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Abstract
Fibulin-5 (FBLN5), an extracellular scaffold protein, plays a crucial role in the activation of Lysyl oxidase like-1
(LOXL1), a tropoelastin crosslinking enzyme, and subsequent deposition of elastin in the extracellular matrix. Following
study identifies polymorphisms within FBLN5 gene as risk factors and its aberrant expression in the pathogenesis of an
ocular disorder, pseudoexfoliation (PEX). Exons and exon–intron boundaries within FBLN5 gene were scanned through
fluorescence-based capillary electrophoresis for polymorphisms as risk factors for PEX pathogenesis in recruited study
subjects with Indian ethnicity. mRNA and protein expression of FBLN5 was checked in lens capsule of study subjects
through qRT-PCR and western blotting, respectively. In vitro functional analysis of risk variants was done through
luciferase reporter assays. Thirty study subjects from control and PEX affected groups were scanned for potential risk
variants. Putative polymorphisms identified by scanning were further evaluated for genetic association in a larger sample
size comprising of 338 control and 375 PEX affected subjects. Two noncoding polymorphisms, hg38 chr14:
g.91947643G>A (rs7149187:G>A) and hg38 chr14:g.91870431T>C (rs929608:T>C) within FBLN5 gene are found to
be significantly associated with PEX as risk factors with a p-value of 0.005 and 0.004, respectively. Molecular assays
showed a decreased expression of FBLN5 at both mRNA and protein level in lens capsule of pseudoexfoliation
syndrome (PEXS) affected subjects than control. This study unravels two novel risk variants within FBLN5 gene in the
pathogenesis of PEX. Further, a decreased expression of FBLN5 in PEXS affected lens capsules implicates a pathogenic
link between extracellular matrix maintenance and onset of PEX.

Introduction

Pseudoexfoliation (PEX [MIM: 177650]) is an age-related
ocular disorder and is diagnosed by deposition of protei-
naceous aggregates called PEX fibrils on the tissue surface
of anterior eye segment [1]. This initial stage of PEX is
called as pseudoexfoliation syndrome (PEXS). In the later
severe form of PEX, degeneration of retinal ganglion cell
axons in the optic nerve head (ONH) region located in the
posterior segment of the eye is seen and is known as
pseudoexfoliation glaucoma (PEXG) [1]. PEX is a leading
cause of glaucoma worldwide [2]. Previous studies have
done proteomic [3], immunostaining, and electron micro-
scopic analysis [4, 5] of PEX fibrils, which shows that they
are made up of extracellular protein aggregates arranged in
a microfibrillar form. Genetic and biochemical studies have
also shown the involvement of various genes coding for
extracellular proteins, membrane proteins, as well as pro-
teins involved in the unfolded protein response as risk
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factors in the pathogenesis of PEX, such as Lysyl oxidase
like-1 (LOXL1) [6, 7], Clusterin [8–10], Contactin-
associated protein-like 2 (CNTNAP2) [11], calcium
voltage-gated channel subunit-α1A (CACNA1A) [12], neu-
ronal development, and actin remodeling proteins [13],
Synoviolin1, and Calnexin [14]. However, low penetrance
of reported genetic variants and inconsistent outcomes of
previous studies across various ethnicities indicate the pre-
sence of other genetic factors in the etiology of PEX and
the precise cause in the pathogenesis of PEX is still not
clear.

