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Abstract

Pseudoexfoliation (PEX) is a protein aggregopathy most commonly sepeopie aged
above 60 yearand accounts for one of the major causes of secondary glaucoma worldwide
It is a progressive disease involving the deposition of extracellular fibrillar material
throughout the body with clear oculeranifestationThe early stge of the disease is termed
pseudoexfoliation syndrome (PEX@hnd the advanced stage is known as pseudoexfoliation
glaucoma (PEXG)PEX cauation and progression involve a complex interplagefetic

and epigenetic factor®espite extensive researchthms field over thdast three decades,

the exact etiology of PEX remains elusive with limited availabilitypi@imarkers for early
disease detection. This warrants the identification of novel risk faatatgpathways in its

pathogenesis.

For the work dailed in my Thesis, the contribution of four genes, fibubn
(extracellularscaffold protein), clusterin (molecular chaperone), vimentin (intermediate
filament), andglutathioneS-transferase (antioxidant defense enzyme) in PEX pathology

has been studied.

Genetic associatios t udi es i dentified variants and hap
UTR of fibulin-5 andclusterin as risk factors for PEX, and molecular assays identified
functional variantsvithin these genesFurther, promoter methylation amyals studies

showed that clusterin could Ibegulated via promoter CpG hypomethylation in PEX

which was validated through in vitraolecular assays in human lens epithelial cells. Gene
expression studies revealetie downregulationof glutathioneS-transfease P1 and

vimentin with PEX.We also identified @lausible role of Dickkopfl,, a Wnt signaling
antagonist, in protein aggregation and vimemé&gulation in PEX Finally, we assessed

the candidature of fibuli#b, clusterin and vimentin apotential bianarkers for PEXOur



studies revealed that plasma vimentin levels couldmgjatsh betweemon-PEX control
and PEX with good sensitivity and specificity and also have the potentihstioguish
between the earlfEXS and the advanceBEXG stages of the diseas#/e have also
initiated a targeted search for polymorphisms in fibdjnclusterin, and vimentin genes

that are associated with PEX in the Indian population and might have a functional role.

Overall, results from my thesis not ontgiterated the involvement of both genetic and
epigenetidactors in PEX pathology by identifying novel risk factors and understanding

the pathogenestsut also identified a potential biomarker for early detection of PEX.
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1. Introduction and review of literature

Pseudoexfoliation (PEX [MIM: 177650]) is a complex agkted systemic protein
aggregopathy involvinthe deposition of white flaky extracellular matrix (XFM) material on

the surface of tissues. The initial stage of the disbaseng deposition of PEX material

XFM, is termed as pseudoexfoliation syndrome (PEXS) that visibly manifests in the eye as
deposition on the anterior ocular tissti@hese deposits block the aquebusnoroutflow by

bl ocki ng t he ,I|8digltocamimddease m ¢he iattaocular pressure (IOP). This
increase in IOP inside the ocular chamber damages the ocular tissues leading to
degeneration of the timal ganglion cell (RGCs) axons of the optic nerve resulting in a severe
condition of irreversible blindness termed as pseudoexfoliation glaucoma (PEKG®).
anatomy of the humaaye is shown irFigure 1. About 50% of PEXSaffected individuals

progress to the advanced stage of PEXG.

Ciliary muscle - N ﬁ Sclera
Posterior chamber , N Choroid

Cornea 4\

Iris

\
\
\
\
|\

S Fovea
|
v/ Optic

Pupil disk

Aqueous humour — &

Lens

Optic nerve
and retinal
vessels

Zonule
fibers

Trabecular
meshwork

Vitreous humor Retina

Figure 1.1. Anatomy of the human eyeShowing the detailed anterior and posterior structures of the
eye. Template adapted from Biorender.com
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1.1 Composition of exfoliative material

Early studies on the amino acid analysis of the XFM showed that it comprises of the amyloid
material, norcollagenous basement membraaed elastic micrdibril components. XFM is

a highly crosdinked glycosylated sticture formed of glycoproteins agtiycolipids. Several
carbohydrate componentich as heparin sulfate proteoglycan, chondroitin sulfate, dermatan
sulfate proteoglycan, and hyaluronaave been observed in the XFM through histochemical
staining. Extensie immunohistochemical analysis showed that numerous proteins make up
the XFM. The basement membrane proteins, proteins of the elastic fiber system, extracellular
matrix proteins such as laminin, fibronectin, vitronectin, fibrillin, fibulins, latent TGF3
binding proteindLTBPSs), latent TGFR1, the extracellular molecular chaperone, clusterin, the
matrix metalloproteinases (MMPs) and their inhibitors (TIMPS), tropoelastin and elastin. The
presence of various complement factors such as Clga@B C4 in theXFM has been

reported suggesting mild inflammatory processes involved in PEX pathtiégy.

The XFM is thought to be produced the various ocular cell types such as theqareatorial

lens epithelial cells, corneal endothelial cells, 4pagmented ciliary epithelial cells, iridal
cells and trabecular endothelial cells. The XFM showed ebasgled fibrils of width
varying from 250to 2000 A7 The fibrils are randomly arranged and amaight or slightly

bent with blunt ends. Two types of fibrils were distinguished in the XFM using transmission
electron microscopy. The Typk fibrils are 1um in length and 185 nm with a periodic
banding of 50hm. The TypeB fibrils are shorter (0-8.5 um) and stouter (3@5 nm) with
theless distinct banding pattexnThese fibrils are intermingled and composed of microfibril
units of 37 nm (in diamete)y and a micro periodicity of 2@2 nm that form a core by lateral

aggregation of prexisting microfbrillar subunits?
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1.2 Pathology of pseudoexfoliation syndrome

PEXS was first reported by the Finnish ophthalmologist John G. Lindberg in 1917. He
observed 6greyish fringes at the pupillary &
lensc a p s®Blubsequient reports showed the presence of the deposits on the iris, corneal
endothelium, ciliary body, zonules, trabecular meshwamki within the conjunctivéFigure

2).1,10

Figure 1.2. Clinical picture of human eye with pseudoexfoliation syndrome.Showing the
presence of exfoliative material on the anterior lens surface. Black arrows show the whitish flaky
deposits. (Taken from Gartagaeisal, 2014)!!

Although PEXS manifests prominenily the eye, these deposits have been observed in skin
specimes, connective tissue portions of visceral organs, lungs, heart, brain, vessels, kidney,

and bladdet:'? PEXS can cause chronic opangle glaucoma, but also anglesure
glaucoma.The ajueoushumorproductionis found to be reduced PEXS-affected eyes and

associated with a disrupted bleadueous barrier with a consequent presence of higher levels

of aqueous protein concentratibh'®
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1.3 Pathology of pseudoexfoliation glaucoma

Pseudoexfoliation glauconteas been widely described as the result of the accumulation of
exfoliative material, which obstructs the trabecular meshwork leading to an incrd@se in
PEXG is characterised by amcrease inntraocular pressurgnddamage to the optic nerve
head lading to progressive blindnedsdure 3).

Pseudoexfoliation Pseudoexfoliation
syndrome glaucoma

Deterioration of
the optic nerve
head

Exfoliative Exfoliative /
material material

Optic nerve

Figure 1.3. Characteristic features of pseudoexfoliation glaucomaThe accumulation of the
exfoliative material in the anterior chamber of the eye due to pseudoexfoliation syndrome leads to
increased intraocular pressure that damages the posteriorly situated optic nerve resulting in
progressive irreversible blindnessois adapted from Biorender.com

Also, the prevalence of P& in patients with glaucomi significantly higherrompared to
agematched norglaucomatous population®EXG increases with age and has a higher
prevalence in patients between 60 and 70 years of Rg€G is mostly bilateral and
asymmetric; compared tprimary operangle glaucomalPOAG), it presents a worse
prognosis due to higher fluctuations in IOP levat&l more severe optic nerve and visual
field damage in affected ey&sFurthermore,PEXG patients shovhigher levels of IOP
compared to those affected by POA@any studieseport a higher percentage of failure of
medical management (prostaglandins, H@tekers, adrenergic agonists, and carbo
anhydrase inhibitorsih PEXG patients.Topical drugs, such as latanoprost, travoprost, and

dorzolamidetimolol combination, yield a good response in the first period of medical
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treatment, but PKS is usually recalcitrant to glaucomatous medical theeay therefore,

patients affected by PEXS or PEXGually undergo laser or surgical therapy.

1.4. Demographics and prevalence of pseudoexfoliation

Pseudoexfoliation has been prevalent in every part of the globe. PEX prevalence is highly
variable across the globe ranging frdn8% in USAto 39.3% inEthiopia (Figure 4).}" In

Asia, the most populous continent, the prevalence of PEX varies across the continents. In
Northern China, one study conductatpeople aged above 60 years showed PEX prevalence
to be as low as 0.5548 PEX prevalence was found to b&% in Russian, 3.4% in Japanese,
and2.6% in Pakistani (increased t0.0% in individuals aged above 70 years) populatiéns.

