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ABSTRACT

Background Ectopia lentis refers to dislocation or
subluxation of the crystalline lens. Fibrillin-1, encoded by
FBN1, is an important microfibrillar structural component
that is specifically required for the suspensory ligament
of the lens. FBN'T mutations may cause abnormal
structure of microfibrils and has been associated with a
broad spectrum of clinical phenotypes. In this study, we
characterised a Chinese dominant family with late-onset
isolated ectopia lentis caused by a novel missense FBN'1
mutation.

Methods Eight family members, including four patients
with suspected isolated ectopia lentis, were recruited
from Shanghai. Clinical data and family history of the
proband and other affected family members were
collected. Ophthalmic examination, systemic examination
and echocardiography were performed. Whole exome
sequencing and Sanger sequencing were used to detect
potential pathogenic variants.

Results A novel heterozygous missense mutation
4031 G>A/p.Gly1344Glu in exon 33 of FBNT was
identified. This mutation was detected in all affected
family members and led to specific ocular system
phenotypes (ectopia lentis, microspherophakia and
secondary glaucoma) with minor skeletal involvement
(hallux valgus).

Conclusion The novel c.4031G>A mutation in FBNT is
a likely pathogenic mutation for isolated ectopia lentis.
Our study expands the spectrum of FBN'T mutations

and contributes to better comprehension of genotype-
phenotype correlations of ectopia lentis disease.

INTRODUCTION

Ectopia lentis (EL; Online Mendelian Inheritance
in Man (OMIM) #129600) refers to dislocation or
subluxation of the crystalline lens resulting from
suspensory ligaments dysplasia. It may be present
as a part of typical syndromic conditions in many
connective tissue disorders, especially Marfan
syndrome (MES; OMIM#154700)." % On the other
hand, it can also be observed as an independent
finding without obvious systemic comorbidities.’®
Historically the diagnosis would be isolated ectopia
lentis (IEL) for patients who have primary displace-
ment and non-syndromic features." However,
patients with EL and a mutation in FBN1 may be
classified into MFS according to the 2010 Ghent
criteria, if their mutation has previously been
described with aortic dilation/dissection.* IEL can
be either an autosomal dominant or an autosomal
recessive trait. The autosomal dominant form
of IEL is most commonly caused by mutations in

"% Ya-li Zhou,"* Teng-teng Yao, " Hui Pan,"* Ping Gu, "

FBN1. In contrast, mutations in ADAMTSL4 have
been consistently associated with the autosomal
recessive form.’

FBN1 is located at chromosome 15q21.1 and
encodes a 320kDa cysteine-rich glycoprotein
named fibrillin, a major structural component
of extracellular matrix (ECM) microfibrils.® ”
Fibrillin is an highly reserved, multidomain struc-
tural protein found in all types of connective tissue,
which contributes to the elasticity and resiliency
of a variety of tissues.® > Each fibrillin molecule is
composed of 47 epidermal growth factor-like (EGF)
domains, among which 43 are calcium binding type
(cbEGF), and 7 transforming growth factor-p1
binding protein-like (TB) domains.'* "' FBN1 muta-
tions may lead to abnormal structure of microfibrils
and has been associated with a broad spectrum of
clinical phenotypes.” According to Universal Muta-
tion Database (UMD-FBN1), more than 3000
mutations have been identified throughout FBN1,
with less than 20 being associated with IEL.! 61213

In this study, we characterised a Chinese domi-
nant family in which a novel missense mutation
c.4031 G>A/p.Gly1344Glu in FBN1 co-segregates
with late-onset IEL and additional manifestations
of microspherophakia, secondary glaucoma with
minor skeletal involvement.

MATERIALS AND METHODS

Patients information and clinical manifestation
The STREGA (STrengthening the REporting of
Genetic Association studies) reporting guidelines
was used to improve the reliability of the research.’
The patient visited our hospital due to ectopia lentis
and secondary glaucoma. Clinical data and family
history of the proband and the remaining affected
family members were collected. Ophthalmic exam-
ination included visual acuity assessment, intraocular
pressure (IOP) measurement, slit-lamp examination
(SL-D7, Topcon, Tokyo, Japan), dilated examina-
tion of lens and fundus, panoramic ophthalmo-
scope (Daytona (P200T), Optos, Dunfermline, UK),
spectral domain optical coherence tomography
(SD-OCT) (TR-KT-2913, Heidelberg Engineering
GmbH, Heidelberg, Germany), ultrasound biomi-
croscopy (UBM) (SW-3200, Suoer, Tianjin, China)
and axial length measurement (IOL Master, Carl
Zeiss Meditec, Jena, Germany). Systemic examina-
tion included measurements of height and skeleton.
For each patient and mutation-carrying relative, an
echocardiography was performed to detect cardio-
vascular diseases. After informed consents for diag-
nostic genetic testing were obtained, peripheral
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blood samples were collected and genomic DNAs (gDNA) were
extracted from available individuals. A total of eight members
including four suspected IEL patients (I:2, II:1, II:2, 1I:3) in a
Chinese family from Shanghai were recruited.