In this study, we propose that Fibulin-5 (FBLN5 [MIM:
604580]), an extracellular scaffold protein might play a
pivotal role in the pathogenesis of PEX. FBLN5 also known
as developmental arteries and neural crest EGF-like protein
(DANCE) plays a crucial role in the formation of elastic
fibers in a process called elastogenesis [15], cell-matrix
adhesion [16], regulation of cell growth [17], modulation of
matrix proteases [18], and integrin-dependent regulation of
reactive oxygen species (ROS) in the extracellular matrix
(ECM) [19]. Most importantly, FBLN5 assists in the
deposition of the de-aminating enzyme LOXL1 [MIM:
153456], a major risk factor for PEX and its activation by
pro-peptide cleavage in the ECM. Activated LOXL1 then
crosslinks tropoelastin monomers by lysyl-deamination
following coacervation into elastic fibers [20]. FBLN5 has
been associated with various elastinopathic disorders, such
as pelvic organ prolapse (POP) [21], cutis laxa [22, 23],
abdominal aortic aneurysm [24], Charcot–Marie-Tooth
disease (CMT) [25], and age-related macular degeneration
(ARMD) [26]. Aberrant expression and/or abnormal
deposition of FBLN5 is seen in patients with such disorders
and results in impaired elastic fiber development. Further,
recent studies have related the pathogenesis of PEX with
these elastinopathies, such as ARMD [27], POP [28], and
abdominal aortic aneurysm [29, 30]. To add to this,
Schlotzer-Schrehardt et al. have shown an impaired ECM,
similar to that in elastinopathies with irregular deposition
pattern of LOXL1 and elastin aggregates in PEX affected
posterior eye tissues (lamina cribrosa and peripapillary
sclera) through immunostaining [31]. A study on 3D
culture of tenon fibroblasts from PEX donors also showed
an aberrant deposition of FBLN5 in vitro [32]. Altogether,
these studies indicate a possible involvement of FBLN5
in the formation of PEX aggregates and thereby in
its progression. Additionally, mass spectrometric analysis
has showed the presence of another fibulin family
member protein, Fibulin-2 along with LOXL1 in PEX
aggregates [3].

In the present study, we show that polymorphisms within
FBLN5 are associated with PEX. Also, aberrant expression
of FBLN5 in PEXS affected tissues suggests its involve-
ment in PEX pathogenesis. Current finding establishes a

novel link between an ECM protein, FBLN5 with PEX, an
ocular elastinopathy.

Materials and methods

Study subjects

This study was approved by the ethics review board of
National Institute of Science Education and Research, India
and adhered to the tenets of the Declaration of Helsinki. All
the participants underwent a detailed ocular examination,
including slit lamp microscopy, ocular biometry, Goldman
applanation tonometry,+90D biomicroscopic fundus eva-
luation, and four-mirror gonioscopy. Cataract patients
diagnosed with PEXS or PEXG in screening camps and
outpatient departments were included for this study.
Informed consent was obtained from all individual partici-
pants recruited for the study. Similarly, cataract patients
without PEXS or PEXG matching the inclusion criteria
were included as controls. Demographic features of the
study subjects included in the study are presented in
Table 1. Lens capsule tissues from study subjects were
collected in RNAlater stabilization solution (Invitrogen,
USA) or in liquid nitrogen during cataract surgery and
stored at −80 °C until further use.

DNA extraction, PCR, elution, and sequencing

Peripheral blood (4 ml) was collected from study subjects
for genomic DNA extraction through phenol–chloroform
method. Eleven sets of primers were designed to amplify 11
exons of FBLN5 gene and their surrounding exon–intron
boundaries through PCR of 30 randomly selected, age and
gender-matched individuals from control, PEXS, and
PEXG groups as discovery set. Primers were designed by
Primer-BLAST and their detailed information is presented
in the Supplementary Table 1. PCR products were eluted
through gel elution (QIAquick Gel Extraction Kit, QIA-
GEN, Hilden) and subsequently sequenced through

Table 1 Demographic and clinical features of study subjects included
for genotyping of FBLN5 variants

Subjects Sample size
(n)

Age (in years) Sex

Mean ±
SD

Range Male Female

PEX
combined

375 70.3 ± 8.4 41–90 276 99

PEXS 280 71 ± 8.2 41–90 196 84

PEXG 95 68 ± 8.6 47–88 80 15

Control 338 64.4 ± 9.8 40–90 181 157
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fluorescence-based capillary electrophoresis using BigDye
Terminator v.3.1 cycle sequencing kit (Applied Biosystems,
Austin, TX 78744, USA) on 3130xl Genetic Analyser
(Applied Biosystem) platform. Detailed procedures of PCR
and sequencing of targeted product were followed as
described previously [10]. Sequencing analysis software
v5.3 (Applied Biosystem) and BioEdit v7.1 (http://www.
mbio.ncsu.edu/bioedit/bioedit.html) was used for sequence
analysis.

