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Abstract

Background: Congenital ectopia lentis (EL) refers to the congenital dysplasia or
weakness of the lens suspensory ligament, resulting in an abnormal position of
the crystalline lens, which can appear as isolated EL or as an ocular manifesta-
tion of a syndrome, such as the Marfan syndrome. The fibrillin-1 protein encoded
by the FBNI gene is an essential component of the lens zonules. Mutations in
FBN1 are the leading causes of congenital EL and Marfan syndrome. Owing to
the complexity and individual heterogeneity of FBNI gene mutations, the cor-
relation between FBNI mutation characteristics and various clinical phenotypes
remains unclear.

Methods: This study describes the clinical characteristics and identifies possi-
ble causative genes in eight families with Marfan syndrome or isolated EL using
Sanger and whole-exome sequencing.

Results: Eight FBN1 mutations were identified in these families, of which three
(c.5065G >C, c.1600 T > A, and ¢.2210G > C) are reported for the first time. Based
on in silico analyses, we hypothesized that these mutations may be pathogenic by
affecting the fibrillin-1 protein structure and function.

Conclusion: These findings expand the number of known mutations involved
in EL and provide a reference for the research on their genotype and phenotype
associations.
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1 | INTRODUCTION

Ectopia lentis (EL; Online Mendelian Inheritance in
Man (OMIM) 129600) is a displacement of the ocular
lens from its normal position due to congenital causes,
trauma, or other diseases (Adés et al., 2004). EL may
occur independently or as a manifestation of a systemic
disorder, such as Marfan syndrome (OMIM 154700),
Weill-Marchesani syndrome (OMIM 277600), and homo-
cystinuria (OMIM 236200) (Nelson & Maumenee, 1982).
A Danish study showed that the prevalence of congenital
EL was approximately 6.4/100,000, of which 68.2% oc-
curred in Marfan syndrome; in comparison, isolated EL
and ectopia lentis et pupillae (ELeP) accounted for only
29.2% (Fuchs & Rosenberg, 1998). Marfan syndrome is
a hereditary connective tissue disorder characterized by
abnormalities in the ocular, cardiovascular, and skeletal
systems (Milewicz et al., 2021). Cardiovascular lesions,
such as aortic aneurysms and aortic dissections, are the
leading causes of death in patients with Marfan syn-
drome (Milewicz et al., 2021). The revised Ghent crite-
ria the latest international diagnostic criteria for Marfan
syndrome, which mainly include family history, aortic
root Z-score, EL, systematic score, and FBNI mutation
(Loeys et al., 2010). Congenital EL is usually a bilateral
disease, with an upward or lateral displacement of the
lens, typically autosomal dominant, but autosomal reces-
sive inheritance has also been reported (Al-Salem, 1990;
Greene et al.,, 2010). Asymmetric lens dislocation in
childhood or adolescence can lead to severe and irrevers-
ible amblyopia. As the lens is displaced into the vitre-
ous cavity, leakage of lens protein may occur, leading to
chronic vitritis and chorioretinal inflammation (Sadiq &
Vanderveen, 2013).

The FBNI gene encodes the fibrillin-1 protein and
comprises 66 exons on chromosome 15q21.1. Mutation
of the FBNI gene is the leading cause of congenital EL,
with missense mutations being the most common (Chen
et al., 2021). Fibrillin-1 is a cysteine-rich glycoprotein
that is the major structural component of microfibrils
and is ubiquitously found in connective tissues (Sakai
& Keene, 2019). Fibrillin-1 comprises 7 transforming
growth factor-p1-binding protein-like (TB) domains, 2
hybrid domains, and 47 epidermal growth factor-like
(EGF) domains, of which 43have a consensus motif for
calcium binding (cb) (Lygia et al., 1993). Approximately
60% of FBNI missense mutations occur in the calcium-
binding epidermal growth factor (cbEGF)-like domains
(Haller et al., 2020). These mutations can affect fibril-
lin-1 function by replacing the cysteines, preventing
the formation of disulfide bonds, or modifying the side
chains of the calcium-binding ligands, and thus reducing
calcium binding (Zeyer & Reinhardt, 2015). In addition

