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Introduction
Marfan syndrome (MFS) is a rare (1:3000 to 1:5000 incidence in the general population)
autosomal dominant connective tissue disorder with variable expressivity of clinical features
in the musculoskeletal, cardiovascular and ocular systems (1). Tall stature with long limbs,
arachnodactyly, pectus excavatum or carinatum, scoliosis, protrusion acetabuli, pes plani,
muscle hypotonia and a long face are frequently observed in individuals with MFS. Mitral
valve prolapses, pneumothorax, dural ectasia, ectopia lentis and myopia are common too.
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Aortic aneurysm/dissection is an important final hallmark, as aortic dissection represents the

major cause of mortality in MFS (2). Of note, significant phenotypic variability has regularly
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been observed between affected members of different families or even within families (3).

Deficiency for fibrillin-1 (encoded by FBN1) is the underlying cause of MFS. FBN1,
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which consists of 65 exons, is located on chromosome 15q21.1 and encodes a secreted 350kDa extracellular matrix glycoprotein that is an essential, structural component of calcium-
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binding microfibrils (4). Fibrillin-1 mostly consists of epidermal growth factor (EGF)-like
domains (5). 43 out of the 47 EGF-like domains in human fibrillin-1 start with the conserved
D-X-D/N-E motif which is involved in calcium binding (hence called cbEGF-like domains).

M

Calcium binding to fibrillin-1 has been shown to provide structural stabilization, protection
against proteolysis, and structural determinants for interaction with a number of elements of
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the extracellular matrix (reviewed in 6). In each cbEGF-like domain, stability is further
mediated by establishment of three disulfide bonds that interconnect six evolutionary
conserved cysteine residues in a pairwise manner (7,8).
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The most extensive FBN1 mutation database (http://umd.be/FBN1/-latest update

28/08/2014) contains 1847 different mutations in 3044 patient samples (9). Mutations are
widespread throughout the gene and only 12% of all reported FBN1 mutations are recurrent
(8). Unfortunately, the current mutation databases do not offer sufficient clinical and
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mechanistic data for establishing specific genotype–phenotype correlations between the
identified FBN1 mutations and variable expressivity of the symptoms of MFS. Establishment
of genotype–phenotype correlations is further hampered by the age-related nature of some
clinical symptoms as well as the variable phenotype of MFS (20). Nonetheless, a relatively
significant amount of research is ongoing to refine the very complex genotype–phenotype
association in MFS patients from different families as well as from the same family, who are
known to carry FBN1 mutations.
Previous studies showed that affected family members bearing the same FBN1
mutation often presented the same phenotype (20). Here, we detected a heterozygous FBN1

variation (c.7828 G>C in exon 64; p.Glu2610Gln) in nine family members from a fivegeneration pedigree associated with variable and different clinical features. Furthermore, we
developed an in silico model to gain a better understanding of the mechanistic and structural
aspects of the p.Glu2610Gln variation situated in the human fibrillin-1 cbEGF-like domain
42.

Materials and methods
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Patients and clinical data

A five-generation pedigree (Figure 1A) with MFS was recruited from the Department of
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Cardovascular Surgery in Yuksek Ihtisas Hospital in Bursa, Turkey. All the family members
in the present study were diagnosed within the same department of the hospital. This study
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was approved by the Medical Ethics Committee of the Yuksek Ihtisas Hospital, Bursa,
Turkey. Written informed consent was obtained from all the subjects or their legal guardians.
were

thoroughly

reviewed.
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The personal medical history and the family medical history of each family member
Additionally,

all

participants

underwent

physical,

ophthalmological, radiological and cardiovascular examinations. All the MFS patients were

M

diagnosed according to the revised Ghent criteria (21).

