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Abstract 
 

Pseudoexfoliation (PEX) is a protein aggregopathy most commonly seen in people aged 

above 60 years and 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 ocular manifestation. The early stage of the disease is termed 

pseudoexfoliation syndrome (PEXS), and the advanced stage is known as pseudoexfoliation 

glaucoma (PEXG). PEX causation and progression involve a complex interplay of genetic 

and epigenetic factors. Despite extensive research in this field over the last three decades, 

the exact etiology of PEX remains elusive with limited availability of biomarkers for early 

disease detection. This warrants the identification of novel risk factors and pathways in its 

pathogenesis. 

For the work detailed in my Thesis, the contribution of four genes, fibulin-5 

(extracellular scaffold protein), clusterin (molecular chaperone), vimentin (intermediate 

filament), and glutathione-S-transferase (antioxidant defense enzyme) in PEX pathology 

has been studied. 

Genetic association studies identified variants and haplotypes in the intronic region and 3ô-

UTR of fibulin-5 and clusterin as risk factors for PEX, and molecular assays identified 

functional variants within these genes. Further, promoter methylation analysis studies 

showed that clusterin could be regulated via promoter CpG hypomethylation in PEX 

which was validated through in vitro molecular assays in human lens epithelial cells. Gene 

expression studies revealed the downregulation of glutathione-S-transferase P1 and 

vimentin with PEX. We also identified a plausible role of Dickkopf-1, a Wnt signaling 

antagonist, in protein aggregation and vimentin regulation in PEX. Finally, we assessed 

the candidature of fibulin-5, clusterin, and vimentin as potential biomarkers for PEX. Our 
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studies revealed that plasma vimentin levels could distinguish between non-PEX control 

and PEX with good sensitivity and specificity and also have the potential to distinguish 

between the early PEXS and the advanced PEXG stages of the disease. We have also 

initiated a targeted search for polymorphisms in fibulin-5, clusterin, and vimentin genes 

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

Overall, results from my thesis not only reiterated the involvement of both genetic and 

epigenetic factors in PEX pathology by identifying novel risk factors and understanding 

the pathogenesis but 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 age-related systemic protein 

aggregopathy involving the deposition of white flaky extracellular matrix (XFM) material on 

the surface of tissues. The initial stage of the disease having deposition of PEX material, 

XFM, is termed as pseudoexfoliation syndrome (PEXS) that visibly manifests in the eye as 

deposition on the anterior ocular tissues.1 These deposits block the aqueous humor outflow by 

blocking the Schlemmôs canal, leading to an increase in the intraocular pressure (IOP). This 

increase in IOP inside the ocular chamber damages the ocular tissues leading to a 

degeneration of the retinal ganglion cell (RGCs) axons of the optic nerve resulting in a severe 

condition of irreversible blindness termed as pseudoexfoliation glaucoma (PEXG).2 The 

anatomy of the human eye is shown in Figure 1. About 50% of PEXS-affected individuals 

progress to the advanced stage of PEXG.3 

Figure 1.1. Anatomy of the human eye. Showing 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, non-collagenous basement membrane, and elastic micro-fibril components. XFM is 

a highly cross-linked glycosylated structure formed of glycoproteins and glycolipids. Several 

carbohydrate components, such as heparin sulfate proteoglycan, chondroitin sulfate, dermatan 

sulfate proteoglycan, and hyaluronan, have been observed in the XFM through histochemical 

staining. Extensive 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 TGFß 

binding proteins (LTBPs), latent TGFß1, the extracellular molecular chaperone, clusterin, the 

matrix metalloproteinases (MMPs) and their inhibitors (TIMPs), tropoelastin and elastin. The 

presence of various complement factors such as C1q, C3, and C4 in the XFM has been 

reported suggesting mild inflammatory processes involved in PEX pathology.1,4ï6 

The XFM is thought to be produced by the various ocular cell types such as the pre-equatorial 

lens epithelial cells, corneal endothelial cells, non-pigmented ciliary epithelial cells, iridal 

cells, and trabecular endothelial cells. The XFM showed cross-banded fibrils of width 

varying from 250 to 2000 Å.7 The fibrils are randomly arranged and are straight or slightly 

bent with blunt ends. Two types of fibrils were distinguished in the XFM using transmission 

electron microscopy. The Type-A fibrils are 1µm in length and 18-25 nm with a periodic 

banding of 50 nm. The Type-B fibrils are shorter (0.3-0.5 µm) and stouter (30-45 nm) with 

the less distinct banding patterns. These fibrils are intermingled and composed of microfibril 

units of 3-7 nm (in diameter) and a micro periodicity of 10-12 nm that form a core by lateral 

aggregation of pre-existing microfibrillar subunits.8 
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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 ógreyish fringes at the pupillary border that could form a membrane on the anterior 

lens capsule.ô9 Subsequent reports showed the presence of the deposits on the iris, corneal 

endothelium, ciliary body, zonules, trabecular meshwork, and within the conjunctiva (Figure 

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 Gartaganis et al., 2014).11 

 

Although PEXS manifests prominently in the eye, these deposits have been observed in skin 

specimens, connective tissue portions of visceral organs, lungs, heart, brain, vessels, kidney, 

and bladder.1,12 PEXS can cause chronic open-angle glaucoma, but also angle-closure 

glaucoma. The aqueous humor production is found to be reduced in PEXS-affected eyes and 

associated with a disrupted blood-aqueous barrier with a consequent presence of higher levels 

of aqueous protein concentration.13ï15 
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1.3. Pathology of pseudoexfoliation glaucoma 

Pseudoexfoliation glaucoma has been widely described as the result of the accumulation of 

exfoliative material, which obstructs the trabecular meshwork leading to an increase in IOP. 

PEXG is characterised by an increase in intraocular pressure, and damage to the optic nerve 

head leading to progressive blindness (Figure 3). 

Figure 1.3. Characteristic features of pseudoexfoliation glaucoma. The 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 blindness. Icons adapted from Biorender.com. 

 

Also, the prevalence of PEXS in patients with glaucoma is significantly higher compared to 

age-matched non-glaucomatous populations. PEXG increases with age and has a higher 

prevalence in patients between 60 and 70 years of age. PEXG is mostly bilateral and 

asymmetric; compared to primary open-angle glaucoma (POAG), it presents a worse 

prognosis due to higher fluctuations in IOP levels and more severe optic nerve and visual 

field damage in affected eyes.15 Furthermore, PEXG patients show higher levels of IOP 

compared to those affected by POAG. Many studies report a higher percentage of failure of 

medical management (prostaglandins, beta-blockers, adrenergic agonists, and carbonic 

anhydrase inhibitors) in PEXG patients. Topical drugs, such as latanoprost, travoprost, and 

dorzolamide-timolol combination, yield a good response in the first period of medical 
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treatment, but PEXS is usually recalcitrant to glaucomatous medical therapy and therefore, 

patients affected by PEXS or PEXG usually undergo laser or surgical therapy.16  

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 from 1.8% in USA to 39.3% in Ethiopia (Figure 4).17 In 

Asia, the most populous continent, the prevalence of PEX varies across the continents. In 

Northern China, one study conducted on people aged above 60 years showed PEX prevalence 

to be as low as 0.55%.18 PEX prevalence was found to be 3.6% in Russian, 3.4% in Japanese, 

and 2.6% in Pakistani (increased to 13.0% in individuals aged above 70 years) populations.19ï

21 The Woodo study in an isolated population on a Korean island found PEX prevalence to be 

10.4% which increased with age.22 However, on analysing the Korean National Health and 

Nutrition Examination Survey data, Kim et al. reported that only 0.12% of South Koreans 

exhibit PEXS.23 PEX incidence was 3.8% in the South Indian population which increased to 

6.25% in people aged above 60 years.24,25 In the Central India study, PEX prevalence was 