to EL, mutations in FBNI can cause segmental zonular
damage and global damage, leading to lens defects and
microspherophakia, respectively (Hoffman et al., 2013).
Furthermore, FBNI mutations cause multisystemic con-
nective tissue lesions leading to Marfan syndrome, some
of which are accompanied by ocular phenotypes such
as EL and retinal detachment (Milewicz et al., 2021).
Owing to the heterogeneity of FBNI variation, the asso-
ciation between genotype and ocular phenotype and its
pathogenesis is currently unclear. With the development
of next-generation sequencing (NGS) technology, DNA
variation in the genome can be analyzed rapidly and
comprehensively on a large scale, which will facilitate
the study of the mutational spectrum and provide a ref-
erence for the early diagnosis and prevention strategies
of EL.

In this study, we recruited eight unrelated Chinese ped-
igrees in southern China, including six families with iso-
lated EL and two families with Marfan syndrome. Clinical
and molecular genetic assessments were conducted to in-
vestigate the correlation between the gene mutation type
and clinical phenotype. The findings may provide useful
insights into the mutation spectrum of congenital EL, fa-
cilitating timely treatment of patients.

2 | MATERIALS AND METHODS
2.1 | Patients’ data and clinical
manifestations

Eight families with congenital EL from Shenzhen Eye
Hospital were included in this study. All family mem-
bers in this study signed an informed consent form and
received a comprehensive medical history review, oph-
thalmologic examination, physical examination, and
echocardiography. This study was conducted following
the principles of the Declaration of Helsinki and was ap-
proved by the Shenzhen Eye Hospital Ethics Committee
(no. 2021110402).

2.2 | Whole-exome sequencing

Whole blood samples were collected from 24 individuals
for sequencing in this study, including the proband III: 2
and the other family members II: 2 and III: 1 in family 1;
the proband II: 1 and the other family members I: 1 and I:
2 in family 2; the proband III: 2 and the other family mem-
bers II: 1, II: 2, IIT: 1, and III: 3 in family 3; the proband
IT: 1 and the other family members I: 1 and I: 2 in family
4; the proband II: 1 and the other family member I: 1 in
family 5; the proband II: 1 and the other family member
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I: 2 in family 6; the proband III: 1 and the other family
members II: 1 and II: 2 in family 7; and the proband II:
1 and the other family members I: 1 and I: 2 in family 8.
Approximately 5 ml of whole blood samples were collected
from each participant in an EDTA-K2 anticoagulant tube,
and genomic DNA was extracted according to the manu-
facturer's instructions (MagPure Buffy Coat DNA Midi KF
Kit, Magen). DNA libraries were constructed by DNA frag-
mentation, end repair, adapter ligation, and PCR amplifi-
cation and purification using the MGIEasy DNA Library
Prep Kit (MGI). The library was enriched for 12h at 65°C
using array hybridization (KAPA HyperExome, ROCHE).
After hybridization, the probe was washed and eluted, and
post-PCR purification of the captured samples was per-
formed. After the library was qualified, a single strand of
the library products was prepared for circularization, and
a DNA nanoball (DNB) was prepared and sequenced using
the MGISEQ-2000 platform.

2.3 | Mutation analysis and verification
After sequencing, low-quality reads and adapter sequences
were removed, the clean data were aligned with the hg19
genome using Burrows-Wheeler Aligner software, and
the single-nucleotide variants (SNVs) and small inversion
and deletion (INDEL) were detected using the Genome
Analysis Toolkit software. Simultaneously, the sequenc-
ing results were aligned with the databases (NCBI, dbSNP,
HapMap, 1000 human genome datasets, and databases of
100 healthy Chinese adults), and the variants were anno-
tated and screened.

