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Abstract

:

Marfan syndrome (MFS) is a hereditary connective tissue disease whose clinical severity varies widely. Mutations of the FBN1 gene encoding fibrillin-1 are the most common genetic cause of Marfanoid habitus; however, about 10% of MFS patients are unaware of their genetic defects. Herein, we report a Korean patient with MFS and annuloaortic ectasia caused by an intronic c.5225-3C>G variant of the FBN1 gene identified by targeted panel sequencing. The reverse transcription analysis of FBN1 revealed that the intron 43 sequence from positions c.5297-1516 to c.5297-1 was retained at the coding sequence as a consequence of the c.5225-3C>G variant enhancing a cryptic splice acceptor site (c.5297-1518_5297-1517AG) in intron 43. The retained sequence of the part of intron 43 caused the same effect as insertion mutation (NM_000138.5:c.5297_c.5298ins5297-1516_5297-1), resulting in a frameshift mutation resulting in p.Ile1767Trpfs*3. The patient underwent an urgent modified Bentall operation with a 29 mm mechanical valve for annuloaortic ectasia and severe aortic valve regurgitation. This report emphasizes the need for functional investigations into the diagnostic workflows of certain diseases or gene panels with suspected high rates of intronic variants and potential pathogenic effects. Hence, further descriptions of individuals with intronic variants causing alternative splicing expected to have pathogenic effects at different transcript levels are crucial for improving our understanding.
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1. Introduction


Marfan syndrome (MFS, OMIM #154700) is a hereditary connective tissue disease whose clinical severity varies widely from isolated characteristics to neonatal presentations of rapidly progressive and severe diseases involving multiple organ systems [1,2,3]. Marfan syndrome occurs globally without geographic, ethnic, or professional predispositions and affects both males and females equally. Its incidence in the general population has been estimated to be 2–3 per 10,000 individuals [4]. In Korea, the age-standardized overall prevalence of MFS in 2013 was 2.27 persons (1.92 in females and 2.61 in males) per 100,000 persons [5]. The diagnosis of MFS is based on the evaluation of many clinical criteria. The clinical features of MFS overlap with those of other connective tissue disorders and are collectively considered under the definition of Marfanoid habitus [6]. The complexity of the clinical manifestations of MFS and its unpredictable progression have been investigated extensively over the past few decades, especially in an attempt to explain the genotype–phenotype correlations of Marfanoid habitus and MFS. Mutations of the FBN1 gene encoding fibrillin-1 are the most common genetic cause of Marfanoid habitus, and FBN1 mutations can be detected in >90% of individuals with classic MFS [7]. Previous studies that aimed to study the genotype–phenotype correlations in Marfanoid habitus focused mainly on the pathogenic variants of FBN1 [8,9]. More than 3000 causative mutations of FBN1 have been reported, and the mutation spectrum consists of missense, frameshift, and nonsense mutations as well as exon deletions [10]. Among them, most (> 90%) of the FBN1 mutations are located in the coding region and at specific splice sites. FBN1 mutations have often been classified according to their domain localization or as in-frame mutations or protein-truncating types without considering the effects on the protein product [11,12]. However, about 10% of patients with MFS are unaware of their genetic defects [4]. Because additional genes are associated with Marfanoid habitus [2,4,13,14], the FBN1 gene cannot be considered a unique genetic cause of Marfanoid habitus. Further, the clinical significances of some variants, such as intronic variants that may affect splicing, are uncertain and cannot be interpreted appropriately, despite the development of next-generation sequencing (NGS) technologies [15,16].



Cases of Koreans with MFS carrying the FBN1 mutations have been reported [17,18,19,20,21,22], and a few cases caused by non-splice-site intronic variants have been identified [18]. Herein, we report a Korean patient with MFS and annuloaortic ectasia caused by an intronic c.5225-3C>G variant of the FBN1 gene identified by targeted panel sequencing; in vitro characterization of the effects of this variant on complementary DNA (cDNA) showed that it was a pathogenic variant.