Clinical data and peripheral blood samples were collected from nine affected (III:1,
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III:7, III:9, IV:4, IV:6, IV:10, IV:14, IV:15, and IV:17) and nine unaffected family members
(III:5, IV:1, IV:2, IV:5, IV:8, IV:9, IV:11, IV:12, IV:13, and IV:16). Family members
designated IV:2, IV:3, and V:1 could not be investigated personally due to the fact that they
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currently live in France.
Molecular analyses

Genomic DNA was extracted for targeted next-generation sequencing at the Center of
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Medical Genetics in Antwerp. A HaloPlex gene panel (Agilent Technologies, USA) was used
to selectively capture known syndromic and non-syndromic aneurysmal genes (22). This
panel includes ACTA2 (NM_001141945), COL3A1 (NM_000090), FBLN4 (NM_016938),
FBN1

(NM_000138),

FLNA

(NM_001110556),

MYH11

(NM_022844),

MYLK

(NM_053025), PRKG1 (NM_006258), SKI (NM_003036), SLC2A10 (NM_030777), SMAD3
(NM_005902),

TGFB2

(NM_001135599),

TGFBR1

(NM_004612),

and

TGFBR2

(NM_003242). The targeted fragments were then sequenced on a MiSeq platform (Illumina,
USA) and data analysis was performed with the in-house developed automated data analysis
pipeline and variant interpretation tool VariantDB. The significance of the variant was

determined according to: (i) the nature of the variant and its position; (ii) the presence of these
variants in the ExAC and dbSNP databases; and (iii) their impact on the structure and function
of the resulting protein. Finally, Sanger sequencing was performed to validate the identified
mutation and to investigate familial segregation patterns.
Histological, pathological and immunohistochemical analyses
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Periodic acid-Schiff with Alcian blue (PAS–AB) and van Gieson staining protocols were

applied to the paraffin-embedded sections of the aorta of the proband (III-7) and of the
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proband’s brother (III-1). Immunohistochemical staining was subsequently performed with a
fibrillin-1 antibody (1:50, sc-20084, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in the
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paraffin-embedded sections of the aorta of the proband (III-7), proband’s brother and a control
aorta of age and sex matched forensic case Who deceased because of trauma, available in the
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Ministry of Justice, Council of Forensic Medicine, Mortuary Department, Istanbul, Turkey
In silico protein analysis

M

The information regarding the primary protein sequence and domain boundaries of human
fibrillin-1 was obtained from the UniProt Knowledgebase http://www.uniprot.org/; entry:
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P35555). The minimized average nuclear magnetic resonance (NMR) structure of a covalently
linked pair of human fibrillin-1 cbEGF-like domains were downloaded from the Protein Data
Bank (http://www.rcsb.org/; entry: 1EMN), and profiling of the noncovalent interactions
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between the cbEGF-like domains and Ca2+ ions was performed by using the PLIP Web
service (23). A comparative model of the covalently linked cbEGF-like domains no. 41
(residues 2567‒2606) and no. 42 (residues 2607‒2647) was built based on the 1EMN
template by using the CPHmodels, Version 3.2 protein homology modeling server (24). The
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p.Glu2610Gln substitution was introduced in silico by using the Mutagenesis Wizard of the
PyMOL Molecular Graphics System, Version 1.8 (Schrödinger, LLC, Portland, OR, USA),
adopting the Gln side-chain rotamer with a closely similar conformation to that of the Glu
side-chain rotamer, as well as with virtually no steric clashes with other amino acid side
chains or the main-chain atoms of the protein.
Results
Clinical findings of the pedigree

The 37-year-old male propositus (III:7) (Figure 1A) was referred to the Department of
Cardiovascular Surgery, Yuksek Ihtisas Hospital, Bursa, Turkey because of chest pain and
shortness of breath. The major clinical findings of the propositus included severe myopia, lens
subluxation, and mild marfanoid facial features (Figure 1B). Echocardiography and
computerized tomography (CT) (Figure 1C) revealed chronic type I aortic dissection, an
ascending aortic aneurysm at sinus valsalva level (90 mm) and severe aortic valve
insufficiency. His family medical history was significant for sudden death; his father and
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older sister died at ages of 51 and 36 years, respectively, and variable phenotypes were

observed in three generations of the family (Figure 1D). The proband’s older (age of 41 years)
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brother (III:1) presented with severe chest abnormalities (pectus carinatum, Figure 1E),
myopia-astigmatism, and lens subluxation. His echocardiography and CT (Figure 1F)
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similarly demonstrated chronic type I aortic dissection, an ascending aortic aneurysm at sinus
valsalva level (70 mm), and severe aortic valve insufficiency. The two brothers underwent

an

immediate Bentall procedure.