RNA extraction, cDNA synthesis, and quantitative
real time-PCR

Total RNA was isolated from lens capsule tissues by using a
RNA extraction kit (RNeasy Mini Kit, QIAGEN GmbH,
Hilden). After RNA quality check, cDNA was synthesized
from 100 ng of total RNA through a Reverse Transcription
Kit (Verso cDNA Synthesis Kit—AB1453A; Thermo
Fisher Scientific). PrimerQuest Tool (IDT) was used to
design gene-specific primers overlapping exon–exon junc-
tion for the mRNA transcript of FBLN5 with RefSeq ID
NM_006329.3 and of GAPDH with RefSeq ID
NM_002046.5 (Supplementary Table 1). qRT-PCR was
performed using 7500 Real time PCR System (Applied
Biosystems, Foster city, CA, USA). Total 5 ng of cDNA
and 0.4 µM each of forward and reverse primers were used
per 20 µl reaction volume in triplicate for both FBLN5 and
GAPDH. Amplification specificity of the PCR product was
checked via melt curve analysis and sequencing. ΔΔCt
method was used to calculate the expression change in fold
for target gene and represented as fold difference in com-
parison to control. For normalization of FBLN5 gene
expression, GAPDH expression was taken as an endogen-
ous control.

Protein extraction and western blotting

Tissue extract from lens capsule tissues was prepared using
NE-PER kit (Thermo Fisher Scientific) and quantified by
Bradford protein assay (Sigma). Denatured protein extract
(15 µg) was then loaded on a 12% SDS–PAGE and sub-
sequently transferred onto a PVDF membrane at 15 V for
45 min (Immobilion-P PVDF from Merck Millipore, Bill-
erica, MA, USA). After blocking the membrane with 5%
skim milk, primary mouse monoclonal antibody against
FBLN5 protein (ab66339; Abcam) was used in 1:200
dilution along with blocking solution. HRP-conjugated goat
anti-mouse IgG (621140680011730, GeNei, India) was
used as secondary antibody (1:5000 dilution). GAPDH
antibody (ABM22C5, Abgenex, India) was used as an
endogenous control. A chemiluminescence kit (Super-
SignalTM West Femto Maximum Sensitivity Substrate,
Thermo scientific) was used for detection of bands and

signals were detected in a Fusion Solo S Chemi-Doc (Vilber
Lourmat, Eppendorf, Germany). Band intensity was quan-
tified in Evolution Capt software.

Cell culture

The human cell line, HEK293 (National Center for Cell
Science, Pune) was cultured in HiGlutaXL Dulbecco’s
modified Eagle medium, high glucose (AL007G, HiMedia,
India) with 10% fetal bovine serum (RM9952, HiMedia).
Human lens epithelial (HLE) cell line was procured from
ATCC (B-3 CRL-11421, Virginia, USA) and cultured in
DMEM/F12 medium (11330057, Invitrogen) and supple-
mented with 10% inactivated FBS (16000044, Invitrogen).
All media were supplemented with 1% penicillin (100 U/
ml) and streptomycin (0.1 mg/ml) (A001, HiMedia) and
maintained at 37 °C and 5% CO2.