2. Materials and Methods


2.1. Targeted Panel Sequencing


Genomic DNA was extracted from the whole blood of the proband and their parents using a QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany). Singleton targeted panel sequencing using Celemics’ G-Mendeliome clinical exome sequencing panel (Celemics, Seoul, Korea) was performed on NextSeq500 instrument (Illumina, San Diego, CA, USA) with a high output flow cell and 300 Paired-end cycles (150 × 2) at the Green Cross Genome (Yongin, Korea) to detect variants, given the suspicion of hereditary aortopathy and connective tissue disorder. In particular, the coding region and adjacent intronic sequences of 22 genes, including ACTA2, BGN, CBS, COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, FBN1, FBN2, LOX, MFAP5, MYH11, MYLK, NOTCH1, PRKG1, SKI, SMAD3, TGFB2, TGFB3, TGFBR1, and TGFBR2, were selected as described elsewhere [14,23]. Base calling, alignment, variant calling, annotation, and quality control reporting were performed using the Genome Analysis Tool Kit best-practice pipeline workflow for germline short variant discovery (https://gatk.broadinstitute.org/hc/en-us, accessed on 18 April 2022). Deoxyribonucleic acid sequencing reads were aligned with the human genome reference assembly GRCh38 (hg38) using the Burrows–Wheeler aligner (BWA). As a result, the targeted panel sequencing generated 1,288,546,132 target read samples via estimation of the sequence quality along all sequences. The mean read depth (×) was 108, and the percentage of bases above a read depth of 30× was 93.3%. The interpretation of the sequence variants was reviewed manually by medical laboratory geneticists according to the standards and guidelines of the Joint Consensus Recommendation of the American College of Medical Genetics and Genomics (ACMG) and Association for Molecular Pathology (AMP) for classifying the pathogenic variants [24]. Briefly, the filtering scheme used to find the potential causative variant is as follows: (1) variants located within or near exons of protein-coding genes; (2) variants with allele frequencies < 0.01; (3) variants causing nonsense or nonsynonymous changes in codons within exons, causing frameshift mutations, or altering the highly conserved splice sites; (4) homozygous or compound heterozygous variants of the same gene or de novo variants identified in the proband only. The disorder is most likely considered to be autosomal recessive or sporadic inheritance because the proband’s parents were unaffected.




2.2. Verification of the FBN1 c.5225-3C>G Variant


Sanger sequencing of the polymerase chain reaction (PCR) products was conducted using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and was resolved by capillary electrophoresis on a 3730XL Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). The presence of the FBN1 c.5225-3C>G variant was confirmed with bidirectional Sanger sequencing using the primer pairs 5′–AGGCACTCTTACCAGTCCCT–3′ (NG_008805.2:g.185137_185156) and 5′–ATTAGGTGGAGCTGCACAGG–3′ (NG_008805.2:g.185705_185724). The functional impact on alternative splicing was predicted using the Human Splicing Finder (HSF, https://hsf.genomnis.com/, accessed on 21 May 2022) [25] and SpliceAI (https://spliceailookup.broadinstitute.org/, accessed on 21 May 2022) [26]. Variant allelic frequency was assessed using public genome databases, the genome aggregation database (gnomAD, https://gnomad.broadinstitute.org/, accessed on 24 May 2022), and the Korean reference genome database (KRGDB, https://coda.nih.go.kr/coda/KRGDB/, accessed on 28 May 2022). ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/, accessed on 28 May 2022), a public database of variant interpretations, was used to identify if any candidate variants were previously reported as (likely) pathogenic.