21 The Woodo study in an isolated population on a Korean island found PEX prevalence to be
10.4%which increased with ag&. However, on analysing the Korean National Health and
Nutrition Examination Surveyatg Kim et al. reported that only 0.12% of South Koreans
exhibit PEXS?® PEX incidence was 3.8% ihe South Indian populatiowhich increased to
6.25% in people aged above 60 ye4rs In the Central India study, PEX prevalence was
1.49% with 2.85% in the age group of @® yearsthat increasetb 12.3% in the age group

80+ yearg® In extreme North India, a much higher prevalence of PEX was noted at,26.3%

of whichthe majority of patients were engaged in outdoor work such as agiegdt
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Figure 1.4. Graphical representation of the prevalence of PEX across the glob&he prevalence

of PEX is highly variable across the countries depending on the geographical.

In the African continent, PEX prevalence varies by geographic location. -§zotenal
studies showed X prevalence to be 1.7% in Conguouch lesghanthe prevalence in the
South African districts, 6.0% in Tempand 7.7% in Hlabis&?° The prevalence in Nigeria
was more similar to thah Congo at 2.7%° However, the highest prevalence at 39.3% was
observed in tribes of Ethioptd3! In Australia, the prevalence was found to be 0.98%hén
Visual Impairment Project study, 1.8% in the Framingham Eye study2a3fb in the Blue
Mountains Eye tidy. In the indigenous Central Australian population, PEX prevalence was
found to be 4.79%7 As the population is ethnically and racially diverse in the AmericaX, P
prevalence is quite varying. In the native Navajo Ind\american population of the
Amazons, the prevalence is 38.8%dowever, in the Soutkastern regions of the United
States of America, the prevalence is only 13% the South American countries, PEX
prevalence varies from 5.0% to 24.634°

In Europe, the highest incidence of PEX has been noted in the Scandinavian countries. A
study on Icelanders showed that PEX prevalence was 17.7% in indivédyeal80-79 years

which increased to 40.6% in iimiHuals above 80 yeaf.In a study onthe Norwegian
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population, Aasved and group reported that PEX prevalence is 0.4% in the age group of 50
59 years which increased to 7.6% in individuals above 80 y8aREX prevalence is
reported to be 20.0% in Finlantl{.0% in Greece and35% in Portugal, 4.7% in Germany

and 40% in England®3°

Even within the same country, based on geographic location, ethnicity, agerafidauals,
and occupationthe amount of exposure to sunlighave led to PEX prevalence of varying

frequency.

1.5, Theories associated with causation and progression of
pseudoexfoliation

PEX is a progressive disease wélgradual accumulation of esicellular fibrillar material.

Many theories have been proposed to explain the causation of the disease.

a. Ageing theory: As the development BEX is higher in people aged above 60 years
and rarely seen in individuals below 40 years, age has been attrémitad important
contributorto the disease along with other pathological featliréslt has been noted that

with age, the ability of many cells to maintain proteostasis is compron@addaging cells
accumulate misfolded rpteins which is a major epidemiological risk of many protein
aggregopathies such aiscludngPBXEi mer 6s, Huntingt
b. Basement membrane and elastic microfibril theditye dastic microfibrils connect

the cellular basement membranes wiltle stromal elastic fibre systenand the control of
microfibril and basement membrane synthesis is coordinated by the same cell. However, the
presence of both basement membrane componeaks asilaminin, nidogerand heparin
sulfate proteoglycans and elastic microfibrillar components such as elastin, LTBPs, emilin,
fibrillin , and vitronectinin XFM led researchers to propose that PEX could be a disease of

abnormal basement membrane metabolis a type of elastosfs'?
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C. Amyloid theory Amyloid theory suggests involvement of amykdike protein in the
pathogenesis of PEX. Aberrant deposition of amyldpukeptide and phosphorylated tau
protein in the brain tissueme responsible fathe gradual deterioration of brain neurons in

Al zhei mer 6s di seas e SfudieBhave shbwinehe presenceiohadhylodi d u a |
R-peptide, serine proteinase inhibitor, alghantichymotrypsin in PEX aggregatts.
Similarly, Linner et al observed thathere isan increased risk of PEX in AD patients
compared to controlin the Norwegian populatiof? Furthe; PEXG individuals show a
greater number of closely arranged myelineated fibers with decreased glial fibrillary acidic
protein (GFAP) staining which is also seen in AD affected br&ifhese observations
suggestan involvement of amyloiike protein in the production of PEX aggregates similar

to thatseenin AD patients.

d. Proteinsink theory Lee et al proposed a proteisink model to explain the aberrant
deposition of PEX material in the anterior eye tissesccording to this model, initiallya
misfolded or distorted protein complex in the aquebusnor progressively binds to or
sequesters other proteins resulting in a large aggregate. Subsequentlygéhizghregate
settles in the ocular tissues that come in contact with the agheous: Also, a disrupted

blood-aqueous barrier could aid ihetransport of these aggregates to other body parts.

1.6. Ocular and non-ocular complications associated with pseudoexfoliation

Pseudoexfoliation is associated with numerousnoobidities both ocular and neocular,

and the XFM has been found to be deposited in various extraocular systemic tissues, such as
lungs, heart, kidneys, gall bladder, liver, and menirtgé$The occurrence of systemic
comorbidities with PEXs poorly understood. Some possibilities tbe plausible effect of

PEX on vascular diseases include XFM deposits in the connective tissue of vessel walls

leadng to endothelial dysfunctionAn imbalancein the MMPs and TIMPs in the ECM
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affecs the elasticity of the basement membré&halso, increased oxidative stress may pay

role inthedevelopment of systemic vascular diseases in patients with PEX.

PEX is associated withn increased risk ofespiratory and cardiovascular complications.
Increased arterial hypertension, ischemic heart diseases, cardiac aradvearotid artery
stenosis were observed in PEXsitive groups compared to PEX negative gsodp\ higher

incidence of urogenital diseasesch as benign prostate hyperplasiagdrenal insufficiency

was observed in PEX patients. XFM has been identified in the collagen fibres, mesenchymal
cells, and blood vessels thfe kidney, however, no aggregates were found in the cortical and
medullary enal cortex. PEX has been associated with abdominal aortic aneugrettie
dysfunction and pelvic organ prolap$é>® Increasing evidence suggests a positive
correl ation between PEX and cerebrovascul ar

PEX is seena be associated with ischemic brain alterat®ns.

PEX is often associated with an increased risk of nuclear cataractgelatgd macular
degeneration, lens subluxation, dry eye syndrand retinal vein occlusions are some other
ocular complications manifesting due to PEXS. Lens dislocations in individuals with PEXS

are much higher after cataract surgery than in individuals having suvgbout PEXS.

1.7. Risk factors involved in pseudoexfoliation progression

a. Environmental factors

It is believed that environmental factors, such as geographic locations and climatic factors
contribute to or shape the course of pseudoexfoliation disease. UV or solar exposure
contributes immensely to the risk of PEX. People who spend more time outdoors showed
higher prevalence of PEXS or PEXG. A prominent latitude effect is observed irsdasel

Stein et al report that solar exposure, ambient temperatame living at more Northern
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latitudes within the US could be environmental risk factors for PEXSsimilar study by
Kanget al showed that residing at a middle or lower tier of latitude in the US reduced the
risk of the diseas¥. However, people residing in the Northern tier showed increased
susceptibility to developing PEX. In Greece, people gvat higher altitudes exhibiteal
higher incidence of PEX compared to those at lower altittdeB/ radiations alter the
structure of proteins and can result in their precipitation. There exists evidence of gene
environment interactions in PEX pathogenesis. fd#fiation, a pathogenic factor associated
with pseudoexfoliation syndroméeads tothe upregulation of XFM components such as
LOXLY, elastin, fibrillin-l, Transforming growth factor befa (TGFR1), Latent TGFR3
binding proteirl/2 and fibulin2/4in vitroi n cul t ured human T®¥®nonds
Colder temperatures have also been associatedawitiicreased risk of PEXThe highest
prevalence of PEX has been obsemveficandinavian countries such as Finland, Iceland, and
Norway. It is proposed that a precipitation reaction at colder temperatures might be

responsible for the PEX deposits.

