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Abstract

Exome sequencing of genes associated with heritable thoracic aortic disease (HTAD) failed to 

identify a pathogenic variant in a large family with Marfan syndrome (MFS). A genome-wide 

linkage analysis for thoracic aortic disease identified a peak at 15q21.1, and genome sequencing 

identified a novel deep intronic FBN1 variant that segregated with thoracic aortic disease in the 

family (LOD score 2.7) and was predicted to alter splicing. RT-PCR and bulk RNA sequencing 

of RNA harvested from fibroblasts explanted from the affected proband revealed an insertion of 

a pseudoexon between exons 13 and 14 of the FBN1 transcript, predicted to lead to nonsense 

mediated decay (NMD). Treating the fibroblasts with an NMD inhibitor, cycloheximide, greatly 

improved the detection of the pseudoexon-containing transcript. Family members with the FBN1 
variant had later onset aortic events and fewer MFS systemic features than typical for individuals 
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with haploinsufficiency of FBN1. Variable penetrance of the phenotype and negative genetic 

testing in MFS families should raise the possibility of deep intronic FBN1 variants and the need 

for additional molecular studies.

Graphical Abstract

These results indicate that families with decreased penetrance of features of MFS and negative 

genetic testing should be assessed for deep intronic variants that lead to the insertion of a 

pseudoexon, and detection of these pseudoexons may be improved when the cells are treated 

with inhibitors of nonsense mediated decay.
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Pathogenic variants in FBN1 cause Marfan syndrome (MFS), an autosomal dominant 

condition leading to highly penetrant thoracic aortic aneurysms and dissections associated 

with ocular and skeletal complications (Chen et al., 2021). Although diagnostic genetic 

testing (exon sequencing, splice sites, and deletion/duplication analyses) identifies a 

pathogenic FBN1 variant in the majority of patients who meet the clinical diagnostic criteria 

for MFS, up to 8% of cases do not have a detectable variant in FBN1, TGFBR1, or 

TGFBR2 (Baetens et al., 2011; Loeys et al., 2004). Deep intronic FBN1 variants leading 

to introduction of pseudoexons in the transcript are a rare cause of MFS, but the overall 

frequency of such pathogenic non-coding variants is unknown (Gillis et al., 2014; Guo et al., 

2008).

Multigene thoracic aortic disease panel testing in an affected family member of a five-

generation family with variable penetrance of both thoracic aortic disease and systemic 

features of MFS failed to identify pathogenic variants in the known genes for heritable 

thoracic aortic disease (HTAD) (Figure 1A). The family consented for research approved by 

the Institutional Review Board at the University of Texas Health Science Center at Houston. 

The proband and three relatives with thoracic aortic disease underwent exome sequencing 

but no rare, shared variants were identified that could explain their phenotype. Subsequent 

linkage analysis using 8 samples from family members and the Illumina HumanCore-24 
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chip identified 5 loci with LOD scores > 2, including one encompassing FBN1 with a 

LOD score of 2.7 (Figure 1B, supporting information). Using the linkage information, two 

distantly related family members with thoracic aortic disease underwent whole genome 

sequencing (WGS). Filtering for shared rare variants (gnomAD v3.1.2 global MAF < 10−4) 

under linkage peaks (Figure 1b, supporting information), we identified a variant in intron 

13 of FBN1 (NM_000138.5), 15:48803583C>A (hg19), that segregated with thoracic aortic 

disease in the family and was absent from gnomAD v3.1.2. Sanger sequencing validated the 

variant (Figure 1C). Four computational splicing tools (SpliceAI, Human Splicing Finder, 

NetGene2, ESE Finder v3.0) predicted this deep intronic variant (c.1589–1217G>T) could 

lead to use of a new splice acceptor site within intron 13 of the FBN1 transcript.