1.49%, with 2.85% in the age group of 60-69 years, that increased to 12.3% in the age group 

80+ years.26 In extreme North India, a much higher prevalence of PEX was noted at 26.3%, 

of which the majority of patients were engaged in outdoor work such as agriculture.27 
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Figure 1.4. Graphical representation of the prevalence of PEX across the globe. The prevalence 

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

 

In the African continent, PEX prevalence varies by geographic location. Cross-sectional 

studies showed PEX prevalence to be 1.7% in Congo, much less than the prevalence in the 

South African districts, 6.0% in Temba, and 7.7% in Hlabisa.28,29 The prevalence in Nigeria 

was more similar to that in Congo at 2.7%.30 However, the highest prevalence at 39.3% was 

observed in tribes of Ethiopia.17,31 In Australia, the prevalence was found to be 0.98% in the 

Visual Impairment Project study, 1.8% in the Framingham Eye study and, 2.3% in the Blue 

Mountains Eye Study. In the indigenous Central Australian population, PEX prevalence was 

found to be 4.7%.32 As the population is ethnically and racially diverse in the Americas, PEX 

prevalence is quite varying. In the native Navajo Indian-American population of the 

Amazons, the prevalence is 38.0%.33 However, in the South-eastern regions of the United 

States of America, the prevalence is only 1.6%.34 In the South American countries, PEX 

prevalence varies from 5.0% to 24.6%.32,35 

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 individuals aged 70-79 years, 

which increased to 40.6% in individuals above 80 years.36 In a study on the 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 years.37 PEX prevalence is 

reported to be 20.0% in Finland, 17.0% in Greece and 23.5% in Portugal, 4.7% in Germany, 

and 4.0% in England.38,39  

Even within the same country, based on geographic location, ethnicity, age of the individuals, 

and occupation- the amount of exposure to sunlight- have led to PEX prevalence of varying 

frequency.  

 

1.5. Theories associated with causation and progression of 

pseudoexfoliation 

PEX is a progressive disease with a gradual accumulation of extracellular fibrillar material. 

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

a. Ageing theory: As the development of PEX is higher in people aged above 60 years 

and rarely seen in individuals below 40 years, age has been attributed as an important 

contributor to the disease along with other pathological features.15,40 It has been noted that 

with age, the ability of many cells to maintain proteostasis is compromised, and aging cells 

accumulate misfolded proteins, which is a major epidemiological risk of many protein 

aggregopathies such as Alzheimerôs, Huntingtonôs, including PEX.41 

b. Basement membrane and elastic microfibril theory: The elastic microfibrils connect 

the cellular basement membranes with the stromal elastic fibre system, and the control of 

microfibril and basement membrane synthesis is coordinated by the same cell. However, the 

presence of both basement membrane components such as laminin, nidogen, and heparin 

sulfate proteoglycans and elastic microfibrillar components such as elastin, LTBPs, emilin, 

fibrillin , and vitronectin in XFM led researchers to propose that PEX could be a disease of 

abnormal basement membrane metabolism or a type of elastosis.3,42  
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c. Amyloid theory: Amyloid theory suggests involvement of amyloid-like protein in the 

pathogenesis of PEX. Aberrant deposition of amyloid-ß-peptide and phosphorylated tau 

protein in the brain tissues are responsible for the gradual deterioration of brain neurons in 

Alzheimerôs disease (AD) affected individuals. Studies have shown the presence of amyloid 

ß-peptide, serine proteinase inhibitor, alpha-1-antichymotrypsin in PEX aggregates.43 

Similarly, Linner et al. observed that there is an increased risk of PEX in AD patients 

compared to controls in the Norwegian population.44 Further, 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 brains.45 These observations 

suggest an involvement of amyloid-like protein in the production of PEX aggregates similar 

to that seen in AD patients. 

d. Protein-sink theory: Lee et al. proposed a protein-sink model to explain the aberrant 

deposition of PEX material in the anterior eye tissues.46 According to this model, initially, a 

misfolded or distorted protein complex in the aqueous humor progressively binds to or 

sequesters other proteins resulting in a large aggregate. Subsequently, this huge aggregate 

settles in the ocular tissues that come in contact with the aqueous humor. Also, a disrupted 

blood-aqueous barrier could aid in the transport of these aggregates to other body parts. 

 

1.6. Ocular and non-ocular complications associated with pseudoexfoliation 

Pseudoexfoliation is associated with numerous co-morbidities, both ocular and non-ocular, 

and the XFM has been found to be deposited in various extraocular systemic tissues, such as 

lungs, heart, kidneys, gall bladder, liver, and meninges.47,48 The occurrence of systemic 

comorbidities with PEX is poorly understood. Some possibilities of the plausible effect of 

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

leading to endothelial dysfunction. An imbalance in the MMPs and TIMPs in the ECM 
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affects the elasticity of the basement membrane.49 Also, increased oxidative stress may play a 

role in the development of systemic vascular diseases in patients with PEX.  

PEX is associated with an increased risk of respiratory and cardiovascular complications. 

Increased arterial hypertension, ischemic heart diseases, cardiac valve, and carotid artery 

stenosis were observed in PEX-positive groups compared to PEX negative groups.50 A higher 

incidence of urogenital diseases, such as benign prostate hyperplasia, and renal insufficiency, 

was observed in PEX patients. XFM has been identified in the collagen fibres, mesenchymal 

cells, and blood vessels of the kidney; however, no aggregates were found in the cortical and 

medullary renal cortex. PEX has been associated with abdominal aortic aneurysms, erectile 

dysfunction, and pelvic organ prolapse.51ï53 Increasing evidence suggests a positive 

correlation between PEX and cerebrovascular diseases, including dementia and Alzheimerôs. 

PEX is seen to be associated with ischemic brain alterations.54 

PEX is often associated with an increased risk of nuclear cataracts. Age-related macular 

degeneration, lens subluxation, dry eye syndrome, and 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 surgery without 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 a 

higher prevalence of PEXS or PEXG. A prominent latitude effect is observed in the disease. 

Stein et al. report that solar exposure, ambient temperature, and living at more Northern 
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latitudes within the US could be environmental risk factors for PEXS.55 A similar study by 

Kang et al. showed that residing at a middle or lower tier of latitude in the US reduced the 

risk of the disease.56 However, people residing in the Northern tier showed increased 

susceptibility to developing PEX. In Greece, people living at higher altitudes exhibited a 

higher incidence of PEX compared to those at lower altitudes.57 UV radiations alter the 

structure of proteins and can result in their precipitation. There exists evidence of gene-

environment interactions in PEX pathogenesis. UV radiation, a pathogenic factor associated 

with pseudoexfoliation syndrome, leads to the upregulation of XFM components such as 

LOXL1, elastin, fibrillin-1, Transforming growth factor beta-1 (TGFß1), Latent TGFß 

binding protein-1/2 and fibulin-2/4 in vitro in cultured human Tenonôs capsule fibroblasts.58 

Colder temperatures have also been associated with an increased risk of PEX. The highest 

prevalence of PEX has been observed in Scandinavian 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 factor of lifestyle that controls the course of many diseases. 

Increased caffeine intake and a decreased folate intake are associated with a higher risk of 

PEXS. Low serum folate has been observed in patients with PEXS. Kang et al. found a lower 

risk of PEXS with increased folate intake. Decreased vitamin B12 is also noted in PEXG 

individuals.59 Serum homocysteine (Hcy) is another factor seen to be increased in PEX 

individuals. Hyperhomocysteinemia contributes to vascular damage and alterations in ECM. 