Diet is yet another important factof lifestyle that controls the course of many diseases.
Increased caffeine intake and a decreased folate iat@a@ssociated witla higher risk of
PEXS. Low serum folate has been observed in patients with PEXS.eahdound a lower

risk of PEXS wih increased folate intake. Decreased vitamin B12 is also noted in PEXG
individuals® Serum horocysteine Kicy) is another factor seen to be increased in PEX
individuals. Hyperhomocysteinemia contributes to vascular damage and alterations in ECM.
Decreasedritamin B12 and folic acid affect the metabolism ld€y resulting inincreased
plasmaHcy. Additionally, coffee consumption produces increaby levels®® A study in

East India reported that people with PEXS were more likely to bevegetarians and
primarily consume fig. 32 This study also repted that individuals consumingigher

amouns of coffee were more likely to develop PEXS and PEXG. A diet rich in fibre, fruits
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and vegeatbles was observed to decrease the risk of PEXS. Other lifestyle habits such as

smoking and alcohol consumption were not found to be associated with the risk GFPEX.

b. Genetic factors

Early studies to understand PEX pathology were conducted to identify a genetitobtss
disease. Genomeide and candidate gene association studies identified numerous genetic

loci as risk factors for PEX.
Lysyl oxidaselike 1 (LOXL1)

LOXLY], situated on chromosome 15¢21.4 was the first gene to be associated with PEX
througha genomewide association study (GWAS). Thorleifssetnal. identified threesingle

nucleotide polymorphism$SNP9, rs2165241, rs1048664nd rs3825942 tchew significant
association with PEXS and PEXG in a Scandinavian popul&tim®2165241 is an intronic

variant and rs1048661 and rs3825942 aresymonymous coding variants located in exonl

of LOXL1 rs1048661 and rs3825942 lead to amino acid changes, Argl4lleu and
Gly153Asp, respectively. Subsequent studies revehledssociabn of these two protein

coding variants, rs1048661 and rs3825942 with PEX in various populations across the globe,
including German, Austrian, Italian, Polish, Spanish, Greek, Japanese, Indian, Korean, US
Caucasian,and Saudi Arab$% However, the risk variants were reversed in certain
populations. Fo O ex ampl e, the 6G6 allele at rs104866
Japanese and Korean populations but a risk :
allele at rs3825942 was associated with decreased risk of PEXS in Black Sousimsh\bud

was found to be a risk allele in other popul
a risk allele inthe majority of populations but was associated with low risk in Japanese,
Korean and Chinese populations. Some populations did now sy association of these

variants with PEX. rs1048661 was not found to be associated with PEX in Greek and Polish
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populations. Further screening of promoter and intronic regionsOx{L1 identified the

association of more variants with pseudoexfoliatrdmnich were also found to regulate the
expressiorLOXL1 and a long nowoding RNA,LOXL1-AS1 Fanetalf ound t hat t he
allele at rs16958477 residing in the promoter region near the transcription start site increases
the transcription acti vit y-Cauchdiars addAsGassaeciatede | e i
with repressed transcriptiéfln a study on European and Jageopulations, an intronic

variant in LOXL1, rs11638944was found to alter the gene expression through altered
transcription factor binding by the variantshich also enhanced alternative splicg.

Recently, Berneet al observed that the nasoding variant, rs7173049 residing upstream of

LOXL1, conferred a proteite effect from PEXS and was associated with multiple
populations and did not show any allele reversal. rs7173049 was found to influbace
regulation of the distally located immunoglobulin superfamily containing leuaherepeat

protein 2 (ISLR2) andstimulated by retinoic acid receptor 6 (STRA6). PEXS is associated

with decreased expression of ISLR2 and STRAG# d t he protective alle
was found to increase the expression of these two préteisther, Berneet al showed

that inhibition of the retinoic acidignalingpathway leads to an increase in PEXSociated

matrix genesn vitro, indicating that an impaired retinoid metabolism could be contributing

to PEXS patholog$® Deep sequencing following a GWAS identified rare vagant.OXL1

to be associated with PEXS. The OTOXLal |l el e
conferred a strong protective effect from PEX® presence of which corroborated with an

increase in ECM proteins and ce#ll adhesion in human lens epiibkcells &’

LOXL1 is a crosdinking enzyme involved in elastogenesis and ECM maintenance. It
catalyes the deamination of lysine residues in tropoelastin monomers and polymerizes the
monomers to elastin polymers in the ECM in the presence of other proteins such as fibulins,

fibrillin , and integrins. LOXL1 also aids in the crdsking of elastin and collagen fibrils in
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the ECM and maintains its integrity. LOXL1 deposits have been found in the, XFM
suggesting an aberrant deposition of LOXL1 in PEX fibrils. An increased axpmesf

LOXL1 in the lens capsule and ciliary body in the early stage of PEXS and a subsequent
decrease in its expression in the advanced glaucomatous stage of PEXG has been recorded
implying adestabilizatiorof ECM in the severe forraf the condition. lewever, a couple of

other studies have shown a decreased expression of LOXL1 inleyBEXS stage of the
disease in lamina cribrosa and peripapillary s¢lareuding lens capsus®® ’° Although

LOXL1 is the major genetic risk factor for PEX, allele reversals in different ethnicities and

incompletepenetrance of alleles prompted researchers to look for other risk factors for PEX.
CACNA1A

In 2016, another GWAS conducted in a Japanese population and subsequently followed up in
individuals from 17 countries acrossix continents identified a novel locuss4926244in
CACNAIA as a risk factor for PEX%:®” This variant washowever, not found to be
associated with PEX inthe Uighur population. Immunostaining for CACNA1A showed
localisation of the protein in various ocular structures such as the ciliary body, iris, anterior
lens epithelium, retina, and optic nerve glia. However, no difference in the distribution or
expression of CACNAA was observed in the PEXS eyes compared toREXS eyes!

The PEXassociated risk loci ITACNAL1Amight not affect the expression or localisation of
the protein and might be involved in PEX pathology through some other unknown
mechanism. We also observed a significant aasioai of rs4926244 with PEX ithe Indian
population. rs4926246 ilinkage disequilibrium D) with rs4926244 was also found to be
associated with PEXS and PEXG in our study population (Hayaal, PhD Thesis,

Unpublished data).
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CACNA1Acodes for the alpha 1A subunit of the P/Q voltggeed calcium ion channel.
Calcium channels maintain the influx and efflux of calcium in the cell and are involvtied in
neurotransmission of electric signals, vesicle trafficking, muscle contradciwh gene
regulation’! Electron microscopicimages have shown deposits of calcium in PEX
aggregatesand an altered calcium ion channel functioning might lead to an imbalance in
calcium concentration€.Calcium is essential for stable aggregate formation by fibréiia

altered calcium levels might leadttee generation oPEX aggregates.
CLU

CLU encodes for a ubiquitously expressed multifunctional protein called clusterin or
Apolipoproteind. Although GWAS did not identify clusterin as a risk locus for PEX,
independent caseontrol studies have identified risk loci in clesh for PEX susceptibility.

The variants rs2279590 and rs3087554 were found to be significantly associated with
pseudoexfoliation in various ethnic groups such as German, Austraiah Indian
populations’ > We further found that the intronic SNP rs2279590 is a functional variant,
presence ofGo allele at the variant results in an increaseCldJ expressiorf>’® We and
others have observed increasedels of clusterin in aqueoumumor, tears and lens capsule

of PEX patients compared to contréts! "8Clusterin is an exaicellular molecular chaperone
that aids in proper protein folding, maintenance of misfolded proteinscaieland celt
matrix adhesions. Immunohistochemical analysis has shown strong positivity of CLU in PEX
fibrils. A dysregulatedCLU expression ands impaired chaperoning effect might lead to the

excess generation of PEX fibrils.
CNTNAP2

CNTNAP2 encodes for the Contactin Associated preike2. Krumbiegelet al identified

two SNPs associated with PEX in a German population through GiA//s2107856 and
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rs2141388 are intronic variants thvegre further associated with PEX in a replication cohort

of Germans but not Italiarf§ These SNPs were lataot found to be associated with PEX in
Polish and Turkish populatisras well®8! rs2107856 did not correlate with retinal nerve
fibre layer thickness, cup/disk ratio, intraocular pressure, or central corneal thickness in the
Turkish study?® CNTNAP2 is a membrane protein involved in potassium channel trafficking

and required for neureglial interactions.
MMPs and TIMPs

The ECM turmver is maintained by the matrix metalloproteinases (MMPs) and their
inhibitors, the tissue inhibitors of matrix metalloproteinases (TIMPs). The MMPs belong to a
group of zinc and calciurdependent endopeptidases that maintain the ECM homeostasis.
The fundionality of the MMPs is kept under check by the TIMPs. Any imbalance in the ratio
of MMPs to TIMPs may result in excessive or insufficient matrix degradation and
accumulation. MMPs also regulate the outflow of Adhd any alteration in the levels of
MMPs could affect the intraocular pressure due to a disturbed outflow of AH. The levels of
MMP-2 and-3 and TIMR1 and-2 were found to be elevated in the aqueloumorof PEX
patients compared to contrdfsAlso, the ratio of MMP2 and its principal inhibitor TIN-2

was found to be decreased in patients with PEXG suggesting inappropriate matrix
degradation and progressive matrix accumuldtidn.a separate study, a significant increase

in agueousiumorTIMP4 was observed in PEXG patients compared to corffritereased
levels of TIMP4 could affect the activity of MMPs resulting in disrupted ECM homeostasis.
Though some researchers have tried to study the associatMMBfpolymorphisms with
PEX, the reports are limitedcrom two independent studies, no significant association of
variants ofMMP1, MMP2, MMP3 and MMP9 was found with PEX in Greek and Austrian
population$384 However,a metaanalysis by Heet al. reported an association of rs1799750

of MMP1 with PEXG?® Recently, Starikovaet al. studied the association of six
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polymorphisms irMMP9 (rs3918242, rs3918249, rs17576, rs3787268, rs2250889, rs17577),
rs679620 ofMMP3 and rs1799750 oMMP1 with PEXG n the Caucasian population of

