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1 | INTRODUCTION

Marfan syndrome (MFS; OMIM: 154700) and Marfan-
associated disorders such as Loeys—Dietz syndrome (LDS;
OMIM: 609192) are autosomal dominant connective tissue
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Abstract

Background: Marfan syndrome (MFS) is a multi-systemic autosomal dominant
disease of the connective tissue characterized by the early development of thoracic
aneurysms/dissections, along with various manifestations of the ocular and skeletal
systems. Due to the genetic and clinical heterogeneity, the clinical diagnosis of this
disorder is challenging. Loss-of-function mutations in FBNI (encodes fibrillin-1)
lead to MFS type 1. Also, similar mutations in transforming growth factor 3 recep-
tor 2 (TGFBR2) gene cause MFS type 2. Both proteins involve in TGF-f} signaling.
Methods: In this study, genetic screening using a panel involving 14 genes, espe-
cially FBNI and TGFBR2, were performed on seven representatives affected mem-
bers of seven unrelated Iranian families suspected with MFS. To confirm the variants,
Sanger sequencing was applied to other affected/unaffected members of the families.
Results: A total of 13 patients showed MFS manifestations. Using genetic screen-
ing, two novel and three previously reported variants in FBNI were identified. We
also detected two variants (a novel and a previously reported variant) in the TGFBR?2
gene.

Conclusion: In this study, we introduce three novel variants identified through gene
screening in seven Iranian MFS families. This report is expected to considerably
improve genetic counseling for Iranian MFS families. Early precise molecular di-
agnosis can be helpful for better management and improving the life expectancy of

these patients.
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diseases (Cao et al., 2018). MFS with an incidence rate of
at least one per 5,000 individuals is a pleiotropic genetic
disorder with systemic involvement (Coucke, Van Acker,
& De Paepe, 2006; Summers et al., 2012). The clini-
cal diagnosis is primarily based on well-defined clinical
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manifestations often involving cardiovascular, ocular, and
also skeletal systems with broad clinical variability (Coucke
et al., 20006).

Over 1,800 mutations in the fibrillin-1 (FBNI) gene
(NM_000138.4) associated with MFS have been described.
Various studies reported that around 91% of MFS cases were
associated with FBNI mutations (MFS-1; OMIM: 134797)
(B. Loeys et al., 2004), while a further small percentage of
the patients had a mutation in the transforming growth factor
B receptor 1 or 2 (TGFBRI or 2) (MFS-2; OMIM 190182)
(Waldmiiller et al., 2007). MFS-2 is also known as LDS type
II (Cao et al., 2018). The estimated incidence of LDS is not
clear but it seems to be less frequent than MFS-1.

FBNI1 encodes a large cysteine-rich glycoprotein known as
fibrillin-1; this protein is a principal component of microfibril
macromolecules of the extracellular matrix (ECM), which
can be associated with elastin fibers (Frédéric et al., 2009).
Fibrillins play essential roles as calcium-binding microfibril-
lar structural molecules and also function as a regulator of
TGF-p signaling (Cao et al., 2018). Loss-of-function mu-
tations, especially those that affect cysteine residues, cause
disulfide-bond disruption and subsequently misalignment of
microfibrils which lead to the aberrant TGF-f signaling (Shi
et al., 2011). Misregulation of the TGF-f signaling pathway
is also involved in MFS-2 (Cao et al., 2018; Dong et al., 2012;
Kirby, Dietz, & Sponseller, 2018).

TGF-p receptor 2, encoded by TGFBR2 (NM_003242.6),
is a transmembrane serine-threonine kinase. To function
appropriately, TGFBR2 forms a homodimer. Mutations af-
fecting the intracellular protein kinase domains can disturb
TGF-p signaling and subsequently lead to similar clinical
manifestations to MFS-1. In actual fact, TGF-f signaling reg-
ulates many key cellular processes such as proliferation, cell
differentiation, apoptosis, cell cycle arrest, ECM formation,
and cell remodeling (Cao et al., 2018). Bone abnormalities
in MFS and MFS-related disorders can cogently be associ-
ated with the deficits of the TGF-f signaling pathway which
is crucial for chondro- and osteogenesis (Kirby et al., 2018;
Razmara et al., 2019).