Decreased vitamin B12 and folic acid affect the metabolism of Hcy resulting in increased 

plasma Hcy. Additionally, coffee consumption produces increased Hcy levels.60 A study in 

East India reported that people with PEXS were more likely to be non-vegetarians and 

primarily consume fish. 32 This study also reported that individuals consuming higher 

amounts of coffee were more likely to develop PEXS and PEXG. A diet rich in fibre, fruits, 
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and vegetables 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 of PEX.32 

b. Genetic factors 

Early studies to understand PEX pathology were conducted to identify a genetic basis for the 

disease. Genome-wide and candidate gene association studies identified numerous genetic 

loci as risk factors for PEX. 

Lysyl oxidase-like 1 (LOXL1)  

LOXL1, situated on chromosome 15q21.4 was the first gene to be associated with PEX 

through a genome-wide association study (GWAS). Thorleifsson et al. identified three single 

nucleotide polymorphisms (SNPs), rs2165241, rs1048661, and rs3825942 to show significant 

association with PEXS and PEXG in a Scandinavian population.61 rs2165241 is an intronic 

variant and rs1048661 and rs3825942 are non-synonymous coding variants located in exon1 

of LOXL1. rs1048661 and rs3825942 lead to amino acid changes, Arg141Leu and 

Gly153Asp, respectively. Subsequent studies revealed the association 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 Arabs.62,63 However, the risk variants were reversed in certain 

populations. For example, the óGô allele at rs1048661 was found to be a protective allele in 

Japanese and Korean populations but a risk allele in all other populations. Similarly, the óGô 

allele at rs3825942 was associated with decreased risk of PEXS in Black South Africans but 

was found to be a risk allele in other populations. The óTô allele at rs2165241 was found to be 

a risk allele in the majority of populations but was associated with low risk in Japanese, 

Korean, and Chinese populations. Some populations did not show any 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 regions of LOXL1 identified the 

association of more variants with pseudoexfoliation which were also found to regulate the 

expression LOXL1 and a long non-coding RNA, LOXL1-AS1. Fan et al. found that the óCô 

allele at rs16958477 residing in the promoter region near the transcription start site increases 

the transcription activity. The óAô allele is the risk allele in US-Caucasians and is associated 

with repressed transcription.64 In a study on European and Japanese populations, an intronic 

variant in LOXL1, rs11638944, was found to alter the gene expression through altered 

transcription factor binding by the variants, which also enhanced alternative splicing.65 

Recently, Berner et al. observed that the non-coding variant, rs7173049 residing upstream of 

LOXL1, conferred a protective effect from PEXS and was associated with multiple 

populations, and did not show any allele reversal. rs7173049 was found to influence the 

regulation of the distally located immunoglobulin superfamily containing leucine-rich repeat 

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

with decreased expression of ISLR2 and STRA6, and the protective allele óGô at rs7173049 

was found to increase the expression of these two proteins.66 Further, Berner et al. showed 

that inhibition of the retinoic acid signaling pathway leads to an increase in PEXS-associated 

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

to PEXS pathology.66 Deep sequencing following a GWAS identified rare variants in LOXL1 

to be associated with PEXS. The óTô allele at rs201011613, a coding variant in LOXL1, 

conferred a strong protective effect from PEXS, the presence of which corroborated with an 

increase in ECM proteins and cell-cell adhesion in human lens epithelial cells.67 

LOXL1 is a cross-linking enzyme involved in elastogenesis and ECM maintenance. It 

catalyzes 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 cross-linking 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 expression of 

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 a destabilization of ECM in the severe form of the condition. However, a couple of 

other studies have shown a decreased expression of LOXL1 in even the PEXS stage of the 

disease in lamina cribrosa and peripapillary sclera, including lens capsules.68ï70 Although 

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

incomplete penetrance 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 across six continents identified a novel locus, rs4926244, in 

CACNA1A, as a risk factor for PEXS.63,67 This variant was, however, not found to be 

associated with PEX in the 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 CACNA1A was observed in the PEXS eyes compared to non-PEXS eyes.67 

The PEX-associated risk loci in CACNA1A might 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 association of rs4926244 with PEX in the Indian 

population. rs4926246 in linkage disequilibrium (LD) with rs4926244 was also found to be 

associated with PEXS and PEXG in our study population (Hayat et al., PhD Thesis, 

Unpublished data).  
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CACNA1A codes for the alpha 1A subunit of the P/Q voltage-gated calcium ion channel. 

Calcium channels maintain the influx and efflux of calcium in the cell and are involved in the 

neurotransmission of electric signals, vesicle trafficking, muscle contraction, and gene 

regulation.71 Electron microscopic images have shown deposits of calcium in PEX 

aggregates, and an altered calcium ion channel functioning might lead to an imbalance in 

calcium concentrations.72 Calcium is essential for stable aggregate formation by fibrillin, and 

altered calcium levels might lead to the generation of PEX aggregates. 

CLU 

CLU encodes for a ubiquitously expressed multifunctional protein called clusterin or 

Apolipoprotein-J. Although GWAS did not identify clusterin as a risk locus for PEX, 

independent case-control studies have identified risk loci in clusterin for PEX susceptibility. 

The variants rs2279590 and rs3087554 were found to be significantly associated with 

pseudoexfoliation in various ethnic groups such as German, Australian, and Indian 

populations.73ï75 We further found that the intronic SNP rs2279590 is a functional variant, 

presence of óGô allele at the variant results in an increase in CLU expression.75,76 We and 

others have observed increased levels of clusterin in aqueous humor, tears, and lens capsule 

of PEX patients compared to controls.75,77,78 Clusterin is an extracellular molecular chaperone 

that aids in proper protein folding, maintenance of misfolded proteins, cell-cell, and cell-

matrix adhesions. Immunohistochemical analysis has shown strong positivity of CLU in PEX 

fibrils. A dysregulated CLU expression and its impaired chaperoning effect might lead to the 

excess generation of PEX fibrils. 

CNTNAP2 

CNTNAP2 encodes for the Contactin Associated protein-like 2. Krumbiegel et al. identified 

two SNPs associated with PEX in a German population through GWAS.74 rs2107856 and 
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rs2141388 are intronic variants that were further associated with PEX in a replication cohort 

of Germans but not Italians.79 These SNPs were later not found to be associated with PEX in 

Polish and Turkish populations as well.80,81 rs2107856 did not correlate with retinal nerve 

fibre layer thickness, cup/disk ratio, intraocular pressure, or central corneal thickness in the 

Turkish study.80 CNTNAP2 is a membrane protein involved in potassium channel trafficking, 

and required for neuron-glial interactions.  

MMPs and TIMPs 

The ECM turnover 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 calcium-dependent endopeptidases that maintain the ECM homeostasis. 

The functionality 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 AH, and 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 TIMP-1 and -2 were found to be elevated in the aqueous humor of PEX 

patients compared to controls.49 Also, the ratio of MMP-2 and its principal inhibitor TIMP-2 

was found to be decreased in patients with PEXG suggesting inappropriate matrix 

degradation and progressive matrix accumulation.49 In a separate study, a significant increase 

in aqueous humor TIMP4 was observed in PEXG patients compared to controls.82 Increased 

levels of TIMP4 could affect the activity of MMPs resulting in disrupted ECM homeostasis. 

Though some researchers have tried to study the association of MMP polymorphisms with 

PEX, the reports are limited. From two independent studies, no significant association of 

variants of MMP1, MMP2, MMP3, and MMP9 was found with PEX in Greek and Austrian 

populations.83,84 However, a meta-analysis by He et al. reported an association of rs1799750 

of MMP1 with PEXG.85 Recently, Starikova et al. studied the association of six 
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polymorphisms in MMP9 (rs3918242, rs3918249, rs17576, rs3787268, rs2250889, rs17577), 

rs679620 of MMP3 and rs1799750 of MMP1 with PEXG in the Caucasian population of 

Central Russia.86 Significant association of two SNPs, rs3918249 and rs2250889, were found 

to be associated with PEXG. The óCô at rs3918249 decreased the risk for PEXG, and the 

allele óGô at rs2250889 increased the risk for PEXG. rs2250889 is a missense variant, and 

rs3918249 is in strong LD with another missense variant, rs17576. HaploReg analysis had 

shown both variants to have a potential regulatory effect.86 The contradictory results of the 

association of MMP polymorphisms with PEX could be ethnicity-dependent. 