Luciferase reporter assays

Luciferase reporter assays were performed as mentioned
previously [33]. pGL4.23 luciferase vector and pGL4.74
renilla vector were used for reporter assays (Promega,
Madison, WI, USA). A genomic region of 200 bp sur-
rounding hg38 chr14:g.91947643G>A (rs7149187:G>A)
harboring “A” or “G” and 176 bp surrounding hg38
chr14:g.91870431T>C (rs929608:T>C) harboring “C” or
“T” variant, respectively, was PCR-amplified using two
sets of specific primer pair (Supplementary Table 1) from
the extracted genomic DNA of study subjects. The
amplified products were then cloned into pGL4.23 vector
by double digestion and subsequent ligation at KpnI-HF
and XhoI-HF sites (New England Biolabs, Ipswich, MA).
Luciferase constructs (1 μg) and renilla vector (10 ng)
were co-transfected (Lipofectamine 2000, Invitrogen) into
HEK293 and HLE cells individually, and seeded in a 12-
well plate at 80% confluence. Dual-Luciferase® Reporter
Assay System (Promega) was used to measure the reporter
activity in a Varioskan® Flash Multimode reader (Thermo
Fisher Scientific, Waltham, MA, USA) in the prepared
cell lysate after 24 h of post-transfection. Luciferase
activity was analyzed after normalizing with renilla
reporter activity for transfection efficiency. Each of the
experiments were repeated independently with at least
three replicates.

Genetic and statistical analyses

Allelic association tests, Hardy–Weinberg equilibrium
(HWE), Bonferroni correction, and correction for multiple
testing with permutation analysis (n= 10,000) were done
by PLINK. Effect of confounding factors, age, and sex were
eliminated through logistic regression model using PLINK.
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Haplotype analysis and linkage disequilibrium (LD) ana-
lysis were done using Haploview V4.2. Online Genetic
Power Calculator (zzz.bwh.harvard.edu/gpc/) was used to
calculate statistical power of the association study. Statis-
tical significance of groupwise results was analyzed through
Student’s t-test and p < 0.05 was considered as statistically
significant. All experiments were repeated at least three
times. Descriptive data were presented as mean ± SEM. The
data for the genetic association study is available at https://
databases.lovd.nl/shared/individuals/FBLN5 with indivi-
duals IDs: 00226182 (rs7149187-homozygous mutant
[AA]-controls), 00235387 (rs7149187-homozygous mutant
[AA]-PEX), 00226181 (rs7149187-heterozygous [AG]-
controls), 00228154 (rs7149187-heterozygous [AG]-PEX),
00235390 (rs2430347-homozygous mutant [GG]-controls),
00235394 (rs2430347-homozygous mutant [GG]-PEX),
00235389 (rs2430347-heterozygous [GA]-controls),
00235393 (rs2430347-heterozygous [GA]-PEX), 00235398
(rs929608-homozygous mutant [CC]-controls), and
00235396 (rs929608-homozygous mutant [CC]-PEX),
00235397 (rs929608-heterozygous [CT]-controls),
00235395 (rs929608-heterozygous [CT]-PEX).

Results

FBLN5 variants, rs7149187:G>A and rs929608:T>C
are genetically associated with PEX

As a discovery set, we sequenced 11 exons and the
exon–intron boundaries of FBLN5 gene in 30 age and sex-
matched PEX affected cases and 30 controls. We found a

synonymous nucleotide variant, rs2430347:A>G (hg38
chr14:g.91881336A>G) in the 9th exon and two non-coding
variants, rs7149187:G>A (hg38 chr14:g.91947643G>A) and
rs929608:T>C (hg38 chr14:g.91870431T>C) in the 5′
untranslated region (UTR) and 10th intron, respectively. In
the subsequent replicative set, these three polymorphisms
were checked for genetic association comprising of 338
controls and 375 PEX cases (PEXS-280 and PEXG-95). Prior
to genetic analysis, allele frequencies of SNPs were checked
for HWE at a default significance threshold (p ≤ 0.001) and
SNPs rs929608, rs2430347, and rs7149187 passed HWE test
with a p-value of 0.75, 0.32, and 0.01, respectively. Dis-
tribution of allele frequency, statistical significance, and odds
ratio for each of these SNPs are presented in Table 2. Both
rs7149187 (p= 0.005) and rs929608 (p= 0.004) were found
to be significantly associated with PEX with risk allele “G”
and “T”, respectively. However, rs2430347 (p= 0.77) was
not found to be significantly associated with PEX. After
Bonferroni correction for multiple comparisons, both
rs7149187 and rs929608 retained their significance with a p-
value of 0.016 and 0.014, respectively. Also, after correction
for multiple testing with permutation analysis (n= 10,000)
both rs7149187 and rs929608 remained significant with a p-
value of 0.019 and 0.017, respectively. After correction for
covariates (age and sex) both SNPs rs7149187 and rs929608
remained significantly associated with PEX with a p-value of
0.009 and 0.004, respectively. Genotypic distribution of var-
iants and analysis are presented in Supplementary Table 2.