Although clinical evaluations have remained a corner-
stone in the diagnostic decision-making process (Baetens
et al., 2011), molecular genetic testing is becoming increas-
ingly important. In other words, the clinical diagnosis of
MES and Marfan-related diseases can be challenging due to
the age-related entity of some of the clinical manifestations,
the variable phenotypic expression of the diseases, and their
phenotypic similarities. Besides, it has been reported that the
identified mutations scattered over the entire FBNI gene, are
nearly always specific to each family and there are not located
in a particular hot spot region (Coucke et al., 2006). Studies
have revealed that around 25% of the patients show de novo
mutations, often with more severe phenotypes in compari-
son with familial cases (Cao et al., 2018). Thus, molecular

analysis can be helpful to make an accurate robust diagnosis
(Coucke et al., 2006; Seo et al., 2018).

In this study, by using targeted next-generation sequenc-
ing, seven likely causative variants in seven unrelated Iranian
families were identified in FBNI and TGFBR2, of which
three variants were novel yet have not been reported. Further
clinical assessments confirmed MFS in the patients.

2 | MATERIALS AND METHODS

2.1 | Patients and ethics statement
In this study, we enrolled seven unrelated Iranian families
suspected with MFS who were referred to the Department
of Medical Genetics, DeNA Laboratory, Tehran, Iran. The
study protocol was approved by the local medical ethics com-
mittee of Tarbiat Modares University, Tehran, Iran. Written
informed consent obtained either from all subjects or from
their legal representatives. Furthermore, informed consent
was obtained from the parents when patients were under 18.
Some cases were sporadic in which the familial history
and also other family members’ genotypes were negative for
MES and the variants, while other families had multiple af-
fected members with a positive MFS history. The diagnosis
of the disease was made based on the revised Ghent nosology
for MFS (Cao et al., 2018; Chandra et al., 2015; B. L. Loeys
et al., 2010). All of the clinical information and the medi-
cal histories were collected at the Department of Medical
Genetics, DeNA Laboratory, Tehran, Iran.

2.2 | DNA extraction

Genomic DNAs were extracted from the peripheral blood
of the patients and also all available family members by the
High Pure PCR template preparation kit (Roche: Product
No. 11814770001). Genetic screening using a panel to test
14 genes including ACTA2, CBS, FBNI, FBN2, MYHII,
COL3Al1, SMAD3, TGFBRI, TGFBR2, MYLK, MSTN,
COL5A2, TGFB2, and SLC2A10 was performed on the
probands from seven unrelated Iranian families in BGI clini-
cal laboratories.

2.3 | Targeted next-generation sequencing

The sequencing was performed according to a custom-de-
signed Nimblegen chip capturing the aforementioned genes.
In general, the test platform examined >95% of the target
gene with sensitivity >99%. Point variants, micro-insertions,
deletions, and duplications (<20 bp) could be simultane-
ously detected. For analysis of the sequencing results, the
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Open Access,

international Publicly available mutation and polymorphism
databases such as 1000 genome project, ExXAC (Exome
Aggregation Consortium), ESP (Exon Sequencing Projects),
Iranome (http://www.iranome.ir/), and also BGI self-devel-
oped local database were utilized. Only variants with minor
allele frequency below 1 percent (MAF <1%) were selected.
Previously reported mutations that have been described
in HGMD (Human Gene Mutation Database) and ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar) as pathogenic or
likely pathogenic were given the highest priority.

2.4 | Co-segregation analysis

Samples from all available family members were subjected
to Sanger sequencing to show whether the potential variants
in the causative genes co-segregates with the MFS pheno-
type. Primers surrounding the region of the identified variant
were designed by using Primer3.0 (version 0.4.0; http://bioin
fo.ut.ee./primer3-0.4.0) (Table S1). PCR reaction was in-
cluded 10-40 ng of genomic DNA with Taq DNA polymer-
ase (Roche Molecular Biochemicals, Mannheim, Germany).
PCR was performed in a standard condition (Esmaeilzadeh-
Gharehdaghi, Razmara, Bitaraf, Mahmoudi, & Garshasbi,
2019), then PCR products were sequenced by ABI 3130XL,
using the conventional capillary system; sequence traces
were analyzed using the Sequencher 4.7 program (Gene
Codes Corporation).

