Center, Tongji Medical College, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China

[image: image2]

OPEN ACCESS

EDITED BY
Neil Morgan, University of Birmingham, United Kingdom

REVIEWED BY
Kazuma Sugie, Nara Medical University, Japan
 Friederike Zunke, University Hospital Erlangen, Germany

*CORRESPONDENCE
 Hong Wang, alextowh@163.com

†These authors have contributed equally to this work

SPECIALTY SECTION
 This article was submitted to Cardiovascular Genetics and Systems Medicine, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 18 March 2022
 ACCEPTED 20 June 2022
 PUBLISHED 16 September 2022

CITATION
 Wang JJ, Yu B, Song X and Wang H (2022) De novo LAMP2 insertion mutation causes cardiac-only Danon disease: A case report. Front. Cardiovasc. Med. 9:899283. doi: 10.3389/fcvm.2022.899283

COPYRIGHT
 © 2022 Wang, Yu, Song and Wang. 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.



Danon disease is a rare disease caused by glycogen storage lysosomal disorder. It is related to the pathogenic mutation of the LAMP2 gene. In this case report, we present a patient with a novel pathogenic mutation (c.764_765insGA) with cardiac-only symptoms. Her family members do not carry the same mutation she does, suggesting this is a de novo mutation. Further tests revealed vacuoles and glycogen disposition in the patient's heart tissue and a significant decrease in LAMP2 protein expression. Protein structure remodeling of LAMP2 predicted that the mutant protein has conformational change lacking an important transmembrane domain, subsequently causing protein destabilization.

KEYWORDS
 Danon disease, Sanger sequencing, genetic diagnosis, LAMP2, hypertrophy


Introduction

Danon disease (OMIM: 300257) is an X-linked dominant disorder caused by a defect of the lysosome-associated membrane protein 2 (LAMP2) gene (1). LAMP2 is essential in the progress of the autophagosome maturation (2). Mutations of LAMP2 identified in Danon disease lead to splicing defects or protein truncation, which underlies LAPM2 deficiency in skeletal and cardiac muscles (1). Defect of LAMP2 caused impaired autophagosome-lysosome fusion and degradation, which leads to failure of cellular autophagy and accumulation of glycogen granules and autophagic vacuoles (3).

Danon disease is clinically characterized by a triad of skeletal myopathy, intellectual disability, and cardiomyopathy (4). Due to haploinsufficiency, male patients are usually more severely affected than female patients and are often the proband of this disease (5). The impact on the skeletal muscle manifests as myalgia, poor exercise tolerance, and fatigue (1). Serum creatine kinase (CK) levels are often elevated in male patients with skeletal muscle involvement and in female patients, serum CK levels are usually normal or mildly elevated (1). Mild to moderate intellectual disabilities are found in 70%-100% of male patients and 50% of female patients exhibit mild mental disorder (6, 7). Patients with Danon disease mainly manifest conduction abnormalities and cardiomyopathy. Wolf-Parkinson-White syndrome predominates in electrocardiograph (ECG) abnormalities (69% of patients) and others include supraventricular tachycardia, delta waves, high precordial voltage, and complete ventricular block (AVB) (8). Cardiomyopathy is the predominant and most life-threatening manifestation for a patient with Danon disease, including dilated cardiomyopathy and hypertrophic cardiomyopathy (HCM). Cardiac syndromes include chest tightness, heart murmur, fatigue, or palpation. In male patients, cardiac symptoms usually began in infancy/childhood or adolescence, while females present with slower progression and later onset of the disease. In some female patients, the cardiac disease may act as an isolated clinical feature (73%) (2).

The exact prevalence of Danon disease is not clear. The diagnosis of Danon disease is gradually increasing with the development of gene testing. Unfortunately, cardiac transplantation and implantable cardioverter defibrillator (ICD) are the only therapeutic interventions for Danon disease (9, 10). According to a study, without heart transplantation, the mean age of death in males is 19.0 ± 8.0 and 34.6 ± 15.5 in females (6). Thus, an early diagnosis and clinical intervention are essential to prevent the lethal prognosis of this disease.

Herein we report a Danon disease case carrying a novel frameshift (c.764_765insGA) LAMP2 variant who only manifested cardiac symptoms. Her family members did not share her mutation or phenotype, suggesting that this was a de novo mutation.



Materials and methods


Whole exome sequencing

The proband and her family members' genome DNA were extracted from their peripheral blood via QIAamp DNA Mini Kit (Qiagen, Germany) and quantified with the Nanodrop 2000 (Life Technology, USA).

To thoroughly identify the potentially pathogenic gene, whole exome sequencing was carried out using the proband's DNA. Qualified samples were exome sequenced using the SureSelect Human All Exon library kit (Agilent, USA) and Novaseq 6000 or Hiseq Xten platform in the paired-end mode of 150 base pairs (Illumina, California, USA). The whole exome sequencing (WES) data were processed in accordance with the best practice of The Genome Analysis Toolkit. The resulting variants were annotated using ANNVAR. Rare variants were defined as those with a minor allele frequency of <0.001 in East Asian databases from ExAC, The 1000 Genomes Project, and gnomAD.



Sanger sequencing

Potentially identified mutation and low coverage regions (<20 folds) were verified via Sanger sequencing with specific primers. Validated mutations were also Sanger sequenced in the patient's relatives and extra 800 unrelated Chinese health controls.



Pathological analysis and immunohistochemistry analysis

Biopsy specimens were obtained from the patient's left ventricle. Hematoxylin-eosin (HE) and Periodic acid-Schiff (PAS) staining were performed to investigate the patient's myocardial structure and glycogen disposition. For immunohistochemistry, a primary antibody against LAMP2 (1:100 dilution) was obtained from Abclonal (China, A14017) and a secondary antibody (goat anti-rabbit, 1:2000 dilution) was obtained from Abcam (England, ab205718).



Proteome expression analysis

We performed proteomic analysis to further investigate protein expression caused by this mutation using white blood cells from the patient's peripheral blood. Workflow of blood samples prepared before the proteomic measurement is described elsewhere (11). Samples were measured using an LC-MS instrument consisting of an EASY-nLC 1200 ultra-high-pressure system (Thermo Fisher Scientific) coupled via a nano-electrospray ion source to Fusion Lumos Orbitrap (Thermo Fisher Scientific). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXD034265. LAMP2/ACTB ratio was used to compare the expression of LAMP2 between the patient and healthy controls.



Protein structure remodeling

We predicted the structure of the mutant protein using a deep learning technique. The specific protein structural modeling open-source code using AlphaFold Protein Structure Database is available at (https://github.com/deepmind/alphafold) (DeepMind Technologies, USA). Figures were presented via UCSF ChimeraX (RBVI, USE) (12).




Results


Case report

The proband was a 25-year-old female who complained of intermittent chest distress and shortness of breath for half a month before being admitted to our hospital. Symptoms were relieved automatically after a few minutes. According to the patient, she had experienced similar cardiac symptoms in the past few years with no significant inducement. The patient had mild myopia which can be corrected with glasses. Intelligence Quotient (IQ) test showed normal results (IQ: 111). She denied having symptoms of skeletal muscle and the electromyogram did not show abnormal electrical activity. Her parents (father, 52 y, and mother, 50 y) did not show any cardiac, skeletal muscle, or mental disorder and neither did her 6-year-old brother. On admission, her body temperature was 36.3°C, pulse 60 bpm, respiratory rate 20/min, and blood pressure 90/61 mmHg. Blood biochemistry tests indicated slightly elevated aspartate aminotransferase (AST, 42 U/L, normal range: 0–32 U/L), alanine aminotransferase (ALT, 38 U/L, normal range: 0–33 U/L), and normal level of creatine kinase (CK, 75 U/L, normal range: 0–170 U/L). Blood routine examination revealed elevated white blood cells (WBC, 16.35*10∧9/L) and neutrophils (12.45*10∧9/L). Myocardial markers showed significantly elevated amino terminal brain natriuretic peptide precursor (NT-proBNP, 2,276 pg/ml) and hypersensitive cardiac troponin I (hscTNI, 3,171.7 pg/ml). Respiratory pathogen antibody test showed positive influenza A virus IgM, mycoplasma pneumonia IgG, and chlamydia IgG. The patient was first diagnosed with acute myocarditis and was treated with mechanical circulatory support measurement (intra-aortic balloon counterpulsation) in accordance with the procedures previously reported because of shock (13). The patient's vital signs stabilized after 8 days. However, during hospitalization, her echocardiogram (Figure 1) indicated a thickness of the interventricular septum (basal segment: 9 mm; middle segment: 14 mm; apical segment: 14 mm), left ventricular posterior wall (14 mm), and apical segment of the anterolateral wall (11 mm). Holter monitor and ECG (Supplementary Figure 1) showed a short PR interval (76 ms), “delta wave,” and lowered ST segment (V4–V6), suggesting preexcitation of the ventricle. In order to differentiate from myocardial edema which also presents a transient thickness of cardiac muscle, another echocardiogram was performed before discharge and the result still showed a thickened interventricular septum (basal segment: 9 mm; middle segment: 16 mm) and left ventricular posterior wall (11 mm). For genetic testing, genomics was extracted from the patient's peripheral blood and genetic sequencing revealed a novel frameshift heterozygous mutation (c.764_765insGA) of LAMP2. However, her mother, father, uncle, and aunt did not have the same mutation (Figure 2A). Her 6-year-old younger brother had normal development and did not experience chest distress, shortness of breath, palpitation, or exhibit other cardiac symptoms. The patient's family refused echocardiogram and genetic testing for the patient's brother (Figure 2A).


[image: Figure 1]
FIGURE 1. Echocardiogram of the patient. The echocardiogram showed thickened interventricular septum and left ventricular posterior wall. Blue cross marked part: interventricular septum, thickness was 1.4 cm; Green cross marked part: posterior wall of left ventricle, thickness was 1.4 cm; Yellow scale bar shows length in cm.
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FIGURE 2. Clinical and genetic characteristics of the pedigree. (A) Family tree of the cardiac-only Danon disease pedigree. (B) Sanger sequencing of the family. Colored blocks indicate evolutionary conservation of the cluster across multiple species.




Genetic analysis

Through filtering and Sanger sequencing, we found a pathogenic heterozygous frameshift mutation, c.764_765insGA, following the ACMG guideline (14). We did not identify any other potentially pathogenic variant of CNVs of known ion channelopathy or hypertrophic cardiomyopathy-related genes. Neither was it found in the extra 800 unrelated Chinese healthy controls. Moreover, this mutation was absent in public databases (Clinvar: https://www.ncbi.nlm.nih.gov/clinvar/, ExAC: http://exac.broadinstitute.org/ and HGMD: http://www.hgmd.cf.ac.uk/ac/search.php) is evolutionary, and highly conserved across multiple species (Figure 2B). The mutation was not identified in her parents or other family members, which suggested this novel frameshift mutation was a de novo one.



Pathological and immunohistochemical analysis

HE staining of the endocardial biopsy sample section revealed ambiguous cell boundary, and karyopyknosis of the cell nucleus (Figures 3A,B), indicating destruction of myocardiocytes. The PAS staining showed abnormal cell structure, small vacuoles, and glycogen disposition within muscle fibers (Figures 3A,B), which is consistent with the canonical histological feature of Danon disease. Immunohistochemical (IHC) staining of the patient's myocardial slice against LAMP2 showed high and low expressing patches (Figure 4C).


[image: Figure 3]
FIGURE 3. Pathological analysis of patient's cardiac muscle specimen. (A) HE staining of patient's heart tissue. The square shows destructed cardiac cell structure. Arrows indicate small vacuoles within cells. (B) PAS staining of patient's heart tissue. Blue arrows indicate glycogen disposition within the muscle fiber. Black arrows indicate small vacuoles within cells.
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FIGURE 4. Structure and expression changes caused by mutant LAMP2. (A) in-silico structural modeling of wild-type LAMP2. The orange part shows the part that is truncated in the mutant LAMP2. The blue segment indicates the lumenal part of LAMP2. The white segment indicates the transmembrane part of LAMP2. The orange segment indicates the cytoplasmic part of LAMP2. (B) In-silico structural modeling of mutant LAMP2. The red segment indicates the mistranslated segment caused by the insertion mutation. The transmembrane helical domain is missing. (C) Immunohistochemical analyses for LAMP2. (D) Relative expression of LAMP2 in patient's and healthy controls' peripheral blood measured via proteomic analysis.




Proteome expression analysis

Proteomic analysis revealed a decreased expression of the patient's LAMP2 compared with other healthy controls. LAMP2 was normalized by internal reference (ACTB). LAMP2 Expression of the patient was significantly lower than healthy controls (Figure 4D, Supplementary Table 1). On average, healthy controls express 26.83 ± 12.87 times more LAMP2 than patients carrying c.764_765insGA mutation.



Protein structure remodeling

The c.764_765insGA inserting mutation causes a mistranslation in the downstream and premature termination to 281-amino-acid residues. Significant differences were found between the mutant and wild-type LAMP2 (Figures 4A,B); i.e., the truncated mutant protein lacks transmembrane helical domain and cytoplasmic domain, leading to abnormal protein function.




Discussion

To date, more than 200 pathogenic mutations have been reported, covering exon 1 to exon 9. Through genetic sequencing, we identified a novel LAMP2 frameshift (c.764_765insGA) mutation. The frameshift mutation in our patient caused premature termination of protein translation 46 amino acids forward. Unlike most other cases, the proband of this case is female. Her parents and relatives, however, who are all over 50 years old, did not share the same mutation or symptom with her, and neither did her 6-year-old brother. These findings suggest that this is a de novo pathogenic mutation. The mutation we revealed was absent in the unrelated 800 healthy controls, the Exome Aggregation Consortium (ExAc), ClinVar, and HGMD databases. According to the ACMG guideline and standard, this mutation should be categorized as a pathogenic mutation (PVS1+PS2+PM2). What is worth noting is that she was first presented with myocarditis, and we wondered if there was a potential correlation between Danon disease and myocarditis. However, we did not find any cases of Danon diseases combined with myocarditis. Thus, to the best of our knowledge, this is the first Danon disease case that presented first with myocarditis. Whether there is a connection between the susceptibility of myocarditis and the destruction of heart structure requires further investigation. What caught our attention is that the primary diagnosis of the patient was not Danon disease. If a gene diagnosis test was not taken into consideration, her pathogenic mutation may not have been revealed and may pass on to her offspring, which would cause a huge emotional and economic burden to this family. This reflects the important role genetic test plays in the diagnosis of patients.