Whole exome sequencing

Whole exome sequencing (WES) and data analysis were
conducted through BGI Co, Ltd (Shenzhen, China). gDNA
was extracted according to the manufacturer’s standard proce-
dure (MagPure Buffy Coat DNA Midi KF Kit). gDNA (Quality
Control (QC): gDNA concentration =20ng/ul, total DNA
=1000ng) was broken into 100 to 500bp fragments by BGI’s
enzyme kit (Segmentase, BGI). The 280 to 320bp fragments
were then collected by magnetic bead. The collection added A
base at 3’ overhangs after repairing ending, which made sure
the fragments could pare “T” base with special adapter, and built
single individual DNA library after ligation-mediated PCR and
purification (QC: small fragment concentration =40 ng/ul, total
gDNA =1000ng). The library was enriched 16 to 24 hour (47°C)
by array hybridisation (Roche NimbleGen, Madison, USA),
followed by elution and post-capture amplification. The elution
concentration of fragments should between 10 ng/ul to 50 ng/
ul with fragment size of 300 to 550bp for QC requirements.
The products were then subjected to Agilent 2100 Bioanalyzer
and BMG to estimate the magnitude of enrichment. The qual-
ified products were pooled and quantified according different
library quantities, then the single strand of library products was
prepared for circularisation and made DNA nanoball. Finally,
sequencing was performed with 2x100bp paired end reads (PE
1004+100) on MGISEQ-2000 (https://www.mgitech.cn/prod-
ucts/instruments_info/13/). QC standards for bioinformatics
included deduplication read depth =100X, 20X coverage
=95%, Q20 =90%, Q30 =85% with sequencing data volume
no less than 15G.

Mutation identification

To detect the potential variants in the family, bioinformatics
processing and data analysis were performed after receiving
the primary sequencing data. Following previously published
filtering criteria, a few unqualified sequences were removed using
a BGI in-house programme SOAPnuke to generate ‘clean reads’
for further analysis. The clean reads with a length of 90bp were
then aligned to the human genome reference (hg19) using the
BWA (Burrows Wheeler Aligner) Multi-Vision software package.
PCR duplicates were removed with Picard tools. After align-
ment, the output files were used to perform sequencing coverage
and depth analysis of the target region, single-nucleotide vari-
ants (SNVs) and small inversion and deletion (INDEL) calling.
Genome Analysis Toolkit (GATK) software was used to detect
SNVs and INDELs, which were filtered and evaluated via
multiple databases, including OMIM, NCBI, dbSNP, HapMap,
1000 genomes project data set and in-house database of 100
Chinese Han normal controls.'® *” The minor allele frequency
(MAF) of the variants were determined using the gnomAD,
ExAC, ESP6500, 1000 Genomes and the in-house sequencing
data of 100 Chinese healthy adults. Non-synonymous variants
with an MAF of 0.01 or less and consistent with the autosomal
dominant inheritance were considered as candidate pathogenic
mutations. Potential pathogenic effects of the candidate muta-
tions were evaluated by the MutationTaster, Protein Variation
Effect Analyzer (PROVEAN) and Scale-Invariant Feature Trans-
form (SIFT) programme. Pathogenicity of the candidate variant
was assessed following guideline issued by American College of

Medical Genetics and Genomics (ACMG)."® ¥ The Human Gene
Mutation Database was used to identify mutations reported in
previous publications.

Sanger sequencing verification

After targeted sequencing, the FBN1 G1344E mutation and
other potential pathogenic variants identified in the proband and
the remaining affected family members were verified by Sanger
sequencing. A 448 bp fragment was amplified by PCR using the
following primers: 5’-AACATACCTGTACAAGTGAAGC-3’
(forward) and 5-ACATTTGTGCTGAGCCTTTTTC-3’
(reverse). Sequence was compared with the FBN1 reference
sequence (NM_000138.4) to identify mutations.