Upon further work-up of the family, echocardiography results indicated a 38-mm
aortic root diameter at sinus valsalva level in the proband’s 38-year-old sister (III:9). She also

M

had mild pectus carinatum and lens subluxation. The main clinical findings of 26-year-old
IV:5 were mild pectus carinatum (Figure 1G), myopia-astigmatism, and lens subluxation. His
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echocardiography and CT results demonstrated a dilated aortic root (42 mm) (Figure 1H)..
The 12-year-old female (IV:7) presented with mild chest deformity and tall stature (165 cm,
96.9 percentile), and her echocardiography results showed a 35-mm aortic root diameter at
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sinus valsalva level. Clinical features of IV:10 (age of 18 years) included severe pectus
carinatum, tall stature (193 cm, 99.2 percentile), and normal aortic diameters at sinus valsalva
level upon echocardiography. IV-14 (age of 17 years) and IV-15 (age of 15 years) presented
tall stature (196, 99.8 percentile and 180 cm, 99.8 percentile respectively) with skeletal
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abnormalities (chest asymmetry with pectus carinatum) and myopia. Echocardiographies of
IV:14, IV:15 and IV:17 revealed normal aortic diameters at ages 15, 17 and 7 respectively.
Taken together, cardiovascular disease was strikingly more severe in III:1 and III:7 compared
to the other affected family members.
Molecular genetic analyses
Aneurysm gene panel analysis for the proband (III:7) and subsequent segregation analysis in
all affected family members (III:1, III:7, III:9, IV:4, IV:6, IV:10, IV:14, IV:15, and IV:17)
revealed the presence of a heterozygous missense variant (c.7828 G>C; p.Glu2610Gln) in
exon 64 of the FBN1 (NM 000138) gene (Figure 2). This heterozygous variant was absent in

the nine family members (III:5, IV:1, IV:2, IV:5, IV:8, IV:9, IV:11, IV:12, IV:13, and IV:16)
lacking diagnostic features of MFS. As such, the variant is fully co-segregating with the
disorder in the family and unequivocally associated with the phenotype. Importantly, this
variation has not previously been reported on the national Turkish control database
(TUBITAK/BILGEM; 2100 individuals). However, in the Universal Mutation Database
(UMD)-FBN1, this variation was reported once, but no phenotypical details were provided
(personal communication by Prof. Boileau). Communication with Prof. Boileau and Dr.

ip
t

Nadine Hanna revealed that this patient shared the same Turkish name and surname as well as
a similar medical history as the proband (III:9) in our pedigree. It is worth mentioning,
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though, that this variation has not been reported in the relevant scientific literature before. The
p.Glu2610Gln mutation affects the highly conserved glutamate residue from the DINE-
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consensus sequence of cbEGF domain no.42 of fibrillin-1. While the UMD-predictor states
that this variant is a polymorphism, other in silico prediction tools, such as PolyPen-2 (25),
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SIFT (26), Mutation Taster, (27), and Mutation Assessor (28), identify this heterozygous
variant as pathogenic.

M

Pathological, histological and immunohistochemical findings

In the proband’s aorta (III-7), elastic fiber degeneration and fragmentation versus normal age

ed

matched control aorta, x20, respectively (Figure 3A, 3C), myxoid medial inclusion (Figure
3D), and, in one area, dissection of the media was observed. Similar findings were also
observed in the aorta of the proband’s brother (III-1) (Figure 3B, 3E).
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Immunohistochemistry for fibrillin-1 showed decreased protein expression in the

proband’s (III-7) (Figure 3F) and proband’s brothers’ (III-1) (Figure 3G) aorta compared to
normal staining throughout the aorta of age and sex matched control (Figure 3H)).
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In silico protein analysis

