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Abstract 

Fuchs Endothelial Corneal dystrophy (FECD, OMIM # 136800) is an age-related, progressive, 

bilateral and, multifactorial dystrophy. It is marked by the reduction in the number of corneal 

endothelial cells, the fibroblastic transformation of remaining endothelium cells and deposition 

of the excess extracellular matrix proteins in the Descemet’s membrane (DM). All of these 

molecular pathomechanism ultimately lead to the cloudiness in the cornea, loss of visual acuity, 

and formation of the painful tiny blisters on the surface of the cornea. FECD is categorized into 

two types: early and late, depending on when the symptoms begin to appear. Additionally, 

cases of FECD occur more frequently in women than in men. Researchers have identified 

various mutations and polymorphisms that are genetically associated with the pathophysiology 

of this disease in various populations. Previously we have also identified different 

polymorphisms associated with the FECD in the Indian population. But the genetic load of 

these polymorphisms are low compared to the Caucasian population hinting at the association 

of other new variants with FECD in our population. In the past, researchers observed that 

caspase 8 associated protein 2 (CASP8AP2) promotes epithelial to mesenchymal (EMT) 

transition by protecting Zinc finger E-box-binding homeobox 1 (ZEB1) from E3 ubiquitin 

ligases. Because ZEB1 is also overexpressed in the FECD corneal endothelium, so we 

hypothesized that upregulation of CASP8AP2 may cause the overexpression of ZEB1 in the 

FECD condition. Also, the molecular mechanism of the transcriptional regulation of 

CASP8AP2 is not yet studied. The focus of this present study is to identify the genetic and 

functional association of novel polymorphisms associated with FECD in the Indian population 

and transcriptional regulation of CASP8AP2 related with the pathophysiology of FECD. The 

objectives and the major findings of the study are summarized below: 
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Genetic association and functional role of laminin subunit gamma 1 (LAMC1) with late-

onset FECD (LO-FECD): 

 Variant rs3768617, present in the intronic region of LAMC1, is genetically associated 

with FECD in the Indian population.  

 The transcription factor growth factor independent 1B (GFI1B) binds specifically to the 

risk allele ‘C’, not protective allele ‘T’. 

 

Genetic association of long intergenic non-Protein coding RNA LINC00970/ATPase 

Na+/K+ transporting subunit beta 1 (LINC00970/ATP1B1) with LO-FECD and its 

functional role in disease pathogenesis: 

 Polymorphism rs1200114 and its tag variant rs1200108 in the intergenic region of 

LINC00970/ATP1B1 are genetically associated with FECD in the Indian population. 

 Haplotype ‘G-G’ of rs1200108-rs1200114 is more prevalent in FECD affected 

population, indicating that it is a risk haplotype. 

 ATP1B1 is less expressed in the FECD affected endothelium compared with the control 

endothelium. 

 

Role of CASP8AP2 in the FECD progression: 

 CASP8AP2 is overexpressed in the FECD endothelium compared to the control 

endothelium. 

 Transcription factor specificity protein 1 (SP1) binds to the promoter of CASP8AP2 

and regulates its transcription. 
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1.0 A comprehensive overview of Fuchs Endothelial Corneal Dystrophy 

1.1 Introduction: 

The Corneal endothelium (CE) is the innermost part of the cornea and plays an important role 

in maintaining the transparency of the cornea. This is a monolayer, composed of hexagonal 

cells and is connected to the stroma by Descemet's membrane (DM). The essential function of 

CE is to preserve corneal transparency by maintaining the endothelial barrier and pump 

functions. Because the endothelium cells are terminally differentiated, the loss of these cells 

drives the deterioration of the functions of this layer. Corneal endothelial dystrophies includes 

a category of diseases represented by progressive loss of endothelial cells due to genetic or 

epigenetic risk factors. They are congenital hereditary endothelial dystrophy 1 (CHED1), 

congenital hereditary endothelial dystrophy 2 (CHED2), posterior polymorphous corneal 

dystrophy (PPCD), and Fuchs endothelial corneal dystrophy (FECD).1 Fuchs endothelial 

corneal dystrophy (OMIM#136800) is a gradual, multifactorial, bilateral corneal condition first 

defined by the Austrian ophthalmologist Ernst Fuchs, where patients in their fifth to sixth 

decade of life experience blurred morning vision that will increase in duration as the disease 

progresses.2 Broadly, the key hallmarks of FECD consist of the prominent protrusions 

(outgrowths) in the DM, named ‘guttae’, a gradual rise in corneal edema, morphological 

changes of the hexagonal mosaic corneal endothelium, lack of endothelial cell number by time, 

and last stage is indicated by the formation of painful epithelial bullae because the capacity of 

the cornea declines to keep stromal dehydrated.3 

 

1.2 Clinical staging and inheritance of FECD: 

1.2.1 Clinical staging: 
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In the past, numerous clinical staging methods had been introduced for FECD. One of the 

methods developed by Laing et al. for staging the disease is mentioned below.4–7 

 

Stage 1. Corneal biomicroscopy manifests the presence of guttae. These are mountain-shaped 

protrusions that grow from the DM and are known to be an FECD predictor. Initially the guttae 

are normally formed within the central cornea and then spread out in the peripheral direction. 

In this stage, guttae are typically central, nonconfluent, and asymptomatic in patients. 

 

Stage 2. The corneal guttae appear to cluster and outspread into the peripheral region. It lead 

to the deterioration and enlargement of the endothelial cells with a lack of hexagonal 

morphology. The endothelial cell density is negatively correlated with the number of the guttae 

because the fusion of guttae is coupled with the continuous lack of endothelial cells. Patients 

begin to experience a decline in vision. Glare signs are observed because of excessive swelling 

of stromal layers.8 

 

Stage 3. The lack of endothelial cells causes stromal edema, which gradually builds up in the 

direction of the epithelial layer and drives the generation of epithelial and subepithelial bullae.4 

The disruption of these bullae triggers painful outbreaks and increases the chance of infection. 

 

Stage 4. The cornea is highly vascularized and opaque. Deposition of subepithelial fibrous 

tissue occurs due to prolonged and persistent edema. At this point, visual acuity is significantly 

impaired, but the pain usually attenuates. 

 

This staging system is based on the clinical signs and thus, it contributes very little information 

for deciding the timing of endothelial keratoplasty in patients. Dr. Jay Krachmer suggested a 
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clinical grading scale based on the significance of corneal guttae and the appearance of edema 

for FECD cases to evaluate the advancement of the disease which is widely used and is known 

as Krachmer grading scale for FECD.9 

Krachmer Scale: 

Grade 0 (G0): No sign of disease. 

Grade 1 (G1): 0-12 prominent, dispersed guttae at minimum in one eye; typically 

asymptomatic. 

Grade 2 (G2): more than 12 prominent, non-confluent guttae minimum in one eye. 

Grade 3 (G3): 1-2 mm prominent, condensed guttae. 

Grade 4 (G4): 2-5 mm of clustered, prominent guttae. 

Grade 5 (G5): ≥5 mm condensed, prominent guttae with edema. 

 

1.2.2 The International Committee for Classification of Corneal Dystrophies 

(IC3D) classification and inheritance: 

The latest IC3D category for corneal dystrophies includes four classes.1 FECD comes into 

categories one to three. Category four is particular for other corneal dystrophies and does not 

match the features of FECD. FECD is mostly inherited in an autosomal dominant fashion.10 

The IC3D classification implements most effectively the hereditary examples of FECD and 

does not follow if no proof of inheritance exist. 

 

1.2.2.1 Category 1 (Early onset FECD): 

Category 1 denotes the corneal dystrophy in which the associated gene has been identified and 

specific mutations have been detected. Early-onset FECD (EO-FECD) includes in this 

category. EO-FECD generally starts at ten years old and becomes clinically prominent within 
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the twenty and thirty years. COL8A2 gene encoding the alpha (α) 2 chain of collagen type VIII, 

is associated with this category. Mutations of this gene were found in EO-FECD and they are 

inherited in an autosomal dominant trait.11–14 In the EO-FECD, each mutation contributes to a 

unique phenotype characterized by the presence of the minor, circular guttae clustered into cell 

centres instead of distinctly pointed guttae on the cellular boundaries, as seen in late-onset 

FECD (LO-FECD). The Gln455Lys and the Leu450Trp COL8A2 mutations affect the triple 

helical domain of α2 collagen VIII.11,12 These mutations could impact the tertiary structure of 

COL8A2 and the architecture of DM.15 Because COL8A2 was noticed to be required in the 

differentiation of vascular endothelium, an abnormal basement membrane formation may 

hinder the same process in corneal endothelium.4,16  

 

1.2.2.2 Categories 2 & 3 (Late-onset FECD): 

Category 2 reflects the corneal dystrophy that has been mapped to one or more chromosomal 

loci and category 3 includes the corneal dystrophy that has not been not mapped to a specific 

chromosomal locus. Late-onset FECD (LO-FECD) is grouped in both these two categories. 

LO-FECD appears after forty years and its frequency is higher than EO-FECD.9 Several genes 

such as solute carrier family 4 member 11 (SLC4A11), transcription factor 4 (TCF4), Zinc 

finger E-box binding homeobox 1 (ZEB1), etc are associated with the LO-FECD. SLC4A11 

codes the NaBC1 protein, which serves as an electrogenic, sodium borate cotransporter.17 

Different mutations of the SLC4A11 gene on chromosome 20p12 had been recognized.18,19 

Various single nucleotide polymorphisms (SNPs) in the TCF4 gene were discovered to be 

associated with sporadic LO-FECD, although no mutation in the coding region or exon-intron 

boundaries has been identified so far.20 TCF4 also regulates the transcription of the ZEB1 

gene.21 An investigation in 2010 identified five LO-FECD related loss of function mutations 

in the ZEB1 gene.22 TCF4 and ZEB1, address crucial parts in epithelial-mesenchymal transition 
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(EMT) by inhibiting E-cadherin expression, regulating collagen gene transcription, cellular 

death, etc.23,24 Because the biological roles are comparable, it's been hypothesized that their 

mutations affect the similar pathway, resulting in the development of FECD.20,25,26 But, the 

exact process, responsible for the pathogenesis is still speculative. 

 

1.3 Prevalence: 

According to a global survey in 2016, the majority (39.0%) of the corneal transplantation 

performed between 2012-2013 were the consequences of the FECD alone.27 The eye bank 

association of the United States (EBAA) published a statistical analysis in 2016 that showed 

FECD was responsible for 93.0% of full corneal transplantations. Various studies reported a 

high risk of FECD in the Caucasian population. In one study, researchers found that 11.0% of 

the whole population are FECD affected at Tangier Island, USA and all the affected individuals 

were above 50 years old.28 Another cohort research in Reykjavik, Iceland, also showed an 

similar frequency of incidence; more females than men had widespread corneal guttae.29 Asian 

populations exhibit fewer incidences of FECD than Caucasians. In Japan, 4.0% of the people 

over 40 years had major corneal guttae of grade 1 or above.30 In an investigation comparing 

two Asian ethnicities, it was observed that 6.7% of the Chinese Singaporeans (female: male = 

2.4:1) and 3.7% of Japanese (female: male = 4.5:1), over the age of 50, had primary corneal 

guttae.31 In India, 11.0-16.0% of endothelial keratoplasty had been performed over 5-6 years 

only for FECD cases and, females were identified to be more susceptible to FECD than 

males.32–34 These studies indicated that FECD have late-onset as well as female prevalence, but 

the cause is not properly known. 

1.4 Other complications: 

Previously, it was reported that the clearing of the aqueous humour outflow becomes 

inadequate in the case of FECD patients compared with controls.35 These researchers 
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concluded that the function of the trabecular meshwork is affected because of the disease. 

FECD patients had considerably higher intraocular pressures (IOP) than healthy subjects, as 

observed by previous researchers.36 Additionally, the significantly increased central corneal 

thickness (CCT) noticed in FECD patients may lead to inaccuracies in IOP calculations.36 

Another study reported no impairment of aqueous humour outflow and no association between 

open-angle glaucoma and FECD.37 FECD is also associated with a higher frequency of cataract, 

keratoconus, age-related macular degeneration, and cardiovascular sickness.38–41 Olsen et al. 

observed increased cardiovascular risk in FECD patients compared with controls; the risk was 

speculated to be influenced by a common endothelial deformity, even though the corneal 

endothelium is different from the vascular endothelium. It is anticipated that such pronounced 

disease interconnections are due to the complicated interactions of other epigenetic factors that 

result in degenerating alterations, not only in CE but also in other tissues (e.g. retinal and 

cardiovascular tissues).8 

 

1.5 Histopathological changes: 

1.5.1 Endothelium:  

The hexagonal cells of CE have desmosomes and tight junctions connecting every cell.42 The 

endothelium acts like a barricade to access the fluid into the cornea from aqueous humour and 

also eliminates fluid out of the cornea.43 In the case of FECD, the cell density is significantly 

lower and the endothelium is notably narrower than normal, uniquely in areas covering the 

guttae (Fig. 1.1).42,44–47 The endothelial cell’s thickness is markedly decreased to 0.2 µm 

adjacent to the cell-to-cell junction and over the guttae in comparison to 2.5 µm thickness of a 

healthy cornea .48 In FECD, apoptotic cells are removed, which are replenished by the 

enlargement of nearby cells followed by the lack of cellular hexagonal architecture 

(pleomorphism) and alteration in the cell size (polymegathism).44,49–51 Despite having little 
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cytoplasm, noticeable vacuolization and melanin pigmentation had been found inside the 

cells.42,45,52 Histological examination demonstrated that several endothelial cells have a 

morphology, similar to fibroblasts. The cells also showed dilated, granular endoplasmic 

reticulum (ER), enlarged mitochondria, pigment granules, and stretched cytoplasmic 

filaments.52–54 Transmission and scanning electron microscopy investigations also explained 

the presence of ultrastructural characteristics like increased hemi-desmosomes, microvilli, and 

enhanced immunostaining of cytokeratin-7, and pancytokeratin, commonly found in the 

epithelial cells.54 In comparison to a normal corneal thickness of 530 mm, the average thickness 

of FECD corneas, as estimated by pachymetry, ranges from 580 mm to 690 mm.49,55 In the 

initial phases of FECD, the density of Na,K-ATPase was reportedly augmented with a 

simultaneous increase in transendothelial permeability.55,56 The density of Na,K-ATPase per 

cell declines from mild to late phases of FECD, irrespective of the decrease in the number of 

endothelial cells.57–59 In a study reported in 2002, the ATPase density in LO-FECD endothelium 

was found to be identical to that seen in post-cataract corneal surgery.60 Lower expression of 

aquaporin was noticed in FECD corneal endothelium which can lead to corneal edema.61,62 

Reports suggested depletion in phospholipid changeover indicated by reduced expression of 

group 1B phospholipase A2 (PLA2G1B) inferring a lack of endothelial function.63 

Nevertheless, FECD endothelial cells typically undergo endothelial to fibroblastic phenotype, 

with reduced expression of Na,K-ATPase.64 

  

Fig. 1.1: Specular microscopy images of corneal endothelium. Specular microscopy images in 

(A) healthy, (B) moderate FECD, and (C) acute FECD47 
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1.5.2 Descemet’s Membrane (DM):  

This acellular layer is located between the endothelium and the posterior stroma. It was noticed 

to be enlarged in the FECD and guttae seemed like shiny patches, each encircled by dark 

rounded wheels.49,51,65 Electron microscopy detected tiny bump-like protrusions throughout the 

endothelial portion of each FECD subject studied.45,49,51,66,67 These protrusions are sometimes 

capsuled by collagenous fibers, making the external of the endothelium flat rather than folded.49 

DM thickens mostly in the central cornea and it eventually spreads into the peripheral cornea 

as the disease progresses.49,54,66,67 DM's normal bi-layer structure was disorganized in FECD, 

wherein although the sublayer lying in the middle of the stroma and layer one was fine in 

FECD; layer two was either completely absent or was extremely thin (average thickness 1.8 

mm to 2.8 mm) in approximately 37.0% of the FECD cases (Fig. 1.2).44,45,52 Two additional 

DM layers had been confirmed that propose a common response of endothelium in case of the 

disease; a posterior banded layer and a posterior fibrillar layer comprising of layers three and 

four, which when merged are named the ‘posterior collagen layer’ or ‘posterior striated layer’ 

(Fig. 1.2).45 Layer three is evident in every tissue sample of the FECD obtained during 

keratoplasty and often comprises of irregularly arranged collagen fibres of 110 - 120 nm 

banding pattern.44 Layer four is ≥ 0.5 mm in thickness, and this layer was either absent or 

thinner in corneas with minimal epithelial edema.45,52 But this layer becomes denser in case of 

elevated epithelial and stromal edema.44 Guttae were covered in most of the cases having layer 

four, resulting in the inconsistent collagenous coating of the guttae.45,49,66 Corneal 

decompensation is culpable for swelling of this particular layer, rather than FECD condition 

itself. Both EO-FECD and LO-FECD patients have disorganized and hyper-reflective fibrous 

strands of collagen type VIII alpha 1 chain (COL8A1) and collagen type VIII alpha 2 chain 

(COL8A2); and it has been hypothesized that abnormal expression pattern of COL8A1 and 

COL8A2 contributes to DM thickening and guttae formation.12,68 Overexpression of collagen 
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IV, fibronectin, and laminin was reported in FECD DM.12 However, other reports showed 

lower expression of fibronectin and laminin-10 in FECD-affected corneal endothelium samples 

relative to healthy subjects, with reduced nidogen-1 level.60 In FECD, transcriptional over-

expression of laminin subunit gamma 1 (LAMC1) was observed compared with normal DM 

samples.69 

 

                                  

Fig. 1.2: Histological changes of DM in FECD condition. (A) TEM image of a healthy DM 

bilayer. (B) TEM image of a FECD affected DM. In contrast to a healthy DM, one extra layer known 

as posterior banded layer appears in FECD DM and guttae is visible in this layer.70 

 

1.5.3 Corneal stroma:  

Corneal edema leads to significant changes in the anterior stroma, causing visual distortions. 