Central Russi& Significant association of two SNMPrs3918249 and rs2250889, were found

to be associated with PEXG. The OCandthet r s 3¢
all el e 6G0O6 atedtheyigkZdos PEXG.9s2250889riseaarsssense variand

rs3918249 is in strong LD with another missense variant, rs17576. HaploReg analysis had
shownboth variants to have a potential regulatory effédthe contradictory results dhe

association oMMP polymorphisms with PEX could be ethnicidigpendent.
Other genetic factors

The homocysteine metabolism genes, cytokines, adenosine receptor A3, and lysosomal
trafficking regulator (LYST) have been reported to be associated with IREpéased plasma
homocysteine Hcy) levels were found in PEXS and PEXG patients comparethéo
control®’:®8 PlasmaHcy can be altered due to various factors, such as genetic, folic acid
deficiency,and vitamin deficiency among others. The methylenetetrahydrofolate reductase
(MTHFR) regulates theéHcy concentration. Therefore, researchers looked for variants in
MTHFR that ould be responsible for homocysteinemia in PEX. However, none of the
genetic association studies reported any association of MTHFR polymorphisms with
PEX8 TNF-U is a proinflammatory <cytokine that
contribute to neurodegeneration depending on the receptor it binds to. Thd) TNF
polymorphism rs1800629 was found to be strongly associated with PEXt FPakistani
cohort. The 6GG6 and O6AGO6 genotypes were f
Pakistani and Iranian cohorts. However, this variant did not sioassociation with the

disease in Caucasian and Turkish populatférizakhrae et al. studied the associatioof

three polymorphisms, rs1800872, rs180Q&#id rs1800896, in the promoter of10 (antt
inflammatory cytokine) with PEXS, PEXGand POAG? While the gentypes at both
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rs1800871 (6TT6) and rs1800896 (O6AAO6) showec
genotype of rs1800872 was found to be significantly associated with only PHXSe
polymorphisms had previously been associated with aging, various ecans , Al zhei m
disease, schizophrenimdacute myocardial infarctiotf. Animal studies have shown that the
lysosomal transport regulator (LYST) gene may be significant in PEXS pathol¥®/f. Ls

crucial for the synthesis of the proteins needed for lysosomal function. Clitigedhi

syndrome, a lysosomal storage disorder in huminsaused by mutations in the LYST

gene?® B6-Lyst°¥ mice that are homozygous for the beilyébgJ) allele exhibit a variety of

ocular FEXS-like characteristics. The pattern of iris transillumination defects, aggregation of
XFM-like material on the iris and elsewhere in the anterior chamber, and the iris pigment
dispersion were the three main similarities observed between the LYST mutant mice and
PEXS2* A 3-bp deletion in the LYST protein's WD40 domain resultinthiadeletion of one

isoleucine amino acjdleads to the beige mutation. This suggests that prpteiein
interactions have been hamperatthoughthe LYST mutant mice do noécapitulate PEXS

entirely, they have the potential to be used as an animal model for the condition and may

provide insight into the disease@mplex genetic and molecular risk factors

c. Epigeneticfactors

Epigenetic rgulation of gene expression through environmental factors such as dietary
intake, latitude effect, smokingnd UV exposure may lead to disease susceptibility and
progression, and phenotype variation in many common diseases spseudsexfoliation,

ager el ated macul ar degeneration ,andBaNBEY gl auc
% The retinal cell death seenimany ocular disorders involves oxidative stress, activation of
apoptotic signals, mitochondrial dysfunction, loss of synaptic connectaity excitotoxic

damage. Many of thesiégnalingpathways are regulated by epigenetic modificati8A%
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Epigenetics refers to the heritable changes to the chromatin and gene function without
affecting the DNA sequence. These changes can alter the gene expression and cellular
signaling pathways which predispose an individual to various diseases. Epigenetic
mechanisms compriseof DNA methylation, histone modifications and chromatin
remodelling, and neooding RNA regulations. A single epigenetic mechanism or all the
mechanisms synergisally can cause aberrant gene expressions leading to a variety of
disease phenotypemany of which are detrimental. Two independent studies found that
LOXL1 is downregulated in the lens capsule of PEXS patients and in the human tenon
fibroblasts (HTFs) b PEXG patients. The downregulation of LOXL1 in these patients
correlated with significant hypermethylation of its prom&tef. The methyl groups hinder

the access of the transcription factors to the promoter for transcrpsatiingin decreased

gene expression. We reported downregulation of HSP70 in PEX patibitis correlated

with exon hypermethylation compared to cont’8lsHSP70 deficiency contributes the
accumulation of misfolded protein aggregates that lead to PEX phenétygassible model
showing the effect of epigenetic regulatiorL@XL1andHSP70on PEX pathology is shown

in Figure 5.
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(Hayat ef al., 2020)

(Ye et al., 2015;
Greene ef al., 2020

I Gene silencing \
Impaired cross-linking of ECM Impaired protein folding and
proteins and reduced elasticity generation of misfolded proteins

| /

Protein aggregation and Blockage of trabecular RGCs death and
deposition on ocular tissues meshwork and increased IOP deterioration of ONH
Pseudoexfoliation Pseudoexfoliation
syndrome glaucoma

Figure 15. Role of epigenetic silencing of LOXL1 and HSP70 in PEX pathogenes#s.proposed
hypothetical model showing that promoter hypermethylation of LOXL1 and HSP70 results in their
reduced expression. Decreased LOXL1 results in aniiegh&CM metabolism and elasticity that
results in the aggregation of ECM proteins as the exfoliative mateffdReduced HSP70 leads to
impaired protein folding and the generation of misfolded proféinBeposition of the protein
aggregates on the ocular tissusuch as trabecular meshwork impedes the aqueous humor outflow
pathway resulting in increased intraocular pressure and eventual retinal gartlaeath.

Although they do not code for a protein, roading RNAs (ncRNAS) play immense roles in
posttranscriptional gene regulation and disease pathogenesis. ncRNAs participate in
determining DNA methylation patterns and chromatin remodelling. Baseth®msize,
NcRNAs are classified as micro RNAs (miRNAs), small interfering RNAs (SiRN&®)
Piwi-interacting RNAs (piRNAS) if less than 200 nucleotides and longcodimg RNAS
(IncRNAs) if more than 200 nucleotides. Micro RNAs are generaligll&ucleotides long

and exhibit complementarity to regions of mMRNA to which they bind and recruiinsated
complexes (RNANnduced silencing compleRISC) that prevent the translation of the said

MRNA to proteinsthereby silencing the gene. Recently, analysis of the miRNA profiles in
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agueoushumor samples of PEXG versus controls by Drewry andvookersresulted in 5
differentially expressed (DE) microRNASIR-1225P, miR31443p, miR320a, miR320¢e

and miR630in PEXG compared to controlThese DE miRNAs were found to target many
genes involved in pathways associated with PEXG pathogenesis, suchlasigitzfingand
pathways related to neuroprotection or programmed death of RGCs throughkigiéling

and Bcl2-regulated apoptosis pathways. Also, these DE miRNAs targeted glaucoma
associated proteins that are expressed in the anterior segment of tH8 Eyese
differentially expressed miRNA# turn, affect the regulation of essential genes involved in
PEXG. Choet al profiled the microRNAs in aqueousumor in the Korean population
through RNA sequencing. They observed two significantly upregulated miRNAsn{Rsa
30d5p, hsamiR-320a) and ten significantly downregulated miRNAs {i/8R-31565p, hsa
MiR-4458, hsamiR-67175p, hsamiR-67285p, hsamiR-68345p, hsamiR68645p, hsa
MiR-687935p, hsamiR-877-3p, hsamiR-548e3p, and hsamiR-67775p) in the PEXG group
compared to controls. Only one miRNA was found to be common between the study done by
Drewry et al and Choet al Drewry andtheir group foundthat hsamiR-320a was found to

be significantly downregulated in PEXG while it was found to be upregulated in the Korean
PEXG patients?® This shows that althougiie same molecule is involved in the risk of the
disease, a different mechanism of action occursthe different ethnicities. Kyoto
Encyclomedia of Genes and Genomes (KEGG) pathway analysis showed that the top three
enriched p athdrpwrao/tse ovgd ryec a @ s i,rand a o ighdidg 0gl i
pathwag. The exfoliative material is enriched Wit glycoprotein and proteoglycan
aggregatesso the top KEGG pathway may contribute to PEX pathogenesis. Enrichment of

t he TEighklibgp at hway emphasi zes t he retdlogyinshe TGFD
majority of ethnicities. Another study involving Polish subjects repoatedbundance of

seven microRNAs in the agueobsmor of various glaucoma groupgrimary operangle
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glaucoma (POAG), primary angtdosure glaucoma (PACGand PEXG. However, these
microRNAs were not differentially expressed between glaucoma and control groups or within
the glaucoma subgroups. In this study, however, a strong positive correlation was observed
between hagniR-1260b and mean defect in visual field examination, whereanniRNA
expression decreased with increased severity of PEXG.