To assess this FBN1 variant’s effect on splicing, RNA was harvested from the proband’s 

dermal fibroblasts. Using Sanger sequencing of the cDNA with primers in exons 13 and 

14, we observed a novel pseudoexon, 202 bp in length, within intron 13 of the FBN1 
transcript (Figure 2A–C, supporting information). This pseudoexon introduced a premature 

termination codon (PTC) within the FBN1 mRNA (p.Asp530Valfs*8) that was predicted 

to lead to nonsense mediated decay (NMD) (Figure 2A). FBN1 transcript levels assayed 

by quantitative RT-PCR (qPCR) determined that the proband had a 50% reduction of total 

FBN1 expression compared to controls when normalized by the expression of GAPDH 
(Figure 2D), suggestive of NMD. The level of mutant FBN1 transcript was also significantly 

increased compared to control cells (p < 0.01). To confirm the reduction in expression was 

due to NMD, the proband’s fibroblasts were treated with an NMD inhibitor, cyclohexamide 

(CHX), which inhibited degradation of mutant FBN1 mRNA and significantly increased 

expression of mutant mRNA at hour 8 (p <0.01); Figure 2E; supporting information)

RNA sequencing (RNA-seq) has emerged as a methodology to identify cryptic aberrant 

splicing in genes for Mendelian diseases (Saeidian et al., 2020). To determine if abnormal 

FBN1 splicing and expression would be detected with this approach, bulk RNA-seq was 

performed from the proband’s fibroblasts as previously described (Murdock et al., 2021). 

After optimizing pipeline parameters, a 37% reduction in FBN1 expression was observed 

compared to controls along with 2.3% of reads containing the same pseudoexon detected 

before (Figure 2F, supporting information), consistent with NMD taking place. As expected, 

inhibition of NMD with CHX increased the number of reads spanning the pseudoexon to 

12.7% with a slight increase in overall FBN1 expression compared to the untreated sample 

(Figure 2F, supporting information).

Based on the American College of Medical Genetics and Genomics and the Association for 

Molecular Pathology guidelines, the following evidence indicates that the chr15:48803583 

C>A FBN1 deep intronic variant (c.1589–1217G>T, p.Asp530Valfs*8) is pathogenic: (1) 

nonsense or frameshift variant in a gene where loss of function (LoF) is a known mechanism 

of disease (PVS1); (2) co-segregation with disease in multiple affected family members in 

a gene definitively known to cause the disease (PP1_strong); (3) low minor allele frequency 

in the population (PM2); and (4) Marfan-like systemic features in cases (PP4). Nine living 

family members were confirmed to be heterozygous for the FBN1 deep intronic variant 

and four were obligate heterozygotes (Table S1). Three deceased individuals were at 50% 

risk to have the variant, one of which had an autopsy-proven dissection (died at age 19 
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years), and the other two died suddenly of unknown causes (died at ages 36 and 43 

years; supporting information). Data was obtained for these 16 individuals on aortic events 

(defined as an aortic dissection or surgical repair of an aortic aneurysm) and MFS systemic 

features, along with aortic root diameters from individuals who had not had an event 

(Loeys et al., 2010). In the 13 confirmed and obligate heterozygotes with the FBN1 variant, 

there were three aortic surgical repairs, two of which occurred at aortic root diameters 

of 6.5 and 6.9 cm, respectively. Aortic root enlargement (Z score > 2) was present in 

seven individuals, with initial enlargement noted at ages ranging from 5 to 58 years. Two 

individuals with the variant remain without aortic root enlargement at ages 27 and 59 years, 

respectively (Table S2). Thus, the cumulative risk for aortic events in this family appears 

to be lower than previously reported for FBN1 haploinsufficiency variants (Figure 1D, 

supporting information) (Arnaud, Morel, et al., 2021). The MFS systemic scores for nine 

family members who were assessed by a physician ranged from 1 to 9 with a median score 

of 7 (supporting information). None of the affected individuals had history of ectopia lentis, 

mitral valve prolapse, dural ectasia, protrusio acetabuli, or spontaneous pneumothorax.

Non-coding variants that lead to pseudoexon formation, intron retention, and regulatory 

changes are not typically identified by exome sequencing or gene panels that focus on 

coding and consensus splice site regions. Similarly, synonymous variants that may affect 

splicing are difficult to fully assess. The deep intronic FBN1 variant in the family reported 

here leads to the insertion of an out-of-frame pseudoexon in the FBN1 transcript and 

resultant haploinsufficiency via NMD. Notably, the rate of aortic events in this family 

was less than that reported for individuals with FBN1 haploinsufficiency variants (Arnaud, 

Milleron, et al., 2021). One possible explanation for the reduced penetrance in the family 

reported here is decreased efficiency of insertion of the pseudoexon into the FBN1 
transcript, which would lead to higher levels of the normal transcript in individuals with 

less penetrant disease.