Other genetic factors 

The homocysteine metabolism genes, cytokines, adenosine receptor A3, and lysosomal 

trafficking regulator (LYST) have been reported to be associated with PEX. Increased plasma 

homocysteine (Hcy) levels were found in PEXS and PEXG patients compared to the 

control.87,88 Plasma Hcy can be altered due to various factors, such as genetic, folic acid 

deficiency, and vitamin deficiency, among others. The methylenetetrahydrofolate reductase 

(MTHFR) regulates the Hcy concentration. Therefore, researchers looked for variants in 

MTHFR that could be responsible for homocysteinemia in PEX. However, none of the 

genetic association studies reported any association of MTHFR polymorphisms with 

PEX.89,90 TNF-Ŭ is a proinflammatory cytokine that can be either neuroprotective or 

contribute to neurodegeneration depending on the receptor it binds to. The TNF-Ŭ 

polymorphism rs1800629 was found to be strongly associated with PEXG in the Pakistani 

cohort. The óGGô and óAGô genotypes were found to be associated with the PEXG in 

Pakistani and Iranian cohorts. However, this variant did not show an association with the 

disease in Caucasian and Turkish populations.91 Fakhraie et al. studied the association of 

three polymorphisms, rs1800872, rs1800871, and rs1800896, in the promoter of IL-10 (anti-

inflammatory cytokine) with PEXS, PEXG, and POAG.92 While the genotypes at both 
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rs1800871 (óTTô) and rs1800896 (óAAô) showed association with all three groups, the óAAô 

genotype of rs1800872 was found to be significantly associated with only PEXS. These 

polymorphisms had previously been associated with aging, various cancers, Alzheimerôs 

disease, schizophrenia and acute myocardial infarction.92 Animal studies have shown that the 

lysosomal transport regulator (LYST) gene may be significant in PEXS pathology. LYST is 

crucial for the synthesis of the proteins needed for lysosomal function. Chediak-Higashi 

syndrome, a lysosomal storage disorder in humans, is caused by mutations in the LYST 

gene.93 B6-Lystbg-J mice that are homozygous for the beige-J (bg-J) allele exhibit a variety of 

ocular PEXS-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 

PEXS.94 A 3-bp deletion in the LYST protein's WD40 domain resulting in the deletion of one 

isoleucine amino acid, leads to the beige mutation. This suggests that protein-protein 

interactions have been hampered. Although the LYST mutant mice do not recapitulate PEXS 

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

provide insight into the disease's complex genetic and molecular risk factors. 

c. Epigenetic factors 

Epigenetic regulation of gene expression through environmental factors such as dietary 

intake, latitude effect, smoking, and UV exposure may lead to disease susceptibility and 

progression, and phenotype variation in many common diseases such as pseudoexfoliation, 

age-related macular degeneration (ARMD), glaucoma, Alzheimerôs disease, and cancers.63,95ï

98 The retinal cell death seen in many ocular disorders involves oxidative stress, activation of 

apoptotic signals, mitochondrial dysfunction, loss of synaptic connectivity, and excitotoxic 

damage. Many of these signaling pathways are regulated by epigenetic modifications.99,100 
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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 comprise of DNA methylation, histone modifications and chromatin 

remodelling, and non-coding RNA regulations. A single epigenetic mechanism or all the 

mechanisms synergistically can cause aberrant gene expressions leading to a variety of 

disease phenotypes, many 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) of PEXG patients. The downregulation of LOXL1 in these patients 

correlated with significant hypermethylation of its promoter.69,70 The methyl groups hinder 

the access of the transcription factors to the promoter for transcription resulting in decreased 

gene expression. We reported downregulation of HSP70 in PEX patients which correlated 

with exon hypermethylation compared to controls.101 HSP70 deficiency contributes to the 

accumulation of misfolded protein aggregates that lead to PEX phenotype. A possible model 

showing the effect of epigenetic regulation of LOXL1 and HSP70 on PEX pathology is shown 

in Figure 5. 
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Figure 1.5. Role of epigenetic silencing of LOXL1 and HSP70 in PEX pathogenesis. A proposed 

hypothetical model showing that promoter hypermethylation of LOXL1 and HSP70 results in their 

reduced expression. Decreased LOXL1 results in an impaired ECM metabolism and elasticity that 

results in the aggregation of ECM proteins as the exfoliative material.69,70 Reduced HSP70 leads to 

impaired protein folding and the generation of misfolded proteins.101 Deposition of the protein 

aggregates on the ocular tissues such as trabecular meshwork impedes the aqueous humor outflow 

pathway resulting in increased intraocular pressure and eventual retinal ganglion cell death. 

 

Although they do not code for a protein, non-coding RNAs (ncRNAs) play immense roles in 

post-transcriptional gene regulation and disease pathogenesis. ncRNAs participate in 

determining DNA methylation patterns and chromatin remodelling. Based on the size, 

ncRNAs are classified as micro RNAs (miRNAs), small interfering RNAs (siRNAs), and 

Piwi-interacting RNAs (piRNAs) if less than 200 nucleotides and long non-coding RNAs 

(lncRNAs) if more than 200 nucleotides. Micro RNAs are generally 18-21 nucleotides long 

and exhibit complementarity to regions of mRNA to which they bind and recruit proteins and 

complexes (RNA-induced silencing complex-RISC) that prevent the translation of the said 

mRNA to proteins, thereby silencing the gene. Recently, analysis of the miRNA profiles in 
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aqueous humor samples of PEXG versus controls by Drewry and co-workers resulted in 5 

differentially expressed (DE) microRNAs, miR-122-5P, miR-3144-3p, miR-320a, miR-320e, 

and miR630 in PEXG compared to control. These DE miRNAs were found to target many 

genes involved in pathways associated with PEXG pathogenesis, such as TGFß signaling and 

pathways related to neuroprotection or programmed death of RGCs through AKT signaling, 

and Bcl-2-regulated apoptosis pathways. Also, these DE miRNAs targeted glaucoma-

associated proteins that are expressed in the anterior segment of the eye.102 These 

differentially expressed miRNAs, in turn, affect the regulation of essential genes involved in 

PEXG. Cho et al. profiled the microRNAs in aqueous humor in the Korean population 

through RNA sequencing. They observed two significantly upregulated miRNAs (hsa-miR-

30d-5p, hsa-miR-320a) and ten significantly downregulated miRNAs (hsa-miR-3156-5p, hsa-

miR-4458, hsa-miR-6717-5p, hsa-miR-6728-5p, hsa-miR-6834-5p, hsamiR-6864-5p, hsa-

miR-6879-5p, hsa-miR-877-3p, hsa-miR-548e-3p, and hsa-miR-6777-5p) in the PEXG group 

compared to controls. Only one miRNA was found to be common between the study done by 

Drewry et al. and Cho et al. Drewry and their group found that hsa-miR-320a was found to 

be significantly downregulated in PEXG while it was found to be upregulated in the Korean 