In vivo confocal microscopy (IVCM) indications of corneal edema are keratocyte hyper-

reflectivity with enlarged cell bodies and filaments; the presence of tiny intracellular 

perinuclear vacuoles, and wide extracellular lacunae between keratocytes. In the late stage of 

FECD (stages 3 and 4), the density of anterior keratocytes was remarkably lower than healthy 

controls, as revealed by IVCM and histological examinations (Fig. 1.3).71,72 Conversely, 

clinical analysis of mild FECD cases (stages 1 and 2) through IVCM showed increased density 

of posterior keratocytes relative to controls, but there was no significant variation in the density 

of anterior keratocytes.73 The presence of tortuous stromal nerves with loop like structure is 

often observed in FECD patients by IVCM.49,74 
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Fig. 1.3: Stromal keratocytes in normal and FECD condition. (A) Sagittal section of a healthy 

cornea. (B) Density of the anterior keratocytes is lower FECD condition.71  

 

1.5.4 Corneal sub-basal nerve plexus:  

Sub-basal nerve density was identified as notably lower in the early stages of FECD compared 

to healthy controls.73 In general, the total count of nerves with primary nerve branches is lower 

and the overall nerve length is shorter in FECD patients with thicker central corneas. It is 

possible that sub-basal nerves are fully missing in the late stage of FECD (Fig. 1.4).49,74 It was 

shown that central corneal sensitivity is substantially poorer than age-matched controls. The 

existence of sporadic nerves with abnormal branching forms was found in FECD.74 Altered 

signalling pathways between the endothelium and corneal nerves were thought to play an 

important part in the apoptosis of corneal endothelium.73 It was presumed that the loss of 

endothelial cells may contribute to the lower concentration of vasoactive intestinal peptide and 

different neuropeptides, thereby influencing the number of corneal nerves and their roles. 
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Fig. 1.4: Corneal sub-basal nerves. Images in (A) early (B) late-stage of FECD corneas.75 

 

1.5.5 Corneal epithelium:  

Both clinically and with IVCM, LO-FECD cases showed alterations in their corneal epithelium 

(Fig. 1.5).49 Bullae are found as dark circles within the epithelium.49 The existence of sub-

epithelial cells distributed randomly between the basal epithelium and Bowman’s layer was 

detected in LO-FECD patients.49 In LO-FECD, scarring in the sub-epithelium was frequently 

observed.49,76 Studies using light and electron microscopy on FECD buttons revealed the 

presence of fibrous connective tissue between the epithelium and Bowman's layer.52 Severe 

corneal edema was correlated with sub-epithelial scarring. 

 

                                                 

Fig. 1.5: Histological image of a FECD corneal epithelium. Image showing abnormal 

epithelial basement membrane and intraepithelial cysts.77 

 

1.6 Risk Factors: 

Although the actual cause of FECD remains unclear, it is associated with both genetic and 

epigenetic risk factors. Understanding the role of the risk factors would be extremely beneficial 

in preventing the disease progression. 

 

1.6.1 Genetic factors: 
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Assessment of the genetic background related to the disease pathogenesis is primarily linked 

with the identification of different genes having genetic and functional association with the 

disease. A number of such different genetic factors are associated sporadically or have a 

familial predisposition. Researchers have used two distinct strategies to classify these genetics 

factors:  

 

(a) Genetic linkage analysis explores multigenerational families with a minimum of one 

disease-affected individual to determine the co-inherited chromosomal region among 

affected persons, and  

(b) Genome-wide association study (GWAS) applies information from a wide number of 

non-related participants, control and disease affected to find different genetic 

polymorphisms associated with the phenotype of the disease.  

 

The information related to the genes, associated with FECD is presented in Table 1.1. All the 

genetic factors are discussed in the following subsections briefly. 

 

Table1.1: Summary of the genes, associated with FECD pathogenesis 

SN Category of 

FECD 

Gene 

(Symbol) 

Full Name Location 

1 EO-FECD COL8A2 Collagen type VIII alpha 2 chain 1p34.3 

2 LO-FECD TCF4 Transcription factor 4 18q21.2 

3 SLC4A11 Solute carrier family 4 member 1 20p13 

4 ZEB1 Zinc finger E-Box binding homeobox 1 10p11.22 

5 LOXHD1 Lipoxygenase homology PLAT domains 1 18q21.1 

6 AGBL1 ATP/GTP binding protein like 1 15q25.3 
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7 KANK4 KN motif and Ankyrin repeat domains 4 1p31.3 

8 LAMC1 Laminin subunit gamma 1 1q25.3 

9 ATP1B1 ATPase Na+/K+ transporting subunit beta 1 1q24.2 

10 CLU Clusterin 8p21.1 

11 RAD51 RAD51 recombinase 15q15.1 

12 FAS Fas cell surface death receptor 10q23.31 

13 XRCC1 X-Ray repair cross complementing 1 19q13.31 

14 PITX2 Paired like homeodomain 2 4q25 

15 TGF-β1 Transforming growth factor beta 1 19q13.2 

 

1.6.1.1 Collagen type VIII alpha 2 chain (COL8A2): 

COL8A2 (Gene ID: 1296) codes the α2 chain of collagen VIII. This gene is exclusively 

associated with the EO-FECD, established in the linkage study. In the UK, genome-wide 

association search of an EO-FECD family observed the missense mutation Q455K, present in 

COL8A2.11 After examining 115 unrelated FECD cases, this missense mutation was 

additionally found in two other EO-FECD families.11 Another mutation L450W was identified 

in COL8A2 in FECD affected people, which was absent in all control individuals.12 This 

L450W mutation was also found in a separate UK family having EO-FECD.78 The DM of the 

L450W mutant was noticed to have significant deposition of COL8A2, suspected to have 

started from the time of foetal growth.79,80 The thermal stability of the L450W mutant COL8A2 

was lesser than the wild type and it gets accumulated in the cytoplasm of CHO-K1 cells.68 

Homozygous knock-in mouse models [COL8A2 (Q455K/Q455K) and COL8A2 

(L450W/L450W)] exemplify pathology of the EO-FECD like the morphology of the 

endothelial cells, increased autophagy, and apoptosis by induction of the unfolded protein 

response (UPR) pathway as evidenced by the dilated ER, and guttae formation.81,82 The 

COL8A2 (L450W/L450W) mice had a less severe phenotype, as confirmed by decreased cell 
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death and less guttae formation compared with the COL8A2 (Q455K/ Q455K) mice.82 The 

results of these two mutations may be related to abnormal protein folding, resulting in UPR 

and activation of apoptosis. Another COL8A2 SNP, rs274754 was identified in one familial 

EO-FECD case in Australia.83 In Korea, and India different variants (G495G, A35A, and 

Q455V) of COL8A2 were associated with EO-FECD cases.83,84 The silent variants, c.1485G>A 

(G495G) and c.112G>A (A35A) of COL8A2 were associated with LO-FECD cases in India.85 

COL8A2 mutations might lead to guttae formation in the cornea due to increased deposition 

and abnormal distribution of collagen proteins in the DM.12 

 

1.6.1.2 Transcription factor 4 (TCF4): 

TCF4 (Gene ID: 6925) recognizes E-box (5′-CANNTG-3′) in many the promoters and 

enhancers of a number of genes to regulate transcription.86 Apart from that, it also interact with 

other transcription factors like oligodendrocyte transcription factor 2 (OLIG2), caudal type 

homeobox 2 (CDX2) also.87,88 TCF4 participates in transforming growth factor β (TGF-β) 

signalling pathways, EMT, apoptosis, etc.89 The most important genetic contributor to LO-

FECD is the increased number of trinucleotide repeats of cytosine-thymine-guanine (CTG) in 

the third intron of the TCF4. The number of people with > 50 CTG repeats was relatively higher 

in the FECD patients than in the healthy controls.90 Cases bearing > 40 repeats of the CTG 

have 15 times increased probability of acquiring the disease than non-repeat carriers.91,92 

Additionally, FECD patients with extended CTG repeats are more prominent to undergo 

corneal transplantation at a certain age compared with ≤ 50 repeat carriers.20,92,93 The intensity 

of the disease’s pathophysiology is associated with the occurrence of trinucleotide repeats and 

the repeat length.94 Repeat expansion of the monoallelic CTG was seen to result in increased 

disease severity at repeat numbers > 103, while bi-allelic elongation was enough to initiate 

diseased phenotype at repeat numbers > 40.94 FECD is closely related to different trinucleotide 
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repeat induced diseases for example myotonic dystrophy-1. The extended cytosine-uracil-

guanine (CUG)-repeated TCF4 messenger RNA (mRNA) molecules accumulate as RNA foci 

in FECD endothelium.92,95,96 It eventually sequesters and depletes mRNA splicing proteins, 

such as muscleblind like splicing regulator 1 (MBNL1), muscleblind like splicing regulator 2 

(MBNL2) and ultimately leads to RNA mis-splicing and RNA toxicity. Previous study from 

our laboratory however reported that only 34.0% of the population carrying increased CTG 

repeat showed pathological symptoms of FECD compared with 79.0% of the Caucasian cohort. 

It suggested that TCF4-CTG repeat may not be the main causal factor for FECD development 

in our population.34 Four variants (rs613872, rs2286812, rs9954153, and rs17595731) of TCF4, 

were genetically associated with the disease in American and Australian ethnic 

backgrounds.25,97,98 In Singaporean Chinese, two more polymorphisms, rs17089887 and 

rs17089925, showed significant association with the disease. In the same study, SNPs 

rs9954153 and rs17595731 were not checked and the rest of the two SNPs (rs2286812 and 

rs613872) did not show any association.26 In addition to the Singaporean Chinese study, 

rs17089887 showed significant association with the FECD in the East Indian population.34 

Variant rs17595731 and rs613872 were also significantly associated with FECD in the South 

Indian population.99 

 

1.6.1.3 Solute carrier family 4 member 11 (SLC4A11): 

SLC4A11 (Gene ID: 83959) facilitates Na+ coupled borate cotransport, which is the primary 

member of the borate transporter family. Researchers also disclosed the functional involvement 

of SLC4A11 in water reabsorption across the basolateral surface of the endothelium to preserve 

deturgescence.100,101 Fewer than twenty pathogenic variants had been found in SLC4A11 at a 

frequency of approximately 4.0% for LO-FECD in South-Asian and Caucasian population.18 

Previously, one deletion mutation (c.99-100delTC) and three missense mutations (E399K, 
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T754M, and G709E) were found in a case-control study conducted in Singapore. Mutated 

proteins were also deficient in the localization to the plasma membrane of the cells; co-

expression of intracellular wild-type proteins was unable to rectify the deficiency, which 

highlighted the dominant mode of inheritance of FECD.102 This particular investigation also 

reported ten silent non-pathogenic mutations and five missense non-pathogenic mutations. 

Genetic testing also observed different missense variants (G834S, Y526C, G742R, G583D, 

R282P, V575M, and E167D) of SLC4A11 in FECD cases in Baltimore, USA.18 Proteins with 

one of the seven variants (E167D) were deficient in post-translational modification, maturation, 

and cell membrane position.18 In another study, five new polymorphisms (D886D, N150S, 

T463T, R158R, and H728H) that existed in the coding region of the SLC4A11 were also found 

in African-American FECD cases; all of which were present in controls.103 Missense variants 

(W240S, V507I, and T434I) were also found in sporadic LO-FECD individuals in South India. 

Expression of both wild type and mutant proteins in HEK-293 cell line showed that mutant 

proteins were dysfunctional in either localization in the plasma membrane of the cells or water 

pumping rate .104 In a separate study, the concerned proband of a Korean family with congenital 

hereditary endothelial dystrophy 2 (CHED2) had a homozygous deletion mutation (C386 *) in 

the exonic region of SLC4A11. The mother of the proband, who had the heterozygous mutation, 

expressed LO-FECD characteristics. It indicates a similar mechanism for developing FECD 

and CHED2.105 A double knock-out cell line of SLC4A11 showed the reduced ability of cellular 

proliferation with impaired NH3:H
+ transport.106 SLC4A11 knock-out mice had increased 

stromal thickness, elevated stromal concentrations of sodium chloride (NaCl), presence of 

NaCl crystals, and thickening of DM.107 In a nutshell, these studies confirmed the functional 

effects of different SLC4A11 mutant proteins and their roles in FECD development. 
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1.6.1.4 Zinc finger E-box binding homeobox 1 (ZEB1): 

The ZEB1 gene (Gene ID: 6935) expresses the transcription factor having two groups of zinc 

fingers in its DNA binding sites. TCF4 upregulates ZEB1 expression and both were thought to 

involve identical biological pathways for FECD progression.21,25 The first silent mutation 

(D64D) and a missense mutation (N696S) in ZEB1 were found in a patient with LO-FECD in 

Singapore in 2008; which was not present in the controls.108 Five missense mutations (Q840P, 

Q810P, N78T, P649A, and A905G) were found in FECD cases in Baltimore, USA. Such 

mutations were absent from controls and revealed the loss of protein function.22 Screening of 

LO-FECD patients in northern India reported different mutations (E733K, S234S, Q840P, 

L947Stop, and A818V) and variants (IVS2 + 276, rs77516068, and rs149166539); not any of 

these were detected in controls. Significant genetic association of SNP rs220060 was also 

found with the disease.109 The expression of mutant proteins of A905G, Q810P, N696S, 

Q840P, P649A, and N78T did not result in any difference in the abundance of proteins or 

nuclear localization. But, in silico analysis suggested that the mutations might change the 

regulatory or post-translational modification sites of the protein.110 So, their effects need to be 

checked further in future studies. 

 

1.6.1.5 Lipoxygenase homology PLAT domains 1 (LOXHD1): 

LOXHD1 (Gene ID: 125336) encodes a protein comprising polycystin, lipoxygenase, and 

alpha-toxin domains that help to regulate directing proteins to the cell membrane. It is the gene 

originally related to autosomal recessive progressive hearing defect in humans. In a family 

based study, exon-capture array identified a LOXHD1 R547C mutation, predicted to be 

pathogenic in the American population.111 Antibody staining with LOXHD1 of the concerned 

proband cornea with R547C mutation, showed enhanced LOXHD1 staining in DM as well as 

in the endothelium layer in comparison to keratoconus cornea. The enhanced 
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immunofluorescence signal is not present in either controls or FECD cases without LOXHD1 

mutations. Further analysis of 207 LO-FECD cases detected 14 extra missense mutations. 

Many of them were suspected to be pathogenic and these mutations were absent in the control 

population. Two intronic variants (c.1809+155G>A and c.5332-126C>T) in LOXHD1 were 

also identified in FECD cases in a multigenerational family study.112 In a subsequent study, 

one heterozygous missense variant c.6413G>A; p. (R2138Q) in LOXHD1 was reported in LO-

FECD cases in India.113 Variant rs450997 in LOXHD1 was also found to be genetically 

associated with FECD in the European population.64 

 

1.6.1.6 ATP/GTP binding protein like 1 (AGBL1): 

AGBL1 (Gene ID: 123624) catalyses the deglutamylation of polyglutamylated proteins. Next 

generation sequencing pinpointed a nonsense mutation (R1028*) present in the AGBL1 in 

FECD cases, which leads to protein truncation. This mutation also existed in a very low 

frequency of 0.26% in controls.114 The same study also revealed two different unrelated persons 

having the same mutation and the presence of another missense mutation (C990S) in the FECD 

cases. Wild type AGBL1 was primarily located in the cytoplasm, whereas the truncated protein 

displayed a distinct nuclear location and the missense mutant was confined to the cytoplasm.  

Researchers also proved that AGBL1 interacts with the TCF4 protein, and these particular 

mutations minimize the interactions.114 GWAS study of the European population in 2017 

reported the genetic association of AGBL1 with FECD.64 

 

1.6.1.7 KN motif and Ankyrin repeat domains 4 (KANK4): 

KANK4 (Gene ID: 163782) is involved in cytoskeleton formation and tissue integrity. The 

GWAS study in 2017 found that KANK4 variant rs79742895, present in chromosome 1, is 

significantly associated with FECD. Variant rs79742895 resides in the enhancer region of 



20 
 

KANK4 and has the binding probability of allele specific transcription factors.64 The frequency 

of the minor allele ‘C’ is very low in South-Asian (0.8%) and East-Asian population (0.0%) 

compared with European (3.6%) and American population (1.3%) [rs79742895 (SNP) - 

Population genetics – Homo sapiens - Ensembl genome browser 108]. 

 

1.6.1.8 Laminin subunit gamma 1 (LAMC1): 

LAMC1 (Gene ID: 3915) serves an important role in the formation of DM. Previous research 

found that rs3768617 in LAMC1 is significantly associated with FECD in both discovery (2564 

controls and 1404 cases) and replicative set (3342 controls and 2075 cases) also. At this SNP, 

a gender-specific association was observed, with a higher risk in women, compared to men.64 

Expression study indicated decreased number of cytoplasmic LAMC1 expressed endothelial 

cells in case of FECD tissue compared with control. 

 

1.6.1.9 ATPase Na+/K+ transporting subunit beta 1 (ATP1B1): 

ATP1B1 (Gene ID: 481) encodes the beta (β) 1 subunit of Na,K-ATPase. The intergenic variant 

rs1200114, present between LINC00970 and ATP1B1 was significantly associated with the 

FECD. Variant rs1200114 manifested the most significant association in both discovery (2564 

controls and 1404 cases) and replicative (3342 controls and 2075 cases) set after TCF4 variant 

rs784257. This SNP does not show any important eQTLs in GTEx, but signifies the enrichment 

of enhancer and promoter features, especially in many brain tissues.64 The reduction in 

ATP1B1 expression could increase corneal hypertonicity and lead to the corneal edema seen 

in FECD cases. 

 

1.6.1.10 Clusterin (CLU): 

https://www.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=1:62316689-62317689;v=rs79742895;vdb=variation;vf=3470329
https://www.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=1:62316689-62317689;v=rs79742895;vdb=variation;vf=3470329
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The molecular chaperone CLU (Gene ID: 1191) performs an important job in protein folding 

and is upregulated in the FECD corneal endothelium compared with control.115 This study also 

demonstrated increased expression of both secretory as well as nuclear CLU in FECD-DM 

samples compared with the healthy controls. In South Australian Caucasians, genotyping of 

the variants observed significant association of rs17466684 with FECD. The differential 

distribution of CLUs in FECD-affected corneas was also reported. Positive immunolabelling 

signal of CLU was found only in the anterior surface of the DM in FECD cornea whereas it 

was visible evenly throughout the DM in healthy cornea. 97 It was indicated that abnormal 

clusterin secretion could play a major role in the pathogenesis of FECD. 

 

1.6.1.11 RAD51 recombinase (RAD51): 

RAD51 (Gene ID: 5888) codes for an essential protein involved in the homologous 

recombination. It rectifies the double-stranded DNA breakage, resulting from reactive oxygen 

species (ROS). SNP rs1801321 of this gene showed a genetic association with FECD in the 

Poland population. The allele ‘G’ showed a protective effect from FECD development with an 

odds ratio of 0.51. On the other hand, the risk allele ‘C’ increased the chance of disease 

causation with an odds ratio of 1.85.116 The genetic association of this SNP is yet to be 

replicated in any other population. 