The results of whole-exome sequencing were con-
firmed using Sanger sequencing, and the sequencing
results were aligned with the FBN1 reference sequence
(NM_000138.4) to identify mutations.

2.4 | Bioinformatics analysis

Potential pathogenic effects of the variation were evalu-
ated using four algorithms: Mutation Taster (https://
www.mutationtaster.org/; Schwarz et al., 2010), Protein
Variation Effect Analyzer (PROVEAN, http://prove
an.jevi.org/index.php; Choi & Chan, 2015), scale-
invariant feature transform (SIFT, http://provean.jcvi.
org/index.php; Choi & Chan, 2015), and Polymorphism
Phenotyping version2 (PolyPhen-2, http://genetics.bwh.
harvard.edu/pph2/; Adzhubei et al., 2010). Damage to the
shear site mutation was predicted using the dbNSFP soft-
ware (http://sites.google.com/site/jpopgen/dbNSFP). The
conservation of the mutation site was analyzed using the
NCBI BLAST protein blast database.

Open Access,

The Marfan Z-score was calculated based on the pa-
tient's sex, height, weight, age, and aortic (Ao) root at the
sinuses of Valsalva (http://www.marfan.org).

2.5 | Protein structure analysis

Homology modeling of 3D models of different fragments
of fibrillin-1 was created based on the predictions per-
formed using the AlphaFold software (Tunyasuvunakool
et al., 2021). The structure and potential consequences
of wild-type and mutated fibrillin-1 fragments were dis-
played using PyMOL 3.1.

2.6 | Protein hydrophobicity and
secondary structure analysis

The Kyte-Doolittle algorithm of ProtScale was used to ana-
lyze the hydrophobic properties and chemical parameters
of the proteins, and the online program GOR4 (https://
npsa-prabi.ibcp.fr/cgibin/npsa_automat.pl?page=/
NPSA/npsa_gord.html) was used to analyze the protein
secondary structure.

3 | RESULTS

3.1 | Clinical findings

Eight unrelated Chinese families were recruited for the
study. All families had congenital lens dislocations and clear
family history. The pedigrees and ocular clinical phenotypes
of the six isolated EL families are shown in Figure 1, and the
pedigrees and clinical phenotypes of the two probands with
Marfan syndrome are shown in Figure 2. Detailed exami-
nations were conducted on the ocular, cardiovascular, and
skeletal systems of these participants, and the clinical infor-
mation of all patients in this study was shown in Table 1.

3.2 | Pedigrees1-6

These six families had a history of congenital lens dislocation
and all had bilateral lesions (Figure 1a). The lens dislocation
direction was mostly nasal (Figure 1b-g). All 11 participants
showed poor binocular vision, and 6 had undergone lens
extraction and intraocular lens implantation (Table 1). It is
noteworthy that the lens of the left eye of the proband (III: 2)
of family 1 had completely prolapsed into the anterior cham-
ber when the patient came to our hospital for treatment, re-
sulting in conjunctival hyperemia and pain (Figure 1b). In
family 3, the degree of lens dislocation in the three children


https://www.mutationtaster.org/
https://www.mutationtaster.org/
http://provean.jcvi.org/index.php
http://provean.jcvi.org/index.php
http://provean.jcvi.org/index.php
http://provean.jcvi.org/index.php
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sites.google.com/site/jpopgen/dbNSFP
http://www.marfan.org
https://npsa-prabi.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_gor4.html
https://npsa-prabi.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_gor4.html
https://npsa-prabi.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_gor4.html

LIU ET AL.