Genetic analysis of polymorphisms was also done after
segregation of PEX into PEXS and PEXG groups. While
rs7149187 was found to be significant in both PEXS (p= 0.02)
and PEXG (p= 0.023) individuals, rs929608 remained

Table 2 Distribution of FBLN5 variants in PEX and control subjects

SNP Major allele Minor allele MAF in control (n= 338) MAF in PEX combined (n= 375) p-value p-value† OR (95% CI)

rs7149187 G A 0.39 0.31 0.005 0.019 0.72 (0.57 ± 0.91)

rs2430347 G A 0.23 0.23 0.77 0.99 1.03 (0.8 ± 1.34)

rs929608 T C 0.53 0.45 0.004 0.017 0.73 (0.58 ± 0.9)

SNP Major allele Minor allele MAF in control (n= 338) MAF in PEXS (n= 280) p-value p-value† OR (95% CI)

rs7149187 G A 0.39 0.32 0.02 0.06 0.74 (0.58 ± 0.95)

rs2430347 G A 0.23 0.25 0.48 0.85 1.1 (0.83 ± 1.45)

rs929608 T C 0.53 0.45 0.007 0.02 0.72 (0.57 ± 0.91)

SNP Major allele Minor allele MAF in control (n= 338) MAF in PEXG (n= 95) p-value p-value† OR (95% CI)

rs7149187 G A 0.39 0.29 0.02 0.07 0.66 (0.46 ± 0.94)

rs2430347 G A 0.23 0.2 0.48 0.86 0.86 (0.58 ± 1.29)

rs929608 C T 0.47 0.54 0.08 0.24 1.33 (0.96 ± 1.86)

Frequency of minor allele “A” at rs7149187 in control (0.39) is significantly higher in comparison to PEX (0.31, p= 0.005), PEXS (0.32, p=
0.02), and PEXG (0.29, p= 0.02) individuals. Similarly, frequency of minor allele “C” at rs929608 is also found to be significantly higher in
control (0.53) than in PEX (0.45, p= 0.004) and PEXS (0.45, p= 0.007) but not in PEXG (0.46, p= 0.08) individuals. Risk analysis of minor
alleles was done to calculate the odds ratio based on an Allelic model

n sample size, MAF minor allele frequency, OR odds ratio, CI confidence interval
†p-value after permutation correction, where n = 10,000
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significant only with PEXS (p= 0.007) but not with PEXG
individuals (p= 0.08) (Table 2). Similar to that of PEX com-
bined group, rs2430347 was not found to be significant in
either PEXS (p= 0.47) or PEXG (p= 0.48) groups. Risk
analysis based on an allelic model showed that minor allele
“A” at rs7149187 confers a protective effect with an odds ratio
(OR) of 0.72 for PEX, 0.74 for PEXS, and 0.66 for PEXG.
Similarly, minor allele “C” at rs929608 confers an OR of 0.73
for PEX and 0.72 for PEXS individuals. As evident from the
LD value (D′= 0.02, LOD score= 0.03, r-squared= 0) there
is no linkage between the markers rs929608 and rs7149187. As
shown in Table 3, haplotype analysis showed that frequency of
risk haplotype “T–G–G” (rs929608–rs2430347–rs7149187) is
significantly higher in PEX combined (0.28, p= 0.007), PEXS
(0.27, p= 0.03), and PEXG (0.3, p= 0.01) groups in com-
parison to control group (0.22).