 

1.6.1.12 Fas cell surface death receptor (FAS): 

This gene (Gene ID: 14102) is a member of tumour necrosis factor (TNF) superfamily. In a 

study performed with 300 controls and 221 FECD cases, SNP c.671A > G, present in FAS 

showed significant association with FECD in the Poland population.117 The genetic association 

of this SNP is yet to be replicated in any other population. 
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1.6.1.13 X-Ray repair cross complementing 1 (XRCC1): 

XRCC1 (Gene ID: 7515) repairs the single-strand (ss) DNA breakage induced by different 

alkylating agents and ionizing radiation. One XRCC1 SNP (c.1196A > G) was significantly 

associated with FECD in the Poland population. The risk allele ‘A’ and risk genotype ‘AA’ 

increased the chance of FECD, whereas protective allele ‘G’ and genotype ‘AG’ and ‘GG’ 

displayed the opposite effect.118 

 

1.6.1.14 Paired like homeodomain 2 (PITX2): 

PITX2 (Gene ID: 18741) encodes essential regulatory factors, involved in the formation of eye 

tissue. A pedigree study identified a new PITX2 mutation (G137V) in the Axenfeld–Rieger 

syndrome affected individuals.119 Strikingly, most of the affected people also had FECD. This 

report indicated that this G137V mutation may be associated with FECD but this mutation is 

yet to be reported with only FECD patients without the Axenfeld–Rieger syndrome.  

 

1.6.1.15 Transforming growth factor beta 1 (TGF-β1): 

TGF-β1 (Gene ID: 100135628) was overexpressed in FECD condition and also colocalized in 

guttae with clusterin.120 Significant haplotype (TAAAT) association of TGF-β1 SNPs 

(rs756463, rs2073510, rs2302038, rs4572, rs10043360) was found in the Caucasian 

Australians. This particular haplotype appeared as a risk haplotype with an odds ratio of 2.29.97 

 

1.6.2 Epigenetic factors: 

Kitigawa et al. hypothesized that a higher prevalence of FECD in the Singapore (tropical 

climate, located 1° N) relative to Japan (temperate climate, located 37° N) is likely due to 

increased UV exposure due to its proximity to the equator.31 However, UV exposure studies 

performed in Reykjavik, Iceland (temperate, 64° 08 ' N) did not distinguish between collateral 
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increase in the development of corneal guttae and UV exposure.121 Another study found that 

twenty packs of smoking per year (P = 0.013) was correlated with a two-fold increase in the 

development of corneal guttae; higher body weight and BMI were also associated with lower 

risk but it mechanism is not clear.121 An independent study, however could replicate that 

smoking increased their chances of getting FECD by 30.0% in Americans.122  

 

MicroRNAs (abbreviated miRNA) are short, endogenous, non-coding RNA molecules that 

exist in plants, animals, and some viruses. It controls post-transcriptional gene expression. 

Downregulation of eighty-seven miRNAs and a substantial decrease in DICER1 were reported 

in the FECD endothelium relative to control. Decreased expression of miR-29 was associated 

with the overexpression of the different ECM proteins like collagen I and collagen IV.72 

Researchers found that DNA hypermethylation in the promoter of miR-199B drives epigenetic 

silencing of miR-199b-5p expression. It ultimately caused overexpression of its target genes 

ZEB1 and SNAIL, leading to EndoMT transition and accumulation of ECM deposition in 

FECD.123 

 

DNA methylation in the promoter or within the gene body region epigenetically controls the 

gene expression. Hypomethylation of the genes associated with the transport of fluids and ions 

[Aquaporin-1 (AQP1), bicarbonate transporter-related protein-1 (BTR1), and 

monocarboxylate transporters (MCTs)], was found in the FECD endothelium tissue samples 

compared with the age matched controls.124 Significant hypomethylation in the promoter 

regions of the genes related to the cytoskeletal organization like EMAP like 3 (EML3), and 

zinc finger protein 135 (ZNF135) was also found in the FECD samples. Promoter DNA 

hypermethylation was observed in the genes such as alpha glucosidase (GAA), and fatty acid 

Synthase (FASN), associated with the different metabolic pathways. DNA hypermethylation of 
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the promoter region of SLC4A11 lead to downregulation of its expression in FECD samples 

relative to controls.124 

 

1.7 Molecular Pathophysiology: 

1.7.1 Pump dysfunction: 

Endothelial cells have specific receptors that enable the leakage of solutes and nutrients to the 

cornea from the aqueous humour. Na,K-ATPase which is located on the basolateral surface of 

CE, pumps the fluid outside of the cornea to keep it in a condition of deturgescence. Functional 

impairment of these receptors and pumps as noticed in FECD, leads to corneal edema. 

Researchers found FECD patients with the elevated central corneal thickness (CCT) without 

any sign of epithelial edema. They noticed increased permeability in FECD CE but no 

alteration in the pumping rate, implying that the initial problem could be due to the downfall 

of endothelial barrier function, which led to elevated fluid influx into the cornea but no 

corresponding improvement in pump function. In the follow up investigation, however, 

researchers observed no change in the permeability rate of the FECD patients compared with 

the control group, indicating that the pumping rate is lower and the barrier activity is not 

compromised in FECD. The difference between the two studies may be due to the possibility 

that barrier and pump functions may be affected in different ways at various stages of FECD.125 

Other reports showed that the density of the pump site in early FECD is greatly elevated relative 

to the typical corneal endothelium. As the condition worsens, there tends to be a change from 

elevated pump density to reduced density of the pump site during the end-stage of the disease. 

But, when the transition from elevated to reduced pump density occurs and whether this 

transition is abrupt or gradual is not known till now.57 
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Solute carrier family 4 member 11 (SLC4A11) is a highly clustered sodium coupled borate 

pump, residing in the membrane of the CE. A reduction in SLC4A11 expression due to its 

promoter hypermethylation was also found in FECD cases.124 Due to the diminished expression 

of SLC4A11 in the membrane, NH3:2H+ cotransport and Na+ coupled OH- transport ultimately 

fails.100,126 A substantial decrease in the β1 subunit indicated a continuous depletion in the 

abundance of Na,K-ATPase in the endothelial cells of LO-FECD.57,127 

 

1.7.2 Aggregation of extracellular matrix proteins and guttae formation: 

Proteomics study reported pronounced upregulation of the molecular chaperone clusterin 

(CLU) in FECD tissue samples compared with the controls. Both the secretory and the nuclear 

isoforms of CLU were detected to be overexpressed in the FECD endothelium. Rosette-like 

aggregation of the FECD endothelial cells was found surrounding the guttae. Studies also 

showed enhanced CLU staining in the centres of the guttae.115 The specific role of CLU in 

FECD causation is yet to be known, but it could be due to is the apoptosis of endothelial cells 

owing to the overexpression of nuclear clusterin. Transforming growth factor-β-induced 

protein (TGFβIp) also serves an important role in the development of the guttae.120 It interacts 

with fibronectins, collagen, and other ECM proteins.128–130 It was presumed that interaction 

between TGFβIp with collagen drives the excess accumulation of collagen fibres in the guttae. 

Immunofluorescence assay found colocalization of TGFβIp and CLU in the FECD affected 

endothelium with significantly enhanced intensity in guttae centres.120 TGFβIp represented 

positive staining at the DM level, with the most significant staining pointing toward lower 

guttae sections, whereas CLU immunostaining was located above TGFβIp. TGFβIp 

overproduction directs the gradual thickening of DM. The interaction between TGFBIp and 

CLU during guttae formation was thought to drive the aggregation and adhesion of endothelial 
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cells to the substratum. During guttae formation, the ability of the cells to connect to their 

substratum is gradually compromised, making them vulnerable to apoptosis.120 

 

1.7.3 Mitochondrial pathology: 

Because of the constant flow of ions and fluids, corneal endothelial cells are metabolically 

challenging; hence, they are mostly filled with densely populated mitochondria. FECD is the 

outcome of elevated oxidative stress with an inadequate mitochondrial network in 

decompensated corneal endothelial cells. Serial analysis of gene expression (SAGE) in FECD 

CE showed under-expression of different mitochondrial genes associated with the electron 

transportation as well as oxidative phosphorylation such as Cytochrome b, Cytochrome c 

oxidase subunit III, NADH dehydrogenase subunits 1, 2, 4, and ATP synthase F0 subunit 6.131 

The presence of 8-hydroxy-2'-deoxyguanosine, the marker of double-stranded DNA breakage 

hinted that the mitochondrial genome is the primary site of oxidative damage in FECD.46 

Ultrastructural FECD tissue studies showed significant existence of autophagic vacuoles with 

internalized and degenerated mitochondria, suggesting engulfment of the degenerated 

mitochondria by autophagic vesicles. Additionally, increased autophagosomes and 

autophagolysosomes were also found in the FECD. A simultaneous decrease in Mitofusin 2 

(MFN2), indicated the downfall of fusion capacity with concomitant induction of mitophagy 

caused by fission.132 The mtDNA genomic variant A10398G was significantly associated with 

FECD.133 

 

1.7.4 Unfolded protein response (UPR): 

Several genes involved in the FECD pathophysiology alter the processes of protein folding and 

may play roles in the UPR. Examination of CE demonstrated markedly enlarged, rough, and 

granule containing endoplasmic reticulum (ER) in all patients with FECD relative to the 
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controls. FECD corneas also showed enhanced expression of phospho-eIF2α, G protein-

coupled receptor 78 (GRP78), and C/EBP homologous protein (CHOP) engaged in the UPR 

compared with normal corneas.53 Colocalization of GRP78 with aggresomes indicated 

increased rates of misfolded protein accumulation, which subsequently lead to UPR in FECD 

endothelium.134 An FECD cell line (iFECD) demonstrated that TGF-β signalling channels the 

constant influx of ECM proteins into the ER, consequently increasing the deposition of 

unfolded proteins and triggering the intrinsic apoptotic response.135 

 

1.7.5 Endothelium to Mesenchymal transition (EndoMT): 

Even if the CE is assumed to be in a condition of terminated growth, the endothelial cells could 

migrate to mitigate the injury of the surrounded layer, and the presence of stem cell markers in 

the endothelium and the posterior limbus are also evident. Different proteins engaged in cell 

proliferation are also expressed in a wounded endothelium. Some other studies suggested 

significant overexpression of different extracellular matrix (ECM) proteins, like fibronectin, 

collagen subtypes I, III, and XVI, and agrin on the DM in FECD cornea.69,136 Researchers 

hypothesized that genes inducer of endothelial to mesenchymal transition (EndoMT) may be 

responsible for the excessive deposition of ECM on the DM. Significant overexpression of 

EndoMT inducing proteins ZEB1 and SNAIL was found in FECD corneal endothelial cells 

and through the various signalling pathways, they are actively engaged in the uncontrolled 

development of ECM proteins. Expression levels of ZEB1 and SNAIL were also suppressed 

after treatment of TGF-β type I ALK receptor inhibitor SB431542 followed by the reduced 

output of ECM deposition.137 Evidence suggested that EndoMT also changes the hexagonal 

corneal endothelium into fibroblastic ones. More studies is required to find a strong relationship 

between the EndoMT transition and abnormal ECM deposition, which might help in drug 

design for cure of the disease in the future. 
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1.7.6 Oxidative stress and apoptosis: 

Different mutations, RNA cytotoxicity, UPR, and channelopathy lead to increased aggravation 

of oxidative damage in FECD. If the cells are unable to remove excessive reactive oxygen 

species (ROS), the oxidant-antioxidant ratio produces an imbalance that increases oxidative 

stress. Overproduction of ROS and reactive nitrogen species (RNS) products in FECD corneas 

has been reported. In addition, FECD corneas displayed an elevated output of nitric oxide 

synthase relative to the normal corneas, suggesting the increased generation of nitric oxides 

linked with FECD.138 The FECD endothelial cells displayed downregulation of antioxidant 

enzymes like glutathione S-transferase (GST), aldehyde dehydrogenase family 3 member A1 

(ALDH3A1), and ferritin.131 Proteomic analysis showed decreased peroxiredoxin expression 

in FECD endothelial cells and DM relative to the control.139 Additionally, heat shock protein 

70 (HSP70), involved in the antiapoptotic response, showed lower expression in FECD 

corneas. The endothelium displayed reduced metallothionein 3 (MT3), superoxide dismutase 

2 (SOD2), and thioredoxin reductase 1 (TXNRD1) levels in the mitochondrial matrix.46 The 

antioxidant response element (ARE), found in the promoter sequences of numerous antioxidant 

and xenobiotic-degrading enzymes, controls the expression of several genes related to 

oxidative stress, including heme oxygenase-1 (HO-1), thioredoxin reductase 1 (TXNRD1), 

glutathione S-transferases (GSTs) etc.140,141 This ARE sequence has a high probability of 

binding nuclear factor erythroid 2-related factor 2 (NRF2) regulatory protein, which may be 

connected with the transcriptional activation of many antioxidant genes essential for oxidative 

stress protection.140 A decrease in the amount of NRF2 and its stabilizer Parkinson disease 

protein 7 (DJ-1) was found in the FECD endothelium, which in turn manifested oxidant-

antioxidant imbalance in the FECD endothelium.142 It has been hypothesized that in FECD 

endothelium elevated oxidative stress may result in DNA damage and apoptosis.46 In the DM 

and CE of FECD samples, researchers reported high quantities of advanced glycation end 
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products (AGE) and their receptors (RAGEs), proving evidence of prolonged exposure to 

oxidative stress in the FECD corneal endothelium.143 

 

Cellular apoptotic response and senescence were also reported in the FECD endothelium, 

suggesting that they may be the reason rather than the outcome, of the disease progression. In 

FECD samples, endothelial cells showed hallmarks of apoptosis, such as DNA fragmentation, 

reduction in cellular dimensions, condensed nuclei, and presence of TUNEL positive cells.144–

146 Overexpression of the Fas, Fas ligand, and Bax (apoptotic) was also noticed in the FECD 

endothelium.145 Apoptosis induction proteins like caspase 3 and caspase 9 were also increased, 

pointing out that initiation of the UPR may perform a crucial part in apoptosis activation in 

FECD. FECD endothelium samples showed altered senescence-related protein expression of 

p21 and p16.147-148 Both human FECD endothelium samples and transgenic COL8A2 

(Q455K/Q455K) knock-in mice displayed excessive p21 expression.147 Previous reports also 

supported upregulation of the cyclin-dependent kinase inhibitor 2A (CDKN2A) and its 

transcription activators ETS proto-oncogene 1 (ETS1) and Rho GTPase activating protein 18 

(ARHGAP18), along with reduced expression of its transcription repressor inhibitor of DNA 

binding 1 (ID1) which indicated the sign of senescence and aging in FECD corneal 

endothelium.149–151 

 

1.8 Treatment: 

FECD patients are often reported with hazy cornea, scattering of light, wet eyes, and blurred 

vision. By the 6th or 7th decade of life, as these symptoms intensify, corneal transplantation 

appears mandatory. Previously, clinicians executed penetrating keratoplasty (PK) to substitute 

the thickness of the whole cornea. This procedure has limitations such as prolonged visual 

restoration, chronic epithelial injury, and others. Ophthalmologists have been practising 
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modifications of endothelial keratoplasty (EK) for the past two decades, where either the 

endothelium is removed, or descemetorhexis, in which particularly the DM is peeled off. 

 

1.8.1 Surgical techniques: 

Currently, corneal transplantation is the sole remedy for the FECD and other corneal 

endothelial diseases. Penetrating keratoplasty (PK) is an entire-thickness transplantation 

technique where a trephine of the proper diameter is utilized to prepare a full-thickness 

resection of the cornea of the patient, followed by a replacement of the full-thickness donor 

corneal graft. This technique has the maximum failure rate due to the intraoperative and 

postoperative complexities. Advanced surgical techniques, such as Descemet stripping 

endothelial keratoplasty (DSEK) and Descemet membrane endothelial keratoplasty (DMEK), 

particularly transplant the diseased endothelial layer with donor corneal endothelium. The 

benefits of DSEK over PK include a decreased rate of surgical failure, fewer intraoperative and 

postoperative problems, astigmatism, and faster visual restoration.152–154 But, DMEK has 

drastically reduced the rejection rates and improved the visual recovery over DSEK.155–157 

According to studies, this procedure could mitigate the ocular complications much better than 

DSEK.158,159  

 

1.8.2 Non-surgical techniques: 

The advancement of various surgical techniques for corneal transplantation currently allows 

for the minor invasive procedure with improved therapeutic results, although issues persist. 

The majority of these are the lack of donor corneas, complex surgical procedures, and the rate 

of transplantation failure. Such concerns have inspired researchers to design new approaches 

that can address the existing drawbacks of transplantation.  
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Eye drops containing the ROCK inhibitor (Y-27632) promoted cellular proliferation and 

restored endothelium cell density in primates. It prevented the death of corneal endothelial cells 

and improved cellular regeneration.160 It also reduced corneal edema in FECD patients.161 In 

addition, ROCK inhibitor also improved cellular density, reduced elevated corneal thickness, 

and thus restored corneal transparency in patients suffering from bullous keratopathy (BK).162 

 

Treatment with the antisense oligonucleotide to curtail the extended CTG repeat induced toxic 

RNA foci formation was shown to effectively inhibit the number and size of RNA foci, mis-

splicing of mRNA.92,96 

 

Lithium has been utilised as a remedy for neuropsychiatric diseases because it could minimize 

ER-UPR and oxidative stress. Also, COL8A2 (Q455K/Q455K) knock-in lithium-treated mice 

presented enhanced autophagy and improved viability of CE cells, proposing lithium as a 

therapeutic option.163 N-acetylcysteine (NAC) enhances the life span of cultured corneal 

endothelial cells, exposed to ER and oxidative stress. NAC consumption improves the viability 

of the corneal endothelial cells correlated with the increased antioxidant and reduced ER stress 

markers in an EO-FECD mouse model.164 

 

NSAIDs like Glafenine, Ibuprofen, and Acetylsalicylic acid could restore functional defects of 

SLC4A11.165 In a further investigation, combinations of four NSAIDs (Flurbiprofen, 

Diclofenac, Nepafenac, and Bromfenac) were noticed to drive misfolded SLC4A11-G709E 

mutant proteins in the plasma membrane of HEK-293 cells.166Although both types of treatment 

improves the complications associated with FECD but these are all cell based and it remains to 

be explored in human. Thus, the early prediction of the disease and determining the genetic 

and non-genetic risk factors across in all the populations can help curtail the disease. 
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1.9 Lacunae and Objectives of the Thesis: 

A GWAS of Caucasian population in 2010 reported a significant genetic association between 

the TCF4 intronic SNP rs613872 and FECD.20 Subsequent findings revealed that the expanded 

CTG trinucleotide repeats (CTG18.1) in the TCF4 gene has a significant impact on FECD 

causation. In the Caucasian cohort, 79.0% individuals with CTG repeat lengths > 50 had 

symptoms of FECD.90 In contrast, only 34.0% of the FECD cases exhibited this increased 

repeat length in our population.34 This would implicate the role of other possible genes apart 

from TCF4 as the major genetic candidates in our population. In the latest GWAS in 2017, 

where three additional variants found in new candidate genes (rs79742895 in KANK4, 

rs3768617 in LAMC1, and rs1200114 in LINC00970/ATP1B1) were identified as having a 

significant association with the disease in the European population in addition to the previously 

reported TCF4 gene.64 For the lack of a substantial sample collection, GWAS study in Indian 

population is yet to be carried out. Replication study of the newly identified genetic variants in 

the various populations, including Indian population is yet to be carried out and the functional 

relevance of these genetic variants was also lacking.  