TomczykSocha and group were the first to study the differential levels of microRNie in

lens capsule of PEX patients. They observed increased expression -GR&HRN PEXS
individuals compared to control througiie gRT-PCR technique. However, this microRNA

was not found to be differentially expressedtie PEXG group:®® miR-125b is a negative
regulator of p53and excessive oxidative stress increases its expression. Its expression is
known to hcrease even under hypoxic conditions. Chronic inflammatory changes clubbed
with increased oxidative stressnd ROS might affect the p53 activity through dysregulation

of miR-125b and altethe transcription of genes involved in apoptosis. The same group
recently reported microRNA expression time lens capsule of PEXS patients determined
using NextGeneration Sequencing. Ten microRNAs (A&, let7a5p, let7¢-5p, let75p,
let-7b-5p, MiR204-5p, MmiR486-:5p, miR181a5p, miR30a5p, miR26a5p) were fond to

be abundantly present in the lens capsule of both PEXS and control groups. O@lyIR3iR

was found to be significantly decreasedhe PEXS group®® miR-671-3p was reported to
regulate the proliferation, aptgsis, migrationand invasion of lung cancer cells by targeting

the FOXP2 proteinThe miR671-3 p i s al so Kk n o wncateniosigaafing e c t

cascade.

Long nonrcoding RNAs (LncRNAs) are transcripts that are longer than 200 nucleotides.
They are tanscribed just as the mRNA and undergo all j@stscriptional processing such
as capping, tailingand alternative splicingcontain single nucleotide polymorphisms but

they lack proteincoding capacity. LncRNAs recruit complexescluding transcription
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factors to activate or silence gene expression in response to various stimuli. They are also
involved in alternate splicing, pestinslational modificationsand protein trafficking. Wiggs
et al. showed an association of variamsthe INncRNA,CDKN2BAS to be associated with
PEXG as well as with POA&! Also, variants in the promoter of IncRNA &DXL1-AS1
were seen to increase susceptibility to PEXS. Moreok@XL1-AS1 was found to be
modulated by stressors already implicated in PEX pagfedosuch as oxidative stress and
cyclic mechanical stres8 Knockdown of LOXL1-AS1 altered the expression of genes
involved in ECM homeostasis (MMP9, FBLN1, COL6A6, LAMAS), TGHEgnaling
(TGF32) and actin cytoskeleton assemblyOXL1-AS1 localizes to the nucleus and
selectiely binds to heterogeneous nuclear RibonucleoprateifinnRNPL), a protein
involved in mRNA processing, and regulates downstream gene expré8dioa. rat model
of glaucoma, the IncRNA MALAT1 was found to prevent RGC apoptosis by actividng
Akt pathway!? In contrastthe knockdown of IncRNAGas5 increased the survival rate of

RGCs in glaucom&t?

1.8. Molecular and cellular pathways implicated in pseudoexfoliation
pathology

Numerous molecular and cellular pathways are disrupted in B&Xributing to the XFM

formation and other pathological features associated with PEX.
T G F $ignaling

Transforming growth factdoeta (TGFR3) belongs the superfamily of secreted polypeptides
that are essential ECM modulators. Dysregulation of TGFR has been linked to various
diseases involving ECM abnormalities such as fibrotic dise&@estexpression of TGFM3
affects the ECM metabolism leading to excessive fibydésnd TGFR is seen to be elevated

in pseudoexfoliation individuals. Elevated TGFR1 and TGFRRaaqueousumorof PEXS
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and PEXG patientiavebeen reported:®* An increasén TGFR1 also inducethe expression

of fibrillin-1, an ECM scaffoldprotein through JNK (eJun Nterminal 20 kinase) and
MAPK (Mitogen-activated proteirkinase) pathways TGFR1 also stabilizes PEX fibrillar
aggregate$® Further, studies have shown an increase in latent TGFR1 binding protein
(LTBP) levelsin the aqueoubumor, ciliary processes, sitissuesand lens epithelial cells of
PEX patients1® LTBPs are a group aflycoproteins that regulate the metabolism of TGFRs.
Thus, increased LTBPs further contribute to ECM remodelling in PEX pathology. Recently,
genomewide RNA sequencing analysis afifnan trabecular meshwork cells stimulated with
TGFR1 showed dysregulation of many genes present in the exfoliative material such as
elastin, fibrillins, LTBP2, and apolipoprotein E TGFR1 also increases the expression of
LOXLY, the major genetic locus associated with PEX. Further, TGFR1 stimulatramain
trabecular meshwork celled to modulation of oxidative stress and aidant system and
upregulation of the unfolded protein respgngeich have been previously impliea in PEX
pathology*!’ Thus, altered TGF8ignalingplays an important role in ECM protein regulation

and metabolism in PEX.
Oxidative Stress

PEX has also been associated with oxidative steesensequence of an imbalance between
oxidants and antioxidants in the body. Oxidative stress plays an important role in the
pathology of various other ocular diseases such agedged cataract (ARC), ARMD,
diabetic retinopathy; neurodegenerative dsesasuch as AD, PD, glaucoma; systemic
diseases such as diabetes, rheumatoid arthritis, and various ¢&ht@iscreased oxidative
stress and an impaired aptidant system in PEX eyes l@been widely established.
Enzymatic as well as neenzymatic antioxidants such as superoxide dismutase (SOD),
glutathioneS-transferases (MGST1 and GSTT1), ascorbic acid, oxidative selearun
glutathione are significantly decreased in aqudausor, serum and anterior segment tissues

33



in PEX eyes!1?1123 Concomitantly, the oxidative stress markers and oxidants such as
malondialdehyde (lipid peroxidation marker), protein carbonyl (protein oxidation marker),
hydrogen peroxide, nitric oxide,-t8/droxydeoxyguanosine8{OHdG) and homocysteine
were found to be significantly increased in aguebumor, serum and ocular tissues of
pseudoexfoliation affected individudf& 12’ Also, levels of antioxidant enzymes like
Paraoxonase (PON) and Arylesterase (ARE) were found to be significadtlgedin AH

and serunof PEXG individualscompared to controls in Burkish populationFurthermore,
thetotal antioxidant status (TAS), a measufeutioxidative defese capacity in the cellvas

found to be decreased in the plasma of PEXG individdls.

The generated free radicals and oxidation products cause chasggsimgpathways, gene
transcription, mitochondrial functioning, chromatin architectaed DNA damage leading to
cell death. Risk loci ilGSTT1landGSTM1have been identified in Pakistani female patients
with PEXG but the results could not be replicated in other populdfdt€. Further, SNPs
rs10432782 and rs20%24, in theSODgene were not found to be associated with PEXS.
The lack of causal variants in aotxidant defense genes implies epigenetic trigger

responsible for their aberrant downregulation in PEXS and PEXG.
ER-UPR pathway

Many pathological conditions can lead to endoplasneiticulum (ER) stress, such as
hypoxia, oxidative stress, aging, or metabolic disord&ére unfoldel protein response
(UPR) and the ERxssociated degradation (ERAD) pathway kickstadombat the ER stress

arnd maintain cellular homeostasidayatet al reported a reduced proteasome activity and
impaired ubiquitinproteasome system in PEX eyssggeshg anaccumulation of misfolded
proteins in the cell resulting in an increased ER stress. In concordance with these

observations, the authors further noted increased expression-0PRRyenes and ERAD
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pathway components, such BsaJ homolog subfamily Bnember 11 PNAJB1), heat
shock protein 60 member HEPDL), DnaJ homolog subfamily B memberRNAJBY), heat

shock protein 70 member BSPAY, synoviolin SYVN and calnexif(CANX) .133

Recently, Roodnatt al developed a potential cellulamodel for PEXG by stimulating
human trabecular meshwork cells with T8FL which resulted in changes in the
transcriptome of the cell that mapped to crucial pathways and genes dysregulated in PEXG.
The authors observed activation of the UPR with upregulation of&#8Bciated genes, such

as HSPAS heat shock protein 90 beta fammember 1 ISP90B]), eukaryotic translation
intiation factor 2 alpha kinase EIF2AK3), and X-box binding protein 1XBP1).1t These
findings suggest impairment of the ubiquroteasome system coupled with -ElRR

contributesto PEX pathology.
Autophagy

Autophagy is a cellular process fibre elimination of proteins marked for degradatisnch

as the ubiquitinated misfolded proteins. It has been observed that the autophagic processes
are compromised in PEX, which could resulthe excess generation of misfolded proteins
and their aggregatioms seen in PEX pathology. Two research grongspendently studied
autophagy dysfunction in cultured Teehaanos
reportedthe presence of larger vacuoles filled with cellular waste in TFs from PEXS patients.
Also, on induction of autophagy, a reducedoplingosome clearance along witle failure

of relocation of lysosomes to the perinuclear region was observed. Staimaiiced
autophagyincreasedhe ratio of autophagosonrtmund LC3 (LC3ll) and LC31I/LC3-I and
congestion of the LAMAL positive vesiles, indicating a reduced level of autophagosome
clearance from the cell. Similarly, Bernsteinal reported the dysfunction of lysosomal and

autophagosome positioning in PEXS TFs. The patient TFs further exhibited an irregular
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autophagic flux seen thrgh theaccumulation of the autophagosome marker,-LIC&nd the

process of clearance of autophagosomes from PEXS cells was slowed. Similar observations
were reported in the neurons cultursdmadvanced stage Anlwhithei mer 0
autolysosomes &re dispersed widely throughout the cell, LIC3positive enlarged
autophagosomes accumulated and autophagic flod,clearance of autophagosomes was

slowed demonstrating a clear parallel between neurodegenerative pathological markers and
PEXS. Thus, adf-reinforcing loop of dysfunctional autophagy impacting autophagic flux

may be an important contributor to a sudden onset of cellular pathology.