PEXG patients.103 This shows that although the same molecule is involved in the risk of the 

disease, a different mechanism of action occurs in the different ethnicities. Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) pathway analysis showed that the top three 

enriched pathways were óthe proteoglycans in cancerô, ógliomaô, and óTGFɓ signaling 

pathways. The exfoliative material is enriched with glycoprotein and proteoglycan 

aggregates, so the top KEGG pathway may contribute to PEX pathogenesis. Enrichment of 

the TGFɓ signaling pathway emphasizes the role of TGFɓ regulation in PEX aetiology in the 

majority of ethnicities. Another study involving Polish subjects reported an abundance of 

seven microRNAs in the aqueous humor of various glaucoma groups- primary open-angle 
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glaucoma (POAG), primary angle-closure glaucoma (PACG), and 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 hs-miR-1260b and mean defect in visual field examination, wherein the miRNA 

expression decreased with increased severity of PEXG.104  

Tomczyk-Socha and group were the first to study the differential levels of microRNAs in the 

lens capsule of PEX patients. They observed increased expression of miR-125b in PEXS 

individuals compared to control through the qRT-PCR technique. However, this microRNA 

was not found to be differentially expressed in the PEXG group.105 miR-125b is a negative 

regulator of p53, and excessive oxidative stress increases its expression. Its expression is 

known to increase even under hypoxic conditions. Chronic inflammatory changes clubbed 

with increased oxidative stress, and ROS might affect the p53 activity through dysregulation 

of miR-125b and alter the transcription of genes involved in apoptosis. The same group 

recently reported microRNA expression in the lens capsule of PEXS patients determined 

using Next-Generation Sequencing. Ten microRNAs (miR-184, let-7a-5p, let-7c-5p, let7f-5p, 

let-7b-5p, miR-204-5p, miR-486-5p, miR-181a-5p, miR-30a-5p, miR-26a-5p) were found to 

be abundantly present in the lens capsule of both PEXS and control groups. Only miR-671-3p 

was found to be significantly decreased in the PEXS group.106 miR-671-3p was reported to 

regulate the proliferation, apoptosis, migration, and invasion of lung cancer cells by targeting 

the FoXP2 protein. The miR-671-3p is also known to affect the Wnt/ɓ-catenin signaling 

cascade.  

Long non-coding RNAs (LncRNAs) are transcripts that are longer than 200 nucleotides. 

They are transcribed just as the mRNA and undergo all post-transcriptional processing such 

as capping, tailing, and alternative splicing; contain single nucleotide polymorphisms but 

they lack protein-coding capacity. LncRNAs recruit complexes, including transcription 



 

32 
 

factors, to activate or silence gene expression in response to various stimuli. They are also 

involved in alternate splicing, post-translational modifications, and protein trafficking. Wiggs 

et al. showed an association of variants in the lncRNA, CDKN2BAS, to be associated with 

PEXG as well as with POAG.107 Also, variants in the promoter of lncRNA of LOXL1-AS1 

were seen to increase susceptibility to PEXS. Moreover, LOXL1-AS1 was found to be 

modulated by stressors already implicated in PEX pathologies, such as oxidative stress and 

cyclic mechanical stress.108 Knockdown of LOXL1-AS1 altered the expression of genes 

involved in ECM homeostasis (MMP9, FBLN1, COL6A6, LAMA5), TGFß signaling 

(TGFß-2) and actin cytoskeleton assembly. LOXL1-AS1 localizes to the nucleus and 

selectively binds to heterogeneous nuclear Ribonucleoprotein-L (hnRNPL), a protein 

involved in mRNA processing, and regulates downstream gene expression.109 In a rat model 

of glaucoma, the lncRNA MALAT1 was found to prevent RGC apoptosis by activating the 

Akt pathway.110 In contrast, the knockdown of lncRNA-Gas5 increased the survival rate of 

RGCs in glaucoma.111  

 

1.8. Molecular and cellular pathways implicated in pseudoexfoliation 

pathology 

Numerous molecular and cellular pathways are disrupted in PEX, contributing to the XFM 

formation and other pathological features associated with PEX. 

TGFɓ signaling 

Transforming growth factor beta (TGFß) belongs to the superfamily of secreted polypeptides 

that are essential ECM modulators. Dysregulation of TGFß has been linked to various 

diseases involving ECM abnormalities such as fibrotic diseases. Overexpression of TGFß 

affects the ECM metabolism leading to excessive fibrosis,112 and TGFß is seen to be elevated 

in pseudoexfoliation individuals. Elevated TGFß1 and TGFß2 in the aqueous humor of PEXS 
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and PEXG patients have been reported.113 An increase in TGFß1 also induces the expression 

of fibrillin -1, an ECM scaffold protein, through JNK (c-Jun N-terminal 20 kinase) and 

MAPK (Mitogen-activated protein kinase) pathways.114 TGFß1 also stabilizes PEX fibrillar 

aggregates.115 Further, studies have shown an increase in latent TGFß1 binding protein 

(LTBP) levels in the aqueous humor, ciliary processes, iris tissues, and lens epithelial cells of 

PEX patients.116 LTBPs are a group of glycoproteins that regulate the metabolism of TGFßs. 

Thus, increased LTBPs further contribute to ECM remodelling in PEX pathology. Recently, 

genome-wide RNA sequencing analysis of human trabecular meshwork cells stimulated with 

TGFß1 showed dysregulation of many genes present in the exfoliative material such as 

elastin, fibrillins, LTBP2, and apolipoprotein E. TGFß1 also increases the expression of 

LOXL1, the major genetic locus associated with PEX. Further, TGFß1 stimulation of human 

trabecular meshwork cells led to modulation of oxidative stress and anti-oxidant system and 

upregulation of the unfolded protein response, which have been previously implicated in PEX 

pathology.117 Thus, altered TGFß signaling plays an important role in ECM protein regulation 

and metabolism in PEX. 

Oxidative Stress 

PEX has also been associated with oxidative stress, a consequence 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 as age-related cataract (ARC), ARMD, 

diabetic retinopathy; neurodegenerative diseases such as AD, PD, glaucoma; systemic 

diseases such as diabetes, rheumatoid arthritis, and various cancers.118ï120 Increased oxidative 

stress and an impaired anti-oxidant system in PEX eyes have been widely established. 

Enzymatic as well as non-enzymatic antioxidants such as superoxide dismutase (SOD), 

glutathione-S-transferases (mGST1 and GSTT1), ascorbic acid, oxidative selenium, and 

glutathione are significantly decreased in aqueous humor, serum and anterior segment tissues 
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in PEX eyes.11,121ï123 Concomitantly, the oxidative stress markers and oxidants such as 

malondialdehyde (lipid peroxidation marker), protein carbonyl (protein oxidation marker), 

hydrogen peroxide, nitric oxide, 8-hydroxydeoxyguanosine (8-OHdG) and homocysteine 

were found to be significantly increased in aqueous humor, serum and ocular tissues of 

pseudoexfoliation affected individuals.124ï127 Also, levels of antioxidant enzymes like 

Paraoxonase (PON) and Arylesterase (ARE) were found to be significantly reduced in AH 

and serum of PEXG individuals compared to controls in a Turkish population. Furthermore, 

the total antioxidant status (TAS), a measure of antioxidative defense capacity in the cell, was 

found to be decreased in the plasma of PEXG individuals.128  

The generated free radicals and oxidation products cause changes in signaling pathways, gene 

transcription, mitochondrial functioning, chromatin architecture, and DNA damage leading to 

cell death. Risk loci in GSTT1 and GSTM1 have been identified in Pakistani female patients 

with PEXG but the results could not be replicated in other populations.129ï131 Further, SNPs, 

rs10432782 and rs2070424, in the SOD gene were not found to be associated with PEXS.132 

The lack of causal variants in anti-oxidant defense genes implies an epigenetic trigger 

responsible for their aberrant downregulation in PEXS and PEXG.  

