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Abstract Marfan syndrome (MFS) results from hetero-

zygous mutations in FBN1. However, genetic analyses of

deoxyribonucleic acid (DNA) from approximately 10–30%

of MFS patients who meet diagnostic criteria do not reveal

an identifiable FBN1 mutation. In a patient who met the

diagnostic criteria for MFS, bidirectional DNA sequencing

of exons and intron–exon boundaries of FBN1 failed to

reveal a mutation. Assessment of the FBN1 message in

dermal fibroblasts from the patient revealed insertion of a

pseudoexon between exons 63 and 64. Sequencing of

intron 63 identified a point mutation, IVS63?373, located

near the middle of intron 63 of FBN1 that created a donor

splice site in intron 63, leading to inclusion of a 93-bp

fragment of intronic sequence in the FBN1 message.

Identification of a novel pseudoexon mutation in FBN1, in

association with a clinical diagnosis of MFS, confirms that

cryptic mutations that are missed by the current DNA-

based diagnostic methods have a causative role.
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Introduction

Marfan syndrome (MFS) is an autosomal dominant disorder

with pleiotropic manifestations involving the cardiovascu-

lar, skeletal, and ocular systems (Murdoch et al. 1972;

Pyeritz and McKusick 1979; Finkbohner et al. 1995). MFS

results from mutations in FBN1, which encodes fibrillin-1, a

large glycoprotein found in the extracellular matrix (Dietz

et al. 1991; Lee et al. 1991). Mutations in FBN1 that cause

MFS are spread throughout the gene (http://www.umd.

necker.fr). The majority of mutations are missense muta-

tions that alter an amino acid in the calcium ion (Ca2?)-

binding epidermal growth factor (EGF)-like domains

(Hasham et al. 2002). Mutations that cause small in-frame

deletions or insertions and mutations that lead to exon

splicing errors have also been identified in FBN1 (Dietz

et al. 1991; Guo et al. 2001).

More than 15% of inherited single-gene disorders in

humans result from point mutations that disrupt proper

splicing. However, mutations in introns that lead to inser-

tion of an additional exon, termed pseudoexons, are rare.

The first pseudoexon mutation leading to disease was

identified in the ATM gene in an individual with familial

ataxia telangiectasia (McConville et al. 1996). Since then,

pseudoexon mutations have been identified in GHR

(Metherell et al. 2001; David et al. 2007), DMD (Tuffery-

Giraud et al. 2003; Eng et al. 2004; Coutinho et al. 2005),

ATM (Eng et al. 2004; Coutinho et al. 2005), and PMM2

(Schollen et al. 2007), resulting in inherited growth-

hormone-insensitivity disease, Duchenne muscular dystrophy,

ataxia telangiectasia, and congenital disorders of glyco-

sylation type 1a and other genetic disorders (Harland et al.

2001; King et al. 2002).

In this report, deoxyribonucleic acid (DNA) analysis

from a patient with MFS identified a point mutation
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located near the middle of intron 63 of FBN1 that resulted

in the insertion of a pseudoexon between exons 63 and 64.

This pseudoexon was predicted to lead to a premature

termination codon at the beginning of the pseudoexon.

Studies have identified FBN1 mutations in 91% of MFS

patients, raising the possibility of cryptic FBN1 mutations

not identified by current genomic sequencing approaches,

or suggesting that mutations in other genes such as

TGFBR2 may lead to classic MFS (Loeys et al. 2004).

The data presented here confirm that cryptic FBN1 muta-

tions, such as those that generate pseudoexons, can lead to

MFS.

Materials and methods

Sample collection

The Institutional Review Board at the University of Texas

Health Science Center, Houston, approved this study. After

appropriate consent was obtained, peripheral blood speci-

mens, skin biopsies, clinical information, and family

history were obtained from the patients. Genomic DNA

was extracted from blood samples according to the man-

ufacturer’s protocol using the PureGene genomic DNA

isolation kit (Gentra Systems, Minneapolis, MN, USA).

DNA sequencing and reverse transcription

The 65 exons of FBN1 from the proband’s and her

mother’s genomic DNA were polymerase chain reaction

(PCR)-amplified and sequenced using intron-based, exon-

specific primers (Nijbroek et al. 1995). PCR amplifications

were carried out using HotStar Taq
TM

DNA polymerase

(Qiagen Inc.Valencia, CA, USA). PCR products were

sequenced by the ABI PRISM 3130xl Genetic Analyzer

using the ABI PRISM BigDye Terminators v3.0 Cycle

Sequencing Kit (Applied Biosystems). Dermal fibroblasts

were explanted from skin biopsies. Total cellular ribonu-

cleic acid (RNA) was purified by TRIzol Reagents (Life

Technologies) and reverse-transcribed by Omniscript RT

Kit (Qiagen) according to the manufacturer’s protocol. The

primers used for reverse transcription and reverse trans-

criptase (RT)-PCR were located at exon 63 (left primer

50-TGCCTCAGCGCTCACATCTG) and exon 64 (right

primer 50-CTCGATATTGGAGGCATCAGT).