1.9. Lacunae and unanswered questions in the field

Although extensive research the past two decades in the field of pseudoexfoliation has
identified numerous risk factors associated with the disease, the aetiology of PEX is partially
understood. Major discoveries in this field are concentratedhergenetic basiof the
disease. Howeverthe genetic studies have been inconsistent due to allele reversals in
populations of different ethnicitiethe absence of association of reported variants in replicate
studies, and incomplete penetrance \lithpresence of risk alleles in the normapptation

at higher frequencies. Thus, novel factors and variants need to be identified that could be
major genetic contributors to the disease pathology, factors that are unaffected by and are
independent of race and ethnicity in the context of the disease

Further, a few aspects of PEX pathogenesis, sudhegsrogressive nature of the disease,
agerelated onsetand only a subset of PEXS individuals developing the glaucomatous
neuropathy and unilateral or asymmetric ocular manifestation of PEX, caneaplagned

by accumulating mutations alone. Also, we and others have reported differential gene
expression in the different stages of the disease, i.e., PEXS and PEXG. While some genes or

proteins were seen to be dysregulated in PEXS and not PEX&y others have been
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reported to be dysregulated in PEXG but not in PEX&.:115123.13313Fhjg difference in the

risk factors and molecular pathways involved in PEXS and PEXG patholgesnthat the
underlying aetiology is different for the early and the severe advanced stages of
pseudoexfoliation. The missing link of information could be epigenetic factors ategist
starting to be appreciated in understanding PEX pathogefeEpsrts have suggested that
differences in monozygotic twins over ndendelian and complex diseases could be due to

a combination of genetic and epigenetic factéts.

With this backgroundmy thesis aims agxploling the association of four candidate genes
fibulin-5, clusterin, glutathion&-transferase and vimentin with PEXith the following

objectives:

1. To study the association of common variants in fib&lwith PEX.

2. To identify risk variants in clusterin and diuits promoter methylation status in PEX.
3. To understand the candidature of vimentin in PEX pathology

4. To study the epigenetic regulation of glutathi$ransferases in PEX

5. To identify potential biomarkers and novel genetic variants for PEX

*kkkkkkkhkhkhkhkk ***
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Chapter 2

Association of genetic variants within

fibulin -5 with PEX
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2. Association of genetic variants within fibulir5 with PEX

2.1 Introduction

In this chapter, we report the genetic association of variants in fiBfBLNS) with PEX.

FBLN5 (MIM: 604580) is a 66 kDa secreted extracellular calchinmding scaffold protein highly
crucial for assembling elastic fibers. FBLN5 protein contains six catbimaing epidermal growth
factorlike (CbEGF) domains. Within the first cbEGF domain the Nterminal resides the
evolutionarily conserved RGD (Arginir@lycineAspartate) motif, which facilitates the binding of
FBLNS5 to integrins on the surface of ceff8 FBLN5S interacts with various ECM proteins and cell
surface molecules through its cbEGF domains, essential for elastogenesis. Elastogenesis is the process
of assembly of elastic fibers formed of elastin polymers from tropoelastnomers Kigure 2.1).
Numerous extracellular proteins are involved in this sequential process. During elastogenesis,
coacervation of tropoelastin occurs, and the fibrillins form microfibrils, a scaffold for the deposition
of tropoelastin monomerd’he Nterminus of tbulin-5 binds to fibrillirs and deposits the cross
linking enzyme LOXL1 in the ECM via the -terminus, where LOXL1 crosslinks tropoelastin
monomers to elastic fibetd! Fibulin-5 (FbIn5/) null mice show progessively worsening elastic

fiber defects in all elastogenic tissues such as skin, lungs, genitalia, anti®aorta.

Fibrillin-1

Fibulin-5
Tropoelastin (@) . _ QN LOXL1
O +i+ u :..“,_‘C,
¥

|
e LU LYY R

Figure 2.1 Role offibulin -5 in elastogenesisSchematic diagram showing the interaction of fibulin
5 with the fibrillin scaffold and LOXL1. LOXL1 catalyzes the deamination of tropoelastin monomers
and their subsequent polymerization to elastin polymers.
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Also, fibulin-5 isinvolved in other essential cellular functions such asroalrix adhesion,
integrinrdependent regulation of reactive oxygen species (ROS) in the ECM, regulation of
cell receptor signaling endothelial to mesenchymal transition, modulation of matrix
proteases, and vascular injut§f 14°

Fibulin-5 has been associated as a risk factor with for various diseases involving ECM
anomalies. Aberrant expression or deposition oflifibd has been observed in aggated
macular degeneration (ARMD), cutis laxa (CL), Chafdatrie-Tooth syndrome, abdominal
aortic aneurysms and pelvic organ prolapse (P&P}! Further, mutations ifrBLN5 have

been related to complications such as ARMD, CL, and .P®®’ Missense variations in
FBLN5 associated with ARMD and CL were reported to lead to structural defects and
decrased protein secretion. Downregulation of fibtBicould lead to decreased availability

of the protein for interaction with elastin, fibrillins, and LOXL1 affecting the elastic fibre
assembly, which has been attributed as a major cause of these el#s@soysregulation

of fibulin-5 and its altered function contribute to various cancers. FBLN5 was found to be
downregulated in epithelial ovarian cancer, urothelial carcinoma of the bladder, and prostate
cancers?®1%0 yye et al. observed that fibulib suppresses the lung cancer invasion by
inhibiting the MMR7 .11 On thecontrary, Schiemanet al. have reported that overexpression

of FBLNS leads to fibrosarcoma cell migratitii.

The exfoliative material (XFM) observed in PEX showed the presence of other fibulins and
LOXL1 in the aggregates. PEX being an ECM disorder, we hypothesized the involvement of
FBLNS5 in PEX pathology?* Also, it had been reported that LOXL1 fails to colocalize with
FBLNS5 in PEX eyes compared to contrétdThis implied a los of interaction which could

be due to impaired or reduced protein production of the complete fibynotein in PEX
patients. Further, Wargt al. observed aggregation of fibulm in a 3D culture of tenon

fibroblasts from PEXS patient8? Additionally, biochemical and pathological analysis has
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shown an association between PEX and other diseases such as ARMD, abdominal aortic
aneurysms and, POP1%|n 2019, we reported a novel genetic association of two
variants, rs7149187 and 19 2 96 08, r e sUTR and @& irtron, réspeetively, tof
FBLN5as a risk for pseudoexfoliation. We further reported the downregulation of FBLN5 in
PEXS individuals. However, the associated variants did not show a functional regulatory role
in vitro.134

Therefore, in search of putative regulatory variantSBLN5 whichcould be causal variants

playing pivotal roles in PEX pathogenesis, through the Tag SNP genotyping approach, we

looked for the association of variantsHBLN5with PEX.

2.2 Materials and methods

221Study subjectsd recruitment and sample col

This study was approved by the Institutional Biosafety and Human Ethics committee of the
National Institute of Science Education and Research and adhered to the tenets of the
Declaration of Helsinki. All study participants underwent a detailed ocular iratiom,
including slit lamp microscopy, ocular biometry, Goldman applanation tonometry, +90D
biomicroscopic fundus evaluation, and feairror gonioscopy. Cataract patients aged above

40 years with clinically evident PEke material over lens capsu{eC) and pupillary ruff

having untreated IOP < 21 mmHg without any visual field defects were included under the
PEXS group and those with untreated IOP > 21mmHg, glaucomatous nerve head damage
with repeatable field defects corresponding to disc damage weteléd under the PEXG
group. Patients with corneal or retinal pathology precluding reliable visual field were
excluded from the PEXG group. Cataract patients above 40 years without PEXS or PEXG,

with untreated IOP < 21 mmHg having normal discs and vifiel, were included as
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controls. Patients with systemic diseases such as diabetes were not included in the study.
Informed written consent was obtained from all participants for this study. Due to the higher
disease presentation of PEXS patients visithreg hospital, the number of PEXS subjects is
higher than that of PEXG. Peripheral blood was collected in EDTA vacutainers from the

participants and stored #0°C until further experimentation.