As the main components of the lysosomal membrane LAMP2 are thought to protect the lysosomal membrane from hydrolytic enzymes, studies have proven a more crucial role of LAMP2 compared to LAMP1 (15). To further investigate the impact of this mutation, a heart biopsy was obtained from her left ventricle. HE staining of the section revealed unstructured cardiac cells (Figure 3A). PAS staining showed small vacuoles and glycogen disposition within cardiac muscle fibers (Figure 3B), which was similar to previously reported pathological features of the Danon disease (2). IHC staining of the heart tissue showed high and low expressing patches of LAMP2 (Figure 4C). Protein structure remodeling via deep learning technique predicted that the mutation lacks the vital cross membrane domain which may lead to an unstabilized protein structure. Further proteomic analysis revealed a considerable decrease in the patient's LAMP2 expression (Figure 4D), which is in accordance with protein structure prediction, contributing to the deficiency of functioning LAMP2. Unlike most cases, the proband of this case is female. Her symptoms did not cover all the classical clinical triad mentioned above, but only presented with cardiac hypertrophy and preexcitation of the ventricle. This is probably due to the haploinsufficiency of her heterozygous mutation. This is in accordance with previously reported female Danon disease patients, where only one-third of female patients had skeletal myopathy and 50% had cognitive disorders (1). Haploinsufficiency is a very important finding regarding the pathophysiology of female Danon disease patients. Sugie et al. reported a female Danon disease patient whose LAMP2 was significantly decreased (only 1/6 compared to control) and had severe cardiomyopathy but no skeletal myopathy while her son had both heart and skeletal muscle involvement (16). In 2016 they reported another Danon disease female patient whose LAMP2 decreased by 50% (LAMP2-haploinsufficiency) (17). These female Danon disease patients with heterozygous pathogenic LAMP2 mutation shared similar LAMP2 expression features and symptoms with the patient in this report.

To date, the ClinVar database included 29 frameshift mutations of the LAMP2 gene. Compared with missense mutations, frameshift mutations generally cause more severe damage to the protein's length and structure. Thus, all the reported 29 frameshift mutations are categorized as “likely pathogenic” or “pathogenic.”

In conclusion, we identified a de novo frameshift mutation in a Danon disease female patient that only presented with cardiac hypertrophy and preexcitation. To the best of our knowledge, this mutation has not been reported earlier. This finding enriches the pathogenic gene spectrum of LAMP2 and facilitates future genetic counseling and genetic diagnosis.
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Background: Desmin is an intermediate filament protein that plays a critical role in the stabilization of the sarcomeres and cell contacts in the cardiac intercalated disk. Mutated DES gene can cause hereditary cardiomyopathy with heterogeneous phenotypes, while the underlying molecular mechanisms requires further investigation.

Methods: We described a Chinese family present with cardiomyopathy and sudden cardiac death (SCD). Whole-exome sequencing (WES) and bioinformatics strategies were employed to explore the genetic entity of this family.

Results: An unknown heterozygote missense variant (c.1300G > A; p. E434K) of DES gene was identified. The mutation cosegregates in this family. The mutation was predicted as pathogenic and was absent in our 200 healthy controls.

Conclusion: We identified a novel DES mutation (p. E434K) in a Chinese family with cardiomyopathy and SCD. Our study not only provided a new case for the study of the relationship between DES mutations and hereditary cardiomyopathy but also broadened the spectrum of DES mutations.
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Introduction

Hereditary cardiomyopathy is defined as a primary cardiac disease caused by genetic deficiencies of cardiac muscle (1). Highly heritable but genetically diversely, hereditary cardiomyopathies represent multiple clinical phenotypes, including dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM), arrhythmogenic cardiomyopathy (ACM), non-compaction cardiomyopathy (NCM), and other or mixed phenotypes (2). To date, mutations in over 50 genes have been identified as the causative factor for different forms of cardiomyopathies (3). Proteins encoded by these pathogenic genes, such as sarcomere proteins, nuclear envelope proteins, cytoskeletal proteins, desmosomal proteins, and calcium/sodium-handling proteins of sodium channel, voltage-gated, are strongly linked with the occurrence of cardiomyopathy (4). However, there is no clear genotype–phenotype correlations of cardiomyopathy yet, which poses challenges to clinical diagnosis.

Desmin is an important intermediate filament (IF) protein principally expressed in cardiac, skeletal, and smooth muscle tissue (5). Encoded by the gene DES, desmin plays a key role in the mechanical stabilization of the striated muscle sarcomeres and cell contacts within the cardiac intercalated disk (ID) (5). Mutations in DES gene have been reported to be associated with skeletal myopathy and different hereditary cardiomyopathies (6). Nevertheless, the exact molecular mechanism of how DES mutations lead to these diseases, especially in cardiomyopathies, is not fully understood.

In this study, we described a Chinese family with cardiomyopathy and sudden cardiac death (SCD). Employing whole-exome sequencing (WES) technology and bioinformatics strategies, we identified a novel heterozygous mutation in DES gene which may be responsible for the genetic entity of this family.



Case description


Clinical features

A Chinese family with cardiomyopathy and SCD was encountered. The proband (II-5) was a 50-year-old woman from the central south region of China (Hunan Province) (Figure 1A). For more than a decade, she suffered from intermittent chest tightness and palpitation with two syncope episodes experience. According to her medical history, the proband was suspected to be Brugada syndrome in the previous treatment; however, she refused to be further hospitalized for testing and treatment then. During 1 week before her admission, she had increased chest tightness and brief syncope at work, and therefore, she was admitted to our hospital. Physical examination at admission showed high blood pressure (180/130 mmHg). The electrocardiogram (ECG) records showed sinus rhythm, over-load volume of the left ventricle (Figure 1B), but this is not typical for Brugada. The results of ambulatory ECG (AECG) have been shown in Supplementary Figure 1. An echocardiographic assessment revealed the enlargement of left ventricle (LV) and left atrium (LA) (56 and 40 mm, respectively; normal values: <50 and <28 mm, respectively), accompanied by a significant decrease in LV compliance (LVC). Coronary angiography suggested a myocardial bridge and mild stenosis of the left anterior descending artery (Supplementary Figure 2). No myopathies, neurological or bone abnormalities, were found in the proband. Further family history investigation found hypertension in her father (I-1), who died of possible coronary heart disease at age of fifty-two. Her eldest brother (II-1) also suffered from repeated attacks of syncope. Both her eldest brother (II-1) and her third brother (II-3) had SCD. Her sister (II-4) had a history of hypertension. The rest of her family members were healthy and no other malformations were observed in this family (Table 1 and Figure 1A). Given the family history of SCD, the proband received an implantable cardioverter-defibrillator (ICD) and returned for scheduled visits. On the other hand, 200 healthy subjects as described in our previous study were enrolled in this study to exclude polymorphisms (7).
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FIGURE 1
The clinical and sequencing data of this family. (A) The genealogy of this family. Squares indicate male family members and circles indicate female members. The black symbols represent the clinically affected members. The white symbols represent unaffected and healthy members. The arrow shows the proband. Crossed-out symbols stand for deceased relatives. ± represents heterozygous DES-p. E434K variant. + / + represents a wild type. (B) ECG of the proband. (C) Sanger DNA sequencing chromatogram detected a heterozygous mutation (c.1300G > A; p. E434K) of DES gene in the proband. (D) Alignment of multiple DES protein sequences across species. Letters in red show the E434 site is evolutionarily conserved.



TABLE 1    Clinical data of patients in this family.
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Genetic analysis

Whole-exome sequencing yielded 11.7 Gb of data with 99.5% coverage of the target region and 99.1% of the target covered over 10 ×. Data quality control steps, co-segregation, and bioinformatics analysis were performed following the published literature and our previous published studies (8–11). After preliminary screening, variants were further filtered by cardiomyopathy-related genes list as described in our previous study (12). A set of eight variants in eight genes were detected and were further analyzed. Bioinformatics annotations of the eight variants are shown in Table 2. Sanger sequencing was performed on all available family members and showed that a novel heterozygous mutation (c.1300G > A; p. E434K) of the DES gene (NM_001927.4) may underlie the genetic factor of this family (Figure 1C). Sanger sequencing confirmed that all living affected members in this family, including the proband (II-5) and her sister (II-4), harbored this heterozygous missense mutation in DES. DNA samples of other affected family members (I-1, II-1, and II-3) were unavailable. This mutation was neither identified in the unaffected living family members (II-2 and III-1) (Table 2), nor in our 200 healthy controls. Alignment of desmin amino acid sequences revealed that E434 is conserved in different species (Figure 1D). Modeling of proteins before and after missense mutation was performed by the SWISS-MODEL.1 Results revealed that the missense mutation at E434K may lead to the changing of protein surface charge as marked by red arrow in Figure 2A. In the WT desmin protein, E434 is hydrophobic with S432 and R436. In the mutated desmin protein, the hydrophobic effect with S432 disappeared after E434K mutation, while the hydrophobic effect with R436 remained (Figure 2A). Furthermore, MetaDome software2 indicated that the affected residue, E434, is located in an intolerant region of desmin (Figure 2B).


TABLE 2    Variants identified by WES in this family.
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FIGURE 2
The bioinformatics analysis of mutations. Structure prediction of the mutant protein. The wild-type DES (DES-WT) protein structure and the p. E434K mutant DES (DES-p. E434K) protein structure were predicted by SWISS-MODEL online software. (A) Red arrow shows the charged change of desmin protein. In the DES-WT protein, E434 is hydrophobic with S432 and R436. In the DES-p.E434K protein, the hydrophobic effect with S432 disappeared after E434K mutation, while the hydrophobic effect with R436 remained (B) MetaDome server was used to identify the intolerant regions in DES. As depicted, the affected nucleotide/residue is located in an intolerant region. (C) Overview of all reported phenotypes caused by DES mutations. ARVC, arrhythmogenic right ventricular cardiomyopathy; AVP, autophagic vacuolar pathology; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LVNC, left ventricular non-compaction; RCM, restrictive cardiomyopathy; SCD, sudden cardiac death; SUD, sudden unexplained death.





Discussion

In this case report, we reported a Chinese family with cardiomyopathy and SCD. The proband suffered from hypertension and recurrent syncope. Employing WES combined with cardiomyopathy-related gene-filtering, an unknown heterozygous mutation (c.1300G > A; p. E434K) of DES gene was detected and might be the pathogenic genetic factor in this family. Of note, the case history investigation of proband’s sister (II-4) revealed that she had hypertension with occasional chest tightness while without a history of syncope. Since recent studies have pointed out that mutations in DES gene may cause cardiac myopathies with a broad spectrum of pathological phenotypes within the same family (13). The same is suspected in this family of the present study. Unfortunately, the proband’s sister (II-4) refused to cooperate with further tests because of financial reasons.

Desmin is an IF protein that is prominently expressed in cardiac, skeletal, and smooth muscle tissue (5). As a kind of typical IF proteins, desmin consists of a head domain, a central homologous rod domain, and a tail domain (14). The structure of desmin is related to the assembly mechanism of IF. Different disease-causing DES mutations interfere at different stages within this assembly process (15, 16). In our study, the missense mutation (p. E434K) locates in the tail domain that alters the acidic glutamic acid at position 434 to a basic lysine acid. This missense mutation at E434 site may lead to the charged change in desmin protein. The hydrophobic effect of amino acid residues near the mutant site may also be affected (Figure 2A). Although the exact molecular function of the desmin tail domain is not well understood, it is suggested that the tail domain participates in width control of unit length filaments and mediates Ca2+- or Mg2+-dependent cross-linking (17, 18). Moreover, changes in hydrophobicity of amino acid residues may also affect the formation of a hydrophobic seam, which further leads to filament formation defects (6). Thus, we suggested that the missense mutation (p. E434K) detected in DES gene may be disease-causing, in line with the previous studies.

According to published literature, mutations in DES gene can cause myopathies or cardiomyopathies with heterogeneous phenotypes (19). Some patients with DES mutations may also present a combined skeletal and cardiac myopathy. For cases with cardiomyopathies, the spectrum of cardiac phenotypes associated with DES mutations ranges from DCM, HCM, RCM, arrhythmogenic right ventricular cardiomyopathy (ARVC), and left ventricular cardiomyopathy (LVNC). Most of the DES mutations were detected in DCM. The associated clinical phenotypes of some mutations overlap significantly. For example, DES-p. K144* has been reported in both DCM and HCM. Moreover, DES-p. P419S and DES-p. R454W have been reported in different cardiomyopathies, including DCM, HCM, ARVC, and RCM (6). These DES mutations may be associated with an incomplete penetrance and diverse expressivity. Recent studies have pointed out that mutations in DES gene may cause cardiac myopathies with a broad spectrum of pathological phenotypes within the same family (20–24). Some complex or mixed phenotypes had been also reported in rare cases with atypical or unknown cardiomyopathy (6). Nevertheless, it is still not clear why phenotypes caused by DES mutations are diverse. A brief review of these reported phenotypes according to the Human Gene Mutation Database (HGMD)3 is shown in Figure 2C, which may help the diagnosis of diseases associated with DES mutations. It is worth noting that less than 1% of cases reported cardiomyopathy as coexists with SCD, which suggested that the family reported in our study is relatively rare. Of note, the mutation (c.1300G > A; p. E434K) of DES gene identified in the present study has not been published, therefore, is considered novel.



Conclusion

We used WES to explore the genetic entity in a Chinese family with cardiomyopathy and SCD. A novel heterozygous missense mutation (c.1300G > A; p. E434K) of DES gene was detected. Our study not only provided a new case for the study of the relationship between DES mutations and hereditary cardiomyopathy but also broadened the spectrum of DES mutations.
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2     https://stuart.radboudumc.nl/metadome/dashboard

3     http://www.hgmd.cf.ac.uk/docs/login.html
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The vascular subtype of Ehlers Danlos Syndrome (vEDS) is a rare connective tissue disorder characterized by spontaneous arterial, bowel or organ rupture. The diagnosis of vEDS is established in a proband by identification of a heterozygous pathogenic variant in the alpha-1 gene of type III collagen (COL3A1) by molecular analysis. In this report, we present a case of vEDS with life threatening, spontaneous arterial dissections in association with an uncharacterized rare variant of COL3A1, exon19:c.1340G > A. Primary culture of patient skin fibroblasts followed by immunofluorescence revealed a complete absence of COL3A1 protein expression as well as altered morphology. Electron microscopy of the cultured fibroblasts showed abnormal vacuoles in the cytoplasm suggestive of a secretory defect. In this study, we have performed functional characterization of the COL3A1 exon19:c.1340G > A variant for the first time and this may now be classified as likely pathogenic in vEDS.
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Introduction

Vascular Ehlers Danlos Syndrome (vEDS; OMIM130050) is a rare connective tissue disorder caused by mutations in the alpha-1 chain of type III collagen (COL3A1) polypeptide leading to serious risk of arterial or organ rupture and premature death (1). It is dominantly inherited in 50% cases and the other 50% present with de novo pathogenic, somatic variants in COL3A1 (2). The most common COL3A1 pathogenic variant is a heterozygous missense substitution for glycine in the (Gly-X-Y) repeating sequence of collagen triple helix which disrupts the assembly of type III homotrimeric collagen (3). This leads to defective type III collagen synthesis and assembly, manifesting as loss of mechanical strength in arteries and other hollow organs. The natural course of vEDS and associated clinical phenotype of patients are both reported to be influenced by the type of COL3A1 variant (3, 4). Therefore, establishing a diagnosis of vEDS should ideally always include molecular genetic testing for COL3A1 pathogenic variants and biochemical analysis to ascertain the pathogenicity of unreported variants (5).