Quantification the transcription level of mutant mRNA

Pyrosequencing assay is a quantitative DNA sequencing

technique applied for quantifying allele frequencies of

single nucleotide polymorphisms (SNPs) [Guo et al. 2005].

We modified this method to quantify the transcriptional

level of mutant messenger RNA (mRNA). To quantify

transcriptional levels of total mRNA, an oligonucleotide,

AGGGCGGTTACCTGTGTGGCTCTCCACCTGGT TAC

TTCCGCATAGGCCAAGG, was synthesized that substi-

tuted a ‘C’ nucleotide for a G nucleotide normally found in

FBN1 exon 63 sequence (Exon63C). This oligonucleotide

served as a concentration standard to quantify the level

of total FBN1 mRNA. A standard concentration of the

Exon63C oligonucleotide was prepared at serial dilutions

and then mixed with FBN1 complementary DNA (cDNA)

from the proband’s fibroblast. Pyrosequencing assays were

performed to detect the peak height ratio of C and G

alleles. The C peak represents the known copy number of

the Exon63C standard and G peak the copy number of the

proband’s FBN1 cDNA. The ratio of C to G alleles is equal

to the ratio of the copy number of Exon63C standard to

the proband’s cDNA. Similarly, another oligonucleo-

tide, CCAAGGTGATTCATCTCTCTCTAAATACACCTC

TCT GCCAACCCATGA, was synthesized that substituted

a ‘C’ nucleotide to replace a G nucleotide in the pseudo-

exon sequence (Intron63C). This oligonucleotide served as

standard to quantify the level of mutant FBN1 mRNA.

Primers for the pyrosequencing assay of exon 63 were

forward primer: biotin-GCGGTTACCTGTGTGG; reverse

primer: CCTTGGCCTATGCGGAAGTA; and sequencing

primer: TGCGGAAGTAACCAGGTG. Primers for the

pyrosequencing assay of the pseudoexon were forward

primer: biotin-CCAAGGTGATTCATCTC; reverse primer:

TCATGGGTTGGCAGAGAGGT; and sequencing primer:

TTGGCAGAGAGGTGTATT.

Results

Patient descriptions and family history

The proband was an 11-year-old Caucasian girl with aortic

root dilatation (3.2 cm at the sinuses of Valsalva with a

body surface area of 1.32 m2) and mitral valve prolapse on

echocardiogram. She had a stature greater than 95th per-

centile, scoliosis with a 22� angle by X-ray, positive wrist

and thumb sign, greater arm span to height ratio, pes planus

with medial displacement, joint hypermobility, a narrow

and slightly arched palate, and striae atrophicae. Based on

these findings, the proband met the Ghent diagnostic cri-

teria for MFS (De Paepe et al. 1996). The proband’s

mother was 42 years old with dolichostenomelia, narrow

palate, myopia, hyperextensible metacarpal and interpha-

langeal joints, and mitral valve prolapse. The proband’s

maternal uncle underwent surgical repair of his ascending

thoracic aorta; further medical information was not avail-

able. The maternal grandfather was 196 cm tall and died

suddenly in his 60s.
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Identification and characterization of the FBN1

mutation

The 65 exons and adjacent intronic regions of FBN1 were

sequenced with the proband’s DNA. No mutations were

identified in the exons or intron–exon boundaries. To

screen for a FBN1 splicing error, a nonquantitative RT-

PCR followed with DNA sequencing assays was performed

on entire RNA isolated from fibroblasts explanted from the

proband. When a cDNA fragment containing nucleotides

8,159–8,554 of the FBN1 message was analyzed, a frag-

ment of the expected size was amplified, along with a

larger DNA fragment (Fig. 1a). Sequencing of the larger

DNA fragment revealed a 93-bp insertion between bp

8,379 and 8,380, corresponding to the junction between

exons 63 and 64. Basic local alignment search tool

(BLAST) analysis (http://www.ncbi.nlm.nih.gov/BLAST/)

identified that the inserted sequence was from intron 63 of

FBN1 (Fig. 1b). The inserted intronic sequence was pre-

dicted to lead immediately to a premature termination

codon.

To identify the disease-causing mutation in FBN1, intron

63 was sequenced. A G to T transversion located 2 bp

downstream of 30 terminus of the pseudoexon was identified

(Fig. 1c). This transversion was the only unreported

nucleotide alteration found in intron 63. This transversion

existed in both the proband and her mother but was not

present in 200 unrelated Caucasian controls. The G to T

transversion created an acceptor site for the pseudoexon

(Fig. 1d). The transcription level of the mutant FBN1 allele

was assayed by the pyrosequencing assay based semi-

quantitative RT-PCR method. In the proband’s fibroblast,

the transcriptional level of the mutant mRNA with the

pseudoexon was 3% of the normal mRNA (data not shown).