2.5 | Insilico prediction

Prediction for the consequence of the variants was ob-
tained from at least three online databases including SIFT,
PolyPhen, and Provean. In terms of nonsense variants,
we used ENTPRISE-X (http://cssb2.biology.gatech.edu/
entprise-x/) to predict the pathogenicity of the variants.
Additionally, to better show the potential pathological iden-
tity of the variants, the ConSurf (http://www.consurf.tau.
ac.il) was applied to check the evolutionary conservation pro-
file for FBN1 and TGFBR2 proteins. Additionally, UCSC
databases (https://genome.ucsc.edu) were used to check the
genomic conservation.

To predict the possible effects of the missense variants
on protein conformation, the protein families and domains
were analyzed using ScanProsite (Gattiker, Gasteiger, &
Bairoch, 2002). Sequence alignments of the human TGFBR?2
and FNB1 were recruited by using ClustalW (http://www.
ebi.ac.uk/clustalw). Also, a BLAST sequence search against
the protein data bank (PDB) was performed to select a tem-
plate structure with the closest sequence similarity to the do-
mains of TGFBR2 and FNBI1. The protein structures were
depicted by PyYMOL (DeLano, 2002) after the structures were
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FIGURE 1

Pedigree information, variants spectrum, and three-dimensional (3D) protein modeling of fibrillin-1. This protein is composed

of different domains as shown. The originally affected amino acids are shown in a 3D structure. The conservation structures are also indicated

by ConSurf in 3D. Domains TGF-B3 to Ca’" -binding EGF like module-18 form the “neonatal” region, in which substitutions leading to the

severe neonatal form of MFS. In the figure, C: Cytosine, R: Arginine, C-term: C-terminal, and N-term: N-terminal domain (the protein domains

are redrawn from [Handford, 2000]). In the pedigrees, white symbols: unaffected; black symbol: affected; squares: men; circles: females;

Chromatograms showing substitutions in the probands.

p-(Arg627Cys) is a highly conserved amino acid in primates,
not invertebrates. All identified variants change the high
conserved nucleotides, confirmed by the UCSC database,
although in amino acid levels there were some fluctuations
(Figure 3).

Data of I-Mutant2.0 demonstrated all missense identi-
fied variants cause to reduce protein flexibility and stability
(DDG < 0; Table 2).

DISULFIND and DiANNA 1.1 web servers were used
to predict the possible effects of the variants on the disul-
fide bonding state. Data showed that p.(Cys1278Tyr), p.(-
Cys2096%), and p.(Cys2265Gly) variants may cause to
disrupt the conformation of fibrillin-1. Thus, these cysteines
are essential in forming disulfide bonds.

4 | DISCUSSION

According to the UMD-FBNI1 mutation database (Collod-
Béroud et al., 2003), which is the currently the most extensive

FBNI mutation database, in total 1,847 different mutations in
FBNI have been reported in which missense, small deletions,
nonsense, and splice sites mutations with 1,015, 268, 210,
and 200 reports, respectively, are the frequent alternation
types (www.umd.be/FBN1). Studies have revealed that mu-
tations are scattered throughout the entire length of the FBN1
gene (Coucke et al., 2006). Some mutations in fibrillin lead
to the disruption of microfibril formation and fibrillin pro-
tein abnormalities, so causing the connective tissue disorders
(Child, Aragon-Martin, & Sage, 2016; Ferre & Clote, 2006).
Moreover, to date, 111 different mutations including 93 mis-
sense mutations have been reported in the UMD-TGFBR2
mutations database (www.umd.be/TGFBR2). Spontaneous
cases of MFS justifies around 25% of the total MFS cases;
it has been proven that these spontaneous cases show severe
clinically important phenotypes compared to the familial
ones (reviewed in [Child et al., 2016]).