Due to limited genetic testing and unavailability of clinical fibroblast culture testing, the prevalence and burden of vEDS in India is underestimated and underreported. vEDS is defined based on one major and several minor diagnostic criteria (1) which highlight the plethora of different physical signs that may constitute the clinical phenotype and cause confusion during diagnosis. Considering the unpredictable, life threatening complications of vEDS with a low median survival of around 48 years (2), it becomes imperative to employ genetic testing early during the management of a suspected vEDS patient especially when the phenotype is indistinguishable from other inherited connective tissue disorders.



Case description

A 48-year-old male with no past history of any relevant disease presented with the sudden onset of severe headache followed by right sided hemiparesis. On examination the patient had a thin face with prominent nose and lobeless ears (Figure 1A) along with fragile and thin skin over the extremities suggestive of Acrogeria (Figure 1B). Presence of varicose veins with some ecchymotic patches were observed over the lower limbs (Figure 1C). Chest veins were also found to be prominent (Figure 1A). Hypermobility of small joints of the hands (Figure 1D) and clubbing of feet were observed (Figure 1B). However, hyper elasticity of skin and marfanoid features were not present. Bilateral pitting edema was present in the lower limbs. All other vital parameters were within normal range.
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FIGURE 1
Observed clinical features of the patient, (A): Thin Nose, lobe less ear (red arrow), thin skin with visible chest veins (white arrow), (B): Acrogeria (red arrow) with club foot (white arrow), (C): Easy bruising and thin skin, varicose veins, (D): Hypermobility of small joints (shown in distal phalange of index finger). Digital subtraction angiography images of bilateral common carotid arteries showing dissection of left internal carotid artery (E,F). Right internal carotid artery was normal. Axial (G) and coronal (H) maximum intensity projection (MIP) CT images showing aneurysmal dilatation of left hepatic artery. Coronal MIP images (I,J) of contrast enhanced CT show dissection involving left renal artery with multiple infarcts of renal parenchyma. Axial (K) and coronal (L) MIP CT images show dissection involving right renal artery and right common iliac artery.


Digital Subtraction Angiography (DSA) was suggestive of dissection with sub occlusive narrowing in the left internal carotid artery in the skull base region (Figures 1E,F). Patient was started on anticoagulation therapy with vitamin K antagonist (VKA) and 5 mg of warfarin, dose titrated to maintain a target INR (International Normalized Ratio) of 2–3. Hemiparesis gradually subsided and warfarin was stopped.

Patient was asymptomatic for 1 year followed by the sudden onset of upper abdominal pain. Computed tomography (CT) angiography showed aneurysmal dilatation of left hepatic artery (Figures 1G,H) along with multiple arterial dissections involving left renal artery (Figures 1I,J) and multiple infarcts in right renal artery and proximal right common iliac artery (Figures 1K,L). The patient also developed elevated blood pressure which was a new symptom and was managed using anti-hypertensives. A rise in the level of the inflammatory marker, C-reactive protein was observed in serum. Nerve conduction study and nerve biopsy were suggestive of axonal and demyelinating neuropathy in both lower legs. Blood tests for vasculitis markers including antinuclear antibody, perinuclear and cytoplasmic antineutrophil cytoplasmic antibodies (myeloperoxidase and proteinase) were found to be negative. The patient was negative for HIV, hepatitis B and C. Within a few days our patient presented with another episode of acute abdominal pain with bilateral subcostal tenderness. He was diagnosed with hemoperitoneum due to Hepatic Artery rupture with ischemic liver changes, for which aneurysmal coiling was performed. There was no history of weight loss, fever, hemoptysis or melena. Laboratory test results are shown in Supplementary Table 1.


Whole exome sequencing analysis reveals a likely pathogenic COL3A1 variant of uncertain significance

DNA was isolated from the peripheral blood sample of the patient and sent for whole exome sequencing (WES) to identify the cause of the disease. A total of 34058 variants were called after filtering for the depth of sequencing (minimum 10), of which 9257 were exonic variants, including single nucleotide variants and short indels. Exclusion of synonymous variants and filtering for minor allele frequency of <5% retained 854 variants. Once the non-pathogenic variants were removed using SIFT, Polyphen2-HDIV and Mutation Assessor predictions, 548 variants remained (Supplementary Data 1). After inclusion of 28 variants which affected splicing, there were 576 pathogenic variants across 392 different genes, of which 154 were found to be associated with a phenotype in OMIM.

On further evaluation based on the patient’s phenotype of ‘blood vessel abnormalities AND hypermobility’ in OMIM, COL3A1 exon19:c.1340G > A [chr2:g.188994587G > A,NM_000090.3:c.1340G>A, NM_000090.3(COL3A1_i001):p.(Gly447Asp), all descriptions are based on hg38] variant leading to the substitution of Aspartic acid for Glycine at codon 447 (p.G447D) in type III collagen α1 polypeptide was identified. The variant attributes according to the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) guidelines (6) for the interpretation of sequence variants were PM2, PP2, and PP3. Visualization of this variant in Integrative Genome Viewer (IGV) suggested heterozygosity (Supplementary Data 1 in Supplementary Figure 1). This variant has been previously found to be associated with vascular subtype of Ehlers Danlos syndrome in one case report (7). Since this variant has not been reported in the 1000 genomes (8), Exome Aggregation Consortium (9) (ExAC) and other databases (10) and no functional data was available regarding this variant, we further proceeded to analyze the pathogenic basis of this variant using molecular techniques.



The Exon19:c. 1340G > A variant leads to absence of COL3A1 protein in skin fibroblasts

Patient and control fibroblasts were cultured from skin biopsy (11) (Figures 2A,B) and analysis of protein expression of COL3A1 was done using immunofluorescence. There was a complete absence of COL3A1 production in the patient fibroblasts compared to the control fibroblasts (Figures 2C,D). The morphology of patient fibroblasts was also observed to be altered as compared to the control fibroblasts. Fibroblasts derived from skin biopsy of patient with exon19:c. 1340G > A variant were larger in size as compared to the control fibroblasts (Figures 2C,D). It has been previously reported that dermal fibroblasts from vEDS have defective collagen biosynthesis/processing, endoplasmic reticulum homeostasis/protein folding, disorganized ECM interactions and may acquire a myofibroblast like phenotype (12). In order to investigate the altered morphology, we performed a Transmission electron microscopy (TEM) analysis. TEM has previously been suggested to be a useful addition to the repertoire of diagnostic tests in vEDS (13). Previous studies have reported an inefficient secretion of mutant collagen molecules which can lead to altered structural anatomy of the endoplasmic reticulum and unfolded protein response (14). We observed lamellar vacuolar bodies in the cytoplasm of vEDS fibroblasts which were not present in control fibroblasts (Figures 2E,F). On in-depth observational analysis, these bodies appeared to be “Amphisomes,” organelles of the autophagy pathway resulting from fusion of endosomes and autophagosomes (15). This may explain the altered morphology and size of vEDS fibroblasts.
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FIGURE 2
Primary culture of skin derived fibroblasts from (A) age matched control (B) suspected vEDS patient. Immunofluorescence analysis of fibroblasts show (C) presence of Col3A1(Red) control fibroblasts whereas (D) patient fibroblasts show absence of Col3A1. Transmission electron microscopy of (E) control fibroblasts with normal morphology, (F) vEDS fibroblasts with altered morphology, arrows show intracytoplasmic lamellar vacuolar bodies. (G) Sequences of wild-type (1340-G) and mutant (1340-A) COL3A1 cDNA derived from patient skin fibroblasts. As vEDS patient is heterozygous for COL3A1 c.1340G > A mutation, sequencing of the region harboring the mutation results in detection of both guanine and adenine at position 1340. The G > A mutation leads to an exchange from glycine to aspartic acid at the protein level.




Sanger sequencing

Genomic DNA was also extracted from cultured dermal fibroblasts from patient and age-matched control and the COL3A1 exon19:c.1340G > A variant obtained from Whole exome sequencing was confirmed by Sanger sequencing (Figure 2G). All methodology provided in Supplementary Data 2.




Discussion

Diagnosis of vEDS based on clinical diagnostic criteria alone is often difficult due to significant overlap in clinical presentation with other connective tissue disorders and arteriopathies. vEDS diagnosis should be suspected in individuals presenting with spontaneous ruptures of arteries, uterus or bowel at a young age. Careful interpretation of genetic testing results and variant assessment according to the ACMG/AMP guidelines (6) is essential to confirm the diagnosis, as all COL3A1 variants are not pathogenic (16). Additionally, clinical fibroblast testing and functional analysis can help to accurately report pathogenicity of novel sequence variants.


Classification of COL3A1 exon19:c.1340G > A as likely pathogenic variant

About 705 unique likely pathogenic/pathogenic COL3A1 variants have been reported, which are listed in the Leiden Open Variation Database (see https://databases.lovd.nl/shared/genes/COL3A1). Missense mutation involving substitution of a glycine amino acid in the triple helix is the most common type of mutation reported in the database. The second most common type of mutation is a COL3A1 RNA splicing mutation. Large deletions or insertions in COL3A1 are relatively uncommon in vEDS. Most patients with vEDS develop major complications before the age of 30 years. Autosomal dominant inheritance of vEDS shows a penetrance approaching 100% but may also vary according to the age of presentation. Haploinsufficient patients have a lower penetrance of ∼50% and were observed to survive 10–15 years longer than individuals harboring RNA splicing or glycine mutations (17). Interestingly, a missense mutation with substitution of a valine or an aspartic acid for a glycine was reported to have a poorer prognosis than a substitution of a serine (17). Although the phenotype of patients with amino acid substitutions in COL3A1 may partially overlap with of some haploinsufficient patients (18), there is considerable evidence for genotype-phenotype correlation (3, 16, 17) in vEDS which may be critical for screening and lifelong management of the affected individual and family members.

Our patient presented with stroke along with cranial and abdominal visceral arteries’ dissections and rupture. Patient was hypertensive, had an elevated C-reactive protein (CRP) and neuropathy which lead to an initial suspicion of Polyarteritis Nodosa (PAN) (19). However, he did not show constitutional symptoms of fever, fatigue, weight loss, muscle/joint pains, radiological findings or other features defined by American College of Rheumatology classification criteria for PAN. The clinical presentation also favored the differential diagnosis of vEDS, but the presenting age of 48 years was not consistent with this diagnosis. The presence of multiple clinical findings namely acrogeria, progeria, lobeless ear, hypermobile small joints of hands, thin fragile skin, foot clubbing and multiple arterial dissections favored the diagnosis of vEDS. Patient had renal infarcts following renal artery dissection which could have contributed to the rise in blood pressure. It has been reported that delayed clearance of thrombi as well as the vascular insult to arteries in vEDS may lead to a rise in inflammatory markers (20), as observed in this case. Presence of axonal polyneuropathy has also been reported before in vEDS (21, 22). As there was no family history of EDS or related syndromes, in order to establish the diagnosis in a proband it was imperative to perform molecular genetic testing to identify and characterize this variant (2). Corticosteroids are used in PAN to reduce inflammation but they have been reported to trigger arterial dissections by elevating blood pressure and increasing blood vessel fragility by its inhibitory effect on collagen formation and connective tissue strength (23). Therefore, the patient was managed symptomatically till the genetic testing results were obtained.

Whole exome sequencing revealed a rare, uncharacterized variant of COL3A1 gene, exon19:c.1340G > A variant. A molecular diagnostic study was carried out to confirm if this variant was responsible for the vEDS phenotype. Dermal Fibroblast culture was established using skin biopsy from the patient and age matched control and COL3A1 protein expression was studied using immunofluorescence. The COL3A1 expression was observed to be absent in the exon19:c.1340G > A variant (Figures 2C,D). This suggests the expression of a mutant collagen with a dominant negative effect leading to a possible degradation after binding with the wild type collagen molecule. The presence of the variant was further confirmed by Sanger sequencing of the PCR amplicon obtained by using DNA extracted from cultured fibroblasts as the template and primers flanking the site of the variant (Figure 2G). We also observed 2 more non-synonymous variants of COL3A1 (exon 30:c.2092G > A and exon 50:c.4059T > G) during the data analysis of the WES. However, based on their high minor allele frequencies, these were found to be non-deleterious (Table 1). Transmission Electron Microscopy (TEM) studies of the dermal fibroblasts suggested that exon19:c.1340G > A variant is associated with altered endoplasmic reticular morphology in vEDS which may contribute to the disease mechanism.


TABLE 1    ACMG/AMP classification criterion: Pathogenic Strong (PS3): Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene product; Pathogenic moderate 2 (PM2) = Absent from controls in Exome Sequencing Project, 1000 Genomes or ExAC; Pathogenic supporting 2 (PP2) = Missense variant in a gene that has a low rate of benign missense variation and where missense variants are a common mechanism of disease; Pathogenic supporting 3 (PP3) = Multiple lines of computational evidence support a deleterious effect on the gene or gene product (conservation, evolutionary, splicing impact, etc); Benign stand-alone 1 (BA1) = Allele frequency > 5% in Exome Sequencing, 1000 Genomes or ExAC; Benign supporting 4 (BP4) = Multiple lines of computational evidence suggest no impact on gene or gene product (conservation, evolutionary, splicing impact, etc).
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According to the ACMG/AMP standards and guidelines for interpretation of sequence variants (6), the following COL3A1 variant criteria may be used to classify exon19:c. 1340G > A variant as pathogenic variant:

PS3 → functional studies supporting damaged or altered gene product, absence of COL3A1 protein expression on immunofluorescence studies on skin fibroblasts and altered morphology of fibroblasts on electron microscopy studies.

PM2 → variant not reported before in Exome sequencing project 1000 genomes and ExAC.

PP2 → missense z-scores of COL3A1 gene > 3.09, which was regarded as intolerant to missense variants.