4of13 Wl LEy_Molecular Genetics & Genomic Me.zi

(a) Family 1

(b)

ln: 2

(d) Family 3
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U]
I: 1 [’1a
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Family 2

1: 1 III:Z\ l: 3

Family 6

(e) Family 4

FIGURE 1 Pedigrees and ocular phenotypes of six families with isolated ectopia lentis (EL). (a) Pedigree charts of six families with
isolated EL. The dark squares (male) and circles (female) identify the individuals with EL. The red arrow below the patient denotes the
proband. Slashes (/) indicate the deceased individuals; +, indicates the individual who carried a heterozygous FBNI mutation. —, an
individual who does not carry a heterozygous FBNI mutation. (b-g) The representative EL phenotype in affected members of families 1-6,

respectively. Other family members with EL have similar phenotypes (images not shown).

was relatively severe (representative images in Figure 1d),
but the mother's (I: 1 in Figure 1d) left eye had only very
slight dislocation. In addition, a slit-lamp examination of the
proband of family 4 showed an upward ectopic lens in the
right eye and a posterior cataract in the left eye (Figure 1e).
No abnormal skeletal or cardiovascular system abnormali-
ties were found in any of the family members.

3.3 | Pedigree 7

Family 7 was a three-generation family with Marfan syn-
drome and lens dislocation (Figure 2a). The ocular system
of the proband was consistent with the characteristics of
Marfan syndrome, including lens dislocation and high myo-
pia (Figure 2c). The proband was 179cm tall and weighed
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FIGURE 2 Pedigrees and ocular (a) Family 7 (b)

phenotypes of two Marfan syndrome
families with ectopia lentis (EL). Pedigree
charts of family 7 (a) and family 8 (b). The
dark squares (male) and circles (female)
indicate the individuals with EL. The red
arrow below the patient indicates the
proband. +, indicates the individual who
carried a heterozygous FBNI1 mutation.
—, an individual who does not carry a
heterozygous FBNI mutation. (c) The
proband in family 7 showed bilateral EL,
wrist and thumb signs, pectus excavatum,
and scoliosis. (d) The proband in family

8 showed bilateral EL, wrist and thumb
signs, severe pectus carinatum deformity,
and scoliosis.

60kg and had a positive wrist thumb sign, pectus excava-
tum, decreased elbow extension, decreased superior/in-
ferior segment ratio, increased arm/height, and scoliosis.
Echocardiography of the patient showed no current aortic
dilatation (Figure 2c, and Table 1). The patient's maternal
grandmother also had lens dislocation and had undergone
aortic valve replacement for aortic dilatation. According
to the Ghent diagnostic criteria (B. L. Loeys et al., 2010), a
proband's systemic score of 8 points can be used to diagnose
Marfan syndrome in the presence of family history.

3.4 | Pedigree8

There was no apparent family history for family 8 (Figure 2b).
Patient II: 1 was 16years old, 183cm tall, weighed 65kg, had
an AO root at the sinuses of Valsalva of 39 mm, and the calcu-
lated Z-score was 2.86. He had lens dislocation in both eyes,
high myopia with wrist and thumb signs, severe pectus cari-
natum deformity, reduced elbow extension, reduced upper
segment/lower segment ratio, and increased arm/height; the
systemic score was 8 points (Figure 2d, Table 1). According
to the Ghent diagnostic criteria (B. L. Loeys et al., 2010), the
patient fulfilled the revised Ghent criteria in the absence of a
family history of Marfan syndrome.

3.5 | Mutation identification

In eight families with congenital EL, we identified
three novel FBN1 mutations, including ¢.5065G>C

Family 8

(p.D1689H) in II:1, IIL:1, II[:2, and III:3 from fam-
ily 3, c.1600T>A (p.C534S) in I:1 and II:1 from fam-
ily 4, and ¢.2210G>C (p.G737A) in II:1 from family 5,
and five previously reported FBN1 mutations includ-
ing ¢.364C>T (p.R122C) in III:1 and III:2 from family
1, c.1633C>T (p.R545C) in I:1 and II:1 from family 2,
c.718C>T (p.R240C) in II:1 from family 6, c.1543T>C
(p.C515R) in II:1 and III:1 from family 7, and c.2687G>A
(p.C896Y) in II:1 from family 8 using high-throughput
whole-exome and Sanger sequencing (Figure 3a-h, and
Table 2). These mutations were located on exons 5-41,
of which one was located in the EGF-like domain, four
were located in the cbEGF-like domain, one was located
in the TB domain, and two were not found in either do-
main (Table 2). The ¢.5065G>C mutation was located 1
bp upstream of the spliced region of FBN1. According to
our in silico predictions (https://ngdc.cncb.ac.cn/datab
asecommons/database/id/930), this mutation may af-
fect the splicing process of FBN1, thereby affecting its
protein function.