ER-UPR pathway 

Many pathological conditions can lead to endoplasmic reticulum (ER) stress, such as 

hypoxia, oxidative stress, aging, or metabolic disorders. The unfolded protein response 

(UPR) and the ER-associated degradation (ERAD) pathway kickstart to combat the ER stress 

and maintain cellular homeostasis. Hayat et al. reported a reduced proteasome activity and 

impaired ubiquitin-proteasome system in PEX eyes, suggesting an accumulation of misfolded 

proteins in the cell resulting in an increased ER stress. In concordance with these 

observations, the authors further noted increased expression of ER-UPR genes and ERAD 
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pathway components, such as DnaJ homolog subfamily B member 11 (DNAJB11), heat 

shock protein 60 member 1 (HSPD1), DnaJ homolog subfamily B member 1 (DNAJB1), heat 

shock protein 70 member 5 (HSPA5), synoviolin (SYVN) and calnexin (CANX) .133  

Recently, Roodnat et al. developed a potential cellular model for PEXG by stimulating 

human trabecular meshwork cells with TGF-ɓ1, 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 UPR-associated genes, such 

as HSPA5, heat shock protein 90 beta family member 1 (HSP90B1), eukaryotic translation 

intiation factor 2 alpha kinase 3 (EIF2AK3), and X-box binding protein 1 (XBP1).117 These 

findings suggest impairment of the ubiquitin-proteasome system coupled with ER-UPR 

contributes to PEX pathology. 

Autophagy 

Autophagy is a cellular process for the elimination of proteins marked for degradation, such 

as the ubiquitinated misfolded proteins. It has been observed that the autophagic processes 

are compromised in PEX, which could result in the excess generation of misfolded proteins 

and their aggregation, as seen in PEX pathology. Two research groups independently studied 

autophagy dysfunction in cultured Tenonôs fibroblasts (TFs) from PEXS patients. Want et al. 

reported the presence of larger vacuoles filled with cellular waste in TFs from PEXS patients. 

Also, on induction of autophagy, a reduced autophagosome clearance along with the failure 

of relocation of lysosomes to the perinuclear region was observed. Starvation-induced 

autophagy increased the ratio of autophagosome-bound LC3 (LC3-II) and LC3-II/LC3-I and 

congestion of the LAMP-1 positive vesicles, indicating a reduced level of autophagosome 

clearance from the cell. Similarly, Bernstein et al. 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 through the accumulation of the autophagosome marker, LC3-II, and the 

process of clearance of autophagosomes from PEXS cells was slowed. Similar observations 

were reported in the neurons cultured from advanced stage Alzheimerôs patients in which 

autolysosomes were dispersed widely throughout the cell, LC3-II positive enlarged 

autophagosomes accumulated and autophagic flux, and clearance of autophagosomes was 

slowed, demonstrating a clear parallel between neurodegenerative pathological markers and 

PEXS. Thus, a self-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 in 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 concentrated on the genetic basis of the 

disease. However, the genetic studies have been inconsistent due to allele reversals in 

populations of different ethnicities, the absence of association of reported variants in replicate 

studies, and incomplete penetrance with the presence of risk alleles in the normal population 

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, such as the progressive nature of the disease, 

age-related onset, and only a subset of PEXS individuals developing the glaucomatous 

neuropathy and unilateral or asymmetric ocular manifestation of PEX, cannot be explained 

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 PEXG, a few others have been 
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reported to be dysregulated in PEXG but not in PEXS.76,101,115,123,133,134 This difference in the 

risk factors and molecular pathways involved in PEXS and PEXG pathology implies that the 

underlying aetiology is different for the early and the severe advanced stages of 

pseudoexfoliation. The missing link of information could be epigenetic factors which are just 

starting to be appreciated in understanding PEX pathogenesis. Reports have suggested that 

differences in monozygotic twins over non-Mendelian and complex diseases could be due to 

a combination of genetic and epigenetic factors.135 

With this background, my thesis aims at exploring the association of four candidate genes- 

fibulin-5, clusterin, glutathione-S-transferase and vimentin with PEX with the following 

objectives: 

1. To study the association of common variants in fibulin-5 with PEX. 

2. To identify risk variants in clusterin and study its promoter methylation status in PEX. 

3. To understand the candidature of vimentin in PEX pathology 

4. To study the epigenetic regulation of glutathione-S-transferases in PEX 

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

 

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

2.1. Introduction  

In this chapter, we report the genetic association of variants in fibulin-5 (FBLN5) with PEX.  

FBLN5 (MIM: 604580) is a 66 kDa secreted extracellular calcium-binding scaffold protein highly 

crucial for assembling elastic fibers. FBLN5 protein contains six calcium-binding epidermal growth 

factor-like (cbEGF) domains. Within the first cbEGF domain at the N-terminal resides the 

evolutionarily conserved RGD (Arginine-Glycine-Aspartate) motif, which facilitates the binding of 

FBLN5 to integrins on the surface of cells.136 FBLN5 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 tropoelastin monomers (Figure 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 monomers. The N-terminus of fibulin-5 binds to fibrillins and deposits the cross-

linking enzyme LOXL1 in the ECM via the C-terminus, where LOXL1 crosslinks tropoelastin 

monomers to elastic fibers.137 Fibulin-5 (Fbln5-/-) null mice show progressively worsening elastic 

fiber defects in all elastogenic tissues such as skin, lungs, genitalia, and aorta.136 

 

Figure 2.1. Role of fibulin -5 in elastogenesis. Schematic 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 is involved in other essential cellular functions such as cell-matrix adhesion, 

integrin-dependent regulation of reactive oxygen species (ROS) in the ECM, regulation of 

cell receptor signaling, endothelial to mesenchymal transition, modulation of matrix 

proteases, and vascular injury.138ï140  

Fibulin-5 has been associated as a risk factor with for various diseases involving ECM 

anomalies. Aberrant expression or deposition of fibulin-5 has been observed in age-related 

macular degeneration (ARMD), cutis laxa (CL), Charcot-Marie-Tooth syndrome, abdominal 

aortic aneurysms and pelvic organ prolapse (POP).141ï144 Further, mutations in FBLN5 have 

been related to complications such as ARMD, CL, and POP.145ï147 Missense variations in 

FBLN5 associated with ARMD and CL were reported to lead to structural defects and 

decreased protein secretion. Downregulation of fibulin-5 could 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 elastinopathies. Dysregulation 

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.148ï150 Yue et al. observed that fibulin-5 suppresses the lung cancer invasion by 

inhibiting the MMP-7.151 On the contrary, Schiemann et al. have reported that overexpression 

of FBLN5 leads to fibrosarcoma cell migration.152 

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 

FBLN5 in PEX pathology.134 Also, it had been reported that LOXL1 fails to colocalize with 

FBLN5 in PEX eyes compared to controls.153 This implied a loss of interaction which could 

be due to impaired or reduced protein production of the complete fibulin-5 protein in PEX 

patients. Further, Want et al. observed aggregation of fibulin-5 in a 3D culture of tenon 

fibroblasts from PEXS patients.154 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, POP.51,155,156 In 2019, we reported a novel genetic association of two 

variants, rs7149187 and rs929608, residing in the 5ô-UTR and 10th intron, respectively, of 

FBLN5 as 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 variants in FBLN5, which could be causal variants 

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

looked for the association of variants in FBLN5 with PEX. 

 

2.2. Materials and methods 
 

2.2.1. Study subjectsô recruitment and sample collection 

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 examination, 

including slit lamp microscopy, ocular biometry, Goldman applanation tonometry, +90D 

biomicroscopic fundus evaluation, and four-mirror gonioscopy. Cataract patients aged above 

40 years with clinically evident PEX-like material over lens capsule (LC) 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 were included 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 visual field, 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 visiting the hospital, the number of PEXS subjects is 

higher than that of PEXG. Peripheral blood was collected in EDTA vacutainers from the 

participants and stored at -800C until further experimentation.  