2.3. Ribonucleic Acid Isolation, Reverse Transcription PCR, and Complementary DNA Sequencing


Total RNA was extracted from the peripheral blood of the proband as well as healthy controls using a QIAGEN miRNeasy Micro Kit (Qiagen, Hilden, Germany) following manufacturer protocols. The cDNA was prepared with a QuantiTect Reverse Transcription Kit (Qiagen) and used as a template in subsequent PCRs for cDNA analysis. The alternative splicing effect of the c.5225-3C>G variant on FBN1 was analyzed by reverse transcription PCR (RT-PCR) amplification, and the RT-PCR products were separated by 2% agarose/tris-acetate-EDTA buffer gel electrophoresis. The visible bands were excised, extracted from gel pieces using a GeneJET PCR Purification Kit (Thermo Scientific, Waltham, MA, USA), and Sanger sequenced using the primer pairs 5′-TGGAATCTGTGGTCCAGGGA-3′ (NM_000138.5:c.4965_4984) and 5′-ATTGCACTGTCCTGTGGAGG-3′ (NM_000138.5:c.5525_5544) including exons 41 through 45 of the FBN1 gene.





3. Results


A 23-year-old male patient, the firstborn male child of healthy Korean parents at 39 weeks of gestation, visited the emergency room of Jeonbuk National University Hospital (Jeonju, Korea) through a local clinic because of gradually worsening dyspnea for two weeks. He had been undergoing outpatient follow-up at our Department of Orthopedic Surgery for scoliosis for eight years and had no medical history of other diseases. There were no specific findings in the family history. He was 185 cm tall and weighed 63 kg, with a slender build. He had arachnodactyly, but the thumb sign was negative. Myopia was observed, but the predominant ocular complication of MFS, such as ectopia lentis or lens subluxation, was not found. Transthoracic echocardiography (TTE) was performed to evaluate the dyspnea and revealed severe aortic valve regurgitation (AR) with aortic annular dilatation. The size of the annulus in the TTE was 75 mm. The left ventricular (LV) ejection fraction was 29%, showing severe LV systolic dysfunction. The LV end-diastolic and end-systolic dimensions were 88 and 79 mm, respectively (Figure 1a,b). A large aneurysm was detected via computed tomographic aortogram in the valsalva sinus and proximal ascending aorta, termed annuloaortic ectasia, and the maximum diameter of the ascending aorta was 77 mm (Figure 1c–e). The patient underwent an emergency modified Bentall operation with a 29 mm mechanical valve for the annuloaortic ectasia and severe AR.



Targeted panel sequencing was performed to determine the potential genetic cause of hereditary aortopathy and connective tissue disorder in the proband only (II-1 in Figure 2a). A heterozygous intronic c.5225-3C>G variant in the FBN1 gene was identified as the best candidate for the genetic cause of MFS in the proband. The c.5225-3C>G substitution was located three nucleotides upstream of the intron 42/exon 43 junction of the FBN1 gene (Figure 2b). The c.5225-3C>G of intron 42 was predicted to have caused a break in the wild-type (WT) acceptor site, with a delta value of −92.77% (score for WT: 9.27; score for variant: 0.67), which most probably affected splicing, as determined by MaxEnt generated from the HSF. Similarly, SpliceAI predicted that this intronic splice variant might lead to acceptor loss with a score of 0.94 and pre-mRNA position of −3 bp without donor loss, acceptor gain, or donor gain as SpliceAI recommended prioritizing variants as potentially splice-altering if the cutoff was greater than 0.2.



The RT-PCR analyses of the FBN1 transcripts in whole blood from the proband and control using a primer set between exons 41 and 45 demonstrated that the intron 43 sequence from positions c.5297-1516 to c.5297-1 was retained at the coding sequence as a consequence of the c.5225-3C>G variant enhancing a cryptic splice acceptor site (c.5297-1518_5297-1517AG) in intron 43 (Figure 2c). The retained sequence of the part of intron 43 caused the same effect as insertion mutation (NM_000138.5:c.5297_c.5298ins5297-1516_5297-1), resulting in a frameshift mutation resulting in p.Ile1767Trpfs*3 (Figure 3). The cDNA sequencing supported the damaging effects of this rare FBN1 variant, which was classified as PVS1 and defined as a null variant (nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single- or multi-exon deletion) in a gene where the loss of function (LoF) is a known mechanism of disease based on ACMG-AMP criteria.