With an amino acid sequence identity of 43.8% to the covalently linked cbEGF-like domains
no. 41 and no. 42 (the latter of which bears the site of substitution), the NMR structure of the
adjacent cbEGF-like domains no. 32 and no. 33 (PDB ID: 1ENM) proved to be a good
template for protein comparative modeling (Figure 4A). Protein–ligand interaction profiling
analysis of this structure revealed that each Ca2+ ion formed a five-coordinated metal complex
with a trigonal bipyramidal geometry (Figure 4B). More importantly, two of these five
coordination bonds were established with the side-chain carbonyl and side-chain hydroxyl
oxygens of the Glu residue of the conserved D-X-D/N-E motif. The same bonding pattern was

also observed in the structure of the predicted cbEGF-like 41‒42 fragment, supporting the
validity of our protein comparative model (Figure 4C). In silico mutation of Glu-2610 to Gln
demonstrated that the side chain of Gln could also be accommodated readily in the Ca2+binding site, in a similar rotamer conformation to that of Glu in the wild-type protein (Figure
4D).
Discussion
MFS is clinically characterized by manifestations of multiple organ systems, including the
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cardiovascular, ocular, and skeletal systems. Cardiovascular complications such as aortic root
aneurysm and aortic dissection are the most life-threatening manifestations of MFS (29).
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In 1991, FBN1 was identified as the only gene associated with the pathogenesis of MFS (11).
To date, nearly 2000 unique FBN1 mutations have been reported to cause MFS (9). The
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location of the mutations is widespread over the gene, and most of them are unique to each
family. The mutational spectrum of FBN1 encompasses all possible types of mutations
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including stop codons, splice site mutations, insertions/deletions and missense variations, as
well as multi-exon and whole-gene deletions (30, 31).

Few strong genotype–phenotype correlations have emerged, though it has been noted
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that mutations in different exons of FBN1 can produce variable phenotypes (19, 30, 32, 39).
Patients carrying FBN1 mutations in exons 1‒21 have been reported to frequently show
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ectopia lentis (80%) while mutations in exons 23‒32 likely come with aortic root dilation
(33). On the contrary, mutations in exons 1–10 were found to be associated with no
cardiovascular complications (32) and mutations in exons 59–65 were found to be linked with
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milder MFS-like phenotypes (34). The vast majority of the mutations in the middle region of
the gene (exons 24‒32) are related to severe neonatal Marfanoid manifestations according to
previous observations, but some exceptions have been reported (35, 36). Besides the location
of the mutation, also the type of mutation has been reported to impact on disease severity. One
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of the first genotype–phenotype correlation reports found an enrichment of missense
mutations involving cysteine residues in MFS cases with ectopia lentis in a cohort of 104
MFS cases (36). These ocular findings were confirmed by two other reports (37, 38). Aortic
dissections appeared to be more common in cases with premature stop codon mutations
compared to cysteine-deleting or creating mutation carriers, but this has not been
unequivocally replicated. Faivre et al. (2012) were the ones who published data from the
largest genotype–phenotype MFS study (1013 independent MFS probands) (39). In their
cohort, skeletal and skin involvement was seen more frequently in patients carrying a stop
codon mutation. The cumulative probability of a diagnosis of ascending aortic dilatation

before or at age 40 years was 77% for patients with premature termination codon mutations
compared with 74% for patients with an in-frame mutation. In contrast, the cumulative
probability of a diagnosis of ectopia lentis was significantly lower for patients with premature
termination codon mutations compared with patients with an in-frame mutation. A recent
smaller cohort demonstrated that truncating and splice-altering mutations more abundantly
correlate with aortic events at young ages (40). Not long ago, Franken et al. (2017) tracked
aortic diameter, aortic dilation rate and clinical endpoints of dissection and death from 2004 to
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2015 in 290 patients with MFS from Spain and the Netherlands (53). Their analysis revealed

that fibrillin-1 haplo-insufficiency mutation carriers had a more severe aortic phenotype, with
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larger aortic root diameters and a more rapid dilation rate, and tended to have an increased
risk of sudden death and dissections compared with fibrillin-1 dominant-negative mutation
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carriers (53).