2.2.2. DNA isolation from blood 

The phenol-chloroform RBC lysis method was used to isolate DNA from peripheral blood. 4 

ml of peripheral blood was collected in EDTA-vacutainer tubes and stored at -800C until 

further use. 500 µl of blood was centrifuged at 11000 rpm for 10 minutes. To the pellet, 1.0 

ml of RBC lysis buffer [0.32 M sucrose, 1.0 mM MgCl2, 1.0% Triton X-100, 12 mM Tris-

HCl, 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 µl of 

RBC lysis buffer and centrifuged at 13000 rpm for 10 minutes. The pellet was then 

suspended in 200 µl milliQ water and centrifuged at 13000 rpm for 10 minutes. The 

supernatant was discarded, and the pellet was suspended in 10% SDS, 5M NaCl, and milliQ. 

400 µl of PCI (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 of absolute 

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 supernatant was discarded, and the 

pellet dried overnight. The pellet was suspended in Tris-EDTA buffer and dissolved properly 

at 560C for 1.0 hour.  
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2.2.3. Taqman SNP genotyping assay 

The tag SNP genotyping approach was chosen for higher genetic coverage of the FBLN5 gene. 

Thirteen tag SNPs within FBLN5 were chosen based on 1000 genomes HapMap South Asian GIH 

dataset with a pair-wise tagging of r2 >0.9 and minor allele frequency (MAF) > 0.1 (Table 2.1). 

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

phenol-chloroform method. The SNPs were genotyped using TaqMan SNP genotyping assays 

(Applied Biosystems, Carlsbad) on Quantstudio 7 (Thermofisher Scientific). Each 5 ɛl PCR reaction 

mix consisted of a 20 ng DNA sample, 2.5 ɛl of 2X Taqman master mix, and 1.25 ɛl of Taqman SNP 

assay, and the volume was made up using nuclease-free water. The PCR conditions were: initial 

denaturation at 950C followed by 40 cycles of denaturation at 950C for 15 seconds and annealing and 

extension at 600C for 1.0 min. The data was analyzed using the instrument software and Taqman 

Genotyper software.  

Table 2.1. Tag SNPs in FBLN5 (Chr 14, hg38 build) chosen for this study 

Variant  dbSNP ID Location on gene Taqman Assay ID 

NC_000014.9:g.91943755T>C rs12432450:T>C Intron 1 C___2485312_10 

NC_000014.9:g.91926682C>T rs8012648:C>T Intron 4 C_189552237_10 

NC_000014.9:g.91913280G>A rs17732466:G>A Intron 4 C__34507447_10 

NC_000014.9:g.91911458G>A rs12589592:G>A Intron 4 C__11473329_10 

NC_000014.9:g.91904479G>T rs2498835:G>T Intron 4 C__16028647_10 

NC_000014.9:g.91902891C>G rs2267997:C>G Intron 4 C___2674168_10 

NC_000014.9:g.91897442T>C rs917908:T>C Intron 4 C____325514_20 

NC_000014.9:g.91896083T>C rs2244158:T>C Intron 4 C__16028658_10 

NC_000014.9:g.91892576C>T rs2243400:C>T Intron 5 C__15799126_10 

NC_000014.9:g.91891905G>C rs2267995:G>C Intron 5 C___2674154_1_ 

NC_000014.9:g.91890855C>T rs72705342:C>T Intron 6 C__99168492_10 

NC_000014.9:g.91885243A>C rs2498841:A>C Intron 7 C__16028659_10 
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NC_000014.9:g.91874378G>A rs2284337:G>A Intron 10 C__15960961_10 

 

2.2.4. Cloning techniques 

Competent cell preparation 

Inoculum from stock culture was added to 5.0 ml LB broth and incubated at 370C overnight, 

with a shaking at 220 rpm. The next day, 1.0% from the previous night culture was added to 

250 ml LB broth and incubated at 370C at 220 rpm. Intermittently, the cultureôs optical 

density (OD) was measured spectrophotometrically at 600 nm against LB broth as blank. 

Once the OD reached 0.4-0.6, the growth was arrested by incubating the culture on ice for 15 

minutes. Further steps were carried out at 40C. The culture was centrifuged at 4000 rpm for 

10 minutes. The supernatant was discarded, and a pellet from every 50 ml of culture was 

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 for 10 minutes. 

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 suspension/ competent cells 

were then aliquoted, snap-frozen on liquid nitrogen, and stored at -800C until further use. 

Restriction digestion 

Restriction enzyme digestion was carried out at 370C for three hours. Double digestion for 

cloning was done by digesting the vector and inserting it with the target enzymes in a 30 µl 

reaction containing 500-1000 ng of target DNA, 1X cut smart buffer, and 0.5 µl each of the 

enzymes. For cloning of the oligo-annealed inserts, the oligos were synthesised such that they 

carried digested 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 compatible sticky overhangs was carried out by 

T4 DNA ligase or Quick ligase enzymes. Ligation with T4 DNA ligase was carried out at 

160C overnight, and ligation with Quick ligase was carried out at 250C for 10 minutes. The 20 

µl reaction mix contained insert: vector in the ratio of 3:1, 1X ligase buffer, and 1.0 µl of 

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

Transformation 

5.0 µl of the ligated product was mixed with 50 µl of competent cells and incubated on ice 

for 30 minutes. Heat shock was given to the cells at 420C for 45 seconds, and immediately 

the cells were placed on ice for another 15 minutes. The cells were then incubated at 370C 

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 µl of LB 

broth. The bacterial cell suspension was then plated on LB agar with a selective antibiotic. 

The plates were incubated at 370C overnight. Positive colonies were screened by Sanger 

sequencing. 

2.2.5. Plasmid isolation 

Plasmid from the bacteria was isolated using the QiaPrep spin miniprep kit (Qiagen, Cat. No. 

27104). The bacterial culture was centrifuged at 13000 rpm for 5.0 minutes. The pellet was 

suspended in 250 µl ice-cold P1 buffer. 250 µl P2 buffer was added to the suspension and 

mixed thoroughly until the solution turned blue. 350 µl of N3 buffer was added to the 

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 flow through was discarded, 

and the column was washed twice with 750 µl PE wash buffer at 13000 rpm for 1.0 minute. 

The flow-through was discarded, and the column was given a dry spin and air-dried. The 

plasmid was eluted from the column in 50 µl EB buffer by centrifuging at 13000 rpm for 1.0 

minute. 

2.2.6. Cell culture 

Human lens epithelial B3 cells (HLE B-3), an immortalized cell line that was derived from the human 

lens infant tissue and transformed with an adenovirus 12-Simian Virus 40 hybrid (Ad12SV40),157 

were purchased from ATCC (B-3 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) at 370C and 

5.0% CO2.  

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 containing the fibulin-5 core promoter region, were used. The region from -675 

bp to ATG start codon of the FBLN5 gene was amplified using Phusion High Fidelity DNA 

polymerase (NEB) and cloned into pGL3 basic luciferase reporter vector using BglII and NcoI (NEB). 

Twenty-nine base pairs long DNA fragments surrounding the SNPs (Table 2.2) with either allele at 

the center were cloned into the reporter vectors using KpnI HF and XhoI (NEB). HLE B-3 cells were 

seeded in a 24-well plate, and at 80% confluency, the cells were transiently transfected with 500 ng of 

the constructs along with 5.0 ng of Renilla vector (pGL4.74) using lipofectamine (Thermo Scientific, 

USA). After 24 hours post-transfection, the cells were harvested, and luciferase activity was assayed 

using the Dual-Luciferase 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 as 100 per cent).  
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2.2.8. Electrophoretic mobility shift assay (EMSA) 

Twenty-nine base pairs sense (S) and antisense (A) oligonucleotides encompassing the 

rs72705342:C>T (NC_000014.9:g.91890855C>T) were synthesized for performing the EMSAs 

(Table 2.2). The oligos were synthesized with their 5ô end labelled with biotin, and unlabelled oligos 

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

950C for 5 minutes, then gradually cooling down the mix to room temperature. Nuclear extract from 

HLE B-3 cells was prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit 

(Thermo Scientific, USA). The binding reaction included poly (dI.dC) as non-specific competitor 

DNA. For competition experiments, a 200-fold excess of unlabelled oligonucleotides was included in 

the pre-incubation mixture. For supershift assays, EMSA-specific antibodies for TFII I (sc-46670X, 

Santa Cruz) and GR-Ŭ (PA1516, Invitrogen) were pre-incubated with the nuclear extract for one hour 

before adding the final reaction mixture. The 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, USA). Detection was done using 

Fusion Solo S Chemi-Doc (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. 