 

In addition to the genetic association of various genes related to FECD, many transcriptional 

and post-transcriptional regulatory proteins, induce the expression of various genes linked to 

enhanced apoptosis, ECM production, and cell migration, related to the pathophysiology of the 

disease.115,137,167 Caspase 8 associated protein 2 (CASP8AP2, also known as FLASH), was 

found as a novel post-transcriptional regulator of EMT inducing protein ZEB1 and it was 

shown that CASP8AP2 protects ZEB1 from proteasomal degradation caused by the activity of 

the ubiquitin ligases SIAH1 and F-box protein FBXO45.168 As a result, the lack of CASP8AP2 

abruptly affected the ZEB1 expression level in the cells and interrupted the EMT transition. 

CASP8AP2 is a part of the death-inducing signalling complex (DISC) and participates in 
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apoptosis by activating caspase 8.169 ZEB1 is overexpressed in primary FECD corneal 

endothelium cells, compared with control endothelium cells.137 But, the expression pattern of 

CASP8AP2 in control versus FECD endothelium tissues is also not known. Furthermore, the 

transcriptional regulation of CASP8AP2 expression is yet to be studied. These two open 

questions would help to decipher the reasons for ZEB1 overexpression in FECD condition. 

 

Based on these lacunae, we hypothesized that polymorphism rs3768617 in the intronic region 

of LAMC1 and rs1200114 in the intergenic region of LINC00970/ATP1B1 might also be the 

genetically and functionally associated for FECD pathogenesis in the Indian population. We 

also speculated that transcription factors might bind to the most important regulatory region of 

the CASP8AP2 promoter and regulate its expression. To test our hypothesis, the following 

objectives were designed to accomplish the specific aims related to them: 

 

Objective 1: Genetic association and functional role of LAMC1 with LO-FECD (Chapter 3) 

Objective 2: Genetic association of LINC00970/ATP1B1 with LO-FECD and its functional   

                      role in disease pathogenesis (Chapter 4) 

Objective 3: Role of CASP8AP2 in FECD progression (Chapter 5) 
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2.0 Materials and Methods: 

2.1 Sample collection: 

The Institutional Ethics Committee of the National Institute of Science Education Research, L. 

V. Prasad Eye Institute, and Disha Eye Hospitals evaluated and approved the present 

investigation preceding the enlistment of the participants. All the research methods followed 

the principles of the Declaration of Helsinki. The control and FECD affected people were 

registered for this examination at L. V. Prasad Eye Institute, a tertiary eye care organization in 

Bhubaneswar and Disha Eye Hospitals, Barrackpore after obtaining their consent for 

enlistment in the study. 4 ml of peripheral blood was drawn out by a clinician at the eye care 

centres and kept at 4°C in EDTA – coated vacutainers to limit blood coagulation. For long time 

preservation, the blood samples were kept at -80°C. Tissue samples from patients were 

obtained quickly after post operation in RNAlater (R0901, Sigma-Aldrich, USA), and further 

used for RNA extraction or immunofluorescence (IF). The inclusion and exclusion criteria for 

sample collection are discussed below. 

 

2.2. Inclusion-exclusion criteria:  

We acquired clinical details of all the candidates after medical screening by using specular 

microscopy examination. The inclusion criteria for FECD cases are the age range over 40 years 

and the presence of moderate to confluent central corneal guttae. In a couple of cases, 

microscopy examination was impossible in either both eyes or one eye because of the 

progressive stage of FECD and so, we found out the disease status by histopathological 

examinations including thickened Descemet’s membrane (DM) with nodular excrescence and 

scattered endothelium. FECD cases which showed inconclusive results from specular 

microscopy or histological examinations, were excluded from the study. Also if the patient had 
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any other ocular diseases apart from FECD, was not included in the case-control study. The 

inclusion criteria for control subjects are the absence of corneal guttae and satisfying age range 

almost similar to cases. Controls who did not match the age range or had inconclusive results 

from specular microscopy examinations were not considered for the study. 

 

2.3 Genomic DNA Extraction: 

The genomic DNA was obtained from the blood leucocytes (by deoxyribonucleic acid salting-

out method) of the subjects (both controls and cases) and was kept at 50 ng/μl. First, 500 μl of 

human blood sample was taken in a microfuge tube from the EDTA coated vacutainer tubes 

(BD Vacutainer, UK) and was centrifuged at 11000 rpm for 5 minutes to pellet down the 

leucocytes. The serum-containing supernatant was discarded and 1000 μl RBC (Red-blood 

cells) lysis buffer was added. Pelleted cells were dislodged for not more than 1 minute by 

inverting the microfuge tubes several times and then centrifuged for 5 minutes at 11000 rpm. 

A further 200 μl of RBC lysis buffer was mixed with the retained pellet and re-centrifuged for 

5 minutes at 11000 rpm. Subsequently, the lysed RBCs were discarded and only the pellet 

containing leucocytes was processed. To eliminate the salts and impurities from the previous 

steps, the pellet was dissolved in 200 μl of ultrapure water by pipetting 2-3 times and 

centrifuging at 13500 rpm for 6 minutes. The supernatant was thrown away. 80 μl Nuclei lysis 

buffer and 10 μl of 10% SDS were applied to this pellet. Because of SDS, pipetting this mixture 

produced saponated froth which assisted to lyse the cell membrane and the nuclear membrane. 

100 μl of pre-chilled 5 M NaCl was applied to this solution to coalesce DNA molecules in the 

presence of high salt concentrations. Furthermore, 200 μl of ultrapure water and 400 μl of PCI 

solution (P2069, Tris saturated phenol: chloroform: isoamyl alcohol = 25:24:1, Sigma-Aldrich, 

USA) were applied. The contents were mixed by inverting the tubes until they turned milky 
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followed by centrifugation for 10 minutes at 12000 rpm. The aqueous layer containing genomic 

DNA was extracted in fresh tubes and 1000 μl of absolute pre-chilled ethanol was added for 

precipitation. Mixing was performed carefully by slowly inverting the tubes 20 times which 

allowed the DNA pool to aggregate. The tube was again centrifuged for 15 minutes at 13500 

rpm and the supernatant was removed. The pellet containing the pool of DNA was washed with 

200 μl of 70% ethanol and centrifuged for 5 minutes at 13000 rpm. All stages of centrifugation 

were done at room temperature (RT). The supernatant was discarded by soaking and the pellet 

was air-dried for at least 3-4 hours. DNA was ultimately resuspended in 30 μl Tris-EDTA 

buffer (for every 500 μl blood sample as starting material), pH 8.0, and left at 56°C for 1 hour 

to dissolve the DNA fully. The re-suspended DNA was quantified using NanoDrop 2000 

(ThermoFisher Science, USA) and DNA quality was tested with an agarose gel electrophoresis. 

It was preserved at -20°C at 50 ng/μl until further use. The compositions of all the required 

buffers for DNA extraction are mentioned in Table 2.1. 

 

Table 2.1: Composition of the buffers used for DNA extraction 

SN Buffer Composition 

1 RBC lysis buffer 0.32 M Sucrose, 1 mM MgCl2, 1% Triton X 100, 12 mM Tris-HCl 

(pH 7.6) 

2 Nuclei lysis buffer 20 mM Tris-HCl, 4 mM Na2EDTA, 100 mM NaCl (pH 7.4) 

3 Tris-EDTA buffer 10 mM Tris-HCl (pH 8.0), 1 mM EDTA 

 

2.4 Primer designing: 

Primers flanking the polymorphism sites were designed using the NCBI PrimerBLAST online 

tool [Primer designing tool (nih.gov)] and were manufactured at 25 nmoles, under desalted 

conditions (GCC Biotech, India). The primer sequences used for the genetic association study 

are noted in Table 2.2. 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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Table 2.2: Sequences of the primers used for genetic association analysis  

SN SNP ID Sequence (5′-3′) Ta Chapter 

1 rs3768617 F: GTTTCCTTACACTCCGTGCTG 

R: TCCTTTTCCACTTTCCTACCTTGA 

58°C 3 

2 rs1200114 F: GCACACAACAGAACACGGAA 

R: CCTTTGCTTGACTGAGCCTG 

58°C 4 

3 rs4656175 & 

rs1040506 

F: GATGCTCAATGATAGGTGTGCTC 

R: CAATACTATGGTTTGGGTCTCTC 

57°C 4 

4 
rs10665761 

F: ACTGGAACATACAAGAGAACCTT 

R: GGAGCTTGGCATCTTGAAGG 

55°C 4 

5 
rs1200105 

F: ACTGGCTTACCTTGCCACC 

R: CCTTGAGGCTCCACCTATT 

60°C 4 

6 
rs1200106 

F: AATAGGTGGAGCCTCAAGG 

R: CCTGTGTAATAGAAAACAACAGCC 

54°C 4 

7 
rs1200108 

F: TCAAACACAGACAGGGAGTCG 

R: TGACCTGGCACCATACCTTGT 

52°C 4 

F: Forward, R: Reverse, Ta: Annealing temperature 

 

2.5 Tag SNP Selection: 

All of the promising tag SNPs were selected within a gene fragment of 7000 base pairs 

upstream and downstream of the lead SNP rs1200114, according to the International HapMap 

Project for Han Chinese from Beijing (http://browser.1000genomes.org, 

http://grch37.ensembl.org/index.html). Using Ensemble software, candidate tag SNPs with 

minor allele frequencies more than 0.05 were identified. The threshold value of squared 

correlation between SNPs (r2) 1.0 and D-prime (D′) value 1.0 was preferred to pick SNPs that 

are in high linkage disequilibrium (LD) with the reference SNP rs1200114. Six tag SNPs 

rs4656175, rs1040506, rs10665761, rs1200105, rs1200106, and rs1200108 were ultimately 

chosen for additional experiments based on the aforementioned criteria.  

 

http://grch37.ensembl.org/index.html
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2.6 Polymerase chain reaction (PCR): 

PCR was performed to amplify a particular genomic region. The PCR reaction mix comprised 

of 100 ng genomic DNA, 0.2 μM flanking primers, 1 mM dNTP mixture (G-4001, GeNet Bio, 

India), 2.5 μl DMSO (Himedia, India), 1X Reaction Buffer (GeNet Bio, India), 1.0 U ExPrime 

Taq DNA polymerase (GeNet Bio, India) and nuclease-free water (NFW) to adjust the 25 μl 

reaction volume. The reaction conditions are mentioned in Table 2.3. These amplified products 

were used directly for elution by the QIAquick Gel Extraction Kit (28706X4, QIAGEN, 

Germany). The eluted products were then used for Sanger sequencing. The compositions of 

the PCR reagents are described in Table 2.4. 

 

Table 2.3: Thermocycling conditions for the PCR 

SN Steps Cycle Temperature Time 

1 Initial denaturation 1 95°C 4 minutes 

2 Denaturation 

Annealing  

Extension 

35 95°C 

Annealing temperature  

72°C 

35 seconds 

30 seconds 

50 seconds 

3 Final extension 1 72°C 10 minutes 

4 Hold 1 4°C             ∞ 

 

Table 2.4: Detail composition of the PCR reaction mixture 

SN PCR reagent Composition 

1 10X Reaction Buffer Tris-HCl (pH 9.0), 20 mM MgCl2, (NH4)2SO4, PCR enhancers 

2 10 mM dNTP mixture 2.5 mM of each dNTP 

 

2.7 DNA Sequencing using the Sanger sequencing method: 

The eluted PCR amplicons were quantified, and sequencing PCR reaction was set up using 

BigDye Terminator v3.1 Cycle Sequencing Kit (4337455, Applied Biosystems, USA). The 

components used for each sequencing reaction were 0.25 μl of 2.5X ready reaction mix (0.1 μl 
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of ready reaction mix was used per 100 bases), 2 μl of dilution buffer (5X), up to 80 ng eluted 

DNA as a template, 2 μl of primer (2 pmol) and nuclease-free water (NFW) for a total 10 μl 

reaction volume. The thermocycling conditions for the sequencing PCR reaction is mentioned 

in Table 2.5. Initially, each sequencing reaction product required clean up steps before 

eventually being sequenced on a Genetic Analyzer 3130xl (Applied Biosystems, USA). 10 μl 

of NFW with 2 μl of 125 mM EDTA was applied to each sequencing reaction containing 10 μl 

of sequencing PCR product and the contents were properly mixed. Then 2 μl of 3 M Sodium 

acetate (NaOAc) (pH 4.6) and 50 μl of absolute ethanol was added to this. The contents were 

well mixed and incubated for 15 minutes at room temperature. Following incubation, the 

reaction mixture was centrifuged at room temperature (RT) at a speed of 12000 rpm for 20 

minutes. The pelleted sequencing products were washed by adding 250 μl of 70% alcohol and 

centrifuged at room temperature at 12000 rpm for 10 minutes. The pellets were dried at RT for 

2 hours after decantation of the supernatant and solubilized in 12 μl of Hi-Di formamide 

(4311320, Thermo Scientific, USA). These samples were placed on a 96-well sequencing plate 

(ABI 1400, Applied Biosystems, USA), coated with septa, denatured at 95°C for 5 minutes, 

and, snap-chilled on ice for 10 minutes. The sequencing readout was achieved in ABI format 

and analyzed using BioEdit v7.1 software [(https://bioedit.software.informer.com/7.1/) Tom 

Hall, Ibis Biosciences, USA]. Sequences acquired from the 1000 genome NCBI Genomes 

database (https://www.ncbi.nlm.nih.gov/) were used to match either genotype the polymorphic 

site or to search for nucleotide sequence variations using the local alignment method. 

Table 2.5: Thermocycling conditions for the sequencing PCR 

SN Step Cycles Temperature Time 

1 Denaturation 

Annealing 

Synthesis 

25 95°C 

50°C 

60°C 

10 seconds 

5 seconds 

4 minutes 

2 Hold 1 4°C  ∞ 
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2.8 Cell culture: 

HEK293 cells (Cell repository facility, NCCS, Pune) were cultured in Dulbecco’s Modified 

Eagle Medium, High Glucose (AL066G, Himedia, India) with 10% fetal bovine serum 

(11573397, Gibco, USA) and maintained at 37°C and 5% CO2 under optimum humidity. The 

cells were routinely checked by a phase-contrast microscope (CKX53, Olympus LS) to avoid 

any contamination.   

 

2.9 In silico analysis: 

In silico analysis was performed to check the probability of allele specific transcription factor 

binding in the encompassing region of rs3768617 and rs1200114 using the JASPAR database 

(http://jaspar2016.genereg.net/). In JASPAR, the relative profile score threshold was set at 90% 

to examine the chance of binding transcription factors in the adjoining sequences of both minor 

and major alleles of all the variants. The transcription factor(s) which showed the differential 

binding probability of a particular allele was selected for other wet-lab experiments. We also 

investigate the allele specific transcription factor binding probability in the case of rs1200108 

by the Promo 3.0 online tool (http://alggen.lsi.upc.es/cgi-

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) as JASPAR database failed to show any 

differential allele specific transcription factor for this particular variant. For analysis of the 

potential promoter region of CASP8AP2, we considered the Promoter2 online tool 

[MatInspector,Genomatix(https://www.genomatix.de/online_help/help_matinspector/matinsp

ector_help.html)] to retrieve the 5′-UTR region of CASP8AP2.  Lasagna Search 2.0 database 

(https://biogrid lasagna.engr.uconn.edu/lasagna_search/index.php) was selected to distinguish 

the different transcription factor binding motifs in the promoter region of CASP8AP2. 

 

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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2.10 Ultra-competent bacterial cell preparation: 

A small amount of frozen glycerol stock of DH5-Alpha or Stbl3 was taken by a pipette tip and 

stroked in an LB plate. The plate was then kept at 37°C for 12 hours for bacterial growth. The 

next day, an isolated colony was taken from the plate and incubated in 15 ml antibiotic-free 

SOB growth medium (2% Tryptone, 8.56 mM NaCl, 2.5 mM KCl, 0.5% Yeast extract, 10 mM 

MgCl2, 10 mM MgSO4) at 37°C with shaking at 220 rpm. Subsequently, from this overnight 

culture, 4 ml solution was taken and added to 200 ml SOB growth medium in a 500 ml flask. 

In a second 500 ml flask, 10 ml of the overnight culture was added to 200 ml SOB media. Both 

the flasks were then placed in a humidified incubator and incubated at 18°C with shaking at 

170 rpm. The next day, when the OD600 of one of the cultures reached 0.55, that particular flask 

was immediately transferred to an ice-filled box and it was incubated for 15 minutes in ice to 

stop the bacterial growth. The bacterial culture of the other flask was discarded. The bacterial 

cells were harvested by centrifugation at 6000 rpm for 12 minutes at 4°C. The supernatant was 

discarded and the remaining media was removed by pipetting. The bacterial cells were mixed 

gently in 70 ml of cold Inoue transformation buffer (10 mM PIPES, 250 mM KCl, 15 mM 

CaCl2, 55 mM MnCl2). The resuspended cells were centrifuged for a second time at 6000 rpm 

for 12 minutes at 4°C. The supernatant was removed and the excess Inoue buffer was discarded. 

The pelleted cells were resuspended again in 15 ml of cold Inoue transformation buffer. 1 ml 

DMSO was added to this mixture and it was incubated on ice for 15 minutes. The resuspended 

cells were then aliquoted in chilled 1.5 ml tubes (100 µl cells per tube) and the tubes were snap-

frozen and stored at -80°C. To check the efficiency of the transformation, one of the vials was 

thawed in ice, and in that 100 ng of plasmid DNA was added and mixed well. This DNA-

competent cell mixture was then kept on ice for 30 minutes. The tube was then placed in a 42°C 

water bath for 45 seconds. Then, it was immediately returned to the ice and allowed to cool for 

5 minutes. Approximately 600-700 µl of SOC media (SOB medium + 20 mM glucose) was 
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added to the tube and it was kept in the shaking incubator for 1 hour at 37°C. Next, the tube 

was again centrifuged at 3000 rpm for 4 minutes and excess SOC medium was poured off. The 

cells were then suspended in 200 µl of remaining SOC medium and were plated in the LB-agar 

plate containing the appropriate antibiotic. The transformation efficiency of the ultracompetent 

cells was checked after 12 hours of incubation in a humidified incubator at 37°C.  

 

2.11 Colony PCR: 

Colony PCR was carried out to identify the positive bacterial colony having plasmid DNA with 

our desired insert. After the transformation of the plasmid DNA in competent cells, we first 

selected the single colonies and prepared batch cultures of the individual colonies in another 

LB plate (also known as a patch plate). From the patch plate, we took a small amount of each 

colony and mixed it with 20 µl of NFW in 0.2 ml PCR tubes individually. They were put in a 

PCR machine and pre-heated at 95°C for 10 minutes to lysis the cell membrane. After this, the 

tubes were centrifuged at 13000 rpm for 20 minutes to release the plasmid DNA. 6 µl of the 

supernatant was removed from each of the tubes as a template for the colony PCR. Insert 

specific primers were designed for the PCR reactions. After the PCR was completed, the 

products were electrophoresed in a 1% agarose gel. The positive colonies showed the expected 

DNA band in the agarose gel and the negative colonies failed to display the expected product. 