We identified a missense mutation (p.Glu2610Gln) in a large MFS family with
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significant variability with respect to disease severity. Although the mutation is located in
exon 64 and does not involve a cysteine residue, four of the affected family members (III-1,
III-7, III-9, IV-1) have lens subluxation and two (III-1 and III-7) presented with a giant
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ascending aortic aneurysm (70 and 90 mm, respectively) and severe aortic valve insufficiency
requiring Bentall surgery. The manifestation of aortic root dilatation is severe but not early-
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onset. Additionally, affected family members have skeletal abnormalities ranging from mild
to severe but mostly account for the mild type.
In a structural context, the p.Glu2610Gln substitution detected in our family is likely
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to cause a minimal perturbation to the local protein structure due to the fact that Glu and Gln
are similar in hydrophilicity, α-helical propensity and spatial requirements (42). From a
functional perspective, however, the substitution is predicted to hinder Ca2+ binding because
of the loss of one of the metal-coordinating oxygens. It has been suggested that mutations
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affecting Ca2+-binding residues have short- and long-range repercussions on the fate of

fibrillin-1 (7). For instance, the engineered p.Glu1073Lys substitution in the cbEGF-like
domain no. 12, which has previously been shown to be associated with the neonatal form of
MFS (34), was found to cause increased proteolytic susceptibility with newly introduced
cleavage sites both in close proximity to the mutated residue and within the EGF-like domain
no. 4 and cbEGF-like domains no. 3, no. 11 and no. 17 (44, 45). Overall, we suggest that the
p.Glu2610Gln substitution impairs the ability of the C-terminal portion of fibrillin-1 to bind
Ca2+, possibly leaving the mutant protein vulnerable to proteases. We do not, however,

exclude the possibility that this substitution may, alternatively, disrupt the interplay between
fibrillin-1 and its interacting partners or affect fibrillin-1 secretion.
MFS has been characterized by clinical heterogeneity among individuals with the
same mutation, within and among families like seen in our family (19, 47, 48). The nature or
location of the FBN1 mutation alone cannot explain this variation. These observations suggest
the existence of other genetic or environmental modifiers explaining the variable
susceptibility of micro-fibrillar matrices to proteolytic degradation. Alternatively, intra-
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familial variation in fibrillin-1 biosynthesis may account for the variable FBN1 mutant

phenotype (49, 50). As a possible explanation, it has been speculated that differences in wild-
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type FBN1 expression levels account for this intra-familial clinical variability (50-52). In our
family, aortic tissues of III-1 and III-7 were available, and fibrillin-1 expression was assessed
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by immunohistochemistry. Fibrillin-1 was totally diminished in both their aortic tissues, but
they both additionally had a highly severe aortic phenotype. The other affected family
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member’s tissue samples were not available to show the clinical variability in fibrillin-1
expression levels.

Scientist examined 290 patients with MFS and known FBN1 mutations at the two
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specialist units, one in Spain and the other in the Netherlands (52). Franken et al. (2017)
tracked aortic diameter, aortic dilation rate and clinical endpoints of dissection and death from
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2004 to 2015. Concluding that haploinsufficiency mutation carriers had a more severely
affected aortic phenotype, with larger aortic root diameters and a more rapid dilation rate and
tended to have an increased risk of death and dissections compared with patients with an
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inclusion of non-mutated and mutated fibrillin-1 in the extracellular matrix (52).
Despite the fact that MFS shows autosomal dominant inheritance, the disease has widespread
phenotypic variability in, for instance, the age of onset, severity and the progression of aortic
aneurysm. Regrettably, genotype–phenotype correlations are currently unpredictable for
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individuals or families, putting major obstacles in the way of clinicians directly responsible
for taking critical decisions. Because of that reason, timely differential diagnosis is extremely
important for early diagnosis and intervention of aneurysms to prevent serious vascular
complications in MFS and Marfan-related disorders.
Consent for publication: Consents for publication from all families were obtained. All the
patient’s guardians provided informed consent for publication of the submitted article, and the
results of the accompanying genetic analyses, after a full explanation of the purpose and
nature of all the procedures used.
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Figure legends