PP3 → SIFT (Deleterious), PolyPhen (Damaging) and a CADD-Phred score of 26.1 (pathogenic) support a deleterious effect on the gene or gene product.

Using the ACMG/AMP rules for combining the above criteria (6), COL3A1 exon19:c.1340G > A variant classification was found to be likely pathogenic (II) (Table 1).



Treatment and management

Diagnosis and management of a rare, life threatening vascular disease condition in absence of any curative therapy is a difficult conundrum for both the patient and the treating physician. Besides symptomatic treatment and regular follow up, psychological therapy and family support is required to accept and live with such a condition. Clinical evaluation of vEDS patients includes regular blood pressure monitoring, non-invasive arterial screening to detect dissections and dilatations such as ultrasonography, computed tomography or magnetic resonance imaging (1, 2). Any invasive procedures like colonoscopy, angiograms or surgeries should be carefully assessed for risk and if necessary should be performed by surgeons experienced and familiar with the enhanced caution required due to tissue fragility and its associated complications (24).

After the confirmation of COL3A1 variant by exome sequencing and biochemical analysis, diagnosis was confirmed as vEDS. Patient was explained about the disease and its prognosis and referred for genetic counseling. It has been reported that Celiprolol improves the biomechanical integrity of the aorta (25) and may be an option for the prevention of complications in vEDS (26). Due to lack of Celiprolol and any other approved therapies in India and many other countries, there are not many options available for treating vEDS patient besides symptomatic and supportive therapy.

As research advances further in this field, gene therapy may be a promising option for the treatment of vEDS in the future. However, addition of the defective gene is not applicable for dominant diseases such as vEDS where the defective procollagen gene, COL3A, is a homotrimer of three identical α1 chains. As most of the patients present with a heterozygous mutation, there is a structural defect in half of the synthesized collagen α1 fibrils which results in 1/8th normal and 7/8th abnormal COL3A trimers. Interesting approaches such as siRNA mediated inhibition of the mutated allele and strategies to enhance transcriptional activation of the normal allele are being tested in vivo for phenotypic correction of vEDS (27, 28).

A recent study has identified PLC/IP3/PKC/ERK pathway (phospholipase C/inositol 1,4,5-triphosphate/protein kinase C/extracellular signal-regulated kinase) as major drivers of vascular pathology in vEDS based on preclinical models (29). AR101 (enzastaurin) is an orally active, small molecule, serine/threonine kinase inhibitor of the PLC/IP3/PKC/ERK pathways which has been previously studied in over 40 human trials including a range of cancers.1 PREVEnt trial, which will assess the efficacy of enzastaurin in preventing cardiac or arterial events in patients with vEDS confirmed with COL3A1 gene mutations is scheduled to begin next year and if successful may provide us with a new treatment for the life-threatening complications of vEDS.




Conclusion

We evaluated a rare COL3A1 variant in vEDS using the ACMG/AMP standards and guidelines. The diagnosis was confirmed by genetic testing and pathogenicity was established by clinical fibroblast testing and functional assays. Based on our observations, COL3A1 exon19:c.1340G > A variant may now be classified as a likely pathogenic variant for vEDS exome analysis. Further detailed study may be required to understand the exact molecular mechanism of vEDS pathogenesis in this variant.
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Footnotes

1     Prevention of Rupture with Enzastaurin in Vascular Ehlers-Danlos Syndrome (https://clinicaltrials.gov/ct2/show/NCT05463679).
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Introduction: Genomic screening is an informative and helpful tool for the clinical management of inherited conditions such as cardiac diseases. Cardiac-inherited diseases are a group of disorders affecting the heart, its system, function, and vasculature. Among the cardiac inherited abnormalities, one of the most common is Wolff-Parkinson-White syndrome. Similarly, hypertrophic cardiomyopathy is another common autosomal dominant inherited cardiac disease. Hypertrophic cardiomyopathy is associated with an increased incidence of Wolff-Parkinson-White syndrome; reports have suggested that it could be caused by a mutation in the protein-coding gene PRKAG2, which encodes a subunit of the AMP-activated protein kinase.

Case presentation: A 37-year-old Ecuadorian male (Subject A) with familiar history of bradycardia, cardiac pacemaker implantation, and undiagnosed cardiac conditions began with episodes of tachycardia, dizziness, shortness of breath, and a feeling of fainting. He was diagnosed with hypertrophic myocardiopathy and Wolff Parkinson White preexcitation syndrome. Furthermore, his cousin's son, an 18-year-old Ecuadorian male (Subject B), started suffering from migraine and tachycardia at any time of the day. He was diagnosed with hypertrophic myocardiopathy; his electrocardiogram showed a systolic overload. Next-generation sequencing and ancestry analyses were performed. A c.905G>A p.(Arg302Gln) mutation in the gene PRKAG2 and a mainly European composition were identified in both subjects.

Conclusion: Genetic testing is a valuable tool as it can provide important information regarding a disease, including its cause and consequences, not only for single individuals but to identify at-risk relatives. Furthermore, NGS results could guide the physician into targeted therapy. In the present case report, a missense pathogenic Arg302Gln mutation in the PRKAG2 gene has been identified in two related Ecuadorian Subjects diagnosed with hypertrophic myocardiopathy and Wolff-Parkinson-White. The variant has not been reported in Latin America; hence, this is the first report of the Arg302Gln mutation in the PRKAG2 gene in mestizo Ecuadorian subjects with mainly European ancestry components.
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Introduction

Genomic screening is an informative and helpful tool for the clinical management of inherited conditions such as cardiac diseases. Thus, the results could be essential for identifying the disease causative, starting the patient early and targeting treatment, and increasing the chances of survival since there is evidence of an increased risk of sudden death in some cardiac conditions (1).

Cardiac-inherited diseases are a group of disorders affecting the heart, its system, function, and vasculature (2). In 2015, the % of deaths caused by heart disease was 20.3% for the Hispanic ethnic group in the United States (3). In Ecuador, in 2016, the first cause of death was acute myocardial infarction which constituted 9.05% of deaths (4).

Among the cardiac inherited abnormalities, one of the most common is Wolff-Parkinson-White syndrome (WPW), an autosomal dominant disease; its prevalence fluctuates between 0.68 and 1.7/1000 (5). WPW involves an abnormal atrioventricular electrical conductive with an electrocardiogram (ECG) pattern of short PR interval and prolonged QRS (6, 7). Its associated symptoms include tachycardia, such as palpitations, syncope, dizziness, and sudden death (7).

Furthermore, hypertrophic cardiomyopathy (HCM) is one of the most common autosomal dominant inherited cardiac diseases, with an estimated prevalence of 1 per 200 to 500 people in the general population (8). Recent studies suggest that approximately 20 million people worldwide are affected by HCM (just 10% of cases are identified) (8–10). HCM diagnosis is based on the presence of a non-dilated left ventricular hypertrophy, identified by an echocardiogram or magnetic resonance (8). At a cellular level, cardiac myocytes are hypertrophied, disorganized, and separated by fibrosis areas (11).

The HCM is associated with an increased incidence of WPW syndrome; reports have suggested that it could be caused by a mutation in the protein-coding gene PRKAG2, which encodes a subunit of the AMP-activated protein kinase (AMPK). AMPK is essential in regulating cellular ATP energy metabolism since it activates energy production and inhibits energy consumption (5, 12).

Here we report a complete genomic screening for cardiac inherited conditions of two relatives to improve early diagnosis of familial cases.



Case description


Clinical phenotype

A 37-year-old Ecuadorian male (Subject A) with familiar history of bradycardia; his father, two paternal aunts, and paternal grandmother underwent cardiac pacemaker implantation because of the bradycardia. Additionally, a cousin (father of subject B) was diagnosed with hypertrophic cardiomyopathy, and a half-brother from his father's side suffers an unknown cardiac condition (Figure 1). The patient went to the physician at the first time when he was 23 years old because of symptoms such as tachycardia, dizziness, shortness of breath, and a feeling of fainting at any time of the day. He was referred to the cardiologist, and electro and echocardiogram were performed. The diagnoses of WPW and HCM were based on the electrocardiogram, which showed a sinus rhythm with a short P-R interval accompanied by a prolonged QRS complex with a delta wave. A complete right bundle branch block with a significant increase in R wave voltages in the anterior, septal, low lateral, and high lateral (DI and aVL) regions was observed. A deep T wave inversion was identified in this same plane, and a low level in the segment ST-T V3-V6 (Supplementary Figure S1). The echocardiogram confirmed a structurally normal heart. Carvedilol was initially prescribed at a dose of 6.25 mg per day. However, four months prior to the publication of this case report, the dose increased to 12.5 mg daily.


[image: Figure 1]
FIGURE 1
 Subject A and B pedigree. Subject A and Subject B are indicated with an arrow. The family history of cardiac problems is depicted in the pedigree.


Fourteen years later after the initial diagnosis, a genomic test was performed.

Moreover, 3 years ago, his cousin's son, an 18-year-old Ecuadorian male (Subject B) with the same familiar history of cardiac conditions (Figure 1), was referred to the cardiologist after suffering from migraines and tachycardia at any time of the day, especially after a sudden movement. Subject B underwent an electrocardiogram, and the results showed a systolic overload compatible with hypertrophic myocardiopathy, no association with WPW was found. Bisoprolol was prescribed at a dose of 1.25 mg daily, and the subject reported a significant reduction in the frequency of migraines. Similar to Subject A, a genomic screening was done. The timeline regarding subject A and B is presented in Figure 2.


[image: Figure 2]
FIGURE 2
 Subject A and B timeline. The relevant data is displayed in the timeline.




Sampling and DNA extraction

Patients A and B self-identified as “mestizo” and signed the informed consent to participate in the study.

A peripheral blood sample was collected in an EDTA tube. The DNA was extracted with PureLink Genomic DNA Mini Kit (Life Technologies) according to the manufacturer's protocol (13).

The DNA quantity and purity were measured by spectrophotometry and fluorometric methods; the quality was analyzed with an agarose gel. The sample was then diluted to 5ng/μL according to the sequencing protocol.



Next-generation sequencing (NGS)

The genomic procedure was performed at Centro de Investigación Genética y Genómica, using the commercially available kit TruSight Cardio kit (Illumina), covering 174 genes (575 kb of cumulative target region size) with known association with 17 Inherited Cardiac Conditions (47 genes for Hypertrophic Cardiomyopathy). The samples were processed according to the manufacturer's protocol (14) and run for 315 cycles in MiSeq System (Illumina).



Ancestral proportion analysis

For ancestral proportion analyses, PCR amplification was done with 46 ancestral informative INDEL markers in one multiplex reaction, according to Pereira et al. (15). Fragment separation and detection were executed on the 3,500 Genetic Analyzer (Thermo Fisher Scientific). The results were collected on Data Collection v 3.3 and analyzed in Gene Mapper v. 5 (Thermo Fisher Scientific).



Genomic and statistical data analysis

Genomic data analysis was done following the pipeline: 1) the alignment to the reference genome (hg38) and variant caller with DRAGEN Enrichment v. 3.9.5; 2) the annotation with Annotation Engine v.3.15; 3) the consequence prediction by PolyPhen and Sift; 4) the variants were filtered in the software Variant Interpreter v.2.16.1.300

The ancestral inference analysis was done with STRUCTURE v.2.3.4 using the option for an admixture model.




Diagnostic assessment


Genomic results

After applying variant filters (pass quality and association including pathogenic, likely pathogenic, and of uncertain significance), nine variants were displayed to be involved in the diagnosis of subject A; however, two intronic and two PolyPhen-predicted benign variants were discarded. The disease-relevant variants are presented in Table 1.


TABLE 1 Genomic variants found in Subject A.

[image: Table 1]

After applying variant filters (pass quality and association including pathogenic, likely pathogenic, and of uncertain significance) in subject B, six variants were found; however, one intronic and three predicted as benign by PolyPhen were discarded. The two diagnosis-associated variants are presented in Table 2.


TABLE 2 Genomic variants found in Subject B.

[image: Table 2]

Both individuals presented the same mutation c.905G>A p.(Arg302Gln) in the gene PRKAG2, which has been associated with PRKAG2 cardiac syndrome.



Ancestral characterization

Subject A has a major European (51%) composition, followed by Native American (43.9%) and African (5.1%).

Moreover, subject B also has a major European (51.1%), followed by Native American (41.6%) and African (7.3%) composition.

Data corroborates that both individuals are a population mixture, in agreement with their initial self-identification.




Discussion

Nowadays, genetic testing is increasingly recommended, as it provides helpful information for clinical management, including early diagnosis, family screening, and targeted therapy for cardiovascular diseases. Although, NGS has limitations, such as the need for bioinformatic knowledge for sample processing, interpretation of variants of unknown significance, or management of incidental findings (16). The American Heart Association has encouraged research in cardiovascular genetics to further understand the molecular aspects of these diseases (17). In the present case report, the TruSight Cardio (Illumina) kit was used; the panel of this kit consists of 174 genes that have been associated with 17 different cardiovascular diseases. By analyzing this amount of information, the chances of identifying pathogenic or likely pathogenic variants associated with the clinical diagnosis increase.

Heart diseases are the most common cause of death with no correlation with demographic or ethnic factors (5, 11). Among cardiomyopathies, HCM is the most common condition (18). Sarcomeric protein mutations have been primarily associated with familial or sporadic cases of HCM; however, non-sarcomere proteins involved in biological processes such as cellular metabolism have also been correlated to HCM (19). Moreover, regarding WPW, about 2 to 5% of patients diagnosed with HCM exhibit WPW (11, 20, 21).

The serine/threonine protein kinase AMPK regulates cellular energetic homeostasis. The enzyme is stimulated by AMP concentration and the activity of the AMPK-kinase; its principal function is to counterbalance ATP depletion. Moreover, AMPK comprises three subunits (α, β, γ). The Gamma 2 regulatory subunit of AMP-Activated Protein Kinase (PRKAG2) activity enhances the Alpha subunit activation by binding to AMP (21, 22). Mutations in the gene that encodes PRKAG2 have been associated with glycogen storage cardiomyopathies by disrupting AMPK's ability to bind to AMP, dysregulating the metabolic and glucidic uptake, and causing the deposition of amylopectin and glycogen (5). The symptoms of the PRKAG2 cardiac syndrome vary, ranging from asymptomatic to a phenotype that includes cardiac hypertrophy, primarily involving the left ventricle, supraventricular tachycardia (WPW), increased risk of heart failure, and sudden cardiac death (5, 22). The results of NGS identified a pathogenic missense mutation G>A at position 905, causing a change from arginine to glutamine at codon 302, exon 7 of the PRKAG2 gene, in both subjects; however, only subject A presents WPW.