The fibrillin-1 is a multi-domain protein composed of
47 epidermal growth factor (EGF)-like domains, 43 calci-
um-binding (cb-EGF), seven TGF (transforming growth
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and chromatograms are also indicated.

factor)-p-binding (TB) domains, two hybrid domains, an
N-terminal, and a C-terminal domain (Figure 2). Each cb-
EGF and TGF-beta binding domain contains six and eight
highly conserved cysteine residues, respectively. Disulfide
bonds between these cysteines play a key role in forming a
proper three-dimensional structure of the protein. It has been
shown that mutations affecting these cysteines and conse-
quently the disulfide bonds most likely affect the function of
the protein and make it more vulnerable to proteolysis (Liu
et al., 2015; Muifio-Mosquera et al., 2018). Thus, substitu-
tions in which cysteines would be removed or added have
detrimental functional consequences. The loss or addition of
cysteine residues will result in misfolded protein which may
be degraded by intracellular proteases or retained within the
cell (reviewed in [Child et al., 2016]).

All the missense variants found in the FBNI, namely
p-(Arg627Cys), p.(Cys1278Tyr), and p.(Cys2265Gly), affect
the cysteine amino acids which are important to the three-di-
mensional structure of fibrillin proteins. It has been reported
that p.(Cys2265Gly) is associated with MFS (Franken
etal., 2016) and is categorized as likely pathogenic variant. To
support this notion, we provided further clinical evidence and
data derived from in silico prediction. According to the in sil-
ico predictions, both p.(Cys1278Tyr) and p.(Cys2265Gly) are
potentially disrupting disulfide bonds with high predicted con-
fidence. This leads to changing the conformation of TGFBR2
which in turn can affect the proper functions of this protein

(Dietz, Saraiva, Pyeritz, Cutting, & Francomano, 1992).
Although according to the DIANNA and DISULFIND data-
bases p.(Arg627Cys) could not affect any structural cysteines,
it seems that this variant is located adjacent to Ca®* binding
EGF-like domain which in turn may affect the protein's affin-
ity to the Ca’t (Collod-Béroud et al., 2003); however, further
investigations are necessary to validate the kinds of conclu-
sions that can be drawn from this study.

The cb-EGF domains contain specific calcium-binding
sites playing crucial roles such as maintaining the structural
stability of the protein, protecting against degradation, and
regulating interaction with other components of the extra-
cellular matrix (Muiflo-Mosquera et al., 2018). Thus, they
can lead to the formation of an unstable protein with a ten-
dency to undergo degradation. Accordingly, the majority of
the missense mutations reported in previous studies affect
highly conserved cysteines in the cb-EGF modules (Dong
et al., 2012; Seo et al., 2018).

Consistent with previous studies, variants identified in this
study were spreading throughout all exons of FBNI, not in a
hotspot region (Coucke et al., 2006). The two nonsense vari-
ants, p.(Arg215%) and p.(Cys2096%*), affect the Hybrid mod-
ule and TGFBP domains of FBN1, respectively. We propose
two mechanisms by which these variants can impose their
effects: haploinsufficiency and impaired downstream func-
tional protein. The variants may lead to the production of a
truncated protein with loss of downstream functional domain



BITARAFAN ET AL. Molecular Genetics & Genomic Me,_Wl LEY 7of9
TGFBR2; His362 FBN1; Arg627 FBN1; R215
Human CACCTCCﬂiCAGTGATCAC Human GACGCAACGCCCATTCAT Human CAGGCTCGGCCGAC
Chimp CACCTTCPWlCAGTGATCAC Chimp GACGCAACGCCCATTCAT Chimp CAGGCTCGGCCGAC
Rhesus CACCTCCACAGTGATCAC Rhesus GACGCAACGCCCATTCAT Rhesus CAGGCTCGGCCGAC
Mouse CATCTCCA{CAGTGACCAC Mouse CACACAGCGCCCGTTCAT Mouse CAGGCTCGGCCCAC
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r[ET D H c rfgmnErEvEl A ThjGiA LGt
bbbbbbee eebbebebeec bebbebbebe
s ssssff s £8 8 £ sf s s £
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Chimp ACCTACACAAG Chimp AGGTGGGAACTGCA Chimp AGCTCGCAGG
Rhesus ACCGACACAAG Rhesus AGGTGGGAACTGCA Rhesus AGCTCGCAGG
Mouse ACCCACACAAG Mouse AGGTGGGAACGGCA Mouse AACTCACAAG
Baboon ACCGACACAAG Baboon AGGTGGGAACTGCA Baboon AGCTCGCAGG
L
asEpumxk T[gvE] €Lleo - BEEEE
eceeceeceeebbbe bbbebb S —
s f ffffsssfss £ff sf ff
FBN1; C2265
Human GTTCTTGCATTCCAT
Chimp GTTCTTGCATTCCAT €-An exposed residue according to the neural-network algorithm.
Rhesus GTTCTTGCATTCCAT b-A buried residue according to the neural-network algorithm.
Mouse GTTCTTACACTCCAT f -A predicted functional residue (highly conserved and exposed).
Baboon GTTCTTGCATTCCAT §-A predicted structural residue (highly conserved and buried ) .