In conclusion, these data indicate that non-coding variants disrupting the FBN1 transcript 

need to be considered in families with MFS, particularly if the clinical features are less 

penetrant or later onset than typically seen in MFS. As demonstrated here, such non-coding 

variants require additional molecular analyses, which can include WGS and RNA-seq, to 

identify and fully assess a functional effect on the transcript.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We extend our appreciation to the family who participated in this study and collaborated with us on this report. This 
work was supported by NHLBI R01HL109942 (D.M.M) and the Remebrin’ Benjamin and John Ritter Foundations 
(D.M.M). We would like to acknowledge the resources and support from the Laboratory for Translational Genomics 
at Baylor College of Medicine. We deeply thank Dr. Deborah A. Nickerson for her contributions to this manuscript 
and honor her legacy as a pioneer in human genomics as she passed away in December of 2021.

Guo et al. Page 4

Clin Genet. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on request from the 

corresponding author.

References

Arnaud P, Milleron O, Hanna N, Ropers J, Ould Ouali N, Affoune A, Langeois M, Eliahou L, Arnoult 
F, Renard P, Michelon-Jouneaux M, Cotillon M, Gouya L, Boileau C, & Jondeau G (2021). Clinical 
relevance of genotype-phenotype correlations beyond vascular events in a cohort study of 1500 
Marfan syndrome patients with FBN1 pathogenic variants. Genet Med, 23(7), 1296–1304. 10.1038/
s41436-021-01132-x [PubMed: 33731877] 

Arnaud P, Morel H, Milleron O, Gouya L, Francannet C, Da Costa A, Le Goff C, Jondeau G, Boileau 
C, & Hanna N (2021). Unsuspected somatic mosaicism for FBN1 gene contributes to Marfan 
syndrome. Genet Med, 23(5), 865–871. 10.1038/s41436-020-01078-6 [PubMed: 33495528] 

Baetens M, Van Laer L, De Leeneer K, Hellemans J, De Schrijver J, Van De Voorde H, Renard M, 
Dietz H, Lacro RV, Menten B, Van Criekinge W, De Backer J, De Paepe A, Loeys B, & Coucke 
PJ (2011). Applying massive parallel sequencing to molecular diagnosis of Marfan and Loeys-Dietz 
syndromes. Hum Mutat, 32(9), 1053–1062. 10.1002/humu.21525 [PubMed: 21542060] 

Chen J, Kaw K, Lu H, Fagnant PM, Chattopadhyay A, Duan XY, Zhou Z, Ma S, Liu Z, 
Huang J, Kamm K, Stull JT, Kwartler CS, Trybus KM, & Milewicz DM (2021). Resistance of 
Acta2(R149C/+) mice to aortic disease is associated with defective release of mutant smooth muscle 
alpha-actin from the chaperonin-containing TCP1 folding complex. J Biol Chem, 297(6), 101228. 
10.1016/j.jbc.2021.101228 [PubMed: 34600884] 

Gillis E, Kempers M, Salemink S, Timmermans J, Cheriex EC, Bekkers SC, Fransen E, De Die-
Smulders CE, Loeys BL, & Van Laer L (2014). An FBN1 deep intronic mutation in a familial case 
of Marfan syndrome: an explanation for genetically unsolved cases? Hum Mutat, 35(5), 571–574. 
10.1002/humu.22540 [PubMed: 24610719] 

Guo DC, Gupta P, Tran-Fadulu V, Guidry TV, Leduc MS, Schaefer FV, & Milewicz DM (2008). An 
FBN1 pseudoexon mutation in a patient with Marfan syndrome: confirmation of cryptic mutations 
leading to disease. J Hum. Genet, 53(11–12), 1007–1011. http://www.ncbi.nlm.nih.gov/pubmed/
18795226 (Not in File) [PubMed: 18795226] 