Similarly, different mutations in the gene TTN were found. In subject A, a missense mutation Arg14996Cys, and in subject B, a missense mutation Ile2686Val; however, both variants are categorized as variants of uncertain significance (VUS), and mutations in the TTN gene have been primarily associated with dilated cardiomyopathy, not hypertrophic (23, 24). Moreover, three more variants were found in subject A, two VUS in the genes APOB and PKP2, and one likely pathogenic variant in the gene GCKR; this variant has been associated with a higher risk of type 2 diabetes (25).

Ancestry analyses were performed to determine the genetic background of both subjects. Subjects A and B had mainly European ancestry components. Databases such as Allele Frequency Aggregator (26), The Exome Aggregation Consortium (ExAC) (27), and The genome Aggregation Database-Exomes (gnomAD-Exomes) (28) were used for information regarding the frequency, in Latin America, of the identified variant. The mutation has not been reported in Latin American populations; hence, this is the first report of an Arg302Gln mutation in the PRKAG2 gene in Latin America.



Conclusion

Genetic testing is a useful tool as it can provide important information regarding a disease, including its cause and consequences, not only for single individuals but also to identify at-risk relatives. Furthermore, NGS results could guide the physician into targeted therapy. In the present case report, a missense pathogenic Arg302Gln mutation in the PRKAG2 gene has been identified in two related Ecuadorian Subjects diagnosed with hypertrophic myocardiopathy and Wolff-Parkinson-White. The variant has not been reported in Latin America; hence, this is the first report of the Arg302Gln mutation in the PRKAG2 gene in mestizo Ecuadorian subjects with mainly European ancestry components.

Unfortunately, in the presented family case, the access to other family members' samples were limited due to their refusal and unavailability to participate in the study.
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Background: Acute Stanford type A aortic dissection (ATAAD) is a life-threatening disease. Elderly patients are the high-risk population for aortic dissection (AD). Young patients with AD usually have heritable connective tissue diseases such as Marfan syndrome and Loeys-Dietz syndrome. However, young AD patients without heritable connective tissue disease are relatively rare.

Case presentation: Herein, we report a case of a 25-year-old female diagnosed with ATAAD accompanied by undeveloped secondary sexual characteristics. Computed tomography angiography (CTA) showed that her AD involved the ascending and abdominal aorta. She had undergone thoracic endovascular aortic stent graft implantation in a local hospital due to acute Stanford type B aortic dissection at age 19. No uterus or ovaries were found on CTA and transabdominal ultrasonography. Sex hormone detection revealed a low estrogen level. G-banded karyotyping analyses revealed a normal 46,XX karyotype. Finally, her abnormalities in the reproductive system were diagnosed as MRKH syndrome and 46,XX gonadal dysgenesis. Whole-exome sequencing (WES) in the patient found an SNP variant of ACTA2 c.773G>A and MYH11 c.5081A>G. MYH11 c.5081A>G was also found in her mother and younger brother. Copy number variations sequencing (CNV-seq) found an approximately 109.30 Kb duplication at chromosome 6p22.3 (Chr 6: g.24920238–25029535) with a copy number of 3. We performed emergent total aortic arch replacement with frozen elephant trunk surgery, and the patient recovered well after surgery. However, her abdominal AD was stilling progression during 6 months of follow-up.

Conclusion: To our knowledge, we report the world's first case of early-onset recurrent AD combined with MRKH syndrome and 46,XX gonadal dysgenesis.

KEYWORDS
 aortic dissection, MRKH syndrome, 46,XX gonadal dysgenesis, total aortic arch replacement, frozen elephant trunk, whole-exome sequencing


Introduction

Aortic dissection (AD) is a disease in which the intima of the aorta tear separates the intima and media of the aortic wall and allows blood to enter the false lumen. Acute Stanford type A aortic dissection (ATAAD) is a life-threatening disease with 50% mortality in the first 48 h (1). The annual incidence of ATAAD varies between 3 and 4/100,000 (2). Female incidence is lower but of higher mortality than male incidence (3).

Primary amenorrhea is a leading cause of female infertility. Mayer-Rokitansky-Küster-Hauser (MRKH) syndrome and gonadal dysgenesis (GD) are the most common causes of primary amenorrhea. Mayer-Rokitansky-Küster-Hauser syndrome, a congenital disorder also referred to as Müllerian agenesis, is characterized by congenital aplasia of the uterus, cervix, and the upper part (2/3) of the vagina in females with typical secondary sex characteristics and a normal 46,XX karyotype (4). Chromosomal regions 1q21.1, 16p11.2, 17q12, and 22q11.21 have been identified as recurrent genetic abnormalities associated with MRKH syndrome (5). Gonadal dysgenesis with female phenotype is defined as the absence or incomplete development of ovaries. Gonadal dysgenesis is mainly associated with sex chromosome abnormalities. The 45,XO, 45,X/46,XX, 45,X/46,X, dic(X), 46,XX, and 46,XY karyotypes have been reported (6). Gonadal dysgenesis with a normal 46,XX karyotype is relatively rare. The coexistence of MRKH syndrome and 46,XX GD is very rare, and only a few cases have been reported (7–9).

This article presents the world's first case of early-onset recurrent AD accompanied with MRKH syndrome and 46,XX GD.



Case presentation

A 25-year-old female patient who presented with persistent chest pain was admitted to our institution. Undeveloped secondary sexual characteristics were found during physical examination (Figure 1A). Computed tomography angiography (CTA) showed that her AD involved the ascending (Figure 1B) and abdominal aorta (Figure 1C). She had undergone thoracic endovascular aortic stent graft implantation (Figures 1B,D, arrow) in a local hospital due to acute Stanford type B aortic dissection at age 19. No uterus or ovaries was found by CTA (Figures 1E,F, arrowhead) and transabdominal ultrasound (Figure 1G, arrowhead). Sexual hormone detection revealed hypergonadotropic hypogonadism (follicle-stimulating hormone 66.98 IU/L, luteinizing hormone 25.41 IU/L, and estradiol 0.1 pg/ml).


[image: Figure 1]
FIGURE 1
 Preoperative examination of the 25-year-old female patients. (A) Undeveloped secondary sexual characteristics. CTA shown aortic dissection involving the ascending (B) and abdominal aorta (C), F, false lumen. (D) Thoracic endovascular aortic stent was grafted (arrow); no uterus or ovaries was found between urinary bladder and rectum by CTA (E,F, arrowhead) and transabdominal ultrasound (G, arrowhead). CTA, computed tomography angiography; F, false lumen.


Her height (155 cm) and weight (55 kg) were within the normal range in the Chinese female population, and she had no hypertension or family history of genetic disorders. In early pregnancy, her parents, both working at a chemical plant, had a history of exposure to potential toxicants, including cyanide, ammonia, sulfuric acid, and nitric acid. Her 18-year-old brother had hypertension, and her mother had coronary artery atherosclerosis. She presented with primary amenorrhea at age 15, was diagnosed by a gynecologist as MRKH syndrome accompanied with congenital absence of the ovaries, and was treated with hormone replacement therapy (HRT) for only 3 months. G-banded karyotyping analysis revealed a normal 46,XX karyotype (Figure 2A). The abnormalities in her reproductive system were eventually diagnosed as MRKH syndrome with 46,XX GD.


[image: Figure 2]
FIGURE 2
 Genetic examination of the proband and proband's families. (A) Karyotyping analyses revealed a normal 46,XX karyotype. (B) Family tree. (C) Sanger sequencing validated the mutation of ACTA2 c.773G>A and MYH11 c.5081A>G in the proband and her brother.


To further explore the genetic correlation between AD and congenital dysplasia of the reproductive system, we performed whole-exome sequencing (WES) and copy number variations sequencing (CNV-seq). Whole-exome sequencing of the patient and her family members, including her mother, father, and brother, showed a single nucleotide polymorphism (SNP) in the MYH11 gene (MYH11; NM_002474.2; c.5081A>G; p.Glu1694Gly) and ACTA2 gene (ACTA2; NM_001613.2; c.773G>A; p.Arg258His). MYH11 c.5081A>G was carried by the patient, her mother, and her brother, and ACTA2 was only carried by the patient (Figure 2B). The WES results were validated by Sanger sequencing (Figure 2C). An approximately 109-Kb (Chr 6: g.24920238-25029535) duplication at chromosome 6p22.3 was found in the patient by CNV-seq, which has not been related to the development of the uterus and ovaries. Finally, no clear genetic link between AD and abnormalities in the female reproductive system was found.

We performed emergency total aortic arch replacement and frozen elephant trunk surgery, and the patient recovered well and was discharged on postoperative day 12.

The patient refused to receive HRT after surgery, and her abdominal aortic dissection (AAD) was progression during a 6-month follow-up (Figures 3A–F). The false lumen of AAD at intimal tears (Figures 3A–C) and maximum diameter (Figures 3D–F) both expanded slightly 7 days after surgery and rapidly expanded 6 months after surgery.


[image: Figure 3]
FIGURE 3
 CTA of abdominal aortic dissection in the 25-year-old female patient. (A–C) The false lumen at the position of intimal tears before surgery (32.8 × 22.8 mm2), 7 days after surgery (32.6 × 22.2 mm2), and 6 months after surgery (35.9 × 26.8 mm2). (D–F) Maximum diameter of the false lumen of AAD before surgery (38.9 × 23.1 mm2), 7 days after surgery (39.3 × 24.6mm2), and 6 months after surgery (40.9 × 29.1 mm2). CTA, computed tomography angiography; F, false lumen.




Discussion

The main feature of this patient was early-onset recurrent AD accompanied with rare dysplasia of the female reproductive system (MRKH syndrome and 46,XX GD) without heritable connective tissue disease. No significant genetic relationship between AD, MRKH syndrome, and 46,XX GD was found. Nevertheless, the reason why this patient suffered from recurrent AD at a young age remains to be determined.

Single nucleotide polymorphism mutations in MYH11 and ACTA2 were detected in this 25-year-old female patient, suggesting that the co-mutations in MYH11 and ACTA2 may be involved in the pathogenesis of AD. The ACTA2 mutation in the patient was de novo in her family. Besides, ACTA2 c.773G>A has been reported to be associated with the pathogenesis of AD (10). According to the European Reference Network for Rare Vascular Diseases (VASCERN) consensus, ACTA2 is closely related to the morbidity of cardiovascular disease, primarily seen in AD with 54% Stanford type A AD (median age 36 years) and 21% type B (median age 27 years) (11). Nevertheless, the onset age of AD in this patient was significantly earlier than the reported average age. A possible explanation is the synergistic effect of mutations in MYH11 and ACTA2. A mouse experiment has shown that Acta2−/−Myh11R247C/R247C mouse accelerates aortic enlargement and increases medial degeneration (12). However, the function of MYH11 c.5081A>G in cardiovascular diseases remains unclear. MYH11 c.5081A>G is carried by the patient, her mother, and her brother (Figure 2C). Furthermore, they suffered from cardiovascular conditions. In comparison, no mutations in MYH11 and ACTA2 were detected in her father who had no cardiovascular diseases. Therefore, we believe that MYH11 c.5081A>G may be essential in developing cardiovascular diseases.

Low estrogen caused by MRKH syndrome and 46,XX GD may also accelerate the progression of AD. To our knowledge, AD accompanied with gonadal anomalies is rare and mostly seen in Turner Syndrome (TS). Turner Syndrome is a genetic disorder mainly caused by complete or partial absence of one of the X chromosomes. The morbidity and mortality of TS are highly related to the presence of hypertension, aortic dilatation, aortic aneurysm, and AD (13). Hormone replacement therapy is thought to relieve aortic dilation and AD in TS patients (14). The life expectancy of TS patients after HRT is significantly prolonged, which may be related to the cardiovascular protective effects of estrogen. Besides, carotid artery intima thickness has been reported to be decreased significantly after HRT in patients with 46,XX GD and TS (15), suggesting that HRT may have a cardiovascular protective effect in patients with 46,XX GD. However, there is no clinical consensus on the necessity of using HRT in patients with AD accompanied with GD. In this case, this patient did not receive HRT after surgery, and the AAD is progressing rapidly. Therefore, we recommend using HRT for patients with estrogen deficiency. Moreover, the use of HRT in postmenopausal women with aortic aneurysm or AD still needs to be investigated.

The molecular basis of GD and MRKH syndrome is still not known. CNV-seq found a 109-Kb (Chr 6: g.24920238–25029535) duplication at chromosome 6p22.3, but no reports related to MRKH syndrome, 46,XX GD, or AD yet. We thought that the etiology of dysplasia of the female reproductive system is related to the toxicant exposure of her parents during the gestation period. A number of toxicants, such as phthalate esters (PEs), have been reported to have a direct link with GD when exposed during early pregnancy (16). Animal studies have confirmed that utero exposure of PEs lead to characteristics of MRKH syndrome in SD rats (17). Moreover, long-term ambient fine particles (PM2.5) exposure could induce ovarian dysfunction in mice (18). Therefore, environmental pollution plays an important role in the dysgenesis of the reproductive system, but the mechanism remains to be explored.
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Hereditary transthyretin cardiac amyloidosis (hATTR-CA) is a rare autosomal dominantly inherited disease caused by mutations in the transthyretin (TTR) gene. TTR mutations often cause the instability of transthyretin, production of misfolded proteins, and ultimately excessive deposition of insoluble amyloid fibrils in the myocardium, thereby leading to cardiac dysfunction. Herein, we report a novel transthyretin D39Y mutation in a Chinese family. We characterized the kinetic and thermodynamic stabilities of D39Y mutant TTR, revealing that TTR D39Y mutant was less stable than WT TTR and more stable than amyloidogenic mutation TTR L55P. Meanwhile, the only FDA approved drug Tafamidis showed satisfactory inhibitory effect toward ATTR amyloid formation and strong binding affinity in test tube revealed by isothermal titration calorimetry. Finally, we measured the well-folded tetrameric TTR concentration in patient’s and his descents’ blood serum using a previously reported UPLC-based assay. Notably, the tetramer concentrations gradually increased from symptomatic D39Y gene carrier father, to asymptomatic D39Y gene carrier daughter, and further to wild type daughter, suggesting the decrease in functional tetrameric TTR concentration may serve as an indicator for disease age of onset in D39Y gene carriers. The study described a Chinese family with hATTR-CA due to the TTR variant D39Y with its destabilizing effect in both kinetic and thermodynamic stabilities.