RESULTS

Pedigree and detail clinical manifestations

The pedigree of the family was drawn in figure 1. A novel hetero-
zygous missense mutation (c.4031 G>A/p.Gly1344Glu) in exon
33 of FBN1 was detected following an autosomal-dominant
mode. (figure 2) The proband II:1 is a 49-year-old male with
normal height (181cm) and did not fulfil the revised Ghent
criteria for Marfan syndrome.* He had bilateral angle-closure
glaucoma and underwent Nd:Yag peripheral iridotomy several
years ago. Antiglaucoma medications were used every day. Since
the IOP could not be controlled by previous medical manage-
ment, he came to our hospital for advanced treatment. He had
decreased visual acuity (OD: 0.7, OS: 0.2), increased IOP (OD:
18 mm Hg, OS: 49 mm Hg), lenticular dislocation with cataract,
microspherophakia, shallow anterior chamber, peripheral iris
deformation and myopia (OD: —4.75D, OS: —3.50D) in both
eyes. (figure 3) It is noteworthy that he has a shorter axial length
(OD: 20.18 mm, OS: 20.49 mm), same as his mutation-carrying
mother (I:2), younger sister and brother (I:2, 1I:3). Supratem-
poral ciliary body cysts were found in his left eye during pars
plana vitrectomy and scleral intraocular lens fixation surgery. A
prophylactic laser procedure was performed during the surgery.
There are no malformations in his cardiovascular system by
ultrasound examination. He has minor skeletal involvement of
hallux valgus without affecting the walking function. (figure 4)
All affected members in this family manifested similar clinical
symptoms, mainly in the ocular system with minor skeletal
involvement. (eg, patient I:2, II:2 and II:3, view online supple-
mentary files 1-3) None of them had cardiovascular malforma-
tion. In ocular system, all affected members had EL because of
suspensory ligaments laxity, microspherophakia, shallow ante-
rior chamber, myopia, increased IOP and decreased axial length.
The main skeletal abnormality is hallux valgus, with no arach-
nodactyly, scoliosis, joint hypermobility or other malformations
observed in any of the affected members. At the time this study
was performed, III: 1 and II1:2, two family members in the third
generation carrying FBN1 G1344E mutations, have only hallux
valgus phenotype with no ocular manifestations. Considering
the related disease had a late onset, IEL may appear in their
older ages, though further follow-up and observation are neces-
sary to verify the clinical manifestations of this mutation. The
detailed clinical information of the family members including
the proband was shown in table 1.

Variant of FBN1 identification and Sanger validation

345 candidate variations were remained for further screening
after automated filtering. According to semi-automatic muta-
tion screening and interpretation, a total of 12 and 21 auto-
somal dominant inherited variations were found to be related
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FBN1:
c.4031 G>A

Figure 1

FBN1:
c.4031 G>A

The pedigree of the family. Square indicates male and circle indicates female. Dark symbol means affected member with ocular and

hallux valgus phenotype. Grey symbol means affected member merely with hallux valgus phenotype. | to IV means generations and 1 to 3 means
the ID number of each patient. The arrow points to the proband. The genotype information of ¢.4031 G>A were marked, heterozygous in all affected

members and not found in all unaffected members. WT, wild type.

to patient’s ocular and skeletal system, respectively. Based on the
clinical manifestations, FBN1 p.G1344E (c.4031 G>A) muta-
tion was identified as the only candidate pathogenic mutation
that related to the patient’s ectopia lentis phenotype. Co-segre-
gation of this variant and the disease phenotype was confirmed
within the family members by PCR amplification and Sanger
sequencing (heterozygous in all affected members and not found
in all unaffected members).

The ¢.4031 G>A mutation changed codon GGA to GAA in
exon 33, substituting an evolutionarily conserved amino acid
glycine with glutamic acid in a cb-EGF domain of FBN1 (Phylop
score: 5.731; PhastCons score: 1). (figure 5) Based on the ACMG
guideline, the p.G1344E variant should be classified as likely

pathogenic as it meets with two moderate (PM1 + PM2) and
two supporting (PP2 + PP4) criteria. (PM1: located in a muta-
tional hotspot and/or critical and well-established functional
domain without benign variation; PM2: absent from controls
(or at extremely low frequency if recessive) in gnomAD, ExAC,
ESP6500, 1000 Genomes and the in-house sequencing data of
100 Chinese healthy adults; PP2: missense variant in a gene that
has a low rate of benign missense variation and in which missense
variants are a common mechanism of disease; PP4: patient’s
phenotype or family history is highly specific for a disease with a
single genetic aetiology).'” Furthermore, p.G1344E in FBN1 was
predicted to be disease-causing by MutationTaster (prob: 0.999;
Disease Causing), PROVEAN (score: —7.569; Deleterious) and