After identifying the positive colony, we again picked up a small amount of colony from the 

patch pate. It was then added into the 4 ml Luria Bertani (LB)-broth (M1245, Himedia) with 

the appropriate antibiotic and kept for overnight in the incubator at 37°C with shaking at 220 

rpm. Plasmids were isolated from the overnight culture using QIAprep spin miniprep kit 

(27106X4, Qiagen, Germany) and the plasmid DNA was sequence-verified using vector-

specific primers. 
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2.12 Luciferase reporter assay: 

HEK293 cells were seeded into 24-well plates to test the reporter activity. The cells were co-

transfected with firefly luciferase constructs (cloned in pGL4.23 vector using double digestion 

cloning method by KpnI-HF and NheI-HF restriction enzymes) along with the renilla vector 

(pGL4.74, Promega, USA) at a 100:1 ratio in 70% confluency. Lipofectamine 3000 

(L3000015, Invitrogen, USA) was used as the tool for transfection and Opti-MEMI reduced 

serum media (31985070, Gibco, USA) was preferred as the transfection medium. As a negative 

control, an empty pGL4.23 vector (E8411, Promega, USA) was used. The transfection 

efficiency was normalized by the luciferase activity of the renilla reporter vector. Using the 

Dual-Luciferase Reporter Assay System (E1980, Promega, USA), cell lysates were prepared 

48 hours after transfection. Following the instructions of the manufacturer, reporter activities 

were measured with the Varioskan Flash Multimode Reader (Thermo Scientific, USA). Upon 

normalization with renilla reporter activity, luciferase activities from the transfected cell lysates 

were plotted. Each of the experiments with at least three technical replicates was replicated 

independently for three individual days. The information of the oligos used to prepare the 

different firefly constructs are mentioned in Table 2.6. 

  

Table 2.6: Sequences of the primers/oligos utilized to develop different firefly constructs 
SN Purpose Sequence (5′-3′) Chapter 

1 rs3768617 

‘A/G’ 

cloning 

F: CGCGGGGTACCGTTATCTCTCACCTGGGATTG 

R: ATTAAAGCTAGCCATTTTGAAAGGACCATTTTGGC 

3 

2 rs1200114 

‘G’ cloning 

S: CTTCTCAGCCAGCCTCATCTTAG 

AS: CTAGCTAAGATGAGGCTGGCTGAGAAGGTAC 

4 

3 rs1200114 

‘A’ cloning 

S: CTTCTCAGCCAACCTCATCTTAG 

AS: CTAGCTAAGATGAGGTTGGCTGAGAAGGTAC 

4 

4 rs1200108 

‘G’ cloning 

S: CGCTAAGGACGCCGTGTAACTGCATAGG 

AS: CTAGCCTATGCAGTTACACGGCGTCCTTAGCGGTAC 

4 
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5 rs1200108 

‘A’ cloning 

S: CGCTAAGGACGCCATGTAACTGCATAGG 

AS: CTAGCCTATGCAGTTACATGGCGTCCTTAGCGGTAC 

4 

F: Forward, R: Reverse, S: Sense, AS: Anti-sense 

 

2.13 RNA isolation from the tissue samples: 

The endothelium layer plus a thin layer of DM was used to extract RNA. Non-transplant grade 

control corneal tissues were collected from LV. Prasad Eye Institute, Bhubaneswar and Disha 

Eye Hospitals, Barrackpore in RNAlater solution and stored at 4°C. The tissues were used 

within a month for experiments. Post-operative tissues were obtained in RNAlater solution in 

the case of FECD. All of these tissues were rinsed in NFW to clear the RNAlater solution and 

followed the manufacturer's RNA extraction protocol (74104, RNeasy Mini Kit, QIAGEN, 

Germany). Tissues were gently lysed with a 350 μl RLT buffer and mixed with 70% ethanol 

(in NFW) of equal volume. The solutions were then added to the columns and centrifuged at 

13000 rpm for 1 minute at 4°C. The columns were then washed once with a 750 μl RW1 buffer, 

and twice with a 500 μl RPE buffer to remove membrane DNA, protein, and lipids. RNA was 

then eluted with 15 μl nuclease-free water from the silica membrane and kept on ice until 

quantified. Spectrophotometric quantifications of RNA were performed using Nanodrop 2000 

(Thermo Scientific, USA). 

 

2.14 Reverse transcription and quantitative real-time PCR: 

Extracted and quantified RNA was immediately converted to cDNA using the Verso cDNA 

Synthesis Kit (AB1453B, Thermo Scientific, USA), and preserved at -20°C until further use. 

Since the total RNA extracted from FECD or control tissue was of small quantity, the entire 

eluted RNA was converted to cDNA by mixing it with anchored oligo-dT and random 
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hexamers in a ratio of 1:3 along with enzyme and buffer mixture into 20 μl reaction volume. 

The synthesis of cDNA was achieved in a C100 Touch Thermal Cycler (Bio-Rad, USA) at 

45°C for 45 minutes, followed by enzyme inactivation for 2 minutes at 95°C. Quantitative real-

time PCR (qRT-PCR) was performed in ABI 7500 real-time PCR System (Applied 

Biosystems, USA), using 8 μM transcript-specific primers (Table 2.7, GCC Biotech, India) 

and FastStart Universal SYBR green mastermix (F-416L, Thermo Scientific, USA). Cycle 

threshold (Ct) values were exported in Microsoft Excel (MS-Excel) file 

(https://www.microsoft.com/en-in/microsoft-365/excel) and the fold changes were determined 

after normalization with internal control, GAPDH values. Each experiment was performed with 

three experimental replicates. The amplification specificity of the designed primers were 

verified from melt curve analysis. 

 

Table 2.7: List of primers used for gene expression analysis at mRNA level 

SN Purpose Sequence (5′-3′) NCBI Seq.                                                                   

Acc. No. 

Chapter 

1 ATP1B1 mRNA 

expression analysis 

F: CCCAGTGAACCGAAAGAACGA    

R: TGAACGGGAAGGACATTTGG     

NM_001677.4 4 

2 CASP8AP2 mRNA 

expression analysis 

F: GCAGGTGGTGACTCTAAAAGG   

R:GAGGAGAAGCAGAAAAGACAT

CAA 

NM_012115.4 5 

F: Forward, R: Reverse 

 

2.15 Immunofluorescence: 

The corneal endothelial buttons were collected in RNAlater and maintained at 4°C. They were 

washed thrice for 5 minutes in 1X PBS to get rid of any residual storage medium and fixed for 

20 minutes in freshly made 4% paraformaldehyde (158127, Sigma-Aldrich, USA). Three 
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washes were done for 5 minutes each with 1X PBS, followed by PBST (1X PBS + 0.5% Triton-

X) washes for 15 minutes each, twice. The blocking solution (BS) was made in PBST with 

10% normal horse serum (NHS) (31874, Invitrogen, USA) and the tissue samples were placed 

in BS for one hour. The primary antibody solutions were then applied to the tissues in BS, held 

at RT for one hour, followed by 8 hours incubation at 4°C. The tissue samples were washed 

off to remove unbound primary antibodies with PBST washes followed by incubation with 

respective secondary antibodies for 2 hours at RT. After washing off the excess secondary 

antibodies sequentially with PBST and PBS, tissue samples were counter-stained for 10 

minutes with 2.5 μg/ml of 4′, 6-diamidino-2-phenylindole (DAPI) (D9542, Sigma-Aldrich, 

USA) and then washed with 1X PBS again to remove excess DAPI. Subsequently, the tissue 

samples were placed on a slide that held the endothelial side up (convex side up) and an 20 µl 

mounting medium (Floromount-G, Southern Biotech, USA) was added before the coverslip 

was placed. The slides were kept at RT for 12-16 hours and then the prepared slides were 

checked under Leica SP8 DLS Confocal Microscope (Leica, Germany). 

 

2.16 Electrophoretic Mobility Shift Assay (EMSA): 

2.16.1 Oligomer designing and annealing: 

20-22-mer oligonucleotides, encompassing the region of interest were designed; both with and 

without 5′-end biotin labelling [Integrated DNA Technologies (IDT), USA]. Oligomer’s 

sequences are listed in Table 2.8. Complementary oligomers were re-dissolved in NEB Buffer 

3 and annealed by incubating them at 95°C for 5 minutes, followed by step-cooling to room 

temperature and storage at -20°C until further use. 
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Table 2.8: Oligos required for EMSA 

SN oligo             Sequence (5′-3′) 

1 rs3768617 (G) labeled/unlabeled S: GCTCCAATCTCAACATGAAAG 

AS: CTTTCATGTTGAGATTGGAGC 

2 rs3768617 (A) labeled/unlabeled S: GCTCCAATCTTAACATCAAAG 

AS: CTTTCATGTTAAGATTGGAGC 

3 SP1.1 labeled/unlabeled S: CACTCAGTCCCGCCTCCATAC 

AS: GTATGGAGGCGGGACTGAGTG 

4 SP1.1 mut labeled/unlabeled S: CACTCAATCTAGCATCAATAC 

AS: GTATTGATGCTAGATTGAGTG 

5 SP1.2 labeled/unlabeled S: ACCTTACACCCCGCCCCTCTCT 

AS: AGAGAGGGGCGGGGTGTAAGGT 

6 SP1.2 mut labeled/unlabeled S: ACCTTAGATTCTGACTTACTCT 

AS: AGAGTAAGTCAGAATCTAAGGT 

7 SP1.3 labeled/unlabeled S: ATTGAAGCCCCGCCCCATCG 

AS: CGATGGGGCGGGGCTTCAAT 

8 SP1.3 mut labeled/unlabeled S: ATTGAAATAGCATTGCATCG 

AS: CGATGCAATGCTATTTCAAT 

9 SP1.4 labeled/unlabeled S: CAGGCCACGCCCCTACCTCC 

AS: GGAGGTAGGGGCGTGGCCTG 

10 SP1.4 mut labeled/unlabeled S: CAGATTCGGATCGTACCTCC 

AS: GGAGGTACGATCCGAATCTG 

     S: Sense, AS: Anti-sense 

 

2.16.2 Nuclear extract preparation and quantification: 

Nuclear protein lysate was extracted using NE-PER Nuclear and Cytoplasmic extraction 

reagents (Thermo Scientific, USA). In a 96-well plate, nuclear protein extracts were quantified 

using Bradford reagent (B6916, Sigma-Aldrich, USA) and bovine serum albumin (BSA) was 

used to prepare protein standards (2, 4, 8, and 16  mg/ml). Spectrophotometrically, absorbance 

readings were obtained using Varioskan Flash Multimode Reader (Thermo Scientific, USA) at 

595 nm. 
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2.16.3 Binding reaction for EMSA: 

DNA-protein binding reaction was performed using 20 µg of nuclear extract and 100 fmol of 

biotinylated annealed oligonucleotides per 20 μl total reaction volume. Competitive EMSA 

was performed using 200-fold excess (20 pmol) of unlabelled double-stranded 

oligonucleotides, added 20 minutes before the addition of labelled double-stranded 

oligonucleotides and it was incubated for another 20 minutes. For supershift assays, 4 μg of the 

antibody was incubated for an additional 15 minutes at RT with the final reaction mixture 

before mixing with the labelled oligos. A tabulated overview of EMSA binding reactions is 

mentioned in Table 2.9. All ingredients for binding reaction were taken from the LightShift 

Chemiluminescent EMSA kit (20148, ThermoFisher Scientific, USA) and the reaction was 

performed according to the manufacturer’s instructions. 

Table 2.9: Binding reactions formulation for EMSA  

SN Components Final 

Conc. 

Reactions 

Free 

probe 

Probe + 

NE 

Probe +NE +  

Unlabel excess 

Probe + 

NE + 

Antibody 

1 Ultrapure water  11 µl 3 µl 1 µl 1 µl 

2 10X Binding buffer 1X 2 μl 2 µl 2 µl 2 μl 

3 50% Glycerol 2.5% 1 μl 1 μl 2 μl 1 μl 

4 100mM MgCl2 5 mM 1 μl 1 μl 1 μl 1 μl 

5 1μg/μl Poly (dI-dC) 50 ng/μl 1 μl 1 μl 1 μl 1 μl 

6 1% NP-40 0.05% 1 μl 1 μl 1 μl 1 μl 

7 ZnSO4 0.5 mM 1 µl 1 µl 1 µl 1 µl 

8 20 pmol Unlabeled 

oligo 

200 pmol   1μl  

9 Nuclear extract 20 μg  8 µl 8 µl 8 µl 

10 100 fmol Biotin 

End-Labelled oligo 

100 fmol 2 μl 2 μl 2 μl 2 μl 

11 2 μg/µl Antibody 4 μg    2 μl 

 Total Volume  20 μl 20 μl 20 μl 20 μl 
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2.16.4 Electrophoresis of binding reaction: 

In a native polyacrylamide gel, the binding reactions were electrophoresed in the 0.5X TBE 

(Tris-borate EDTA) buffer. 6% or 4.5% polyacrylamide gel was prepared using 0.5X TBE. 

The casted gel was allowed to flush out unpolymerized polyacrylamide and any residual 

ammonium persulfate ions with a 60 minutes pre-run at 100 V and 100 mA. With the aid of an 

ice jacket, the electrophoresis tank was placed at lower temperatures (4-10°C) to minimize 

overheating. Post pre-run, the binding reactions were loaded onto the wells after mixing with 

5 μl of 5X loading buffer. Electrophoresis was conducted at 100 V and 100 mA before the 

3/4th migration of the bromophenol blue dye. 

 

2.16.5 Electrophoretic transfer and crosslinking of binding reaction to nylon membrane: 

Transfer of the electrophoretic separated DNA-protein complexes from gel to 0.45 μm 

positively charged biodyne membrane was completed using the mini trans-blot electrophoretic 

transfer cell (Bio-Rad, USA) for 35 minutes at 380 mA (~100 V). Post-wet-transfer, DNA: 

protein complexes on the nylon membrane were exposed to UV-light (254 nm, power = 120 

mJ/cm2) for 60 seconds using a UVC 500-crosslinker (Amersham Biosciences, USA). The 

crosslinked membrane was stored in RT until further use. 

 

2.16.6 Chemiluminescent detection of biotin labelled DNA complexes: 

The biodyne membrane was first blocked in 1X blocking buffer and then the crosslinked biotin 

labelled DNA complexes were conjugated with stabilized streptavidin horseradish peroxidase 

(HRP), diluted in 1:300 with blocking Buffer (89880, Chemiluminescent nucleic acid detection 

module Kit , Thermo Scientific, USA). Following this, the membrane was washed 5 times in 
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1X wash buffer with gentle shaking for 5 minutes each. The membrane was then submerged 

into the substrate equilibration buffer for 15 minutes. A substrate working solution was 

prepared by combining a 1:1 amount of luminol and stable peroxide solution and the membrane 

was filled with this mixture for 5 minutes without shaking. After removing the excess substrate 

working solution, it was wrapped in the plastic sheet and exposed to high sensitivity 

chemiluminescent detector (Fusion Solo S Chemi-Doc, Vilber Lourmat, Germany) for 

visualization.  

 

2.17 Western blotting:  

Proteins were extracted from the cells by the use of Radioimmunoprecipitation assay (RIPA) 

buffer. Briefly, the cell pellet was washed in 1X phosphate buffer solution 2-3 times to remove 

the cell culture media and after that required amount of ice-cold RIPA buffer was mixed with 

the cell pellet to homogenize it. It was then incubated on ice for 10 minutes. The cell suspension 

was then vortexed 5-7 times to break the membrane and solubilize the proteins. Then the cell 

lysate was sonicated three times for 5 seconds each with a minimum of 2 minutes rest on ice 

between each pulse. If the lysate was still viscous, then the sonication was again repeated. The 

sonicated lysate was then incubated for an additional 20 minutes on ice and then centrifuged at 

13,000 rpm for 10 minutes at 4°C. The supernatant was aliquoted into new microcentrifuge 

tubes. Protein concentration was measured using the Pierce BCA protein assay kit (23225, 

Thermo Fisher Scientific, USA). An equal volume of 2X Laemmli buffer was added to the 

required amount of protein solution, the cell lysate was boiled in the sample buffer at 95°C for 

10 minutes to denature the proteins. The denatured sample was cooled down and loaded into 

the wells of SDS-PAGE gel along with the molecular marker. The gel was run at 50 V for 2-3 

hours. Once electrophoresis was completed, the separated proteins were transferred from the 

gel into the activated polyvinylidene fluoride (PVDF) membrane (IPVH00010, Merck, USA) 
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using a semi-dry transfer system (Bio-Rad, USA) at 15 volt for 40 minutes in 1X transfer 

buffer. If the molecular weight of the required protein was > 150 kDa, we used the wet transfer 

blotting system at 30 volt for 12 hours in 1X wet transfer buffer. After the transfer was 

completed, the membrane was placed in the 5% skim milk (GRM1254, Himedia, India) 

solution for 1 hour to block nonspecific binding. Next, the membrane was incubated in 

appropriate dilution of primary antibody in blocking buffer overnight at 4°C. The next day, the 

membrane was washed in TBST three times, each for 10 minutes. It was incubated in 

horseradish peroxidase (HRP) conjugated secondary antibody solution according to the host of 

the primary antibody for 1 hour at room temperature. Thereafter, the membrane was washed 

three times 5 minutes each in TBST. For signal development, we preferred SuperSignal West 

Femto Maximum Sensitivity Substrate (34094, Thermo Scientific, USA) according to the 

manufacturer’s instructions. Images were captured using Fusion Solo S Chemi-Doc (Vilber 

Lourmat) and Evolution Capt software was used for densitometry analysis. Expression levels 

of the target proteins were quantified relative to their endogenous control (GAPDH). The 

constituents of the required buffers are explained in Table 2.10. The list of the primary and 

secondary antibodies used for the immunoblotting is presented in Table 2.11. 

Table 2.10: Composition of the buffers essential for protein extraction and western blot  

SN Buffer Composition 

1 RIPA buffer 50 mM Tris-HCl ( pH 8.0), 150 mM NaCl, 1% Nonidet P-40 (NP-

40) ,  0.5% Sodium deoxycholate, 0.1% Sodium dodecyl sulphate 

(SDS) 

2 2X Laemmli Buffer 4% SDS, 10% 2-mercaptoethanol, 20% Glycerol, 0.004% 

Bromophenol blue, 0.125 M Tris-HCl 

3 Running buffer 25 mM Tris, 190 mM Glycine, 0.1% SDS 

4 Semi-dry transfer buffer 48 mM Tris-base, 39 mM Glycine, 20% Methanol 

5 Wet transfer buffer 25 mM Tris, 190 mM Glycine, 20% Methanol 

6 TBST buffer 20 mM Tris, 150 mM NaCl, 0.1% Tween 20 

7 Blocking buffer 5% Skim milk in TBST 
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Table 2.11: List of primary and secondary antibodies 

SN Antibody Name Type Host Source 

(Catalogue No.) 