KEYWORDS
cardiac amyloidosis, novel mutation, stability, transthyretin, tetramer concentration


Introduction

Transthyretin cardiac amyloidosis (ATTR-CA) is an infiltrative disease characterized by abnormal deposition of amyloid fibrils in the myocardium (1). ATTR-CA commonly presents with signs and symptoms of heart failure, and is often accompanied by various extracardiac manifestations. The disease can be divided into two categories, wild-type ATTR cardiac amyloidosis (wtATTR-CA) and hereditary transthyretin cardiac amyloidosis (hATTR-CA), according to the presence or absence of a transthyretin (TTR) mutation. Mutations in TTR are the common cause of hATTR-CA. The majority of TTR mutations are caused by single nucleotide substitutions (2). In hATTR-CA patients, the phenotypic presentation, severity and age of onset are variable depending on the specific type of TTR mutation (3). However, ATTR-CA remains a progressive disease with dismal prognosis and poor quality of life. The median survival after diagnosis in patients with Val122Ile hATTR-CA is only 31 months (3). ATTR-CA is often accompanied with racial and geographic differences, yet the clinical and genetic features of this disease are not well elucidated.

Transthyretin consists of 127 amino acids, with a β-sheet-rich structure (3). TTR is synthesized mostly by the liver to transport thyroxine (T4) and holo-retinol binding protein (RBP) in the blood and cerebrospinal fluid (4). Due to hydrophobic and hydrogen bonding, monomeric TTR assembles into tetramer through a dimer intermediate (5). In the case of denaturing microenvironment or genetic mutations, the natural TTR loses its physiological function and conformation to form fibril aggregates that eventually deposit in different organs or tissues (6, 7). Misfolding and aggregation of TTR attract increasing attention, given its amyloidogenicity. This aggregation process occurs in two steps: folded tetrameric TTR dissociates to dimers at the weaker dimer-dimer interface and dimers further dissociate into aggregation-prone monomers; metastable monomers undergo denaturation and eventually assemble into amyloids (8). The tetramers dissociation is the biochemical rate-limiting step of the entire process because the unfolding of monomers is 5–6th orders of magnitude faster than the tetramer dissociation (9). Normally, TTR can induce amyloidosis by decreasing its thermodynamic and/or kinetic stability (10, 11). Thus, studying the biochemical properties of TTR variants is important for the precise diagnosis and choice of therapies for patients with ATTR amyloidosis, especially given their differential clinical symptoms, onset age, and responses to drug treatments.

In this study, we reported a new TTR mutation D39Y occurring in China (c.175G>T p.D39Y, numbered without the first 20 amino acids that serve as signaling peptide and are cleaved during TTR secretion). This patient was a 75-years-old male, presenting dyspnea on exertion and lower extremity edema. Through biochemical and biophysical characterizations, we observed that D39Y displayed compromised thermodynamic stability (Cm = 2.8 M) compared to wild-type TTR (WT-TTR, Cm = 3.4 M). The kinetic stability of D39Y TTR reflected by the tetramer dissociation rate (kdiss = 0.07 h-1, t1/2 = 9.9 h) significantly decreased under physiological conditions. Meanwhile, dissociation of heterotetramers consisting of wild-type and D39Y subunits was not affected by increasing the D39Y mutant subunit ratio, potentially explaining the late disease onset of this mutation. The binding affinity of small molecule drug Tafamidis with TTR-D39Y mutant measured by isothermal titration calorimetry (ITC) was comparable to WT-TTR, resulting in satisfactory inhibition of amyloid formation. Finally, we measured the tetrameric TTR concentration in three blood serum samples across a two-generation pedigree. Notably, the tetramer concentrations gradually increased from symptomatic D39Y gene carrier father, to asymptomatic D39Y gene carrier daughter, and further to wild type daughter, suggesting decrease in functional tetrameric TTR concentration may serve as an indicator for disease age of onset in D39Y gene carriers.



Materials and methods


Human samples

A 75-years-old male patient presented relapsed heart failure symptoms and was diagnosed with ATTR-CA at the Department of Cardiology, Second Affiliated Hospital of Zhejiang University College of Medicine (SAHZU). Clinical data were obtained from the medical history system at SAHZU from September 2019 to April 2022. We performed genetic sequencing to differentiate hATTR-CA from wtATTR-CA for this patient. When hATTR-CA is confirmed, we recommend genetic screening for the patient’s 46-year-old daughter and 43-year-old daughter because this disease is inherited. Written Informed consent was taken from the patient and relatives before acquiring blood samples and clinical data. In parallel, blood samples and data analysis were conducted at the SAHZU, and biochemical characterization analysis was performed at Chinese Academy of Sciences (CAS) Key Laboratory of Separation Science for Analytical Chemistry. The participants agreed to the publication of clinical data and complementary examinations after the identifiable personal information was removed. This investigation was performed according to the Declaration of Helsinki and with approval by the Institutional Ethics Committee of SAHZU (Ethical Batch Number: 20220273). This was a prospective study involving retrospective clinical data.



Plasmid construction and protein purification

Wild-type transthyretin and variants were recombinantly prepared following previous literature. Genes of E. coli transthyretin were codon optimized, synthesized by GenScript, and sub-cloned into pET-29b (+) vectors. WT, L55P, and D39Y plasmids were transformed into BL21 DE3 E. coli cells. Cells were grown to OD600 at 0.6–0.8 before being induced by IPTG (0.5 mM) at 37°C for 4 h. Cultured cells were harvested and resuspended in resuspension buffer (50 mM Tris, 150 mM NaCl, pH = 7.5; 15 mL buffer/L of culture). Cells expressing recombinant proteins were thawed and lysed by sonication at 4°C. Lysed cells were centrifuged for 30 min at 16,000 rpm. Ammonium sulfate (final concentration of 242 g/L) was slowly added to the supernatant with rigorous stirring at 4°C for 20 min. The solution was centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was supplemented with additional ammonium sulfate to a final concentration of 607 g/L with rigorous stirring at 4°C for 20 min. The solution was centrifuged at 12,000 rpm for 15 min at 4°C. The pellet was resuspended in 20 mL of anion exchange buffer A (25 mM Tris, 1 mM EDTA, pH = 8.0) and dialyzed against 4 L of buffer A overnight at 4°C. After dialysis, the sample was filtered and applied to a 50 mL Source 15Q anion exchange column (GE Healthcare) equilibrated with buffer A. TTR was eluted using a linear gradient of NaCl (160 mL; 50–350 mM) followed by a NaCl wash (50 mL; 350 mM). Eluted TTR was purified using a 120 mL Superdex 200 gel filtration column (GE Healthcare) in SEC buffer (10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, pH = 7.4). The protein containing fractions were identified by SDS-PAGE gel analysis, pooled, and concentrated. No significant impurities were identified and purity was estimated to be 98% based on SDS-PAGE electrophoresis analysis.



Thermodynamic stability of TTR measured by urea-mediated tryptophan fluorescence

To quantify the thermodynamic stability of protein TTR, we denatured D39Y-TTR (3.6 μM) by urea of concentration from 0.5 to 9.0 M in phosphate buffer (10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, pH = 7.4). After 96 h, the fluorescence of tryptophan was measured from 310 to 410 nm with excitation at 295 nm. The ratio at 355 nm and 335 nm was recorded as a signal of the unfolding of TTR.



Urea-mediated TTR dissociation measured by resveratrol binding

Resveratrol increases in its fluorescence quantum yield and displays a blue shift when it selectively binds to the TTR tetramer. We quantified the dissociation of TTR by measuring the concentration of tetrameric TTR to text the equilibrium between TTR tetramers and monomers. 500 μL D39Y TTR (3.6 μM) was incubated with urea (5 M) in phosphate buffer (10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, pH = 7.4) for 96 h. In order not to disturb the equilibrium of tetramers and monomers, TTR samples were treated with resveratrol (18 μM) just before the fluorescence measurement. Excited at 320 nm, the resveratrol fluorescence spectrum was recorded from 310 to 410 nm. Fluorescence at 394 nm was reported on the concentration of tetrameric D39Y TTR.



Kinetics of monomer unfolding and tetramer dissociation measured by urea denaturation

Kinetic stability was determined by the rate-limiting dissociation of the tetramer, because monomer unfolding was much faster than tetramer dissociation. To verify this, we incubated TTR (3.6 μM) in urea at the concentration from 3 to 9 M in phosphate buffer (10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, pH = 7.4, 25°C). Tryptophan fluorescence (I355/335) was recorded at period of time. The kinetics data fit well to a single exponential function: I355/335 = I355/335N + A (1–e-kdiss t); where I355/335N is the native protein fluorescence intensity ratio (355/335 nm), A is the amplitude difference, kdiss is the tetramer dissociation rate constant and t is time in h. The lnkdiss versus urea concentration plot is linear, allowing extrapolation to 0 M urea.



Fibril formation assay

Tafamidis of various concentrations was preincubated with TTR (7.2 μM) in phosphate buffer (10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, pH = 7.4) at 37°C for 0.5 h. Acidic aggregation buffer (200 mM NaOAc, 100 mM KCl, acidified by AcOH to pH = 4.40) was added to the samples to get a final concentration of TTR of 7.2 μM, and after incubating at 37°C for 72 h, the extent of fibril formation was measured by OD at 330 nm.



Isothermal titration calorimetry (ITC)

Following the protocol reported before, dissociation constants for Tafamidis binding to wild type, L55P and D39Y TTR were determined using a MicroCal PEAQ-ITC (Malvern MAN0572-01-EN-00). A solution of Tafamidis (300 μM in 10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, 5% DMSO, 5% EtOH, pH = 7.4) was prepared and titrated into an ITC cell containing TTR (25 μM in 10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, 5% DMSO, 5% EtOH, pH = 7.4). The initial injection of 1 μL was followed by 35 injections of 1 μL each (25°C). Integration of the thermogram after subtraction of blanks yielded a binding isotherm that fit best to a model of one binding site. The data were fit by a non-linear least squares approach with one adjustable parameter, namely, Kd, using the ITC data analysis module in Microcal PEAQ-ITC analysis software.



Analysis of patients serum by ultra performance liquid separation (UPLC)

This protocol was adapted from previous work by the Kelly group. Briefly, UPLC (FLR) Waters Acquity H-Class uplc plus pro and Protein-pakTM Hi RCSQ (5 μm, 4.6 × 100 mm) were from Waters. The A2 molecule was synthesized in the laboratory. The patients’ sera were incubated with A2 for covalent labeling and subjected to UPLC separation and detection of tetramer TTR. Each sample was injected onto a Waters Acquity H-Class UPLC plus pro instrument fitted with a Protein-pakTM Hi RCSQ (5 μm, 4.6 × 100 mm) from Waters. TTR was eluted from the column using the following gradient (Buffer A: 25 mM Tris–HCl, pH = 9.0, 1 mM EDTA; Buffer B: 1 M NaCl, 1 mM EDTA, 25 mM Tris–HCl, pH = 9.0).




Results


Genetic mutation identification and patient’s clinical presentations

The proband presented worsening dyspnea on exertion and lower extremity edema over 1 year. The proband’s ECG revealed an atrial flutter with low voltage in the limb leads, with a QS pattern in lead II, III and aVF. Laboratory investigations showed mild elevated BNP (135.7 pg/ml) and troponin T (0.027 ng/ml). Serum and urine protein electrophoresis with immunofixation and sFLC assay were negative. Echocardiography showed bi-atrial enlargement, symmetrical left ventricular hypertrophy (septal 17.4 mm and posterior wall 16.6 mm), and mild impaired left ventricular systolic function (LVEF 49.2%) (Figure 1A, right side). Speckle tracking echocardiography revealed severely depressed global longitudinal strain with apical sparing (GLS-8.4%) (Figure 1A, left side) which was a hallmark of cardiac amyloidosis. Cardiac enhanced magnetic resonance showed diffuse subendocardial late gadolinium enhancement (Figure 1B). Tc-99m-PYP nuclear scintigraphy showed grade 3 myocardial uptake with increased heart/contralateral lung ratio (HCL 2.38) (Figure 1C). Furthermore, the proband and his two asymptomatic daughters were sequenced and analyzed (Figure 1D). The proband showed a novel homozygous missense variant at base position 175 in exon 2 of the TTR gene (c.175G>T), resulting in an aspartic acid change to tyrosine (p.D39Y, numbered without the first 20 amino acids that serve as signaling peptide and are cleaved during TTR secretion) (Figure 1E). The proband’s eldest daughter was identified as carrying this heterozygous variant of TTR gene c.175G>T. In silico analyses predicted this c.175G>T variant could be pathogenic (SIFT: affect protein function; Polyphen-2: benign; Mutation Taster: polymorphism; M-CAP: damaging).
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FIGURE 1
Clinical features of the proband (A) right, 4-chambers view of two-dimensional echocardiography; left, speckle tracking echocardiography; (B) short axis view of cardiac magnetic resonance imaging showed diffuse subendocardial late gadolinium enhancement in ventricular walls; (C) Tc-99m-PYP scintigraphy revealed grade 3 myocardial uptake, and HCL ratio was 2.38; left, planar myocardial imaging; right, planar whole-body imaging; (D) pedigree of the family. The black arrow represents the proband, dot in the center of the circle represent female carrier: (E) Sequence analysis of exon 2 of the TTR gene. The proband showed a homozygous missense variant with a G>T change at nucleotide 175. PYP: Pyrophosphate. HCL: Heart/contralateral lung ratio. TTR, Transthyretin.




Thermodynamic stability of the TTR variant D39Y

Point mutants on TTR protein usually affect its thermodynamic and kinetic stability leading to ATTR amyloidosis diseases. In this work, we elucidated the effect of D39Y mutation (Figure 2A) on the thermodynamic stability in three ways and compared it with the parameters of commonly studied mutation L55P and wild type TTR. First, we measured the thermodynamic stability by urea-mediated denaturation (Figure 2B), followed by resveratrol binding measurement (Figure 2C). Normally, the thermodynamic stability was quantified by urea denaturation midpoints (Cm), revealing that D39Y (Cm = 2.8 M) exhibited higher stability than L55P-TTR (Cm = 2.3 M), but lower than that of WT-TTR (Cm = 3.4 M) (Figure 2D). To further validate this result, we performed a thermal shift assay that can quantify the thermodynamic stability of TTR via melting temperature (Tm). TTR (7.2 μM) was heated in acid aggregation buffer (NaOAc 200 mM, KCl 100 mM, acidified by AcOH to pH = 4.4), respectively from 35 to 96°C for 5 min and measured the optical density at 330 nm. The thermal shift assay concluded the same that D39Y (Tm = 341.8 K) is more stable than L55P (Tm = 337.8 K), but less stable than WT (Tm = 351.1 K) and (Figure 2E). Overall, D39Y-TTR is thermodynamically destabilized compared to WT-TTR.
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FIGURE 2
Thermodynamic stability of TTR-D39Y. (A) X-ray crystallographic structure of D39Y-TTR modified from WT-TTR (PDB code: 1BMZ). Y-39 was highlighted in red. (B) Urea-mediated unfolding of TTR-D39Y measured by tryptophan fluorescence changes (ratio at 355 nm and 335 nm). (C) Urea-mediated tetramer dissociation of TTR-D39Y measured by resveratrol binding fluorescence (394 nm). (D) Denaturation curve measured by tryptophan fluorescence. (E) Thermodynamic stability measured by thermal shift assay.