A G226 cTTCABRATGTA

B | E
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Figure 2 A novel missense mutation (c.4031 G>A/p.Gly1344Glu) in exon 33 of FBNT was identified. (a) Sanger sequence of unaffected family

member. (b) The heterozygous c.4031 G>A mutation of proband.
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Figure 3  Ophthalmologic symptoms of the proband (I1:1). (a) Slit-lamp examination. The crystalline lentis was dislocation results from suspensory
ligaments dysplasia in the left eye. (b) UBM examination shows shallow anterior chamber, peripheral iris deformation, anterior chamber angle
crowding and trabecular meshwork blocking of left eye. (c) Panoramic ophthalmoscope and (d) SD-OCT show normal fundus images. SD-OCT,spectral-
domain optical coherence tomography; UBM, ultrasound biomicroscopy.

SIFT (score: 0.999; Probably Damaging), supporting that this lens equator.” Fibrillin microfibrils are specifically required for

mutation was likely pathogenic and associated with the disease the suspensory ligament of the lens.'* FBN1 is widely expressed
phenotype. in zonules, ligaments, cartilage, tendon, large arteries and other

tissues.? Fibrillin-1, encoded by FBN1, is an important calcium-
DISCUSSION binding microfibrillar structural component of ECM that
IEL results from instability or rupture of the ciliary zonule, contribute to the integrity and function of all extensible connec-
which span the narrow gap between the ciliary epithelium and tive tissues.® 122122

Figure 4 Systemic symptoms of the proband II:1. The patient has minor skeletal involvement of hallux valgus.
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Table 1  Clinical detail of the family members
Family members 1:1 1:2 1:1 11:2 11:3 11:1 11:2 1:3
Gender M F M F M M F M
Genotype WT 4031 G>A c.4031 G>A c.4031 G>A c.4031 G>A c.4031 G>A 4031 G>A WT
information (FBNT)
Age (years) 75 72 49 46 M 27 21 15
Diagnosis age (years) — NA 48 40 4 No ocular No ocular -
phenotypes phenotypes
BCVA (R/L) 0.8/0.9 LP/HM 0.7/0.2 0.4/0.5 0.6/0.6 1.0/1.0 1.0/1.0 1.0/1.0
Ectopia lentis (RIL) - /- +/+ +/+ +/+ +/+ -/ - -/ - -/ -
I0P (R/L,mm Hg) 15/16 20/NA 18/49 13/34 39/20 12114 16/12 14114
Glaucoma -/- +/+ +/+ +/+ +/+ -/- -/- -/-
Axial length (R/L, 23.95/24.12 23.41/23.20 20.18/20.49 21.57/22.07 21.72/22.17 24.09/25.21 24.98/25.19 NA
mm)
Retinal detachment / -/- / -/- -/- -/- -/- -/-
Height (cm) 176 168 181 158 176 178 160 170
Arachnodactyly - - - - - - - -
Hallux valgus - + + + + + + -
Aortic dilation - - - - - - - -
Other Cataract Lens dislocation (0S)  Ciliary body cysts — Drusen like - - -
operation (both into the anterior (0S) change
eyes) chamber (both eyes)

BCVA, best corrected visual acuity; F, female; HM, hand movement; 0P, intraocular pressure; L, left; LP, light perception; M, male; NA, not available; R, right; WT, wild type.

FBN1-related disorders include EL, MFS, MASS (mitral
valve prolapse, aortic enlargement, skin and skeletal findings)
syndrome, autosomal dominant Weill-Marchesani syndrome,
acromicric and geleophysic dysplasias.”? Although the pheno-
types of these diseases are quite distinct, the major manifesta-
tions of these diseases involve ocular, skeletal and cardiovascular
system. To date, thousands of mutations have been identified in
FBN1, while missense mutations are the most frequent type.” It
has been revealed that cysteine substitution in ¢cbEGF domains
and missense mutations in 5’ region have a higher incidence of
combined EL.**** Since some patients had been reclassified as
MES if the mutation is subsequently described in association with
aortic dilation/dissection, less than 20 FBN1 mutations causing
IEL have been reported.' * ¢ 15 263* Two recently IEL reported
cases were recommended further aortic disease surveillance to
identify or exclude Marfan syndrome because the patients were
too young.®' ** Intriguingly, with just a few exceptions, nearly
all reported mutations causing IEL were cysteine substitutions
that occurred in different exons of FBN1.%* The ¢.4031G>A/p.
Gly1344Glu mutation described in this study is the first non-
cysteine-substitution mutation identified in exon 33.