Dilution 

1 Anti-SP1 Primary Rabbit Merck (07-645) 1:500 

2 Anti-GAPDH Primary Mouse Santa Cruz Biotechnology 

(sc-365062) 

1:1000 

3 Anti-CASP8AP2 Primary Rabbit Abcam (ab8420) 1:500 

4 Goat anti-rabbit 

IgG-HRP 

Secondary Goat Geneilabs (HPO3) 1:5000 

5 Goat anti-mouse 

IgG-HRP 

Secondary Goat Geneilabs (HPO6) 1:5000 

 

2.18 Site-directed Mutagenesis:  

Site-directed mutagenesis was performed according to the Inverse PCR approach. In this 

method, the complete circular plasmid is amplified, and a sequence is deleted, altered, or 

introduced. On the two opposing DNA strands, the primers are placed end-to-end, in the outside 

direction. One or both may carry mismatches to induce the required changes and both primers 

may have phosphorylated 5' ends or a restriction site for further recircularization. The PCR 

DNA polymerase must have a high degree of fidelity and leave blunt ends for final ligation. 

After finishing the PCR, the plasmid DNA is gel eluted, the phosphorylated ends are ligated, 

and the recircularized plasmid is transformed into bacteria. Mutagenesis primers were designed 

using the NEBaseChanger version 1.3.3 (https://nebasechanger.neb.com/) online designer 

software. The primers should have minimum non-specific binding sites on the pGL3 basic 

vector (E1751, Promega, USA) and a very low probability of secondary structure formation. 

We checked all the criteria of the primers using the IDT OligoAnalyzer tool 

(https://www.idtdna.com/pages/tools/oligoanalyzer) and picked up the best pair of primers for 

all mutagenesis reactions. The full length pGL3 plasmid having -381/+68 region of CASP8AP2 

promoter was then amplified using Phusion High-Fidelity DNA polymerase (M0530S, New 
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England BioLabs, UK) to generate full length, complete, linear mutated plasmid. The primer 

sequences (Table 2.12), reaction components of the PCR (Table 2.13), and the thermocycling 

conditions (Table 2.14) are mentioned below. 

Table 2.12: Primers needed for site-directed mutagenesis 

SN Purpose Sequence (5′-3′) Ta 

1 SP1.1 SDM1 F:CATCAATACCCTGATAGCGCTCTG 

R:CTAGATTGAGTGCCTACGGCCAAT 

65°C 

2 SP1.2 SDM2 F:GACTTACTCTCTTAAAGCCCTAGGAAGATTACTG 

R:AGAATCTAAGGTGGCGGGGAAGGC 

68°C 

3 SP1.3 SDM3 F:TTGCATCGCCTTCCCCGCCACCTTAC 

R:TGCTATTTCAATAGGAAGGGGCTGACC 

65°C 

4 SP1.4 SDM4 F:ATCGTACCTCCACTCAGGTCAGC 

R:CCGAATCTGAGAGAAGCTTTTTAGTGAAAGAC 

62°C 

F: Forward, R: Reverse, Ta: Annealing temperature 

Table 2.13: Reaction components and their final concentrations in Phusion PCR 

SN Component 20 µl Reaction Final concentration 

1 Nuclease free water 10.8 µl  

2 5X HF buffer 4 µl 1X 

3 10 mM dNTPs 0.4 µl 200 µM 

4 10 µM forward primer 1 µl 0.5 µM 

5 10 µM reverse primer 1 µl 0.5 µM 

6 Template DNA 2 µl 100 ng 

7 DMSO 0.6 µl 3% 

8 Phusion polymerase 0.2 µl 0.5 units 

 

Table 2.14: Thermocycling conditions for a Phusion PCR 

SN Steps Cycle Temperature Time 

1 Initial denaturation 1 98°C 30 seconds 

2 Denaturation 

Annealing 

Extension 

35 98°C 

Annealing temperature (Ta) 

72°C 

10 seconds 

20 seconds 

3 minutes 

3 Final extension 1 72°C 10 minutes 

4 Hold 1 4°C ∞ 
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The amplified product was then run in 0.7% agarose gel and the specific DNA band was cut 

from the gel and purified through MinElute Gel Extraction kit (Qiagen, Germany). Next, the 

purified product was phosphorylated using T4 Polynucleotide Kinase (M0201S, New England 

BioLabs, UK) at 37°C for 40 minutes. The components of the reaction are discussed in Table 

2.15 below. 

 

Table 2.15: Reaction components for T4 PNK phosphorylated reaction 

SN Reagent Quantity Final concentration 

1 Eluted PCR product 13 µl  

2 10X T4 PNK buffer 2 µl 1X 

3 10 mM ATP 4 µl 2 mM 

4 T4 PNK 1 µl 10 units 

5 Total 20 µl  

 

After phosphorylation, we used the Quick Ligation kit (M2200S, New England BioLabs, UK) 

to ligate the phosphorylated linear product at 25°C for 10 minutes. The materials used for this 

reaction are the following (Table 2.16). 

 

Table 2.16: Reaction components for Quick ligation reaction 

SN Component Quantity Final concentration 

1 Phosphorylated product 3 µl  

2 2X Quick ligase reaction buffer 5 µl 1X 

3 Quick ligase 1 µl 10 units 

4 10 mM ATP 1 µl 1 mM 

 Total 10 µl  

 

One (1.0) µl of DpnI restriction enzyme (R0176S, New England BioLabs, UK) was added to 

the reaction mixture and incubated at 37°C for 2 hours to remove wild-type plasmid DNA. The 
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DpnI digested product was combined with 50 µl of E.coli competent cells and incubated on 

wet ice for 30 minutes. Then the mixture was placed in a 42°C water bath for 30 seconds and 

immediately returned to the ice for 5 minutes. 1 ml Luria Bertani (LB) broth (Himedia, India) 

was added to the mixture and placed in a shaking incubator at 37°C for 1 hour. The cells were 

centrifuged at 5000 rpm for 5 minutes. The excess LB broth was discarded and cells were 

suspended in 200 µl of remaining LB. Cells were plated on an LB agar (M1151, Himedia, 

India) plate and incubated at 37°C overnight. After 12 hours, colonies appeared and 10-15 

colonies were transferred individually to 4 ml LB broths containing ampicillin (CMS645, 

Himedia, India). The colonies were allowed to grow at 37°C overnight. The next day, plasmids 

were isolated from the individual tubes using QIAprep Spin Miniprep Kit (Qiagen, Germany) 

and they were sequenced using vector specific RVprimer3 (5′ 

CTAGCAAAATAGGCTGTCCC 3′) for verification. 

 

2.19 Deletional plasmid construction:  

Six PCR primer pairs were designed by applying Primer Blast to chop the entire 5′́ flanking 

region of CASP8AP2 (-1336/+68), and the quality of the primers was checked through the 

OligoAnalyzer tool (Integrated DNA Technologies USA). All the deletional fragments (-

181/+68, -381/+68, -573/+68, -841/+68, -1156/+68, and -1336/+68) have the same reverse 

primer but their forward primers are different. They were PCR amplified with their respective 

primer sets, having Kpn1 and Nhe1 restriction sites in forward and reverse primers 

respectively, by Phusion DNA Polymerase (New England Biolabs, USA) according to the 

manufacturer’s instructions. The amplified products were first electrophoresed in agarose gel 

and then gel purified using Qiagen Mini elute purification kit (Qiagen, Germany). 

Subsequently, the eluted products were then digested by the respective enzymes and gel 

purified again by MinElute Gel extraction kit (Qiagen, Germany). The pGL3 basic vector 
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(Promega, USA) was also digested using the same enzymes, purified, and concentrated for the 

ligation reaction. The PCR amplified digested products were then ligated with digested pGL3 

basic luciferase vector using Quick ligation kit (M2200S, New England BioLabs, UK). The 

ligated products were transformed into the competent E.coli DH5-alpha competent cells by the 

heat shock method. Positive colonies were screened by colony PCR-based method and finally 

verified by Sanger sequencing. The overall cloning procedure is described below in Fig. 2.1. 

The primers specified for the cloning and sequence verification are mentioned in Table 2.17. 

 

Table 2.17: Primers necessary for cloning and screening of the overlapping segments of 

CASP8AP2 promoter 

SN Purpose Sequence (5′-3′) Ta 

1 -181/+68 cloning F:CTTGAGGGTACCGCCCCTCTCTCTTAAAGCC 

R:ATTAAAGCTAGCCAACTTACCCGCCCTG 

65°C 

2 -381/+68 cloning F: CTTGAGGGTACCTCGTAATCGAGCCCA 

R: ATTAAAGCTAGCCAACTTACCCGCCCTG 

60°C 

3 -573/+68 cloning F: CTTGAGGGTACCTAGACCTACCGGCAC 

R: ATTAAAGCTAGCCAACTTACCCGCCCTG 

62°C 

4 -841/+68 cloning F: TAAATAGGTACCCGCTCGCGTCTATGGT 

R: ATTAAAGCTAGCCAACTTACCCGCCCTG 

60°C 

5 -1156/+68 cloning F: CTTGAGGGTACCGCGTGGGTGGCTCAC 

R: ATTAAAGCTAGCCAACTTACCCGCCCTG 

65°C 

6 -1336/+68 cloning F: GAAAGGGGTACCGGTTGATATGGCAGTTAAGAC 

R: ATTAAAGCTAGCCAACTTACCCGCCCTG 

61°C 

7  RV Primer 3  

(for sequencing) 

CTAGCAAAATAGGCTGTCCC  

8  GL Primer 2 

 (for sequencing) 

CTTTATGTTTTTGGCGTCTTCCA  

F: Forward, R: Reverse, Ta: Annealing temperature 
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Fig. 2.1: An overall cloning method to prepare different deletional constructs required 

for luciferase assay. 

 

2.20 Chromatin Immunoprecipitation:  

Chromatin Immunoprecipitation (ChIP) was performed using EZ-Magna ChIP A/G (17-10085, 

Millipore, USA). HEK-293 cells were seeded in a T-75 flask and the experiment was carried 

out two days after the initial seeding. On the day of the immunoprecipitation assay, the flask 

should be at least in the 70% confluency stage. Cells were crosslinked by adding 1.0% 

methanol-free formaldehyde (28906, Thermo Scientific, USA) for 10 minutes at 25°C. The 

crosslinking reaction was terminated by the presence of glycine solution (56-40-6, Invitrogen, 

USA) to a final concentration of 250 mM and the flask was allowed to continue rocking for 10 

minutes at 25°C. Then, it was washed five times with ice-cold phosphate buffer solution 
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(Himedia, India) to remove the unreacted formaldehyde and glycine solution. Cells were 

scrapped into 4 ml of 1X PBS with protease inhibitor cocktail (Roche, USA) and collected in 

a 15 ml conical tube. Next, the cells were pelleted down by centrifugation at 5000g for 5 

minutes. The supernatant was discarded and the pellet was homogenized in 2 ml of cytosolic 

lysis buffer with protease inhibitor cocktail and incubated on ice for 20 minutes. The efficiency 

of cell lysis was checked by the trypan blue method. After the incubation, the nuclei were 

pelleted down by centrifugation at 15,000g for 10 minutes. Thereafter, the pelleted nuclei were 

resuspended in nuclear lysis buffer with protease inhibitor cocktail and vortexed for 4-6 times. 

Next, the chromatin was sonicated using a probe sonicator (Qsonica, USA) to an average length 

of 200-700bp with a 10 seconds ON and 1 minute OFF sonication cycle for 10 minutes. The 

sonicated DNA was centrifuged at 13,000 rpm for 15 minutes at 4°C to remove the debris and 

long chromatins. The supernatant was transferred to a new tube and it was diluted 10 fold in 

ChIP dilution buffer. After this, the sample was precleared with 50 µl of protein A/G agarose 

beads for 2 hours at 4°C on a rocking platform. Soon after pre-clearing, the beads were pelleted 

down by centrifugation at 3,000g for 1 minute at 4°C and the supernatant was distributed into 

individual tubes. 1.0% of the total supernatant was saved and it was used later as input control. 

In one tube, 4 µg of GFI1B antibody (sc-28356X, Santa Cruz Biotechnology, USA) was added 

and placed the tube on a rotating mixture at 4°C for overnight to form antigen-antibody 

complex. As a negative control, normal mouse IgG [5415, Cell Signalling Technology (CST), 

USA] was added to another tube and this tube was also placed the rotating mixture. The next 

day, 20 µl of protein A/G mixture was introduced to each tube and the tubes were allowed to 

rotate at 4°C for 2 hours to collect the antigen-antibody complexes. The beads were pelleted 

down by brief centrifugation (3000g for 1 minute) and the supernatant fraction was discarded. 

Beads were then washed sequentially on a rotating platform for 5 minutes each with 1 ml of 

low salt, high salt, LiCl, and TE buffer. The immune complexes were eluted by adding 250 µl 
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of elution buffer to each tube with an incubation of 65°C for 30 minutes. 8 µl of 5 M NaCl was 

added to all the tubes (IPs and input) and placed on a thermomixture at 65°C for 12 hours to 

reverse the DNA-Protein crosslinks. 8 μl of 1 M Tris-HCl, 4 μl of 0.5 M EDTA, and 1 μl 

Proteinase K were added to all the tubes and incubated at 50°C for 2 hours. All the DNA 

samples were then purified using QIAquick PCR purification kit (28104, Qiagen, Germany). 

The relative enrichment of the specific segment was quantified using the real-time quantitative 

PCR method and data was normalized using percentage of input method. The compositions of 

all the buffers are mentioned in Table 2.18 below. Sequences of the primers used for ChIP-

qPCR are mentioned in Table 2.19. 

 

Table 2.18: List of buffers and their compositions, needed for ChIP assay 

SN Buffer Composition 

1 Cytosolic lysis buffer 5 mM PIPES (pH 8.0), 85 mM KCl, 0.5% NP-40 

2 Nuclear lysis buffer 1% SDS, 10 mM EDTA, 50 mM Tris (pH 8.1) 

3 ChIP dilution buffer 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 

16.7 mM Tris-HCl (pH 8.1), 167 mM NaCl. 

4 Low salt immune complex wash buffer 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 

Tris-HCl (pH 8.1), 150 mM NaCl 

5 High salt immune complex wash buffer 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 

Tris-HCl (pH 8.1), 500 mM NaCl 

6 LiCl immune complex wash buffer 0.25 M LiCl, 1% IGEPAL-CA630, 1% Deoxycholic 

acid (sodium salt), 1 mM EDTA, 10 mM Tris (pH 

8.1) 

7 TE buffer 10 mM Tris-HCl, 1 mM EDTA (pH 8.0) 

8 ChIP elution buffer 100 mM NaHCO3, 1% SDS   

 

Table 2.19: Sequence of the primers used for ChIP-qPCR 

SN Purpose Sequence (5′-3′) Chapter 

1 rs3768617 ChIP F: GTTATCTCTCACCTGGGATTG 

R: CATTTTGAAAGGACCATTTTGGC 

3 

F: Forward, R: Reverse 
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2.21 Knockdown studies: 

HEK-293 cells were seeded in 6 well plate and transfection was performed the next day after 

ensuring that the cells were growing logarithmically and wells were filled with 60 - 70% 

confluent cells. First, the growth medium was replaced with Opti-MEM I low serum 

transfection medium. Two master mix were prepared. In the first, 125 µl of Opti-MEM I 

medium was aliquoted and 2 µg of pLKO.5 plasmid containing SP1shRNA 

(TRCN0000285149, Sigma-Aldrich) was added and mixed well. Subsequent to that, 4 µl of 

P3000 reagent (2 µl/µg of DNA) was supplied to the mixture and combined properly. In the 

second master mix, 125 µl of Opti-MEM I was taken and 3.75 µl of lipofectamine 3000 was 

added and mixed well. The mixture was incubated at RT for 6 minutes. Then this second master 

mix was combined with the first one and mixed very well. The final mixture was incubated for 

30 minutes at RT. It was then dispensed to the cells in a dropwise fashion. The transfection 

medium was changed after 6 hours and the cells were pelleted down 48 hours after the 

transfection. A nontargeted scramble shRNA (1864, Addgene) was considered as the negative 

control for the experiment. Western blotting was performed to check the knockdown 

efficiency. 

 

2.22 Overexpression studies: 

Overexpression of the desired protein was performed in HEK-293 cells. First, cells were seeded 

in a 6-well plate. Transfection was initiated in the next day with 60 - 70% confluent cells. Opti-

MEMI reduced serum transfection medium was used for transfection in place of the growth 

media. There were two master mixes made for the transfection. In the first, 125 µl of Opti-

MEM I and 2 µg of pcDNA3.1-CASP8AP2 plasmid were taken and thoroughly mixed. 

Following that, 4 µl of P3000 reagent (2 µl/µg of DNA) was added to the mixture and mixed 
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gently. In the second master mix, 125 µl of Opti-MEM I was added to 3.75 µl of lipofectamine 

3000 and it was completely mixed. This mixture was incubated at RT for 6 minutes. The second 

master mix was then blended with the first and mixed perfectly. At room temperature, the 

resulting combination was incubated for 30 minutes. It was then dropped into the cells. After 

6 hours, the transfection medium was changed, and the cells were collected 48 hours after the 

transfection. The empty pcDNA3.1 vector was preferred as the negative control.  