x o ME[ES L B il

> b 2ebb
sff ss
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3 4 5 ¢ 1 9IER
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FIGURE 3 Nucleotides alignment using the UCSC database showing high conservation of the codon residue in vertebrates regarding the

variants. The ConSurf server was used to calculate conservation scores for the amino acid residue affected by the missense variants. Scores ranged

from 1-9, where a score of 9 represented a highly conserved residue. ConSurf demonstrates evolutionary conservation profiles for proteins of

known structure in the protein data bank (PDB) according to the phylogenetic relations between homologous sequences as well as amino acid's

structural and functional importance. The affected nucleotides are highlighted in red.

in the cell; as a result, cells should forestall this process by
Nonsense-Mediated Decay response (NMD response) which
is increasingly appreciated as one of the central mechanisms
of RNA surveillance, with a great role in the physiological
control of gene expression. Secondly, the main cause of MFS
is thought to be haploinsufficiency of fibrillin proteins; these
proteins provide stretch and elasticity to the connective tis-
sues and are also involved in TGF- B1 signaling. Decreased
fibrillin in the ECM leads to weakening the tissues and causes
MES phenotypes (Cao et al., 2018).

TGFBR2 encodes a receptor that plays a substantial role
in TGF-f signaling. The TGFBR?2 protein composed of sev-
eral subdomains including the N-terminal domain or a sig-
nal peptide from codon 1 to 22, a cysteine-rich extracellular
domain from codon 51 to 142, a transmembrane serine/thre-
onine-protein kinase catalytic domain from codons 246-544,
and the C-terminal. The kinase catalytic domain is encoded
by exons 4-7. Seven kinase subdomains, I to VII, are coded
by exon 4, two kinase subdomains, VIII and IX are coded by
exon 5, and subdomains X and XI are coded by exon 6 and
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7, respectively (Takenoshita et al., 1996). Los-of-function
mutations in the TGFBR2 cause disturbing TGF-f signaling.
Mutations, affecting the intracellular kinase domain of this
protein, lead to similar clinical features to those of MFS-1
(Cao et al., 2018).

The two identified variants in the TGFBR2 gene, p.(His-
362Arg) and p.(Gly420Arg), affect the evolutionarily con-
served amino acids of TGFBR2 and can influence protein
stability or affect the protein functions (Pannu et al., 2005).
We conjectured that these variants may affect the serine/thre-
onine-protein kinase catalytic domains (codons 246-544). The
p-(His362Arg) is located inside the protein kinase domain VI,
while the p.(Gly420Arg) is placed in protein kinase domain
VIII. They may disrupt the serine-threonine kinase domain of
the protein which in turn leads to diminishing TGF-f signal-
ing (Takenoshita et al., 1996) and causes MFS-2. On the other
hand, these variants can also change the protein's affinity to
bind each other and form a homodimer that is required for the
proper function. However, further investigations (functional
analysis) are necessary to find the underlying mechanisms.

We believe that the molecular characterization of pa-
tients with MFS would give novel insights into the complex
role of fibrillins and TGF-p signaling in other human disor-
ders. It can also help to improve the development of drugs
by better understanding the pathophysiology of MFS (van
der Feltz, ).

5 | CONCLUSION

In this study, we investigated seven families suspicious of
MEFS-1, even though molecular studies indicated that two
of them affected by MFS-2. This study identified two novel
variants in FBNI and also a novel variant in TGFBR2. We
believe that these variants can broaden the mutation spectrum
of Iranian patients. We also are optimistic that early precise
molecular diagnosis can be helpful to reduce morbidity and
mortality from life-threatening manifestations such as car-
diovascular complications.
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