The proband’s family members presented no clinical symptoms associated with MFS, and genetic counseling and segregation analysis were performed to identify the genetic origin of MFS in the patient. Sanger sequencing confirmed that the unaffected parents were genetically normal. Thus, a de novo intronic variant c.5225-3C>G in the FBN1 gene was identified to cause sporadic MFS in the proband.




4. Discussion


Several large cohorts with autosomal dominant inherited MFS and related diseases have been studied previously, and a definitive molecular diagnosis was reported in 40–95% of them depending on the testing strategy and inclusion criteria [11,27,28]. Currently, genetic approaches are preferred for testing individuals with MFS and Marfanoid habitus using a gene panel rather than single-gene analysis, followed by multiplex ligation-dependent probe amplification for negative samples because of the relevant number of mutations affecting genes other than FBN1 [29]. Particularly, targeted panel sequencing that includes a broader list of candidate genes as well as a better and more thorough evaluation of the clinical manifestations of MFS and Marfanoid habitus may improve genetic diagnoses considerably [13,14,23]. For example, Nayak et al. obtained a higher molecular diagnosis rate of 85% in 45 of 53 MFS families using targeted multiple-gene panels, whole-exome sequencing, and multiplex ligation-dependent probe amplification [23]. Furthermore, the implementation of targeted panel sequencing in individuals with hereditary aortopathies or hereditary connective tissue disorders in a clinical setting has been proven to be useful for achieving genetic diagnoses [30,31,32]. Thus, targeted panel sequencing is the most practical screening strategy for identifying disease-causing variants in individuals with the clinical features of typical MFS and Marfanoid habitus.



The type of FBN1 mutation detected and its likelihood of being pathogenic are considered important factors in the diagnosis of MFS and for later clinical decisions. For example, a high frequency of splicing and truncating FBN1 mutations was observed in patients with Ghent-positive MFS along with aortic dissection and/or surgery compared to patients with FBN1-mutation-positive MFS without reported aortic events [10]. In support of this finding, our report describes a Korean patient with MFS and annuloaortic ectasia as well as severe AR caused by a novel intronic FBN1 variant; the patient received an emergency modified Bentall operation with a 29 mm mechanical valve. We confirmed the effects of this variant enhancing a cryptic splice acceptor site (c.5297-1518_5297-1517AG) along with a normal splice acceptor site (c.5297-2_5297-1AG) and added this novel variant to the FBN1 mutational repertoire. This variant caused intron retention, in which an intron remains in the mature mRNA transcript rather than being removed during maturation. Ribonucleic acid sequencing and other data demonstrate that intron retention is a common mechanism of tumor-suppressor inactivation, is widespread across cancer entities, and contributes to their transcriptional diversity [33]. This was an LoF variant and expected to result in either a loss of protein or an abnormal truncated protein product from the mutant allele through nonsense-mediated mRNA decay. Thus, the c.5225-3C>G variant was classified as pathogenic according to the revised Ghent nosology for MFS. In this case, we highlighted the significance of including extended intronic regions to interpret NGS results for variant prioritization and postanalytical work for medical purposes. This case also emphasizes the requirement to investigate the functional effects to further verify the pathogenicity of intronic variants with potentially damaging effects. This novel intronic c.5225-3C>G variant of FBN1 has not been reported previously as benign or pathogenic and has not been observed in the general population (gnomAD) or Korean population (KRGDB). The different nucleotide substitution was one of two variant alleles of a single nucleotide and registered as rs876657810 (NM_000138.5:c.5225-3C>A) in the Single Nucleotide Polymorphism database (dbSNP; https://www.ncbi.nlm.nih.gov/snp/, accessed on 17 June 2022), even though it was reported in ClinVar as having “uncertain significance” (https://www.ncbi.nlm.nih.gov/clinvar/variation/228685/?new_evidence=false, accessed on 20 October 2022). Similar to our novel intronic variant, the c.5225-3C>A variant was predicted to cause a break in the WT acceptor site, with a delta of −45.2% (score for WT: 9.27; score for variant: 5.08) by MaxEnt, leading to an acceptor loss with a score of 0.72 and pre-mRNA position of −3 bp by SpliceAI. In particular, it is important to investigate noncoding intronic variants that are not located on canonical splice sites at the RNA level before classification. Splicing analysis should be preferably carried out using RNA from peripheral blood samples. However, in most cases, RNA is not available from the patient. Alternatively, the variant can be examined by mini-gene splicing analysis, which has been described previously to be a valid method for investigating the impacts of variants on the splicing patterns [34,35]. These findings are expected to have important implications for the management of patients with MFS having FBN1 splicing and truncating variants, especially in light of the fact that the current practices generally consider such patients to have milder disease progression.