Downregulation of FBLN5 mRNA and protein
expression in PEXS affected tissues

Subsequently we checked the mRNA expression of the
single reported transcript variant of FBLN5 gene
(NM_006329.3) in the lens capsule of control and cases
through qRT-PCR. As shown in Fig. 1a, FBLN5 expression
was found to be half-fold downregulated in PEXS-affected
individuals (0.53-fold, p= 0.04) than that of control sub-
jects (1.0 fold). However, we did not find a significant
difference between PEXG (0.73-fold, p= 0.34) and control
group. Western blot analysis of total cell lysate extracted
from lens capsules by using a previously reported [34, 35]
c-terminus-specific FBLN5 antibody showed a prominent
band at ~55 kDa in study subjects. We found a significantly
(p= 0.04) decreased expression of FBLN5 in PEXS sub-
jects than in control as shown through western (Fig. 1b, c).
However, there is no difference (p= 0.36) in the level of
FBLN5 between control and PEXG subjects (Fig. 1b, c).

Risk variants at both rs7149187:G>A and rs929608:
T>C lack a functional significance

Suspecting an allele-based regulatory role, we hypothesized
that the genomic region surrounding associated variants
may act as a regulator (enhancer/suppressor) for FBLN5

gene expression. To validate this, luciferase reporter assays
were carried out by cloning a 200 bp genomic region sur-
rounding rs7149187 (either “A” or “G”) or 176 bp sur-
rounding rs929608 (either “T” or “C”) upstream into the
minimal promoter of luciferase vector, pGL4.23 and
transfected into both HEK293 and HLE cells. As shown in
Fig. 2a, transition from allele “A” to allele “G” at
rs7149187 did not change the luciferase activity in either
HEK293 (p= 0.3) or HLE (p= 0.21) cells. Similarly,
constructs containing rs929608 allelic variant “C” or “T”
did not show any difference in reporter activity in both
HEK293 (p= 0.48) or HLE cells (p= 0.06) as shown in
Fig. 2b. However, we found a significant difference in
luciferase expression between control empty vector and
constructs with either alleles at rs7149187 (Fig. 2a) or
rs929608 (Fig. 2b) in both HEK293 and HLE cells. This
regulatory effect can be attributed to the genomic region
surrounding the variants used for cloning suggesting other
regulatory mechanisms rather than the SNPs itself. Simi-
larly, a genotype-correlated expression analysis does not
show an allele-dependent effects at both of the variants on
FBLN5 gene expression in lens capsule tissues (Supple-
mentary Fig. 2a and b).

Discussion

FBLN5 (Gene ID: 10516) is an extracellular secreted
protein and belongs to class II fibulin subfamily with
shorter repeats of calcium-binding epidermal growth
factor like motifs (cbEGF) unlike that of class I subfamily
with long repeats. It is secreted as a 66-kDa protein
containing 425 amino acids from a wide variety of cells
including fibroblast and vascular smooth muscle cells
[36]. After secretion, a conserved RGD motif
(Arginine–Glycine–Aspartate) present in the N-terminus
of FBLN5 binds to integrin on the cell surface and is
essential for its cellular function. Similarly, C-terminus of
FBLN5 plays a key role in elastogenesis by interacting
with N-terminus of LOXL1, which afterwards assists in
polymerization and deposition of tropoelastin monomers
into elastin fibrils [15]. Deregulation of FBLN5 has been
reported in various disorders involving impaired

Table 3 Haplotype association
of the FBLN5 variants with PEX

Risk haplotype “T–G–G” (rs929608–rs2430347–rs7149187) Haplotype freq. p-value p-value†

Control 0.22 – –

PEX combined 0.28 0.007 0.03

PEXS 0.27 0.03 0.13

PEXG 0.30 0.01 0.05

Frequency of risk haplotype T–G–G (rs929608–rs2430347–rs7149187) in control (0.22) is significantly
lower in comparison to PEX (0.28, p= 0.007), PEXS (0.27, p= 0.03), and PEXG (0.3, p= 0.01) individuals
†p-value after permutation correction where n = 10,000
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maintenance of ECM. Also, common genomic variations
within FBLN5 gene have been associated with various
ECM disorders. Since, PEX involves abnormal deposition
and impaired maintenance of ECM proteins we hypothe-
sized that FBLN5 can be a genetic risk factor in the
etiology of PEX.