Kinetic stability of D39Y-TTR mutant protein

Some TTR mutations destabilize TTR by decreasing the tetramer dissociation kinetic barrier. To verify whether the variant D39Y reduced the kinetic stability of TTR, we quantified it using tetramers dissociation half time (t1/2) measured by urea mediated denaturation (Figures 3A, B). Kinetically, in 6 M urea, D39Y (t1/2 = 5.4 h) was less stable than WT (t1/2 = 17.1 h), but more stable compared with L55P (t1/2 = 0.6 h) (Figure 3C). Under physiological conditions (0 M urea), the conclusion still held true. Extrapolated from the urea mediated tetramer dissociation curve (Figure 3B), D39Y (t1/2 = 9.9 h, 0 M urea) was less stable compared with WT (t1/2 = 42 h), but more stable than L55P (t1/2 = 4.4 h) on kinetic stability under 0 M physiological conditions (Figure 3D).
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FIGURE 3
Kinetic stability of D39Y TTR. (A) Tetramer dissociation measured by tryptophan fluorescence in 9 M urea. (B) The logarithm of the rate of tetramer dissociation, lnkdiss (kdiss in h-1) plotted as a function of urea concentration. The lnkdiss vs. urea concentration plot is linear, allowing extrapolation to 0 M urea. (C) Kinetic stability measured by tryptophan fluorescence in 6 M urea. L55P, gray curve; D39Y, red curve; WT, black curve. (D) Relationship between thermodynamic (x Axis; Cm of denaturation curve) and kinetic (y Axis; t1/2 of tetramer dissociation) stability.




D39Y: WT TTR heterozygous tetramers is kinetically stable and resistant to proteolysis

Transthyretin is usually heterotetramers in patients’ serum due to the subunit exchange effect. To compare the kinetic stability of heterotetramers of variant D39Y and WT, we mixed up D39Y and WT TTR and incubated them in phosphate buffer (10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, pH = 7.4) at D39Y:WT ratios from 4:0 to 0:4 at 4°C for 48 h for efficient subunit exchange. Then, the subunit exchanged samples were subjected to cross-linking reaction. Through the cross-linking reaction, glutaraldehyde crosslinked two TTR monomers into a dimer, the dimer into a tetramer, and the dimer into a tetramer, as well as octamers and multimers of larger molecular weights. Therefore, we observed these products of higher molecular weights as corresponding bands on this SDS-PAGE gel. Due to the limited resolution of the SDS-PAGE gel and the randomness of crosslinking reaction between TTR multimers, these higher molecular bands representing TTR crosslinked multimers exhibited as a smear bands cluster at the top of the gel. Fortunately, this experiment does not rely on the quantification of these smear bands of higher molecular weights. We monitored the dimeric bands that were well defined and the molecular weight of which was clearly discernible by the gel ladder. SDS-PAGE gel analysis of TTR proteins after cross-linking showed that homotetramers and heterotetramers had the same kinetic stability as the dissociated dimer bands did not change with the increasing ratio of D39Y and WT (Figure 4A). This result may explain the late disease age-of-onset for the D39Y patient reported herein.
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FIGURE 4
Heterozygous tetramers of D39Y: WT TTR is stable and resistant to proteolysis. (A) SDS-PAGE electrophoresis analysis of D39Y: WT TTR heterozygous tetramers after crosslinking revealed no increasing dimer bands upon increasing D39Y mutant protein ratio. It suggests heterozygous tetramers of D39Y: WT TTR is kinetically stable. Heterozygous tetramers were prepared at indicated molar ratios of D39Y mutant (red) to WT (black), from 4:0 (D39Y alone) to 0:4 (WT alone), as shown above the gel. (B) SDS-PAGE electrophoresis analysis of D39Y showed proteolytic resistance toward trypsin digestion, suggesting D39Y mutation does not generate proteolytic fragments that lead to amyloid formation.


On the other hand, besides the deposition of full-length amyloid TTR, fragment 49–127 to trigger TTR aggregation is also a pathway to form amyloid fibrils. To assess whether D39Y is capable of forming digested fragments, D39Y (3.6 μM) was incubated with trypsin (5 μg/mL) at 37°C for 0–345 min. The products were analyzed by SDS-PAGE gel, revealing no digested bands at 9 kDa. This result demonstrates that D39Y is resistant to proteolysis and does not generate amyloid-prone proteolytic fragments (Figure 4B). Overall, these lines of evidence may also explain D39Y late disease age-of-onset.



D39Y responses well to tafamidis stabilization

We next evaluated whether D39Y TTR exhibited a differential response to Tafamidis stabilization compared to WT and L55P-TTR. Using OD300 turbidity assay, we assessed the inhibitory effect of Tafamidis on WT-TTR and mutant TTR amyloid formation under acidic aggregation conditions (200 mM NaOAc, 100 mM KCl, acidified by AcOH to pH = 4.4). D39Y showed a similar response to Tafamidis upon one site occupation at 1:1 stoichiometry (Figures 5A–C). However, upon the increasing concentration of Tafamidis, we did not observe a dose-dependent inhibitory effect after 3.6 μM, indicating its negative cooperativity present in mutant TTR binding to Tafamidis. This result was supported by the ITC experiment as two binding site model was not feasible in D39Y mutant (Figures 5D–F). However, D39Y binds to Tafamidis as tightly as the WT TTR, indicating its potential satisfactory response to Tafamidis treatment.
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FIGURE 5
Inhibitory effect of Tafamidis on TTR amyloid formation. (A) WT (B) L55P (C) D39Y (3.6 μM) were incubated with increasing concentration of Tafamidis in acidic aggregation buffer (200 mM NaOAc, 100 mM KCl, acidified by AcOH to pH = 4.4) for 72 h. OD330 turbidity assay was used to monitor the formation of TTR amyloid. Isothermal titration calorimetry (ITC) of Tafamidis with wild type (D), L55P (E) and D39Y (F) TTR revealed the dissociation constant of Tafamidis with TTR. TTR concentrations were 300 μM.




Functional tetrameric TTR concentration in patient’s serum indicates the disease age-of-onset

We next explored the tetramer concentration of TTR in patient’ serum using UPLC method reported by the Kelly group (11) (Figure 6A). Stilbene A2 probe selectively reacts with the Lysine-15 at the weak dimer-dimer interface of TTR tetramer and fluoresces at 430 nm. Due to the stable covalent bonds between A2 and TTR tetramers, we can quantify the folded tetrameric TTR by UPLC (Figure 6A). Based on the above working principle of this assay, we established the linear correlation between the fluorescence intensity of the peak and TTR tetramer concentration spiked in serum for afterward quantification (Figures 6B, C). The results showed that A2 fluorescence intensity increased with the concentration of TTR, giving a wide linear range from 0.5 to 20 μM (Figure 6C).
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FIGURE 6
Quantification of tetramer TTR concentration in patient’s blood serum. (A) The scheme for quantification of TTR tetramer concentration in patient’s serum using by UPLC. A2 selectively reacts with TTR tetramer and reports on the concentration by its fluorescence. (B,C) Linear correlation between TTR concentration and fluorescence intensity of A2. (D) The raw chromatographic data for the symptomatic father (D39Y), asymptomatic daughter (D39Y) and healthy daughter (WT) on UPLC detected by A2 fluorescence. (E,F) Quantification of the peak area and TTR tetramer concentration of three samples.


It has been reported that TTR may partition into folded tetrameric, misfolded oligomeric and amyloid fibril conformations. The decrease in tetramer TTR in blood serum may manifest the disease onset of TTR amyloidosis. Toward this end, we assessed the concentration of TTR tetramer in D39Y symptomatic patient (father), asymptomatic D39Y gene carrier (daughter 1), and wild type non-D39Y gene carrier (daughter 2). Next, we quantified the TTR tetramer concentration in the sera of three subjects of the patient’s family (Figures 6D, E). Intriguingly, the fluorescence intensity of the healthy daughter (WT, 4.8 μM) shows much higher than the symptomatic father (D39Y, 2.5 μM). Whereas the asymptomatic daughter’s TTR tetramer concentration stayed in the middle (D39Y, 3.7 μM) (Figure 6F). In addition, the chromatographic peak shape of D39Y (multiplet peaks) and WT (singlet peak) TTR in this assay reflects its genotypes. These results highlighted that TTR tetramer concentration may serve as a disease onset parameter for D39Y mutation carrier and for the drug interference window time.




Discussion

Cardiac amyloidosis is a devastating and progressive infiltrative cardiomyopathy caused by the extracellular deposition of misfolded transthyretin (12). The clinical presentation and manifestations are non-specific in early stage amyloidosis, leading to massively underdiagnoses. Early diagnosis and treatment were essential for preventing disease progression and adverse cardiovascular events. Witteles et al. (13) had elaborated that under what clinic scenarios should amyloid cardiomyopathy be highly suspected and associated with “Red-flag” signs. In this study, we described the first case of hATTR-CA associated with a D39Y TTR mutation in China. The proband was admitted to our hospital with a series of “Red-flag” features, such as signs and symptoms of heart failure, limb lead low voltage on EKG and increased left ventricular wall thickness on echocardiography. Thus, we initiated screening for amyloidosis in this patient.

The amyloidogenic risk factors for a TTR mutant are usually associated with thermodynamic and kinetic stability (14–17). Thermodynamic stability and kinetic stability measurements of the TTR D39Y mutant showed that it was less stable than WT TTR and more stable than amyloidogenic mutation TTR L55P. These data indicated that instability of variant D39Y TTR is one of the fundamental causes of TTR amyloidosis. TTR are heterotetramers in patients’ serum due to the subunit exchange effect. We further revealed the heterozygous tetramer is stable, implicating D39Y’s late onset amyloid cardiomyopathy. Despite tetramer destabilization being generally considered to be the major step in developing amyloid fibrils, it has recently been shown that TTR proteolysis has been suggested as another mechanism mediating the amyloid formation (18, 19). The TTR fragments, particularly the 49–127°C-terminal peptide contributed to the formation of TTR amyloid fibrils (18, 19). Interestingly, we did not detect the amyloid-prone proteolytic fragments generated by D39Y variant. This might be because some amyloid variants are insensitive to this limited proteolysis in vitro (13, 20). In heart tissue with shear force, these variants become more susceptible to proteolytic cleavage and decomposition under shear stress, which seems to explain why our proband had the cardiac-predominant phenotypes (18, 20).

The average concentration of serum TTR ranged from 3 to 6 μmol/L in healthy adult humans (21–23). The levels of serum TTR found in previous studies are reduced in hATTR patients (24, 25). The decline in serum TTR portended worse survival in wild-type ATTR-CA patients, which was considered as an independent predictor of OS in patients with transthyretin amyloidosis (26). A Danish cohort study including 16,967 individuals demonstrated that lower serum TTR concentrations indicated a risk of incident HF (27). Also, patients with higher tetrameric TTR tend to respond better to TTR kinetic stabilizers (28–30). Here, The A2-UPLC quantification method was established to detect the tetrameric plasma TTR under native conditions. Among family members, the proband had the lowest TTR concentration with symptoms of heart failure. His asymptomatic daughter had a mild decrease in TTR concentration compared to his non-carrier daughter. Hence, the variant destabilizes the TTR tetramer structure, contributing to amyloid deposition. However, given the small sample size, we cannot wholly exclude the influence of other factors (e.g., age, gender, and nutritional status), which might interfere with the TTR concentration. Additionally, periodic monitoring to observe dynamic changes in the TTR tetramer concentration should be considered in further studies.

More than 120 pathogenic variants have been identified in the TTR gene (2). The Val30Met is the most frequent pathogenetic variant in the Europe population and Japan (12, 31). This mutation is typically associated with familial amyloid polyneuropathy, whereas approximately 43% of patients have cardiac involvement (31). The val122Ile variant is the most common cause of hATTR-CA (2, 32). However, Damrauer et al. (33) showed that among 92 TTR val122Ile carriers with heart failure, 24 (26%) experienced neuropathy, while only 13 (14%) suffered from carpal tunnel syndrome. This finding suggested the necessity of genetic screening for TTR patients. Currently, only scattered TTR variants were found in China, and most of them were associated with familial amyloid polyneuropathy, lacking comprehensive analysis and diagnosis of cardiac amyloidosis (34–37). In this study, the proband and his asymptomatic daughter carried a novel missense variant in TTR D39Y. The proband presented with hATTR-CA demonstrated a clinical profile dominated by cardiac manifestations, largely without evidence of extracardiac manifestations (e.g., polyneuropathy, carpal tunnel syndrome, autonomic insufficiency, and gastrointestinal dysfunction). The exact age of onset and penetrance of this D39Y mutant is not fully elucidated, which could account for this heterogeneity of phenotype.

Recently, several new drugs targeting TTR stabilization and suppressing TTR production have been developed for ATTR amyloidosis therapy. Tafamidis, an oral drug that acts as a small molecule stabilizer of TTR tetramers has been approved for the treatment of familial amyloid polyneuropathy (FAP) and ATTR-CA (38–40). The Tafamidis in Transthyretin Cardiomyopathy Clinical Trial (ATTR-ACT) enrolled 441 patients with ATTR cardiomyopathy, and 106 (24%) of them were hATTR-CA patients with the most common mutations of Val122Ile, Thr60Ala, and Ile68Leu (40). This trial showed that Tafamidis treatment reduced mortality and cardiovascular-related hospitalizations, improved quality of life and relieved symptoms in patients with ATTR-CA compared to placebo controls. Of note, our study verified Tafamidis had a profound inhibition on WT-TTR and L55P TTR amyloid formation. D39Y showed a similar response upon Tafamidis treatment. Also, the ITC experiments revealed that the binding affinities of Tafamidis with D39Y are similar to WT-TTR and much stronger than L55P. Here, we demonstrated the potential benefits of Tafamidis D39Y hATTR-CA. Despite encouraging preliminary results, further studies including long term follow-up are required.