Loeys B, De Backer J, Van Acker P, Wettinck K, Pals G, Nuytinck L, Coucke P, & De Paepe A (2004). 
Comprehensive molecular screening of the FBN1 gene favors locus homogeneity of classical 
Marfan syndrome. Hum. Mutat, 24(2), 140–146. http://www.ncbi.nlm.nih.gov/pubmed/15241795 
(Not in File) [PubMed: 15241795] 

Loeys BL, Dietz HC, Braverman AC, Callewaert BL, De BJ, Devereux RB, Hilhorst-Hofstee Y, 
Jondeau G, Faivre L, Milewicz DM, Pyeritz RE, Sponseller PD, Wordsworth P, & De Paepe AM 
(2010). The revised Ghent nosology for the Marfan syndrome. J. Med. Genet, 47(7), 476–485. 
http://www.ncbi.nlm.nih.gov/pubmed/20591885 (Not in File) [PubMed: 20591885] 

Murdock DR, Dai H, Burrage LC, Rosenfeld JA, Ketkar S, Muller MF, Yepez VA, Gagneur J, 
Liu P, Chen S, Jain M, Zapata G, Bacino CA, Chao HT, Moretti P, Craigen WJ, Hanchard NA, 
Undiagnosed Diseases, N., & Lee B (2021). Transcriptome-directed analysis for Mendelian disease 
diagnosis overcomes limitations of conventional genomic testing. J Clin Invest, 131(1). 10.1172/
JCI141500

Saeidian AH, Youssefian L, Vahidnezhad H, & Uitto J (2020). Research Techniques Made Simple: 
Whole-Transcriptome Sequencing by RNA-Seq for Diagnosis of Monogenic Disorders. J Invest 
Dermatol, 140(6), 1117–1126 e1111. 10.1016/j.jid.2020.02.032 [PubMed: 32446329] 

Guo et al. Page 5

Clin Genet. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/18795226
http://www.ncbi.nlm.nih.gov/pubmed/18795226
http://www.ncbi.nlm.nih.gov/pubmed/15241795
http://www.ncbi.nlm.nih.gov/pubmed/20591885


FIGURE 1. 
A large HTAD family for whole genome linkage, whole exome, and whole genome 

sequencing assays. (A) Pedigree of TAA758 showing segregation of a deep intronic variant, 

that leads to an FBN1 pseudoexon, with HTAD in the family. The age at diagnosis or death 

in years is shown below the individual symbols. The legend shows the symbols representing 

the phenotypic features and genetic testing in the family members. (B) Whole genome 

linkage analysis identified a linkage peak covering FBN1. (C) Sanger sequencing validated 

the variant that causes the FBN1 pseudoexon. (D) Kaplan-Meier analyses depicting the 

probability of aortic events in TAA758 family members who carry the FBN1 variant and 

in Marfan syndrome patients with FBN1 premature codon termination (PTC) variants (gray 

line) (Arnaud, Milleron, et al., 2021).
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FIGURE 2. 
Molecular biological analysis confirmed that the FBN1 pseudoexon led to HTAD in the 

family. (A) Schematic diagram of FBN1 pseudoexon and the location of primers for RT-PCR 

assays. (B) RT-PCR assay on mRNA extracted from fibroblast cells of the proband and an 

age-matched control, consistent with the 202 bp FBN1 pseudoexon in the proband. These 

RT-PCR products were assayed on the same agarose gel (Original image, Supporting Figure 

2). (C) Sanger sequencing on RT-PCR products identified the boundaries of the pseudoexon. 

(D) q-PCR assay showed that in the proband, the mRNA level of q-PCR assay showed 

that in the proband, the mRNA level of FBN1 was reduced and the pseudoexon FBN1 was 

significantly increased compared to that of the control. (E) Fibroblast cells from the proband 

treated with CHX could increase the mRNA level of pseudoexon FBN1. (F) RNA-seq results 

of the FBN1 region on RNA extracted from fibroblast cells of proband with or without 
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8 hours of CHX treatment showed that the FBN1 pseudoexon can only be detected on 

fibroblast cells with CHX treatment.
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