Discussion

We report here the first pseudoexon mutation identified in

FBN1 leading to MFS. In addition, identification of this

mutation provides the first evidence that ‘‘cryptic’’ FBN1

mutations undetected by diagnostic sequencing of genomic

DNA can cause the disease. More than 600 mutations have

been identified throughout the 65 exons of FBN1 in

patients with MFS and related disorders, primarily through

the 65 exons of FBN1 and flanking intronic regions using

genomic DNA (http://www.umd.necker.fr/disease.html).

Approximately 11.5% of these mutations result in exon

A BM control patient Pseudoexon Exon 63

1000 bp

200 bp

400 bp
500 bp Exon 63 + 64

Exon 63 + 64
+ pseudoexon

Sequencing assay in reward strand

C to A (G T in forward)
C

Exon 64

D

ggaagTGATTCATCTCTCTGTAAATACACCTCTCTGCCAACCCATGACAGAACTGG

GCTCACCCTGCACACGACTGATCCACTCTTCTCCTGGGGCAGgtagg

Exon 63

Pseudoexon

G T

280 bp 2419 bp

Fig. 1 A novel pseudoexon mutation is inserted between exon 63 and

exon 64 of FBN1. a Reverse transcriptase polymerase chain reaction

(RT-PCR) using primers located in exon 63 and 64 and ribonucleic

acid (RNA) isolated from the patient’s fibroblasts demonstrate a

deoxyribonucleic acid (DNA) fragment of the expected size, plus a

larger fragment that is not present in control RNA. M is a 100 bp DNA

ladder. b DNA sequencing assay of the larger complementary DNA

(cDNA) fragment amplified from the patient’s RNA confirmed a 93-bp

pseudoexon insertion between exons 63 and 64. This sequencing assay

was performed on a reverse cDNA strand. c DNA sequencing assay

identified a G?T transversion in intron 63 of FBN1. DNA sequencing

assay was performed on the reverse strand. d The panel presents the

location and sequence of the G?T transversion and pseudoexon in

FBN1. DNA sequence with capital letters is the pseudoexon. The red t
presents G?T transversion at the 30 splice site. The first codon of the

pseudoexon is a stop codon (underlined)
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splicing errors. A comprehensive molecular study on the

FBN1 gene in a cohort of 93 MFS patients was initiated

using single-strand conformation polymorphism and con-

formation-sensitive gel electrophoresis assays on 62

genomic DNAs, and 31 cDNAs derived from fibroblast

RNA identified FBN1 mutation in 73 patients fulfilling the

Ghent diagnostic criteria. Direct sequencing of the exons

and flanking introns in the remaining 20 patients was fol-

lowed by Southern blot analysis for large deletions and

insertions. This study identified FBN1 mutations in 91% of

MFS patients (Loeys et al. 2004). A study of direct DNA

sequencing of the exons and flanking introns of FBN1,

FBN2, TGFBR1, and TGFBR2 on 49 MFS or MFS-sus-

pected patients identified FBN1 mutations in 55% of

patients and TGFBR1 and TGFBR2 mutations in 6% of

patients [Sakai et al. 2006]. The MFS patients in these

studies in whom no mutations were detected could have

cryptic FBN1 mutations or locus heterogeneity for MFS

(Boileau et al. 1993). Identification of a novel pseudoexon

mutation in FBN1 confirms a role of cryptic mutations

leading to the condition. In addition, these results suggest

that analysis of the FBN1 message should be considered

when the standard genetic diagnosis fails to identify a

mutation (Miller et al. 2007).

Only a few cases of pseudoexon mutations have been

reported to cause human genetic disorders. The frequency

of pseudoexon mutations may be underestimated because it

is difficult to identify by direct DNA sequencing of exons

and their flanking sequences of a gene. The mutations that

cause pseudoexons can be located at intron–pseudoexon

boundaries, within pseudoexon sequences that create a new

cis element for RNA splicing, or in the pseudoexons

through the deletion of intron-splicing processing element

(Pagani et al. 2002). We analyzed the pseudoexon mutation

and wild-type FBN1 sequences using an ESE finder

(http://rulai.cshl.edu/tools/ESE/) to investigate the poten-

tial mechanism of generating pseudoexon by the

IVS63?373 alteration. A high-score motif, CACACGA,

for exonic splicing enhancers SF2/ASF was found, which is

located at the 61–66 bp of pseudoexon. The ESE finder

score for this motif was 6.59 compared with the suggestive

threshold score 1.96. This result suggests that the FBN1

IVS63?373 mutation creates an intronic GT sequence as a

new acceptor site at the 50 terminus and results in gener-

ation of a pseudoexon. Currently, defective genes have not

been identified for many known loci that cause Mendelian

inheritant diseases. In these cases, the intronic cryptic

mutation is one of the potential defects that result in the

disease.
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