Conclusion

In conclusion, this study described a Chinese family with hATTR-CA due to the TTR variant D39Y with its destabilizing effect in both kinetic and thermodynamic stabilities. Also, a decrease in functional tetrameric TTR concentration may serve as a disease age of onset indicator for the D39Y gene carriers. Tafamidis also exhibited the potential benefits to D39Y hATTR-CA.
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Case report: Complex arterial findings in vascular ehlers-danlos syndrome with a novel COL3A1 variant and death at young age
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Vascular Ehlers-Danlos syndrome (vEDS) is a genetic disease caused by a pathogenic mutation in the COL3A1 gene. Despite its severe course, the rarity and extreme clinical variability of the disease can pose significant obstacles to a timely diagnosis. Early and accurate diagnosis may lead to improved patient outcomes by providing access to targeted pharmacological treatments like celiprolol and enhancing the management of vEDS-related complications. Herein, we report a patient harboring a novel de novo COL3A1 missense variant, in which the diagnosis was only possible belatedly due to delayed referral for genetic evaluation. The patient developed pulmonary complications, aneurysms, and vascular malformations, and died at the age of 26 years due to massive pulmonary bleeding.
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Introduction

Vascular Ehlers-Danlos syndrome (vEDS) is a rare connective tissue disorder characterized by a severe course involving fragility and easy rupture of arteries and bowel, transparent skin, easy bruising, and distinct facial features such as protruding eyes, thin nose and lips, sunken cheeks, and lobeless ears (1).

Respiratory manifestations of vEDS are uncommon but have been described, including spontaneous pneumothorax, intrapulmonary bleeding causing recurrent hemoptysis, and bulla or bleb formation (2).

vEDS can be life-threatening at a very young age, and its diagnosis is challenging, particularly in the absence of a family history, due to the rarity and extreme clinical variability associated with the disorder (3). However, primary diagnosis of vEDS can be suspected through careful genetic counseling based on clinical presentation and then confirmed by identifying the pathogenic variant in the COL3A1 gene.



Case report

The patient was born preterm at the 35th week of gestation due to premature rupture of membranes. At just four months of age, he experienced an apparent life-threatening event (ALTE) while crying, characterized by sudden loss of consciousness, generalized hypotonia, and cyanosis (no documentation was available). Two months later, a similar event occurred, and a head CT scan revealed bilateral subdural hematoma that was resolved via craniotomy. As a result, the patient suffered reduced visual acuity in the left eye, believed to be secondary to compression of the ipsilateral optic nerve, but he did not develop any other permanent neurological deficits over time.

Starting at the age of 14 years, the patient began experiencing recurrent episodes of hemoptysis, accompanied by right-sided paresthesias, headache, and photophobia. A brain MRI revealed cerebellar tonsil ectasia through the foramen magnum. That same year, the patient suffered a spontaneous right-sided pneumothorax, which was treated with mechanical pleurodesis and exeresis of a bullous lesion. Another pneumothorax occurred at the age of 17 years, this time managed with chemical pleurodesis. Between these two events, he underwent saphenectomy to address multiple vein ectasia in his left leg.

At 22 years old, after an episode of severe hemoptysis, an exploratory thoracotomy was performed, revealing a massive spontaneous right-sided hemothorax. Following suspicion of a coagulation disorder, a hematologic screening which included CBC, PT, aPTT, PFA-100, coagulation factor assay, and vWF dosage—was carried out; all results were normal. At the time of testing, vEDS was not suspected and genetic counseling was not advised. Lacking a definite diagnosis, the patient continued his active lifestyle without adopting any cautious behavior, including smoking.

At the age of 25 years, the patient presented to the emergency department of our institute with acute pain in the right thoraco-abdominal area. A thoracic-abdominal CT scan revealed a massive retroperitoneal hematoma in the right perirenal region, extending from the subdiaphragmatic region to the pelvic cavity (maximum diameter of 30 cm), adjacent to a large anastomotic circle between the aorta and the right pulmonary artery. Multiple dilations of the peripheral branches of the pulmonary artery were also observed.

The right diaphragmatic artery appeared hypertrophic, circumvoluted, with two aneurysmal formations one of which was also partially thrombosed. These findings were confirmed by the angiograms (Figure 1A) and treated via selective coil embolization (Figure 1B). The angiograms also revealed a small dissection flap in the right external iliac artery, and a hypertrophic and circumvoluted 12th intercostal artery. Later, selective catheterization of this artery demonstrated arterial-venous shunts between it and the pulmonary vein for the right lower pulmonary lobe (Figure 2). The shunts were then treated via selective embolization as well (Figure 1B).


[image: Figure 1]
FIGURE 1
Angiograms of the right inferior diaphragmatic artery. (A) Digital Subtraction Angiography Hypertrophy of the right inferior diaphragmatic artery and evidence of 2 aneurisms (*). (B) Angiogram: Post Coil embolization using Interlock mechanically detachable coils (Boston Scientific, Natick, MA) and The Concerto™ Helix and 3D detachable coil systems (Medtronic Inc Minneapolis MN, US).
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FIGURE 2
Digital subtraction angiography. Intercostal hypertrophic artery (*) and artero, venous fistula between this artery and the inferior right pulmonary vein (#).


One month later, the patient was readmitted to the emergency department due to another episode of hemoptysis. The chest CT scan revealed “ground glass” consolidation areas with a central consolidated component in the lung parenchyma, with the largest located at the left posterior costophrenic sinus, and several smaller ones in the left lower pulmonary lobe.

These findings were consistent with alveolar hemorrhage, likely originating from the hypertrophic left bronchial artery, where a pseudoaneurysm was recognizable. A subsequent angiography showed markedly tortuous and ectasic proximal sections of the bronchial arteries and hyperemia of the distal bronchial circles.

Superselective catheterization attempts to reach the bleeding site of the left bronchial artery were unsuccessful. Consequently, as the hemoptysis resolved, the patient was not subjected to an embolization procedure; instead, he was started on tranexamic acid therapy without a clinical indication for whole blood transfusion.

During this hospitalization, the patient was referred to clinical genetics for further evaluation. Upon physical examination, the patient exhibited a muscular constitution; his height was 177 cm, and his weight was 75 kg. The skin assessment was challenging due to the presence of multiple tattoos covering the trunk and limbs. No facial anomalies or signs of joint hypermobility were evident; however, a high-arched palate, absence of the lingual frenulum, and flat feet with hammer toes were observed. A connective tissue disorder was finally suspected.

To verify this hypothesis, the patient underwent genetic testing from peripheral blood extracted DNA using a panel of 20 genes (ACTA2, COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, ELN, FBN1, FBN2, FLNA, MYH11, MYLK, NOTCH1, PLOD1, SMAD3, TGFB1, TGFB2, TGFBR1, TGFBR2, TNXB) via next-generation sequencing. The analysis identified the novel heterozygous missense variant c.1889G > A causing the amino-acid substitution p.(Gly630Glu) in COL3A1 (NM_000090.3) (Figure 3). Subsequent testing of parental samples demonstrated that the variant originated de novo (Supplementary Figure S1). A literature search (PubMed, Human Gene Mutation Database, LOVD, Ehlers-Danlos Syndrome variant Database, Internal data, ClinVar) confirmed that this variant has not been previously reported, indicating a novel mutation.


[image: Figure 3]
FIGURE 3
COL3A1 BAM from IGV. The c.1889G > A variant is detected in heterozygosity. Cov: coverage; AF: allelic fraction of alternative called base (A).


According to the ACMG standards for variant classification (4), the following criteria were applied to classify the variant as ‘likely pathogenic’: the variant was absent in both the unaffected parents (PS2), it is absent in the gnomAD database (PM2); it is located within the collagen triple helix repeat (PM1), and it is predicted in silico as deleterious by many different tools, including MetaRNN, M-CAP, MVP, Polyphen2 HDIV, Polyphen2 HVAR, SIFT, DEOGEN2, EIGEN, FATHMM, and MutPred (PP3).

The patient’s clinical presentation, along with imaging and genetic test results, led to a diagnosis of vEDS, and pharmacological therapy with celiprolol 200 mg daily was started.

The patient was subsequently evaluated by a multidisciplinary team to determine the best approach for treating the frequent pulmonary hemorrhages.

The only resolutive treatment proposed was heart-lung transplantation. However, the surgical team deemed this option impossible due to the patient's previous chemical pleurodesis and tissue fragility. Later that year, the patient experienced a new spontaneous pneumothorax, followed by a massive pulmonary hemorrhage that proved fatal at the age of 26 years.



Discussion

Vascular Ehlers-Danlos syndrome (vEDS) is the most severe subtype among the Ehlers-Danlos syndromes (5); caused by pathogenic variants in the COL3A1 gene, which encodes the α1 chain of type III procollagen [proα1(III)].

vEDS carries a high risk of sudden death due to the rupture of large arteries or hollow organs, such as the bowel and uterus. The median age for the first major vascular event is 24.6 years, and the median survival is only 48 years due to the high rate of complications (6).

Clinical diagnostic criteria for vEDS include: a positive family history of the disorder, early onset of arterial rupture or dissection before age of 40 years, unexplained rupture of the sigmoid colon, unexplained spontaneous pneumothorax or carotid-cavernous sinus fistula formation without trauma, and minor vEDS features (e.g., tendon and muscle rupture, easy bruising, thin translucent skin, hypermobility of small joints, aged appearance of extremities particularly the hands, gingival recession, keratoconus, early onset varicose veins) (5).

Imaging, including computed tomography angiography and magnetic resonance angiography, is an essential tool for diagnosing and monitoring vEDS. Aneurysms, dissections, arterial ectasia, and occlusions are the most common radiologic findings, with abdominal vessels being the most frequently affected (34%), followed by thoracic (33%), and head/cervical vessels (17%) (6).

Genetic testing is the definitive method for confirming the diagnosis of vEDS, through the identification and characterization of a COL3A1 pathogenic variant, which may also offer a prognostic insight. According to Omar et al. (7), the majority of pathogenic variants in the COL3A1 gene (approximately 65%) are missense variants, resulting in the substitution of a glycine residue within the triple helical domain. Aberrant splicing, occurring in about 25% of patients, is the second most common mutation mechanism. Additionally, 5% of patients have nonsense or frameshift variants, leading to unstable RNA that is degraded through nonsense-mediated decay without producing protein (null mutations or haploinsufficiency).

According to Pepin et al. (6), splicing variants are associated with the most severe disease course, followed by missense variants involving glycine residues, and finally haploinsufficient variants are associated with a milder course, including delayed symptom onset and increased life expectancy.

Diagnosing vEDS can be challenging, especially because 50% of COL3A1 pathogenic variants occur de novo. As a result, vEDS is often only suspected after a significant or potentially fatal complication occurs (3).

For 70% of vEDS patients, the presenting sign is either a vascular rupture or an organ rupture (8). However, this means that a significant portion of patients have an atypical presentation of vEDS. Among these, 12% of patients have a spontaneous pneumothorax due to the rupture of a lung bleb as their first described manifestation (3). Additionally, pulmonary hemorrhages related to the rupture of small vascular nodules or arteriovenous fistulas have been reported as well (9, 2).

In 2015, Abrahamsen et al. (10) described a patient carrying a COL3A1 pathogenic variant whose disease onset occurred at the age of 19 years, characterized by recurrent episodes of spontaneous pneumothorax. The patient also had other typical signs of the disease, such as a tall and slender build, mild scoliosis, asymmetry of the chest, long fingers with hypermobility of the thumb joints, thin and translucent skin, prominent eyes, and keratoconus, which further supported genetic testing for COL3A1. The authors suggested that the atypical presentation of vEDS with pneumothorax and pulmonary bleeding may be more common in young adults.

Treatment for vEDS primarily focuses on avoiding high-risk activities and procedures such as arterial punctures, elective surgeries, and gastrointestinal and uterine endoscopies. These procedures should be limited to cases with urgent complications, including arterial or organ rupture. Blood pressure control is crucial, and the use of antiplatelet and anticoagulation medications should be avoided unless strictly indicated. It is essential for patients to understand their risk factors and implement necessary lifestyle changes to reduce the risk of complications, such as avoiding strenuous physical activity and contact sports (8).

Atypical presentations of vEDS may delay diagnosis, resulting in suboptimal patient management and serious clinical consequences. In this regard, Diebels et al. (11) described a 58-year-old patient with Stanford type B aortic dissection who underwent thoracic endovascular repair (TEVAR) but experienced a retrograde dissection with rupture of the ascending aorta just two days later, which ultimately proved fatal. In this case, diagnosis was not possible through clinical criteria, but was only revealed post-mortem thanks to the identification of a pathogenic mutation in the COL3A1 gene. The authors emphasized the importance of a conservative management approach for vascular events in patients even suspected of having vEDS, given the high fragility of their tissues and blood vessels, which can lead to very serious complications.

Currently, the only medical therapy that has been shown to improve outcomes for vEDS is the use of celiprolol, a β1-adrenoceptor antagonist and a β2-adrenoceptor agonist that reduces hemodynamic stress and the fragility of arterial walls (12).

The extent of evaluation at the time of initial diagnosis is currently a topic of ongoing debate. The most important step in managing vEDS is assembling an interdisciplinary care team, which should include a primary care physician, a geneticist, a vascular surgeon, and a general surgeon. This team will be responsible for coordinating both routine and emergency care (8).

In this work, we describe a patient with vEDS who died from the disease at a young age. Recurrent spontaneous pneumothorax and pulmonary hemorrhage in young individuals may indicate an atypical onset of vEDS and should warrant prompt genetic counseling, even in the absence of other common symptoms such as facial, skin, and joint anomalies.

Unfortunately, genetic counseling for our patient was recommended only after his condition worsened, and the delayed diagnosis precluded the proper clinical management that might have been potentially beneficial.

An earlier diagnosis might have allowed for timely treatment with celiprolol, which has been associated with better cardiovascular outcomes and longer life expectancy in vEDS patients. Furthermore, it might have led to alternative management strategies for the patient's recurrent pneumothoraces.

In this scenario, the typical tissue fragility of vEDS alone was not the reason to contraindicate heart and lung transplantation in our patient. However, this fragility, combined with the result of the previous chemical pleurodesis led the surgical team to deem any intervention unfeasible.



Conclusion

The usefulness of this case is to demonstrate the pivotal importance of referring to clinical genetics evaluation for all patients with a history of recurrent bleedings and spontaneous pneumothoraces. Early diagnosis of vEDS may enable better treatment choices, improved management, and ultimately, better outcomes.
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i
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4.21
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9.8
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1.32
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44.3
22
2.0
7.9
2.2
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211

2.34
130
243
7.9

Reference value

0-1.7
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APO-A1/B, Apolipoprotein A1/B; A/G, Ratio of albumin to globulin.
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