No

. 

ID Purpose Sequence (5ôŸ3ô) 

1 rs72705342 

óCô 

Luciferase 

assay 

Top:  

CTTCCTGAGGCCTGAGGAGGGTTGGTCAGGC  

Bot: 

TCGAGCCTGACCAACCCTCCTCAGGCCTCAGGAAG

GTAC 

2 rs72705342 

óTô 

Luciferase 

assay 

Top:  

CTTCCTGAGGCCTGAAGAGGGTTGGTCAGGC  

Bot: 

TCGAGCCTGACCAACCCTCTTCAGGCCTCAGGAAG

GTAC 
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3 rs17732466 

óGô 

Luciferase 

assay 

Top:  

CATCCTCCAAAATATTCAGGCATGATATTCC 

Bot: 

TCGAGGAATATCATGCCTGAATATTTTGGAGGATG

GTAC 

4 rs17732466 

óAô 

Luciferase 

assay 

Top:  

CATCCTCCAAAATATTTAGGCATGATATTCC  

Bot: 

TCGAGGAATATCATGCCTAAATATTTTGGAGGATG

GTAC 

5 FBLN5 

promoter 

Luciferase 

assay 

FP: CACGAAGCTTTTTCTAGTCCCTGGAGCTGCG 

RP: CACTCCATGGGTCCAAGACGCGCGAGGA 

7 rs72705342 

óCô labelled 

EMSA S: TTCCTGAGGCCTGAGGAGGGTTGGTCAGG 

A: CCTGACCAACCCTCCTCAGGCCTCAGGAA 

8 rs72705342 

óTô labelled 

EMSA S: TTCCTGAGGCCTGAAGAGGGTTGGTCAGG 

A: CCTGACCAACCCTCTTCAGGCCTCAGGAA 

 

2.2.9. In silico analysis 

The PROMO software (http://alggen.lsi.upc.es/cgi-

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3 was used to identify transcription factor binding 

sites to the region surrounding rs72705342C>T. The sequences of the genomic region flanking the óTô 

allele or óCô allele of the SNP rs72705342 (Ñ 15 bp) were used as input. 

2.2.10. Genetic and statistical analysis 

Age and sex-matched samples were taken for the experiments. The matching was done by performing 

the Studentôs t-test between the groups. No data were missing for the participants. The allelic 

association tests, Hardy-Weinberg equilibrium (HWE), and logistic 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 group-wise results was analyzed using Studentôs 

t-test, and p<0.05 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. 

 
 

http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
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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 age-and-sex-matched control subjects 

participated in this study. The demographics of the study subjects are shown in Table 2.3. 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 was 60-90 years, 50-90 years, and 60-92 

years, respectively. Of the study participants, 36.1% were females. One hundred and seventy-one 

females (80 control, 64 PEXS, and 27 PEXG) and 302 males (120 control, 105 PEXS, and 77 PEXG) 

participated in the study. 

Table 2.3. Demographic details of the study subjects 

Subjects Sample 

Size 

(N) 

Age (in years) p- 

value 

Sex p- 

value Mean ± 

SD 

Range Male Female 

Control 200 70.17±7.17 60-90  120 80  

PEXS 169 71.09±7.29 50-90 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, within FBLN5 are genetically 

associated with PEXG 

Thirteen tag SNPs (Figure 2.2) within FBLN5 were genotyped in 169 PEXS, 104 PEXG, and 

200 age and sex-matched control subjects. The thirteen SNPs chosen for the study 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 located in the intron 7 

and rs2284337 located in the intron 10. 
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Figure 2.2. Position of Tag SNPs. Gene structure of FBLN5 showing the position of the thirteen tag 

SNPs (obtained from UCSC genome browser 05 June 2022). 

 

All the studied SNPs passed the HWE test set at a default significance threshold of pÒ0.001. 

Allele frequencies, odds ratio, and statistical significance of the genotyped FBLN5 variants 

are presented in Table 2.4. Two variants, NC_000014.9:g.91913280G>A 

(rs17732466:G>A) and NC_000014.9:g.91890855C>T (rs72705342:C>T), located in the 

4th and the 6th introns of FBLN5, respectively, were found to be significantly associated 

with PEXG with the risk alleles being óGô (p=0.04) and óCô (p=0.02), respectively. Risk 

analysis showed that the minor alleles óAô at rs17732466 and óTô at rs72705342 confer a 

protective effect with an odds ratio (OR) of 0.66 (95% CI 0.43-0.99) and 0.60 (95% CI 0.39-

0.93), respectively. However, none of the studied variants showed a significant association 

with PEXS. 

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

2.5. None of the SNPs showed any genotypic association with PEXS. However, individuals 

with the risk genotype óCCô at rs72705342 showed higher susceptibility to PEXG than 

individuals carrying the óTTô genotype (p=0.04). 
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Table 2.4. Distribution of FBLN5 variants in PEXS and PEXG compared to the controls 

SNP ID Major 

allele 

Minor 

allele 

MAF  Control versus PEXS Control versus PEXG 

Control 

(N=200) 

PEXS 

(N=169) 

PEXG 

(N=104) 

OR (95% CI) p-value OR (95% CI) p-value 

rs12432450 C T 0.37 0.39 0.39 1.14 (0.84-1.55) 0.37 1.07 (0.75-1.53) 0.68 

rs8012648 C T 0.35 0.36 0.30 1.04 (0.76-1.41) 0.80 0.77 (0.53-1.12) 0.17 

rs17732466 G A 0.28 0.26 0.21 0.87 (0.62-1.22) 0.44 0.66 (0.43-0.99) 0.04 

rs12589592 G A 0.25 0.20 0.22 0.78 (0.55-1.12) 0.18 1.03 (0.69-1.53) 0.86 

rs2498835 G T 0.36 0.37 0.30 1.03 (0.75-1.41) 0.74 0.72 (0.50-1.05) 0.08 

rs2267997 G C 0.32 0.32 0.33 1.18 (0.76-1.85) 0.85 1.08 (0.75-1.56) 0.65 

rs917908 T C 0.11 0.13 0.11 0.87 (0.37-2.04) 0.44 0.95 (0.55-1.64) 0.86 

rs2244158 C T 0.31 0.30 0.33 0.94 (0.68-1.30) 0.74 0.98 (0.68-1.43) 0.95 

rs2243400 C T 0.14 0.17 0.15 1.18 (0.78-1.79) 0.40 1.02 (0.62-1.66) 0.93 

rs2267995 G C 0.31 0.31 0.37 1.02 (0.73-1.39) 0.94 1.32 (0.92-1.90) 0.12 

rs72705342 C T 0.25 0.24 0.17 0.96 (0.68-1.35) 0.81 0.60 (0.39-0.93) 0.02 

rs2498841 C A 0.24 0.26 0.18 1.12 (0.80-1.57) 0.49 0.67 (0.44-1.04) 0.07 

rs2284337 G A 0.29 0.25 0.22 0.84 (0.63-1.17) 0.31 0.71 (0.47-1.07) 0.1 

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














































































































































































































































































