3.6 | Bioinformatics analysis

Protein homology analyses showed that eight muta-
tion sites were highly conserved in fibrillin-1 proteins
of different species (Figure 3a-h). All eight mutations
were located in exons 5-41, of which four were located
in a calcium-binding epidermal growth factor (cbEGF)
domain, one was located in an EGF domain, one was
located in the TB4 domain, and the other two were
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TABLE 1
Age Diagnosis Preoperative

Patient (years) Sex age (years) BCVA OD/OS
Family 1

III: 1 32 M 10 FC/30cm/0.4

III: 2 30 M 12 0.5/0.03
Family 2

II: 1 22 M 15 0.1/0.3
Family 3

II: 1 41 F 37 0.5/0.25

III: 1 19 F 9 0.6/0.5

III: 2 14 F 4 0.2/0.2

III: 3 13 M 3 0.3/0.3
Family 4

II: 1 10 M 6 0.2/0.2

I:1 29 F 3 FC/15cm/0.3
Family 5

II: 1 27 F 11 0.15/0.2
Family 6

II: 1 23 M 20 0.25/0.25
Family 7

II: 1 19 M 13 0.2/0.3
Family 8

II: 1 16 M 9 0.3/0.3

Clinical characteristics of 13 living patients with congenital ectopia lentis in eight families

Surgery Postoperative
for EL BCVA Other

Yes 0.4/0.8 —

Yes 0.7/0.8 —

No — —

No — —

No — —

Yes 0.5/0.8 —

No — —

Yes 0.6/0.7 —

Yes 0.3/0.7 —

No — —

Yes 0.6/0.7 —

Yes 0.7/1.0 Wrist and thumb sign, pectus
excavatum, reduced elbow
extension, reduced US/
LS ratio and increased
arm/height, and scoliosis.
Systemic score: 8.

Yes 0.6/0.6 Wrist and thumb sign, severe

pectus carinatum deformity,
reduced elbow extension,
reduced US/LS ratio, and
increased arm/height.
Systemic score: 8

Abbreviations: BCVA, best corrected visual acuity; EL, ectopia lentis; FC, finger count; OD, oculus dexter; OS, oculus sinister; US/LS, upper segment/lower

segment ratio.

not located in a domain of known function (Table 2).
The results of MutationTaster, PROVEAN, SIFT, and
PolyPhen-2 analyses showed these mutations are del-
eterious (Table 2).

3.7 | 3D structural analysis of proteins
Compared to the typical protein structure, these missense
mutations led to changes in the three-dimensional struc-
ture of the FBN1 protein (Figure 4a-h). Among them, three
cysteine mutations, C534S, C515R, and C896Y, led to the
failure of the formation of disulfide bonds at C534-C546,
C515-C528, and C896-C908, respectively (Figure 4d,g,h).