2.2.2 DNA isolation from blood

The phenckchloroform RBClysis method was used to isolate DNA from peripheral blood. 4

ml of peripheral blood was collected in ED®Acutainer tubes and stored-8°C until

further use. 50Qul of blood was centrifuged at 11000 rpm for 10 minutes. To the pellet, 1.0
ml of RBC lyss buffer [0.32 M sucrose, 1.0 mM MgClI1.0% Triton %100, 12 mM Tris

HCI, pH 7.6] was added, and the pellet suspended uniformly in the buffer. The suspension
was centrifuged at 11000 rpm for 5 minutes. The pellet was again suspended in 200 pl of
RBC lyss buffer and centrifuged at 13000 rpm for 10 minutes. The pellet was then
suspended in 200 pl milliQ water and centrifuged at 13000 rpm for 10 minutes. The
supernatant was discarded, and the pellet was suspended in 10% SDS, 5M NacCl, and milliQ.
400 pl of FCI (phenol: chloroform: isoamyl alcohol) was added to the suspension and mixed
thoroughly by inverting. The mixture was centrifuged at 12000 rpm for 10 minutes. The
upper layer was carefully transferred to a fresh centrifuge tube. To this, 1.0 ml oftabsolu
ethanol was added and mixed by inverting slowly. The mixture was centrifuged at 12000 rpm
for 10 minutes. The pellet was washed with 70% ethanol at 13000 rpm for 5.0 minutes. All
the reactions were carried out at room temperature. The supernatansevadeati, and the
pellet dried overnight. The pellet was suspended inHDS A buffer and dissolved properly

at 56'C for 1.0 hour.
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2.2.3 Tagman SNP genotyping assay

The tag SNP genotyping approach was chosen for higher genetic coverage FELHi& gene.

Thirteen tag SNPs withifRBLN5 were chosen based on 1000 genomes HapMap South Asian GIH

dataset with a paivise tagging of ¥ >0.9 and minor allele frequency (MAF) > 0.Taple 2.1).

Peripheral blood was collected from the study subjects, and gemA was extracted using the

phenoichloroform method. The SNPs were genotyped using TagMan SNP genotyping assays

(Applied

mi x

assay, and the volume was made up using nucfezsevater. The PCR conditions were: initial

denaturation at $& followed by 40 cycles of denaturation af@5or 15 seconds and annealing and

extensionat 60C for 1.0 min. The data wasnalyzedusing the instrument software and Tagman

Genotyper software.

Bi osystems,

consi sted of al

Carl sbad)

on

20f ngXDNAgmampmast €r 5me x

Table 2.1. Tag SNPs iFBLN5(Chr 14, hg38 build) chosen for this study

Quantstudio

Variant dbSNP ID Location on gene | Tagman Assay ID
NC _000014.9:9.91943755T>C rs12432450:T>C Intron 1 C__ 2485312 10
NC_000014.9:9.91926682C>T rs8012648:C>T Intron 4 C_189552237_10
NC_000014.9:9.91913280G>A rs17732466:G>A Intron 4 C__ 34507447 _10
NC _000014.9:9.91911458G>A rs12589592:G>A Intron 4 C__ 11473329 10
NC_000014.9:9.91904479G>T| rs2498835:G>T Intron 4 C_16028647_10
NC _000014.9:9.91902891C>(F rs2267997:C>G Intron 4 C__ 2674168 10
NC_000014.9:9.91897442T>C  rs917908:T>C Intron 4 C__ 325514 20
NC_000014.9:9.91896083T>C rs2244158:T>C Intron4 C__16028658 10
NC_000014.9:9.91892576C>T rs2243400:C>T Intron 5 C__ 15799126 10
NC _000014.9:9.91891905G>( rs2267995:G>C Intron 5 C__ 2674154 1_
NC_000014.9:9.91890855C>T| rs72705342:C>T Intron 6 C_99168492 10
NC_000014.9:9.91885243A>C rs2498841:A>C Intron 7 C__16028659 10
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NC_000014.9:9.91874378G>A rs2284337.G>A Intron 10 C__15960961_10

2.2.4 Cloning techniques

Competent cell preparation

Inoculum from stock culture was added t6 Bl LB broth and incubated at 87 overnight,

with a shaking at 226om. The next day, 1.0% from the previous night culture was added to
250 ml LB broth and incubated at%87 a't 220 r pm. I ntermittent|
density (OD) was measured spectrophotometrically at 600 nm against LB broth as blank.
Once the ODeached 0.4.6, the growth was arrested by incubating the culture on ice for 15
minutes. Further steps were carried out’a. 4'he culture was centrifuged at 4000 rpm for

10 minutes. The supernatant was discarded, and a pellet from every 50 ml of wakure
suspended in 25 ml of TFBI [30 mM potassium acetate, 100 mM rubidium chloride, 10 mM
calcium chloride, 80 mM manganese chloride, and 15% glycerol; pH 5.8] buffer. The
suspension was incubated on ice for 15 minutes and centrifuged at 4000 rpm foiufes mi

The supernatant was discarded, and the total pellet was suspended in 2.0 ml of TFBII [10 mM
MOPS, 10 mM calcium chloride, 10 mM rubidium chloride, and 15% glycerol; pH 6.5]
buffer. The suspension was incubated on ice for 30 minutes. The suspeasipetent cells

were then aliquoted, sndmzen on liquid nitrogen, and stored-8€6°C until further use.
Restriction digestion

Restriction enzyme digestion was carried out &C3for three hours. Double digestion for
cloning was done by digesting thector and inserting it with the target enzymes in a 30 pl
reaction containing 500000 ng of target DNA, 1X cut smart buffer, and 0.5 ul each of the
enzymes. For cloning of the oligmnealed inserts, the oligos were synthesised such that they

carried digsted sticky overhangs specific for the enzyme, and only the vector was digested
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with the specific enzyme pair. The digested products were then resolved and purified on 1.2%

agarose gel.
Ligation

Ligation of the inserts and vectors carrying compatiblekgtaverhangs was carried out by
T4 DNA ligase or Quick ligase enzymes. Ligation with T4 DNA ligase was carried out at
16°C overnight, andigjation with Quick ligase was carried out aP@For 10 minutes. The 20

pl reaction mix contained insert: vector time ratio of 3:1, 1X ligase buffer, and 1.0 pl of

ligase enzyme. The ligated product was immediately transfected into competent cells.
Transformation

5.0 pl of the ligated product was mixed with 50 pl of competent cells and incubated on ice
for 30 minutesHeat shock was given to the cells ab@Zor 45 seconds, and immediately

the cells were placed on ice for another 15 minutes. The cells were then incubat¥d at 37
with 1.0 ml LB broth for 1.0 hour at 220 rpm. The cells were centrifuged at 13000 rpm for
3.0 minutes. Excess LB broth was removed, and the pellet was suspended in 100 pl of LB
broth. The bacterial cell suspension was then plated on LB agar with a selective antibiotic.
The plates were incubated at°@7overnight. Positive colonies were screetydSanger

sequencing.
2.2.5 Plasmid isolation

Plasmid from the bacteria was isolated using the QiaPrep spin minip{€pdgen, Cat. No.
27104) The bacterial culture was centrifuged at 13000 rpm for 5.0 minutes. The pellet was
suspended in 250 ul iemold P1 buffer. 250 pl P2 buffer was added to the suspension and
mixed thoroughly until the solution turned blue. 350 ul of N3 buffer was addeteto
solution and mixed immediately by inverting until the solution turned colorless. The solution
was then centrifuged at 13000 rpm for 10 minutes. The supernatant was carefully applied to
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the column and centrifuged at 13000 rpm for 1.0 minute. The floeugih was discarded,

and the column was washed twice with 750 pl PE wash buffer at 13000 rpm for 1.0 minute.
The flowthrough was discarded, and the column was given a dry spin addealr The
plasmid was eluted from the column in 50 ul EB buffer bytiikerging at 13000 rpm for 1.0

minute.

2.2.6 Cell culture

Human lens epithelial B3 cells (HLE-B), an immortalized cell line that was derived from the human
lens infant tissue and transformed with an adenoviruSid®an Virus 40 hybrid (Ad12SV4@5’

were purchased from ATCC {8 CRL11421, VA, USA). They were grown in DMEM/F12 medium
(11330057, Invitrogen GIBCO) supplemented with 10% inactivated fetal bovine serum (16000044,
Invitrogen), 1.0% penicillin (100U/ml) and streptomycin (0.1 mg/ml) (A001, HiMedia) 4 3hd

5.0% CQ.