 

2.23 Statistical analysis: 

SPSS 28.0 statistics software for Windows was applied to calculate all of the statistical analysis 

(IBM SPSS, Inc., Chicago, IL, USA). Both the control and patient samples were selected 

following a student’s t-test to avoid any type of experimental biasness due to the confounding 

factors age and sex. Pearson’s χ2 test was performed to calculate the significance of allelic and 

genotypic frequency difference between two experimental groups and Haploview 4.2 (Broad 

Institute, Cambridge, MA, USA) software was used to conduct the 10,000 permutation test of 

genetic association. Haplotype association and linkage disequilibrium (LD) plot preparation 

was accomplished by Haploview 4.2. Based on the idea of three different genetic models- 

Dominant (DOM), Recessive (REC), and Additive (ADD), the genotypic association and 

relative risk was computed. Online Sample Size Estimator [OSSE (http://osse.bii.a-

star.edu.sg/)] tool was implemented to calculate the statistical power. P < 0.05 was considered 

as statistical significant. 
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3.0 Genetic and functional association of LAMC1 with FECD 

3.1 Introduction: 

Fuchs endothelial corneal dystrophy (FECD) affects all the layers of the cornea but the primary 

site of the disease is the innermost portion of the cornea, the endothelium.2 The major 

histological characteristics of FECD include moderate to marked thickening of Descemet’s 

membrane (DM) due to increased accumulation of abnormal extracellular matrix proteins, and 

the presence of spindle shaped corneal warts associated with the stiffening of the DM.170–172 

Initially it begins within the central membrane and eventually spreads towards the edge.3 The 

accumulation of numerous vacuoles inside the cells with the fragmented plasma membrane and 

the loss of intercellular junctions causes endothelial cells to degenerate, reducing the 

endothelial pump's capacity to keep the cornea in its usual dehydrated state.173 The effects are 

differences in endothelial cell shape, also known as polymagethism and pleomorphism, stromal 

and epithelial hydration, and corneal edema which causes corneal deformation and loss of 

vision.4,174 Based on the population's ethnicity, the disease prevalence ranges from 1.9% to 

11.0%. In the United States, around 3.9 – 6.6% of the population over the age of 40 is 

affected.175,176 The isolated population of 500 people at Tangier island in the USA, has a higher 

risk of FECD (21.6%), with a minimum frequency of 11.0 % among those over the age of 50.28 

In Iceland, a major population-based research of Caucasians found that 9.2% of the population 

over the age of 50 had FECD.121 Based on the prevalence of corneal guttata in FECD patients, 

the predominance rate of 3.7% was found in Japan and the frequency of FECD in over the age 

of 50 was determined to be 6.6% of the Chinese Singaporeans population.31 Another study 

reported that 1.9% of total bullous keratopathy (BK) was performed only for Fuchs dystrophy 

patients between 1999 and 2001 in Japan.177 In a population-based investigation on the 

Japanese island of Kumejima, 124 out of 3060 eligible individuals (4.1%) had cornea guttata 

in at least one eye.178 The population specific prevalence study is yet to be done in the Indian 
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population. However, based on the total penetrating keratoplasty performed, approximately 

16.6% was only for the FECD cases between January 1995 to March 2001 at a tertiary eye care 

center in South India.179 In another study, the total endothelial keratoplasty performed over a 

period of five years (2007 – 2011) at LV Prasad Eye Institute (LVPEI), Hyderabad in India 

were 7.5% to 10.4% for FECD affected patients.180 

 

Female predominance is reported for all the populations where studies are undertaken to date. 

In Texas, USA previous research has identified a notable female majority of FECD at a ratio 

of 3:1.175 Subsequently, other studies in the North American population proved the female 

predominance ranging from 2.5:1 to 3.5:1.31,121,181 In a multicentre study with 2044 Caucasians, 

the female sex advanced the probability of FECD by 34%.182 Corneal transplantation was most 

commonly carried out for Fuchs dystrophy at Kensington Eye Institute (KEI) throughout for 

two year studies (2014-2016) and more females were treated in comparison to the male 

(1.6:1).183 In a study with 465 Chinese Singaporean and 299 Japanese, corneal guttata was 

detected at a 2.4:1 (female: male) ratio in the case of Singaporeans and 4.5:1 (female: male) in 

the case of Japanese.31 In the southwestern island of Japan, the prevalence of corneal guttata 

was significantly different between men and women (2.4% versus 5.8%).30 At Ramathibodi 

Hospital, Bangkok, Thailand, 81.91% female predominance of FECD was observed between 

2007 to 2019.184 In India, though prevalence studies are lacking, based on the recruited FECD 

patients in hospital based study, females were noticed more prone to disease in comparison to 

males at a 1.5:1 ratio.34 

 

The first genome-wide association study (GWAS) found risk allele ‘G’ of rs613872 in the third 

intron of transcription factor 4 (TCF4) on chromosome 18 to be highly associated with FECD 

in the Caucasian population.20 The subsequent GWAS study, performed in European ancestry 
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in 2017 identified a significant association of rs79742895 within the intronic region of KANK4 

gene, rs1022114 residing in the intergenic region between LINC00970 and the ATP1B1 gene; 

and rs3768617 located in the intronic region of LAMC1 with FECD. They also replicated the 

previously associated single nucleotide polymorphisms (SNPs) already seen in the TCF4 

gene.64 Also, a significant linkage disequilibrium (r2=0.88) was found between rs784257 and 

earlier published variant rs613872, in the third intron of TCF4. Transcriptomic profiling 

showed that although there are positive expressions of TCF4, ATP1B1, and LAMC1 in corneal 

endothelium, yet there was no positive expression of the lncRNA LINC00970 has in the 

endothelium. On the other hand, KANK4 displayed minimal cytoplasmic expression. 

 

Although a link between SNP rs3768617 in 1q25.3 of LAMC1 and FECD has been shown in 

the Caucasian population, these finding needs to be confirmed in other populations. Because 

of the considerable dissimilarities in genetic background and environmental factors between 

Caucasian and Indian cohorts, genetic markers for FECD should also be explored in the Indian 

population. In addition, the functional significance of this variant and its role in disease 

progression is yet to be known. With these gaps in various studies, we aimed at checking for 

the genetic and functional association of rs3768617 in LAMC1 with FECD in the Indian 

population 

 

3.2 Materials and Methods: 

Detailed information of all the methodologies are discussed in chapter 2. These includes sample 

collection, DNA extraction, primer designing, PCR amplification, Sanger sequencing, cell 

culture, in silico analysis, ultracompetent bacterial cell preparation, luciferase reporter assay, 

EMSA, ChIP, and immunofluorescence. The reverse primer was used for the sequencing PCR 

of rs3768617 and the data obtained from the Sanger sequencing was categorized as AA, AG 
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and GG genotypes as mentioned in our published paper. But, in this chapter, we used the 

standard NCBI nomenclature and have reported the genotypes as CC, CT and TT. 

 

3.3 Results: 

3.3.1 rs3768617 residing in the intronic region of LAMC1 is genetically associated with 

FECD in the Indian population: 

One hundred and twenty (120) FECD affected patients and three hundred and fifty- six (356) 

controls were recruited for this study after a detailed assessment via Specular Microscopy. The 

average age of the FECD patients was 60.15 ± 9.1 years; while it was found to be 61.24 ± 7.6 

years in the case of control subjects (Table 3.1). Statistical analysis demonstrated that there 

was no notable age variation between these two comparable groups indicating that the findings 

of this study were not affected by the influence of uneven age distribution. The male to female 

ratio of both the groups was 1:2 which also avoided sex biasness. The demographic data is 

presented below. 

 

Table 3.1: Demographics of samples, used for rs3768617 analysis 

Group Sample size Mean age ± SD 

(years) 

P value Gender P value 

Male Female 

Control 356 61.24 ± 7.6 0.24 118 238 0.97 

Case 120 60.15 ± 9.1 40 80 

 

Genetic association between the rs3768617 and FECD was tested by comparing the frequency 

difference of the alleles between controls and cases. The prevalence of allele ‘C’ was much 

higher in FECD cases, identifying it as the risk allele for our population. χ2 test indicated that 

SNP rs3768617 was significantly associated with FECD with a P value of 2.65 × 10-8 (Table 

3.2). Even after performing 10,000 permutation tests the significance of the association 

remained almost the same (P = 2.65 × 10-8), signifying the potency of the risk allele ‘C’ for 
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advancing the disease. The risk of FECD was 2.73 times higher in ‘C’ allele carriers at 

rs3768617 than in ‘T’ allele carriers. The penetrance of the disease, associated with a particular 

genotype in the population was calculated under different genotypic models of inheritance. We 

concluded that the ‘C’ allele of rs3768617 significantly increased the risk of FECD in all the 

genotypic association models, dominant (P = 0.01, OR = 2.55), recessive (P = 2.99 × 10-8, OR 

= 3.43) and the additive (P = 1.95 × 10-4, OR = 3.86). Based on sample size, allele frequency, 

and 5.0% desired significance level the statistical power of this association study is 98.3%. 

 

Table 3.2: Allelic and Genotypic association of LAMC1 rs3768617 with FECD in Indian 

population 

SNP 

rs3768617 

Type Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P value OR (95%CI) 

Allele T 

C 

266(0.37) 

446(0.63) 

43 (0.18) 

197 (0.82) 

 
30.95 2.65 × 10-8 

2.65 × 10-8* 

2.73 (1.90-3.93) 

Genotype TT 

CT 

CC 

61 (0.17) 

144(0.41) 

15(0.42) 

9(0.08) 

25(0.21) 

86(0.71) 

DOM 

REC 

ADD 

6.64 

30.72 

0.15 

13.88 

0.01 

2.99 × 10-8 

0.70 

1.95 × 10-4 

2.55 (1.22-5.31) 

3.43 (2.19–5.38) 

1.18 (0.52–2.67) 

3.86 (1.83-8.16) 

Statistical test = χ2 (df1), freq. = frequency, * = 10,000 permutation test 

 

Since there is a higher prevalence of FECD in females than in males in the Indian population, 

we segregated the data into specific gender and the genetic association of rs3768617 with 

FECD was separately checked for each one. In the female group, we noticed significant genetic 

association in allelic level (P = 3.31 × 10-7) with an odds ratio of 3.13 (Table 3.3). The ‘C’ 

allele of rs3768617 significantly increased the risk of FECD in all the genotypic association 

models, dominant (P = 7.00 × 10-3, OR = 3.50), recessive (P = 1.00 × 10-6, OR = 3.77) and 
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additive (P = 7.40 × 10-4, OR = 5.96). The statistical power of this genetic association in the 

case of the female group is 97.1%. 

 

Table 3.3: Allelic and Genotypic association of LAMC1 rs3768617 with FECD (female only) 

in Indian population 

SNP 

rs3768617 

Type Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P value OR (95%CI) 

Allele T 

C 

185(0.39) 

291(0.61) 

27 (0.17) 

133 (0.83) 

 
26.06 3.31 × 10-7 3.13 (1.99-4.93) 

Genotype TT 

CT 

CC 

45 (0.19) 

95 (0.40) 

98 (0.41) 

5 (0.06) 

17 (0.21) 

58 (0.73) 

 

DOM 

REC 

ADD 

7.24 

23.51 

0.79 

15.70 

7.00 × 10-3 

1.00 × 10-6 

0.37 

7.40 × 10-4 

3.50 (1.34-9.15) 

3.77 (2.16-6.56) 

1.61 (0.60-4.64) 

 5.96 (2.26-15.7) 

Statistical test = χ2 (df1), freq. = frequency 

 

In the male group, a significant association was found between LAMC1 rs3768617 risk allele 

‘C’ with FECD (P = 0.02, OR = 2.09). However, we found a significant genetic association 

only in the recessive model (P = 6 × 10-3, OR= 2.86), while there was no significant association 

between rs3768617 with FECD based on both dominant (P = 0.56, OR = 1.41) and additive (P 

= 0.21, OR = 2.11) models (Table 3.4) which corroborates to the fact that females are more 

affected than the males as if seen if many populations.31,34,121,181,182 The statistical power of 

genetic association in case of male group is 40.5%. 

 

 

 

 

               P.T.O 
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Table 3.4: Allelic and Genotypic association of LAMC1 rs3768617 with FECD (male only) 

in Indian population 

SNP 

rs3768617 

Type Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P value OR (95%CI) 

Allele T 

C 

81 (0.34) 

155 (0.66) 

16 (0.20) 

64 (0.80) 

 
5.76 0.02 2.09 (1.14-3.85) 

Genotype TT 

CT 

CC 

16 (0.13) 

49 (0.42) 

53 (0.45) 

4 (0.10) 

8 (0.20) 

28(0.70)) 

DOM 

REC 

ADD 

0.34 

7.52 

0.40 

1.57 

0.56 

0.006 

0.53 

0.21 

1.41 (0.44-4.50) 

2.86 (1.33-6.16) 

0.65 (0.17-2.46) 

2.11 (0.64-6.93) 

Statistical test = χ2 (df1), freq. = frequency 

 

3.3.2 Intronic variant rs3768617 is located in a regulatory region of LAMC1: 

Two different allele specific 100bp constructs surrounding rs3768617 were cloned in luciferase 

pGL4.23 vector and reporter activities were checked 24 hours after transfection. The 

luminometric values from the constructs and empty vector were normalized with the values 

from the respective co-transfected constitutive pGL4.74 [hRluc/TK] vector for each day. The 

average of the normalized values from the three days was then plotted as relative luciferase 

activity ± SEM. Significant downregulation of the luciferase activity was observed in the case 

of plasmids bearing the intronic regions of either rs3768617 allele ‘C’ (0.26 ± 0.05, P = 4.02 × 

10-5) or allele ‘T’ (0.002 ± 2 × 10-4, P = 1 × 10-4) compared to the empty pGL4.23 vector (1.0 

± 0.07), suggesting that the intronic region might have a repressor activity (Fig. 3.1A). The 

luciferase activity of empty vector was considered as 1.0. Also, to show the difference in 

luciferase activity of ‘T’ with respect to ‘C’, the average luciferase activity of ‘T’ was plotted 

relative to ‘C’ whose activity was taken as 1.0 (Fig. 3.1B). Switching of allele ‘C’ to ‘T’ also 

significantly downregulated the luciferase activity (P = 0.005).   
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Fig. 3.1: Transcriptional regulatory activity of the genomic region encompassing 

rs3768617. (A) Luciferase assay was performed to verify the presence of any regulatory activity in the 

surrounding region of rs3768617. In comparison to the empty pGL4.23 [luc2/minP] vector, there was 

a significant decrease in luciferase activity in the presence of two different constructs, containing the 

100bp of adjoining rs3768617 with either allele ‘T’ or allele ‘C’. Each transfection reaction was 

conducted at least into three replicates in each single day experiment and the luciferase activity was 

normalized with co-transfected, constitutive pGL4.74 [hRluc/TK] vector luciferase activity. (B) 

rs3768617 allele specific change in the luciferase activity. Transition from allele ‘C’ to ‘T’ diminished 

reporter gene expression and led to a reduction in luciferase activity. The experiment was performed in 

triplicate and thrice on separate days and all the biological replicates values obtained is represented as 

mean ± SEM, relative to the empty vector. Student’s t-test was implemented to evaluate the statistical 

significance (** P < 0.01 and *** P < 0.001). 

 

3.3.3 Transcription factor GFI1B bind to the risk allele ‘C’ of rs3768617 but not with ‘T’ 

allele: 

Furthermore, we checked the probability of binding of various transcription factors (TFs) to 

this region through the JASPAR database. Keeping the relative profile score threshold at 90%, 

it was found that out of three (GATA3, GATA1, GFI1B), only one transcription factor, GFI1B 

has a probability of binding allele ‘C’ but not allele ‘T’ of rs3768617. To know the allele 

specific binding of GFI1B in the intronic region of LAMC1, Electrophoretic Mobility Shift 

Assay (EMSA) assay was performed. Two different biotin labeled 20bp oligos flanking 

rs3768617 were designed, carrying either allele ‘C’ or allele ‘T’, and the experiment was done 
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using nuclear extract from the HEK-293 cell line. It was noticed that a distinguished DNA–

protein complex was formed, noted as a shifted band, in the presence of biotin-labeled C probe 

of rs3768617 with nuclear extract of HEK-293 cell line but not in the presence of T probe 

indicating that the complex is specific for ‘C’ allele of rs3768617 but not allele ‘T’. The labeled 

C probe-protein complex became less intense when the nuclear extract was preincubated with 

the unlabeled excess probe of ‘C’ allele (Fig. 3.2A). Competitive EMSA was carried out to 

confirm the specificity of the shifted band and it was noticed that the formation of DNA-protein 

complex progressively appeared less intense due to the presence of unlabeled excess probe and 

it vanished in the presence of 200-fold excess unlabeled rs3768617 C probe, preincubated with 

nuclear extract (Fig. 3.2B). To make sure that, GFI1B binds in the ‘C’ allele, supershift EMSA 

was accomplished. In the presence of the antibody, the protein is unable to bind to the oligos 

and as a result intensity of the specific shift decreased, reflecting that GFI1B binds to the 

rs3768617 probe C (Fig. 3.2C). Altogether the EMSA result concluded that GFI1B binds to 

the ‘C’ allele of rs3768617 and not the ‘T’ allele.  
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Fig. 3.2: Allele specific transcription factor binding specificity of rs3768617. (A) 

Electrophoretic Mobility Shift Assay (EMSA) to know the differential ability of DNA-protein complex 

formation of the probes, having rs3768617 allele ‘C’ or allele ‘T’. Specific band- shift was observed 

(lane 2, upper band, marked with an arrow) in the presence of biotin labeled allele C probe with nuclear 

extract of HEK-293 cell line, which did not appear in case of labeled allele T probe (lane 5). Diminution 

in the intensity of the specific shift in presence of excess (200X) unlabeled C probe denoted its 

specificity (lane 3). Free biotin-labeled probes without any nuclear extract (lane 1 & lane 4) were 

considered as the negative control. (B) Validation of the specificity of gel shift band, forming in the 

presence of rs3768617 C probe with the nuclear extract. The intensity of the band gradually got reduced 

in the presence of the upward gradient (25X, 50X, 100X, 200X) of unlabeled excess rs3768617 C probe 

(lane 3-6). The shift was reappeared again when the nuclear extract was preincubated with unlabeled 

excess non-specific probe instead of unlabeled rs3768617 C probe (lane 7). (C) Supershift assay to 

confirm the binding of GFI1B transcription factor in rs3768617 C probe. The specific shift was 

disappeared when the nuclear extract was preincubated with GFI1B specific antibody suggesting that 

in presence of antibody the protein cannot able to bind with double-stranded oligonucleotide (lane 3).  

 

 

To ascertain whether GFI1B binds to the allele ‘C’ of rs3768617, chromatin 

immunoprecipitation (ChIP) assay was accomplished with GFI1B specific antibody. It was 

observed that, in the presence of GFI1B antibody, the amount of immunoprecipitated DNA, 

surrounding the region of rs3768617 was significantly more than that in the presence of normal 

mouse IgG which signifies that rs3768617 harbors a potential binding site of the transcription 

factor GFI1B (Fig. 3.3). 

 

 

 

 

 

 

                                                                                                                                         P.T.O 
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Fig. 3.3: ChIP-qPCR assay using the primers flanking rs3768617. The amount of DNA, 

pulled down by GFI1B specific antibody was significantly high in comparison to the negative control 

mouse IgG. The signal was normalized based on the percentage of input and data is represented as mean 

± SEM. ** P < 0.01. 