Human 1344 C G K HAV
P.troglodytes 1344 C GKHAV
M.mulatta 1344 C G R HAV
M.musculus 1346 C GR HAV
G.gallus 1303 CDRHAV
T.rubripes 1369 CDGHAT
X.tropicalis 1289 CDRHAT

el e e e e e
S = = = =
Z Z zZ2 Z2 Z 2 =2
H 3 1334343
oo "o o

| 21 (21 (31 (71 (30 [2] [21 | 4=

The ¢.4031G>A mutation mainly caused ocular complications
in the affected family members. Considering the related disease
had a late onset, although not all mutation-carrying members
developed symptoms (III:1, III:2), IEL may appear in their older
ages. (Representative case: patient III:2, view online supplemen-
tary file 4) It has been reported that the median age of diagnosis
of IEL caused by FBN1 mutation was 35 years old.® In our study,
the diagnosis ages of the three affected members were 48 (II:1),
40 (I1:2) and 41 (1I:3) years old. Our patients apparently had
increased risk of developing secondary angle-closure glaucoma,
mainly due to crystalline lens subluxation, anterior chamber
angle crowding and trabecular meshwork blocking. The shorter
axial globe length might advance negative effects on the develop-
ment of glaucoma.®® It cannot be excluded that some of the EL
patients might develop additional features of Marfan syndrome
in their adult life. However our patient is older than 20 years
old and does not meet the revised Ghent criteria.’ The affected
member I:2 is a 72-year-old female without any cardiovascular
or other skeletal manifestation. Although she has already lost
visual acuity because of glaucoma, it’s reasonable to speculate
that mutation in this region was predominantly associated with

FBNI1: p.G1344

n nn n n nn
I e e B o L |
xR R R R R R
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Figure 5 Multispecies sequence alignment showing the evolutionarily conserved residues of p.Gly1344 in FBN1.
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ocular system phenotypes and less likely to have aortic disease.
This specific p.G1344E amino acid substitution might limit the
phenotype and severity.

Based on previous reports and the clinical symptoms of
the affected members, we believe that the novel FBN1 muta-
tion identified in this study has a deleterious nature and is the
likely cause of IEL for the following reasons: First, heterozy-
gous p.G1344E mutation co-segregated with the EL pheno-
type in four affected individuals (I:2, 1I:1, II:2, 1I:3), and the
intrafamilial segregation pattern is consistent with the dominant
inheritance. Second, the MAF of p.G1344E was extremely low,
absent in the gnomAD, ExAC, ESP6500, 1000 Genomes data-
bases and 100 ethnically-matched normal controls. Third, the
p-G1344E mutation changes an evolutionarily conserved amino
acid of FBN1 and is unanimously predicted to be disease-causing
by computational analysis tools MutationTaster, PROVEAN and
SIFT. Fourth, based on the ACMG guideline, the p.G1344E
variant should be classified as likely pathogenic as it meets with
two moderate (PM1 + PM2) and two supporting (PP2 + PP4)
criteria. In summary, this FBNT mutation is consistent with the
previously reported autosomal dominant inheritance of IEL.

There are limitations to our study. Though by WES we iden-
tified the p.Gly1344Glu variant in FBN1 as the likely patho-
genic causes for the ectopia lentis in the family, our data cannot
completely rule out the possibility that a cryptic mutation in
tight linkage (in intronic regions of FBN1 not covered by WES,
for example) may be present. Within the family, there are two
p-G1344E mutation-carrying individuals (III:1 and III:2) with
no ocular phenotypes. Considering the onset of the ectopia
lentis in this family is rather late and individuals III:1 and III:2
were still relatively young (<30 years), further follow-up and
observation are necessary to verify the clinical manifestations
of the p.G1344E mutation. Alternatively, however, it is also
possible that a second unidentified modifier mutation in certain
family members may explain the heterogeneity of the pheno-
type. Further functional studies are needed to assess the effect of
the p.G1344E mutation in the next step.

CONCLUSION

In conclusion, the novel heterozygous missense mutation
c.4031G>A (p.Gly1344Glu) in exon 33 of FBNI is a likely
pathogenic mutation for IEL. Our study expands the spectrum
of FBN1 mutations and contributes to better comprehension of
genotype-phenotype correlation of IEL disease.
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