Variants within FBLN5 are risk factors for PEX
pathogenesis

Previous studies have reported genetic polymorphisms
within FBLN5 as risk factors for diseases, such as ARMD
[26, 37], cutis laxa [37–39], POP [40], and CMT [41]. A
study by Auer-Grumbach et al. linked missense variations
in FBLN5 with concurrent pathological alterations seen in
ARMD, CMT, and hyperelastic skin [42]. Similarly, var-
ious synonymous and nonsynonymous variations in FBLN5
were found in a proband individual suffering from cutis
laxa [23]. Further, reports suggest that missense variants
within FBLN5 that are associated with ARMD and cutis
laxa leads to misfolding, decreased secretion, increased

aggregation of FBLN5, and incomplete ECM formation
[22, 37, 43, 44].

We did not find any coding DNA sequence variation in
PEX-affected individuals. However, in discovery set we
found three genetic polymorphisms in the FBLN5 gene
(rs7149187, rs2430347, and rs929608), which were later
included in the replicative stage for statistical association.
We found a significant association of two noncoding var-
iants, hg38 chr14:g.91947643G>A (rs7149187:G>A) and
hg38 chr14:g.91870431T>C (rs929608:T>C) within
FBLN5, as risk factors for PEX pathogenesis. Previously,
rs929608 has been picked as a risk factor for ARMD in a
case-control study conducted in Indian population [45] and
in a recessive Iranian cutis laxa pedigree by Elahi et al. [23].
Further, epidemiological association of ARMD with PEX
corroborates the role of rs929608 thereby, FBLN5 in the
pathogenesis of these disorders [27, 46]. In the past, studies
have reported the role of PEX-associated non-coding
genetic variants in genes, such as LOXL1 [47, 48] and
Clusterin [10, 33], playing a role in PEX pathogenesis by
altering their gene expression. However, functional in vitro

Fig. 1 mRNA and protein expression of FBLN5 in the lens capsule of
cases and controls. a FBLN5 expression was found to be significantly
downregulated in PEXS (0.53 ± 0.1) compared to that of control (1 ±
0.1) with a p-value of 0.04 but not in PEXG subjects (0.73 ± 0.1, p=
0.34). b Represents immunoblots for FBLN5 protein expression in the
lens capsule of control versus PEXS and PEXG subjects. c Quanti-
tative analysis of FBLN5 protein in control versus PEXS and PEXG
subjects. Compared to lens capsule of control (1 ± 0.2), in PEXS (0.26

± 0.04) subjects there is a significantly decreased (p= 0.04) FBLN5
expression. However, there is no significant (p= 0.36) difference in
the FBLN5 protein level between control and PEXG (0.66 ± 0.2)
subjects. Sample size is denoted by “n” and relative expression change
in fold is represented as mean ± SEM. Each experiment is repeated at
least three times. Student’s t-test was used to calculate the statistical
significance between groups, *p < 0.05
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reporter assays and genotype-correlated tissue expression
analysis carried out in the study, as well as in silico analysis
done through Encyclopedia of DNA elements (ENCODE)
and Genotype-Tissue Expression (GTEx) suggests, both
rs7149187 and rs929608 does not have regulatory role over
FBLN5 gene expression. Further studies are being under-
taken to find the role of nearby functional SNPs and
influence of epigenetic factors as causative factors in PEX
pathogenesis.

Decreased FBLN5 expression may lead to abnormal
maintenance of ECM

Aberrant expression of FBLN5 has been seen in many ECM
disorders like ARMD [37, 49], cutis laxa [22, 37], and POP
[21, 50, 51]. Diminished level of FBLN5 in the ECM results
in impaired elastic fiber development by a reduced inter-
action with other extracellular proteins like LOXL1, elastin,
and fibrillin-1, and is the sole factor in the progression of
such diseases. Also, deregulated expression of FBLN5 is
seen in different cancerous tissues [52, 53]. Chen et al. have
shown that FBLN5 acts as a metastasis suppressor in lung
cancer by inhibiting Wnt/ß-catenin pathway thereby redu-
cing matrix metalloproteinase-7 (MMP-7) [52]. Further, it
also stimulates integrin-induced production of ROS which
then inhibits tumor growth [19].