3.8 | Protein hydrophobicity and
secondary structure analysis

To explore the effect of these missense mutations on the
hydrophobicity and secondary structure of fibrillin-1, we
selected different domains, including the mutation site,
for analysis. EGF1-EGF3 domains of fibrillin-1 (Fibrillin-
18117%) were used to analyze the consequences of the
R122C mutation (Figure 5a); cbEGF7-cbEGF9 domains
(Fibrillin-1*"°%'%) were used to analyze the consequences
of the R545C, C5348S, and C515R mutations (Figure 5b,d,g,
respectively);  cbEGF28-TB7  domains  (Fibrillin-
1'648174%) were used to analyze the consequences of the
D1689H mutation (Figure 5c); TB3-cbEGF11 domains
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FIGURE 3 Sequence chromatograms and multiple sequence alignments. The FBNI variant c.364C>T (p.R122C) is identified in family 1
(A), ¢.1633C>T (p.R545C) is identified in family 2 (B), ¢.5065G>C (p.D1689H) is identified in family 3 (C), c.1600T>A (p.C534S) is identified
in family 4 (D), ¢.2210G>C (p.G737A) is identified in family 5 (E), c.718C>T (p.R240C) is identified in family 6 (F), ¢.1543T>C (p.C515R) is
identified in family 7 (G), and c.2687G>A (p.C896Y) is identified in family 8 (H).

(Fibrillin-1°%"7%%) were used to analyze the consequences
of the G737A mutation (Figure 5e); TB1-cbEGF4 domains
(Fibrillin-1'%*%%") were used to analyze the consequences
of the R240C mutation (Figure 5f); and TB4-cbEGF14 do-
mains of (Fibrillin-18>"*°") were used to analyze the con-
sequences of the C896Y mutation (Figure 5h).

Based on ProtScale analysis, most of the eight mis-
sense mutations caused significant changes in protein
hydrophobicity (Figure 5a-h). Among them, R122C,
R545C, G737A, and R240C mutations significantly in-
creased the protein hydrophobicity (Figure 5a,b,e,f).
In contrast, C534S, C515R, and C896Y mutations de-
creased the fibrillin-1 hydrophobicity (Figure 5d,gh).
D1689H mutation led to a slight increase in hydropho-
bicity (Figure 5c). Molecular prediction by GOR4 showed
that all eight missense mutations resulted in significant
changes in protein secondary structure, with an abnor-
mal distribution of random structures (Figure 5, high-
lighted in the green box).

4 | DISCUSSION

Congenital EL is a connective tissue disorder in which the
ocular lens is dislocated outside the patellar fossa due to
a weakness of the ciliary zonule (Kaur & Gurnani, 2022).
Fibrillin-1, coded by the FBNI gene, is the main compo-
nent of microfibrils in the extracellular matrix, and mi-
crofibrils are the main components of the lens suspensory
ligament (Groth et al.,, 2017). In addition, microfibers
confer fundamental physical and mechanical properties
to almost every connective tissue (Baldwin et al., 2013).
Mutations in the FBN1 gene can lead to EL by inhibiting
the ciliary zonule function (Groth et al., 2017). Researchers
have suggested that EL may not be an independent di-
agnosis but a mild form of Marfan syndrome (Chandra
et al., 2012; Pepe et al., 2007). FBN1 mutations can lead
not only to Marfan syndrome but also Weill-Marchesani
syndrome, and other diseases (Schrenk et al., 2018). More
than 3000 FBN1 mutations have been identified but only
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FIGURE 4 Fibrillin-1 protein structure predicted using the AlphaFold software. (A-H) FBN1 mutations that led to the significantly

altered 3D structural modeling of the fibrillin-1 polypeptide.

20 have been found in isolated lens dislocations (Yang
et al., 2020). In addition, statistics show that only 12% of
all reported FBN1 mutations are recurrent, suggesting
that FBN1 mutations are highly heterogeneous between
families and many disease-causing mutations remain un-
known today (Collod-Béroud et al., 2003). The NGS tech-
nologies enable more comprehensive detection of genetic
mutations in patients, help diagnose the type of disease,
and contributed to the correlation between clinical pheno-
type and gene mutation analysis. Moreover, this approach
allows a definitive genetic diagnosis to identify disease in-
heritance patterns and avoid genetic defects in offspring.
FBN1 mutations reported to date include substi-
tutions, insertions, deletions, duplications, and other
nucleotide changes, which lead to missense, frame-
shift, nonsense, splice site, and other forms of impact
(Stheneur et al., 2009). In this study, eight FBNI muta-
tions were, respectively, detected in multiple individuals
from six families with isolated EL and two Marfan syn-
drome families with EL, including ¢.364C>T (p.R122C)
in III:1 and III:2 from family 1; ¢.1633C>T (p.R545C) in
I:1 and II:1 from family 2; ¢.5065G>C (p.D1689H) in 11:1,
III:1, I1I:2, and II1:3 from family 3; c.1600T>A (p.534S)
in I:1 and II:1 from family 4; and ¢.2210G>C (p.G737A)