Advances in NGS technologies in molecular diagnostics have improved the costs and turnaround times, but they have not significantly influenced the clinical interpretations of uncertain significance variants, particularly intronic nucleotide substitutions, which potentially affect alternative splicing. Some previous case reports [16,36,37,38] as well as the present case suggest the impacts of variants on the noncoding DNA in MFS and related disorders, in addition to the opportunity to reconsider the standard diagnostic approaches in certain cases [38]. The burden related to uncertain results associated with these variants is still high in MFS as the point variants possibly impacting FBN1 pre-mRNA splicing seem to account for up to 10% of the genetic findings reported for MFS [39]. Thus, optimal clinical interpretation in these cases should integrate genetic findings with customized studies exploring the variant effects at the transcriptional or translational levels. Such an approach also necessitates the availability of additional validated diagnostic tests and the ability to explore variant effects at the mRNA or post-transcriptional levels to support clinical interpretations of the genomic data. These variants also need to be verified for disease-causing effects based on public sequence databases, such as the Leiden Open Variation Database (https://www.lovd.nl/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), and Human Gene Mutation Database (https://www.hgmd.cf.ac.uk/) [40].




5. Conclusions


In conclusion, we report a novel heterozygous FBN1 c.5225-3C>G variant causing alternative acceptor site splicing, thereby resulting in sporadic MFS. This finding expands the clinical and pathological spectra of the genotype–phenotype correlations associated with MFS caused by FBN1 intronic variants. This report also emphasizes the need for functional investigations into the diagnostic workflows of certain diseases or gene panels with suspected high rates of intronic variants and potential pathogenic effects. Further descriptions of individuals with intronic variants causing alternative splicing and expected to have pathogenic effects at different transcript levels are crucial for improving our understanding of MFS.
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Figure 1. Radiologic findings of the proband. (a,b) Transthoracic echocardiography revealed a valsalva sinus aneurysm (dotted arrow) with severe aortic valve regurgitation. (c,d) The computed tomographic aortogram (CTA) showed a valsalva sinus aneurysm and proximal ascending aortic aneurysm in the trans-sectional images. (e) The three-dimensional reconstructed image of the CTA revealed annuloaortic ectasia. 
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Figure 2. Pedigree analysis and Sanger sequencing analysis. (a) Pedigrees of the proband with sporadic Marfan syndrome and annuloaortic ectasia as well as his family members. (b) Sanger sequencing confirmed a heterozygous intronic c.5225-3C>G variant of the FBN1 gene (red dot) in the proband only. (c) Intron retention, in which an intron remains in the mature mRNA transcript rather than being removed during maturation caused by c.5225-3C>G variant of the FBN1 gene (red star). Yellow star, a cryptic splice acceptor site (c.5297-1518_5297-1517AG) in intron 43. 
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Figure 3. Results of complementary DNA sequencing of the FBN1 c.5225-3C>G variant causing alternative acceptor site splicing. Reverse transcription PCR of FBN1 transcripts between exons 41 and 45 in the proband demonstrated that a cryptic splice acceptor site (c.5297-1518_5297-1517AG) in intron 43 (underlined) was enhanced and the retained sequence of the part of intron 43 caused the same effect as insertion mutation (NM_000138.5:c.5297_c.5298ins5297-1516_5297-1), resulting in a frameshift mutation resulting in p.Ile1767Trpfs*3. C, normal control. P, proband. 
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