Figure 1 Pedigree and clinical findings of the Turkish family with MFS. (A) Pedigree of
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the family. Squares indicate males and circles indicate females. The filled symbols represent
the patients with the heterozygous p.Glu2610Gln mutation within the FBN1 gene. The arrow
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indicates the propositus. Question marks indicate unknown genotypic data on the FBN1 gene
for those patients. (B) Proband’s mild marphanoid facial features and severe myopia. (C)
Proband’s CT results show the ascending aneurismatic aorta (dark blue asterisk), true (red

ed

asterisk) and false (black asterisk) lumen in descendent aorta (D) Variable clinical expression
of Marfan phenotype in the family. (E) Severe pectus carinatus of the proband’s brother (III-
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1). (F) True (red asterisk) and false (black asterisk) lumen in aorta of the proband’s brother
(III-1). (G) Mild pectus carinatus of the proband’s nephew (IV-5). (H) Proband’s nephew (IV5) CT results show ascending (black asterisk) dilated aorta (descending aorta/red asterisk).
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Figure 2 DNA sequencing results of the heterozygous carriers and non-carriers and
multiple sequence alignment results of the FBN1 variant. (A) DNA sequencing results of

heterozygous carrier of the c.7828 G>C (p.Glu2610Gln) variant. (B) DNA sequencing results
of an unaffected family member. (C) Multiple sequence alignment results of the FBN1 variant
across different species based on the PolyPhen-2 tool.
Figure 3 Van Gieson staining, PAS–AB staining and immunohistochemistry results.
Lumen is always oriented to the top. (A) Elastic fibril degeneration in the proband’s and (B)
in the proband’s brother’s aorta, and normal elastic fiber organization in normal aorta, ×20

(C) (by van Gieson staining). (D) Myxoid degeneration in the tunica media and interstitium of
the proband’s, and in the proband’s brothers’ aorta section, ×40 (E) (by PAS–AB staining).
(F) Immunohistochemistry results for fibrillin-1 show decreased protein production in the
proband’s aorta (III-7), ×40, and in the proband’s brothers’ aorta, ×40 (G), normal levels of
fibrillin-1 immunostaining throughout the aorta of age- and sex-matched control case, ×40
(H).
Figure 4 In silico analysis of the mutant fibrillin-1 molecule. (A) Solution structure of the
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covalently linked human fibrillin-1 cbEGF-like domains no. 32 and no. 33 (PDB ID: 1EMN).
The carbon atoms of the protein fragment are shown as brown sticks, and the two bound Ca2+
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ions are shown as magenta spheres. Hydrogen atoms are not shown for clarity. The figure was

rendered using the PyMOL Molecular Graphics System, Version 1.8 (Schrödinger, LLC,
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Portland, OR, USA). (B) Close-up view of the interaction between human fibrillin-1 cbEGFlike domain no. 33 and the Ca2+ ion. The metal ion is held in place by five coordination bonds,
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two of which have been calculated to involve Glu-2169 of the conserved D-X-D/N-E motif.
The carbon atoms of the calcium-binding residues are shown as brown sticks, the Ca2+ ion is
shown as a magenta sphere, and the metal coordination bonds are shown as magenta dashed
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lines. Protein–ligand interaction profiling was performed using PLIP (Salentin et al., 2015),
and the figure was rendered using the PyMOL Molecular Graphics System, Version 1.8
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(Schrödinger, LLC, Portland, OR, USA). (C) Cartoon representation of the cbEGF-like 41–42
domain pair comparative model. The domain no. 41 is shown in green, and the domain no. 42
is shown in blue. Glu-2610, which appears to be located on the edge of a short α-helix, is
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shown as sticks. The two Ca2+ ions, which have been added to the model after alignment of
the determined and predicted structures, are shown as magenta spheres. The image was
rendered using the PyMOL Molecular Graphics System, Version 1.8 (Schrödinger, LLC,
Portland, OR, USA). (D) Close-up view of the in silico introduced p.Glu2610Gln mutation.
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The carbon atoms of the side chain of Glu-2610 are shown as blue sticks, and the carbon
atoms of the best-selected side-chain rotamer of Gln-2610 are shown as gray sticks. The Ca2+

ion is shown as a magenta sphere. The figure was rendered using the PyMOL Molecular
Graphics System, Version 1.8 (Schrödinger, LLC, Portland, OR, USA).
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