in II:1 from family 5; c.718C>T (p.R240C) in II:1 from
family 6; ¢.1543T>C (p.C515R) in II:1 and III:1 from
family 7; and ¢.2687G>A (p.C896Y) in II:1 from family 8.
Three of these mutations (i.e., ¢.5065G>C (p.D1689H),
€.1600T>A (p.5348S), and c.2210G>C (p.G737A)) were
detected and correlated with EL for the first time and
the remaining five (i.e., ¢.364C>T (p.R122C), c.1633C>T
(p-R545C), and c.718C>T (p.R240C)) were previously
reported. Our results are consistent with previous find-
ings that congenital lens dislocations are most com-
monly caused by missense mutations in FBN1 (Guo
et al., 2021). A previous study has shown that probands
with missense mutations tend to exhibit high corneal
astigmatism and severe lens dislocation, which is con-
sistent with our current results (Guo et al., 2021). The
FBN1 R122C mutation has been previously reported
in five families, and they have different clinical phe-
notypes, but all are accompanied by lens dislocation
(Black et al., 1998; Jin et al., 2008; Loeys et al., 2004;
Pees et al., 2015; Sthl-Hallengren et al., 1994). Moreover,
two patients in a family with this mutation exhibited
late-onset cardiovascular disease (Black et al., 1998).
Consistent with this, both patients III:1 and III:2 in fam-
ily 1 suffered EL, but their cardiovascular symptoms
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FIGURE 5 Hydrophobicity analysis and secondary structure prediction. (a, b, e, f) The fibrillin-1 R122C, R545C, G737A, and R240C
mutations resulted in a significant increase in the hydrophobicity of the surrounding regions and a marked change in the protein secondary
structure. (c) The fibrillin-1 D1689H mutation results only in a slight increase in the hydrophobicity of the surrounding region and a
marked change in the secondary structure. (d, g, h) The FBN1 C534S, C515R, and C896Y mutations resulted in a slight decrease in the
hydrophobicity of its surrounding region and a marked change in the secondary structure.

were not obvious. Since these two patients were young
at the time of data acquisition, we cannot exclude the
possibility that they might develop additional features
of Marfan syndrome in the future, and their cardiovas-
cular symptoms may require follow-up. Both R545C
and R240C mutations were reported in a patient with
skeletal, ocular, and cardiovascular manifestations;
however, only ocular abnormalities were found in pa-
tients with these two mutations in our study (Collod-
Béroud et al., 1998; Hayward et al., 1997). Furthermore,
the R545C mutation was reported in a Chinese family
with different Marfan syndrome phenotypes, including

EL, aortic dissection, and unaffected individuals (Li
et al., 2016). These results indicated that the same FBN1
mutation can lead to a wide range of phenotypes in dif-
ferent countries and even in the same family. It is worth
mentioning that the FBN1 mutation G737A identified
in family 1 has not been found in patients with EL, but
according to the Universal Marfan Database (UMD)
predictor tool, this mutation may be pathogenic (Kien
et al., 2010).