We found a significantly decreased expression of FBLN5
in PEXS-affected lens capsule tissues. Similar to FBLN5,
aberrant expression of other ECM-related proteins, such as
LOXL1 [54], Fibrillin-1 [55, 56], and elastin [31] were
shown in PEX-affected eye tissues. Of these, LOXL1, a key
ECM maintaining enzyme and an interacting partner of
FBLN5 is reported to be the major risk factor in PEX
pathogenesis [6, 47]. After binding to FBLN5, LOXL1
activates and cross-links tropoelastin molecules into mature
elastic fibers. However, in PEX-affected tissues LOXL1
was not found to be co-localized with FBLN5 as in normal
cases [57]. This suggests a loss of interaction between
LOXL1 and FBLN5 at the site of PEX material formation.
Further, studies have shown that decreased expression or
knock-out of FBLN5 leads to irregular deposition of in-
active LOXL1 in large aggregates along with its substrate
elastin in the mouse dermis [58], a feature similar to that
seen in PEX-affected posterior eye tissues [31]. Addition-
ally, Hirai et al. have shown that the amount of active
FBLN5 diminishes with age [59] with a decrease in ECM
maintenance, which leads to impaired ECM in aged tissues
and may aggravate the disease condition in ageing elasti-
nopathies and might as well in PEXS. However, unlike
PEXS, reduced expression of FBLN5 in PEXG-affected
tissues were not significantly different than control. This
may implicate an involvement of other epigenetic factors
regulating FBLN5 expression at different stages of the
disease and further studies need to be done to elucidate the
molecular mechanism through which FBLN5 imparts a role
in PEX development.

In summary, current work establishes a novel association
between genetic variants in FBLN5 with PEX suggesting
FBLN5 as a contributing factor in the disease pathogenesis.
Further, decreased expression of FBLN5 in lens capsule of
PEXS-affected tissues implicates an impaired maintenance
of the ECM protein in PEX development. However, finding
of functional genetic risk variants, if any and the adverse

Fig. 2 Effect of allele changes at rs7149187 and rs929608 on luci-
ferase activity. a Related luciferase activity is shown for empty
reporter vector and constructs containing rs7149187 with either “A” or
“G” alleles. There is a significant difference in reporter activity in
HEK293 cells between control empty vector (100 ± 5) and “A” (147 ±
11) or “G” (159 ± 14) alleles with p-values of 0.008 and 0.01,
respectively. However, there is no difference in luciferase expression
between the alleles (p= 0.3). Similarly, in HLE cells the difference
between empty vector (100 ± 2) and “A” (302 ± 31) or “G” (251 ± 17)
alleles were shown to be significant (p= 0.02 and 0.01, respectively)
but no significant difference was observed between the alleles (p=
0.21). b Relative luciferase activity is shown for empty vector and
constructs containing rs929608 with either “C” or “T” alleles. Reporter
activity is significantly different between empty vector (100 ± 11) and
“C” (19 ± 3) or “T” (21 ± 0.9) alleles with p-value of 0.007 and 0.01,
respectively in HEK293 cells but not within “C” or “T” constructs (p
= 0.48). Similarly, in HLE cells the difference between empty vector
(100 ± 2) and both “C” (19 ± 0.4) or “T” (23 ± 0.7) alleles were shown
to be significant with a p-value of 0.002 and 0.001, respectively; but
there was no difference between “C” and “T” alleles (p= 0.06). Each
experiment is repeated at least three times. Relative activity is repre-
sented as mean ± SEM. Student’s t-test was used to calculate the sta-
tistical significance between groups, *p < 0.05
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effect of decreased FBLN5 expression during the onset of
PEX remains to be explored.
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