2.2.7 Luciferase assay

To test the functional effect of the SNPs, two reporter vectors, pGL4.23 with the minimal promoter of
the reporter and pGL3 contaixithe fibulin5 core promoter region, were used. The region f®M

bp to ATG start codon of th&BLN5 gene was amplified using Phusion High Fidelity DNA
polymerase (NEB) and cloned into pGL3 basic luciferase reporter vector using Bglll and Ncol (NEB).
Twenty-nine base pairs long DNA fragments surrounding the SNR®&Ié 2.2 with either allele at

the center were cloned into the reporter vectors using Kpnl HF and Xhol (NEB). FBLéels were
seeded in a 2#vell plate, and at 80% confluency, the cellgeveansiently transfected with 500 ng of

the constructs along with 5.0 ng R&nillavector (pGL4.74) using lipofectamine (Thermo Scientific,
USA). After 24 hours podransfection, the cells were harvested, and luciferase activity was assayed
using the ialLuciferase Reporter assay system (Promega). The Firefly luciferase activity from each
construct was normalized to Renilla luciferase activity, and the ratio has been plotted as percent

luciferase activity relative to that of empty vector (taken aspEd@ent).
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2.2.8 Electrophoretic mobility shift assay (EMSA)

Twentynine base pairs sens€éS) and antisense(A) oligonucleotides encompassing the

rs72705342:C>T NC_000014.9:9.91890855C>Tyere synthesized for performing the EMSAs

(Table 2.2. The oligoswe r e

synthesized with their 58

end

were procured as well. The oligos were annealed by incubating the mix of complementary strands at

95°C for 5 minutes, then gradually cooling down the mix to room temperatueat extract from

HLE B-3 cells was prepared using the {/RER Nuclear and Cytoplasmic Extraction Reagents kit

(Thermo Scientific, USA). The binding reaction included poly (dI.dC) asspecific competitor

DNA. For competition experiments, a 2@fld exass of unlabelled oligonucleotides was included in

the preincubation mixture. For supershift assays, EM§p&cific antibodies for TFIl | (s46670X,

Santa Cruz) and GR

(PA1516,

| n vincubatex gvieh th nualearr egtragp for ®ne hour

before adding the final reaction mixturdhe complexes, after incubation, were resolved on 6.0%

native polyacrylamide gels, transferred to nylon membranes, and developed. EMSA was performed

with the Lightshift Chemiluminescent EMSA kit (Thermo Scientific, USB@tection was done using

Fusion Solo S Chenbboc (Vilber Lourmat), and gel shifts were quantified with the Evolution Capt

software (Vilber Lourmat Fusion Solo S).

Table 2.2. List of oligos used in the study

S. ID Purpose Sequence (50Y306)
No
1 rs72705342 | Luciferase | Top:
6Cbd assay CTTCCTGAGGCCTGAGGAGGGTTGGTCAGGC
Bot:
TCGAGCCTGACCAACCCTCCTCAGGCCTCAGGAAG
GTAC
2 rs72705342 | Luciferase | Top:
0TO assay CTTCCTGAGGCCTGAAGAGGGTTGGTCAGGC
Bot:
TCGAGCCTGACCAACCCTCTTCAGGCCTCAGGAAG
GTAC

47

ab



rs17732466 | Luciferase | Top:
0Go assay CATCCTCCAAAATATTCAGGCATGATATTCC
Bot:
TCGAGGAATATCATGCCTGAATATTTTGGAGGATG
GTAC
rs17732466 | Luciferase | Top:
0AD assay CATCCTCCAAAATATTTAGGCATGATATTCC
Bot:
TCGAGGAATATCATGCCTAAATATTTTGGAGGATG
GTAC
FBLN5S Luciferase | FP: CACGAAGCTTTTTCTAGTCCCTGGAGCTGCG
promoter assay RP: CACTCCATGGGTCCAAGACGCGCGAGGA
rs72705342 | EMSA S: TTCCTGAGGCCTGAGGAGGGTTGGTCAGG
6Cd | a A: CCTGACCAACCCTCCTCAGGCCTCAGGAA
rs72705342 | EMSA S: TTCCTGAGGCCTGAAGAGGGTTGGTCAGG
0Td | a A: CCTGACCAACCCTCTTCAGGCCTCAGGAA

2.2.9 In silico analysis

The PROMO softwarehftp://alggen.lsi.upc.es/cgi

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8a8s used to identify transcription factor binding

sites to the region surrounding rs72705342C>T. T

allele or 60Cb6 allele of the SNP rs72705342 (N 15

2.2.10 Genetic and statisticalanalysis

Age and sexmatched samples were taken for the experimdiis.matching was done by performing
t he St dedtebetive®rs thet groupdlo data were missing for the participanihe allelic
association tests, Hard/einberg equilibrium (HWE), ahlogistic regression analysis for covariates
were done using PLINK. Haplotype analysis and linkage disequilibrium (LD) analysis were done
using Haploview V4.2. The statistical significance of gratipe results waanalyzedu si ng St udent
t-test, and g0.05 was considered as statistically significant. The Bonferroni and Holm correction was

applied for multiple pairwise comparisons. All experiments were done at least three times

independently. Data are presented as mean + SEM.
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2.3 Results

2.3.1 Demographics of the study subjects

A total of 273 PEX (169 PEXS and 104 PEXG) and 200 aamedsexmatched control subjects
participated in this study. The demographics of the study subjects are shoallér2.3.The mean

age in years + SD of controls, PEXS, and PEXG were 70.17 + 7.17, 71.09 £+ 7.29, and 70.21 = 7.39,
respectively. The age range of controls, PEXS, and PEXG wa8 §ears, 5®0 years, and 602

years, respectively. Of the study participants, 36Wéte females. One hundred aseventyone
females (80 control, 64 PEXS, and 27 PEXG) and 302 males (120 control, 105 PEXS, &xGj7 P

participated in the study.

Table 2.3. Demographic details of the study subjects

Subjects Sample Age (in years) p- Sex p-
Size Mean + Range value Male Female value
(N) SD
Control 200 70.17+7.17 60-90 120 80
PEXS 169 71.09+7.29 5090 0.10 105 64 0.41
PEXG 104 70.21+7.39 60-92 0.50 77 27 0.12

2.3.2 Intronic variants, rs72705342 and rs17732466, withifkBLN5 are genetically
associated with PEXG

Thirteen tag SNP{gure 2.2) within FBLN5were genotyped in 169 PEXS, 104 PEXG, and

200 age and sematched control subjects. The thirteen SNPs chosen éorstilndy are
rs12432450 located in the intron 1, rs8012648, rs17732466, rs12589592, rs2498835,
rs2267997, rs917908 and rs2244158 located in the intron 4, rs2243400 and rs2267995
located in the intron 5, rs72705342 located in the intron 6, rs2498841 lacdtedintron 7

and rs2284337 located in the intron 10.
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Figure 2.2 Position of Tag SNPsGene structure dfFBLN5 showing the position of the thirteen tag
SNPs (obtained from UCSC genome browser 05 June 2022)

Al | the studied SNPs passed the HWE test set
Allele frequencies, odds ratio, and statistical significance of the genoBleN5 variants

are presented in Table 2.4 Two variants, NC 000014.9:9.91913280G>A

(rs17732466:G>A) andNC 000014.9:9.91890855C>Trg72705342:C>T), located in the

4t and the 6" introns of FBLNS, respectively, were found to be significantly associated

with PEXG with the risk alleles bei mRgk 6Go6 (

A

anal ysis showed that the minor alleles O6AOb
protective effect with an odds ratio (OR) of 0.66 (95% CI @4®) and 0.60 (95% CI 0.39

0.93), respectively. However, none of the studied variants showed acsighédssociation

with PEXS.

Genotypic distribution of the variants in controls, PEXS, and PEXG is presenfabia

2.5. None of the SNPs showed any genotypic association with PE¥8ever, individuals

with the risk genot ypehighe€ Suéceptibiity to PEX@HRa® 5 3 4 2

individuals carrpi004. t he 6TTO6 genotype
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Table 2.4. Distribution of FBLN5variants in PEXS and PEXG compared to the controls

SNP ID Major | Minor MAF Control versusPEXS Control versusPEXG
allele | allele | Control PEXS PEXG OR (95% CI) p-value OR (95% CI) p-value
(N=200) | (N=169) | (N=104)

rs12432450 C T 0.37 0.39 0.39 1.14 (0.841.55) 0.37 1.07 (0.751.53) 0.68
rs8012648 C T 0.35 0.36 0.30 1.04 (0.761.41) 0.80 0.77 (0.531.12) 0.17
rs17732466 G A 0.28 0.26 0.21 0.87 (0.621.22) 0.44 0.66 (0.420.99) 0.04
rs12589592 G A 0.25 0.20 0.22 0.78 (0.551.12) 0.18 1.03 (0.691.53) 0.86
rs2498835 G T 0.36 0.37 0.30 1.03 (0.751.41) 0.74 0.72 (0.561.05) 0.08
rs2267997 G C 0.32 0.32 0.33 1.18 (0.761.85) 0.85 1.08 (0.751.56) 0.65

rs917908 T C 0.11 0.13 0.11 0.87 (0.372.04) 0.44 0.95 (0.551.64) | 0.86
rs2244158 C T 0.31 0.30 0.33 0.94 (0.681.30) 0.74 0.98 (0.681.43) 0.95
rs2243400 C T 0.14 0.17 0.15 1.18(0.781.79) 0.40 1.02 (0.621.66) | 0.93
rs2267995 G C 0.31 0.31 0.37 1.02 (0.731.39) 0.94 1.32 (0.921.90) 0.12
rs72705342 C T 0.25 0.24 0.17 0.96 (0.681.35) 0.81 0.60 (0.390.93) 0.02
rs2498841 C A 0.24 0.26 0.18 1.12 (0.861.57) 0.49 0.67 (0.441.04) 0.07
rs2284337 G A 0.29 0.25 0.22 0.84 (0.631.17) 0.31 0.71(0.471.07) | 0.1

ClI: confidence interval, OR: odds ratio, PEXS: pseudoexfoliation syndrome, PEXG: pseudoexfoliation glaucoma






































































































































































































































































































































































































































