Unlike isolated lens dislocation with only ocular abnor-
malities, Marfan syndrome is accompanied by abnormal-
ities of the cardiovascular and skeletal systems, including
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pectus carinatum or pectus excavatum deformities, positive
wrist and thumb signs, and scoliosis (Loeys et al., 2010).
A statistic shows that the incidence of ocular morbidity
in patients with Marfan syndrome is approximately 56%,
primarily including lens heterotopia, choroid and retinal,
refractive, and other abnormalities (Kjeldsen et al., 2022).
Here, two recurrent FBN1 mutations (c.1543T>C (p.C515R)
and c.2687G>A (p.C896Y)) were detected in two fami-
lies with Marfan syndrome and EL. The C515R mutation
was also previously reported, but no relevant clinical in-
formation is available (Groth et al., 2017). However, the
c.1545_1546delinsGG (p.C515W) mutation was detected in
patients with Marfan syndrome, EL, and aortic dilatation
(Groth et al., 2017). In this study, C515R mutation was de-
tected in a patient with a family history and a clinical phe-
notype of Marfan syndrome. These results indicate that the
cysteine variation at position 515 may be closely related to
the occurrence of Marfan syndrome. In addition, the C896Y
mutation was detected in the proband of pedigree 8, which
is consistent with a mutation detected in a family with a
classic Marfan history (Stheneur et al., 2009). The difference
is that the proband was the first in his family to show signs
and symptoms of Marfan syndrome, including early aortic
dilatation, EL, and severe pectus deformity, indicating that
this is a sporadic mutation in this individual. This also re-
minds us that in clinical practice, family history of Marfan
syndrome should be assessed but even in the absence of
family history, patients with positive signs of Marfan syn-
drome should undergo genetic testing and regular follow-up
with echocardiography. The present findings will support
the clinical evaluation of patients with Marfan syndrome by
complementing the assessment using this approach.
Consistent with previous reports, the mutations identi-
fied in this study (6/8) were primarily located in the 5’ re-
gion rather than in the 3’ region or the central portion of
the FBNIgene (Guo et al., 2021). This may be attributable
to the fact that the 5 region of FBN1 is located at the fibril-
lin-1 N-terminus and is responsible for the assembly of fi-
brils and the stability of microfibrils (Meester et al., 2022;
Sakai et al., 2016). Fibrillin-1 mainly includes 47 cb or
non-cb EGF-like domains, and each EGF-like motif con-
tains six highly conserved cysteine residues that form disul-
fide bonds in a 1-3, 2-4, and 5-6 arrangement to maintain
structural integrity (Downing et al., 1996). Most mutations
observed here (5/8) were located in the cbEGF-like or
EGF-like domain of fibrillin-1, and five of eight mutations
harbored cysteine variation, which is consistent with pre-
vious reports that mutations in the EGF-like domain and
missense mutations containing cysteine substitutions are
common in EL (Rommel et al., 2010; Zhang et al., 2021).
Through bioinformatics analysis, we found that the FBN1
mutation led to obvious changes in the three-dimensional
structure, hydrophobicity, and secondary structure of the

Open Access,

protein. Three cysteine mutations, C534S, C515R, and
C896Y, led to the inability to form disulfide bonds. Cysteine
mutations may cause protein misfolding and subsequent
dislocation of microfibrils, resulting in abnormal TGF-f
signaling (Shi et al., 2011). Moreover, cysteine mutations
can affect protein stability, making them more susceptible
to protease hydrolysis (Vollbrandt et al., 2004). Patients
with cysteine substitutions may have longer axial lengths
and poorer preoperative visual acuity (Zhang et al., 2021).
In addition, the D1689H mutation was not located within
an FBNI coding domain but near the splice site and may
cause disease by affecting normal FBN1 splicing.

In summary, we described the clinical manifestations
and identified eight FBNI mutations in eight Chinese fam-
ilies with congenital EL. Our study had a few limitations.
Since most patients were relatively young at the time of
this study, the possibility of later concomitant onset of
other signs and symptoms cannot be excluded, and fur-
ther follow-up and observation are needed to verify the
clinical manifestations of related mutations. Nevertheless,
the results of this study expand the mutation spectrum of
congenital EL, helping to clarify the correlation between
genotype and phenotype and providing a reference for the
early treatment of patients.
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