 

3.3.4 No significantly altered expression of GFI1B was observed between control and 

FECD endothelium samples: 

To check if only the binding of GFI1B to rs3768617 is only allele-specific or there is a difference 

in localisation and expression of GFI1B between control and FECD affected endothelium, 

immunofluorescence experiments were performed using whole mount of two control and two 

FECD corneal endothelium tissues. No alteration in localization was observed, and the GFI1B 

was localized both in the nucleus and plasma membrane (Fig. 3.4A). We found background 

signal outside the nuclei in both negative controls, showing the specificity of the signal in 

control and FECD tissues After quantitation of mean fluorescence intensity, we found a 

decreased expression of GFI1B in the case of FECD affected patients (0.63 fold) which was 

also not found to be statistically significant (P = 0.4) (Fig. 3.4B). This difference is possible 

because of decreased number of endothelial cells in patient samples.  
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Fig. 3.4: GFI1B expression in age, sex matched control and FECD affected corneal 

endothelium. (A) Immunofluorescence assay was performed to know the differential expression of 

GFI1B protein if any. Guttata is visible in FECD endothelium. Background signal was found only 

outside the nuclei of corneal endothelium in case of both isotype control and no primary antibody 

control, showing the specificity of nuclear GFI1B signal. (B) Quantification of GFI1B 

immunoreactivity in the endothelium cells using ImageJ. The mean fluorescence intensity signal was 

calculated after subtracting the background signal and the graph was plotted relative to control. In 

comparison to control, there is a decrease in fluorescence intensity in FECD cases but failed to be 

statistically significant. Data defines mean ± SEM of two control and two FECD tissues. Magnification 

= 630X, zoom factor = 2.5X, scale bar = 10um. 

 

3.4 Discussion: 

The heterotrimeric, multidomain family of glycoproteins, laminins are comprised of an alpha  

(α), a B1 (β) and a B2 (γ) chain and exhibit tissue and cell specific expression with various 

developmental and pathological stages. They also persist in various genetically distinct 

isoforms. In mammals, there are five α (LAMA1-5), three β (LAMB1-3), and three γ (LAMC1-
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3) chains, which are combined to generate 16 different isoforms that are tissue-specific and 

developmentally controlled.185–188 Through various signalling pathways, laminins influence 

cell specific functions like basement membrane assembly, formation of cellular architecture, 

cell adhesion, migration, and differentiation, and combat cell death.189–191 LAMC1 encodes the 

laminin γ1 chain which is the most omnipresent subunit in different laminin isoforms. C-16, a 

peptide derived from the laminin γ1 chain, remarkably promotes cell adhesion, enhances 

pulmonary metastasis and migration of murine melanoma B-16 cells, most likely by inducing 

matrix metalloproteinase-9 (MMP-9) secretion.192 LAMC1 knockout mice failed to produce 

the proper basement membrane in the embryoid body and as a result, the embryo did not 

survive.193  

 

Previous studies from different populations identified many SNPs, present in the intronic 

region of the LAMC1 gene, associated with the severity of different disorders. 194,195 For 

instance, SNP rs10911241 poses a major risk factor of pelvic organ prolapse in the Chinese 

population with minor allele ‘G’ showing an higher chance of the disease.196 On the other hand, 

variant rs1062044 G>A present in the 3’UTR of LAMC1 gene influenced the binding of miR-

423-5p and its action in colorectal cancer cases.194 Another polymorphism rs10911193, found 

in the promoter of LAMC1, builds up the propensity of early-onset pelvic organ prolapse and, 

the minor allele ‘T’ significantly affects the binding of the transcription factor NFIL3.197  

 

In our present study, we identified the genetic association of intronic SNP rs3768617 (C>T), 

present in chromosome 1:183123365 with FECD in the Indian population. Apart from the 

South Asian population (Bangladesh, India, etc.; 0.66), the risk allele ‘C’ of this variant 

indicates an increased frequency in European (0.56), African (0.92), and American (0.64) 

populations in comparison to the protective allele ‘T’. 
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(https://www.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=1:183122865-

183123865;v=rs3768617;vdb=variation;vf=2368510). On the other hand, in the East Asian 

population (Chinese, Japanese, etc.), the frequency of the risk allele ‘C’ gets decreased (0.48). 

The FECD prevalence also shows a positive correlation with the frequency of risk allele ‘C’. 

Increased frequency of allele ‘C’ imparts a significant effect in FECD occurrence in American 

(3.9 – 6.6%), European (7.0 - 9.2%) and, South Asian population (5.3 – 16.0%), whereas in the 

case of East Asian population due to the lower frequency allele ‘C’, the prevalence rate also 

decreases (1.9 – 4.1%). Genotype tissue expression (GTEx) data presents that rs3768617 has a 

notable effect on LAMC1 expression in brain cerebellum and frontal cortex tissues (Fig. 3.5).  

 

    

Fig. 3.5: rs3768617 is an expression quantitative trait locus (eQTL) for LAMC1 and 

LAMC2 expression. eQTL data for rs3768617 were obtained. The eQTL effects of rs3768617 on 

LAMC1 and LAMC2 expression in both brain cerebellum from the GTEx portal (Genotype tissue 

expression project: https://www.gtexportal.org/home/) and frontal cortex tissue samples are shown 

respectively. 

 

Previously rs3768617 had appeared as a significant haplotype association with rs12739316 in 

advanced pelvic organ prolapse, revealing its interaction and outcome with neighboring SNPs 

https://www.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=1:183122865-183123865;v=rs3768617;vdb=variation;vf=2368510
https://www.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=1:183122865-183123865;v=rs3768617;vdb=variation;vf=2368510
https://www.gtexportal.org/home/
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in different diseases.198 In silico analysis through Encyclopedia of DNA elements (ENCODE) 

suggest that this variant resides in a DNase I hypersensitive site and other epigenetic profiles 

show the presence of monomethylation of histone H3 (H3K4me1) and acetylation of histone 

H3 (H3K27ac) modifications in this region (Fig. 3.6). It signifies that the variant rs3768617 

resides in an open chromatin region and there is a probability of different transcription factors 

binding to this region to regulate LAMC1 and other distal gene regulation. 

 

 

Fig. 3.6: Functional annotation of the region, encompassing rs3768617. Histone 

modifications (H3K4Me1, H3K4Me3 & H3K27Ac) are shown. DNase clusters are presented in grey 

bar. The vertical brown line indicates the position of rs3768617 overlapping H3K4Me1, H3K27Ac, 

DNase hypersensitive site, and transcription factors binding sites. Genomic positions are based on hg19. 

 

Bioinformatic analysis supported that the surrounding region of rs3768617 has a potential 

binding site for different transcription factors. From our luciferase assay data, we found that 

the encompassing region displayed decreased regulatory activity in comparison to the empty 

minimal promoter vector which predicted that this regulatory region may interact with the 

LAMC1 promoter or the other regions of the gene to regulate its transcription. One of the 

important transcription factors which bind around rs3768617 is GFI1B. It is a member of the 

Gfi family member proteins. GFI1B is made up of three domains: an N-terminal repressor 
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“SNAG” (SNAIL/ SLUG/ GFI1) domain that engages epigenetic modifiers, a little known 

middle region, and a C-terminal DNA binding domain with six zinc fingers, with zinc fingers 

3–5 binding to the consensus DNA binding site (TAAATCAC(A/T)GCA) and the other zinc 

fingers interacting with other proteins.199–201 Furthermore, the SNAG domain is remarkably 

invariant among orthologs from humans to zebrafish, emphasizing its role and its binding 

partners' importance. The SNAG domain is required and sufficient for GFI1 and GFI1B to bind 

lysine-specific demethylase 1 (LSD1).202 LSD1 is a Flavin-dependent monoamine oxidase that 

affects chromatin structure and gene expression by demethylating mono- and dimethylated 

histone 3 lysine 4 and 9 (H3K4me1/2 and H3K9me1/2).203,204 In this study, we report that 

rs3768617 transcription factor GFI1B binds to the risk allele ‘C’ and enhances the luciferase 

activity in contrast to protective allele ‘T’. Chromatin Immunoprecipitation assay suggests that 

not only in vitro but GFI1B binds to the rs3768617 specific ‘C’ allele in vivo. As revealed by 

immunofluorescence data, GFI1B expresses in the nucleus and membrane at a lower level in 

FECD cases. Because the frequency of the risk allele ‘C’ was very high in the FECD cases, so 

it may be possible that GFI1B binds to the rs3768617 ‘C’ allele in the FECD corneal 

endothelium to regulate its expression. In the future, genotype specific studies involving more 

human tissue samples will help us understand the effect of decreased expression of GFI1B if 

any for FECD progression in a better way. The previous study detected decreased LAMC1 

signal in FECD endothelium due to the presence of a low number of endothelium cells.64 On 

the contrary Matthaei et al., reported a trend of the upregulation of LAMC1 expression in 

corneal endothelium samples.72 The major weakness of the study is the limited number of tissue 

samples. In the future, LAMC1 polymorphism with its genotype based expression may help to 

identify cases, who are more prone to FECD. This present study explains the significant genetic 

association of LAMC1 rs3768617 with FECD, replicating the previous reports involving the 

Caucasian population. From this study, we conclude that LAMC1 rs3768617 is both genetically 
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and functionally associated with FECD through differential allele-specific binding to GFI1B. 

Altogether this study emphasizes the contribution of rs3768617 for FECD pathogenesis 

globally. 
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4.0 Genetic association of LINC00970/ATP1B1 and its functional role in 

disease pathogenesis 

4.1 Introduction: 

In Fuchs Endothelial Corneal Dystrophy (FECD), the primary problem is believed to be in the 

functioning of the endothelial cell layer, as affirmed by ultrastructural examination.47.8 Patients 

in the fifth to sixth decade of their life experience hazy morning vision that increases with time 

as the condition progresses, ultimately leading to visual impairment 205,206.144,145,206 The more 

prevalent late onset FECD normally occurs after the age of 40 years, and genetic studies 

showed that a number of mutations and single nucleotide polymorphisms in genes encoding 

different proteins that regulate endothelium barrier function, pump activity, etc. are 

significantly associated with the pathophysiology of the disease across various 

populations.207,208 In a genome-wide association analysis among Caucasian population in 2010, 

researchers found a significant association (P = 2.3 × 10-26) of TCF4 intronic SNP, rs613872 

with FECD, with follow-up studies reporting an expanded CTG trinucleotide repeats 

(CTG18.1) in the TCF4 gene exhibiting major effects on disease causation.20,90 A previous 

study revealed population-specific effect of the TCF4 variant CTG18.1 allele in the Indian 

population (only 34% in contrast to 79% in the Caucasian population), indicating the scope of 

new genes rather than TCF4 as a major candidate in this population 34 Another GWAS in 2017 

identified three novel candidate genes having a significant association with the disease in the 

European population along with the previously reported TCF4 gene. These variants are 

rs3768617 in laminin subunit gamma 1 (LAMC1), rs1200114 in long intergenic non-Protein 

coding RNA LINC00970/ATPase Na+/K+ transporting subunit beta 1(LINC00970/ATP1B1), 

and rs79742895 in KN motif and Ankyrin repeat domains 4 (KANK4).64.209 But, to date, no 

replication study has been reported for the genetic association of rs1200114 with FECD in 

different ethnic backgrounds. To address these lacunae, we aimed at finding the genetic and 



83 
 

functional association of rs1200114 and other associated tag SNPs, through case-control 

assessment in the Indian population. We also wanted to check the differential expression 

pattern of ATP1B1 between controls and FECD cases.  

 

4.2 Materials and Methods: 

The methods, implemented to execute the specific aims of this chapter are discussed in chapter 

2 in detail. These are sample collection, DNA extraction, PCR amplification, Sanger 

sequencing, cell culture, In silico analysis, ultracompetent bacterial cell preparation, luciferase 

reporter assay, tag SNP selection, RNA isolation from tissue samples, quantitative real time 

PCR.  

 

4.3. Results: 

4.3.1 rs1200114 residing in the intergenic region of LINC00970/ATP1B1 is genetically 

associated with FECD in the Indian population: 

A total of three hundred and eighty (380) controls and one hundred fifty-five (155) FECD 

patients were selected from the samples collected at LV Prasad Eye Hospital, Bhubaneswar, 

and Disha Eye Hospitals, Kolkata after obtaining the written consent from the subjects for 

participation in this study. All control and patient individuals underwent a detailed assessment 

of specular microscopy before the enrolment into this study. The demographical data of the 

samples indicates that this study's findings are not affected by the uneven distribution of age 

and sex (Table 4.1). 

Table 4.1: Demographics of samples, used for rs1200114 analysis 

Group Sample 

size 

Mean age ± SD 

(years) 

P value Sex P value 

Male Female 

Control 380 60.54 ± 8.56  0.45 153 227 0.96 
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Case 155 59.88 ± 9.47  62 93 

 

The genetic association study of rs1200114 with FECD was evaluated as presented in Table 

4.2. It was found that the minor allele ‘G’ of rs1200114 is significantly associated with the risk 

of FECD in the Indian population [P = 0.01; OR (95%CI) = 1.64 (1.12 - 2.39)]. 30.0% of the 

FECD affected individuals have a single copy of the risk allele ‘G’ for rs1200114 whereas only 

1.0% have double copies of the minor allele ‘G’. We performed a 10,000 permutation test of 

the allelic association based on 380 controls and 155 FECD cases and observed that the genetic 

association remains significant even at a higher sample size (P = 0.02). Genotypic association 

study indicated that allele ‘G’ increases the disease risk under the dominant [AA versus 

AG+GG: P = 0.001, OR (95%CI) = 2.02 (1.32 – 3.10)] and additive model [AA versus AG: P 

= 0.0002, OR (95%CI) = 2.30 (1.48 – 3.60)] only. Our results draw a similar inference to what 

was found previously in the Caucasian population, indicating that SNP rs1200114 is genetically 

associated with FECD in both the ethnicities studied to date. The statistical power of this study 

is 49.1%. 

 

Table 4.2: Representation of the allelic and genotypic frequency distribution of rs1200114 in 

LINC00970/ATP1B1  

SNP 

rs1200114 

Type Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P value OR (95%CI) 

Allele A 

G 

680 (0.89) 

80 (0.11) 

260 (0.84) 

50 (0.16) 

 
6.48 0.01 

0.02* 

1.64 (1.12-2.39) 

Genotype AA 

AG 

GG 

311 (0.82) 

58 (0.15) 

11 (0.03) 

107 (0.69) 

46 (0.30) 

2 (0.01) 

DOM 

REC 

ADD 

10.57 

1.20 

13.95 

0.70 

0.001 

0.27 

0.0002 

0.40 

2.02 (1.32-3.10) 

0.44 (0.10-2.00) 

2.30 (1.48-3.60) 

0.53 (0.12-2.42) 

Statistical test = Pearson Chi-Square (χ2, df1), freq. = frequency, DOM = Dominant, REC = 

Recessive, ADD = Additive, * =10,000 permutation test 
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4.3.2 Switching of allele ‘G’ to ‘A’ of rs1200114 showed no significant change in 

regulatory activity of the intergenic region between LINC00970/ATP1B1: 

In silico analysis of the intergenic region between LINC00970 and ATP1B1 (200bp 

surrounding the rs1200114) using the UCSC genome browser revealed that rs1200114 is 

located within the DNaseI cluster region and it harbours the binding sites for various 

transcription factors. We checked the possibility of different transcription factors binding 

through the JASPAR database and found that only one transcription factor, Nuclear Factor I C 

(NFIC) has a very low probability of allele specific binding (Score for allele ‘A’ = 8.52, the 

score for allele ‘G’ = 7.219) in the surrounding region of rs1200114. To determine the presence 

of any regulatory activity in the encompassing region of rs1200114 and to find out the presence 

of any allele specific transcription factor activity, we performed luciferase assay using a 21bp 

construct carrying either the rs1200114 ‘G’ allele or the ‘A’ allele. The result indicated that 

compared with the minimal promoter pGL4.23 vector (1.00 ± 0.23), there is no significant 

difference in luciferase activities in the plasmids having either rs1200114 allele ‘G’ (1.09 ± 

0.03, P = 0.74) or rs1200114 allele ‘A’ (1.04 ± 0.06, P = 0.89, unpaired t-test) (Fig. 4.1). These 

results hinted at the possibility that another nearby locus in this region might confer the 

regulatory activity rather than rs1200114 itself. 

                                      

Fig. 4.1: Allele specific regulatory activity of rs120114. Luciferase activity was performed to 

check for any change in reporter activity in the case of shifting from rs120114 ‘G’ to rs120114 ‘A’ 



86 
 

allele. In comparison to the empty vector, no significant change in luciferase activity was observed 

between constructs containing allele ‘G’ or allele ‘A’. The experiment was performed at least for three 

separate days with triplicates of each individual on a single day, and the data is represented relative to 

the empty vector. Student’s t-test was applied to calculate the statistical significance (ns = non-

significant). 

 

4.3.3 Decreased expression of ATP1B1 was observed in the FECD endothelium compared 

with control endothelium: 

rs1200114 resides in the intergenic region of LINC00970 and ATP1B1 genes. Previous studies 

reported decreased expression of ATP1B1 in the FECD endothelium.64,127 However, Mathieu 

et al. reported no significant difference in ATP1B1 expression between control and FECD 

endothelium samples at both mRNA and protein levels.167 Because of these discrepancies in 

its expression profile across various reports, we checked the expression status of ATP1B1 in 

control and FECD individuals in the Indian population. Quantitative real time PCR was 

performed with age and gender matched eight (8) control and nine (9) FECD endothelium 

samples and the result showed that there is 0.82 fold decreased expression of ATP1B1 in FECD 

corneal endothelium samples (0.18 ± 0.17) with respect to control (1.00 ± 0.24, P = 0.007, 

unpaired t-test) (Fig. 4.2).  

                                                    

Fig. 4.2: Differential expression of ATP1B1 between control and FECD affected corneal 

endothelium samples. qRT-PCR was performed to evaluate the mRNA level expression status of 

ATP1B1 in eight (8) control and nine (9) FECD subjects. A significant decrease (P = 0.007) in ATP1B1 
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expression was noticed in FECD individuals with respect to controls. Each experiment was repeated at 

least three times. Data is represented as mean ± SEM and the student’s t-test was carried out to compute 

the significance level. **P < 0.01. 

 

4.3.4 Analysis of genetic association of rs1200114 tag SNPs with FECD: 

Despite displaying a strong genetic association, no change was seen in allele specific luciferase 

activity of rs1200114. Therefore, we hypothesized that the neighbouring SNPs which are in 

high linkage disequilibrium (LD) with rs1200114, might be the contributing factors for this 

genetic association. Six tag SNPs within a gene fragment 7000 base pairs upstream and 

downstream of the lead SNP rs1200114, were selected using the Ensembl genome browser 

105, based on their r2 and D′ values with rs120014 (r2 = 1 and D′ = 1) for subsequent genetic 

association studies. The representative genomic positions of the tag SNPs are shown in the 

supplementary section (Fig. 4.3). The genomic position and the alleles (Major/Minor) of the 

tag SNPs are presented in Table 4.3. 

 

 

Fig. 4.3: Genomic positions of the reference and Tag SNPs based on hg38 (Human hg38 

chr1:169085000-169110000 UCSC Genome Browser v436). The front lines indicate the location 

of the reference SNP rs1200114 and its tag SNPs in chromosome 1 in different colours. Four variants 

rs1200114, rs1200108, rs1200106 and rs1200105 are situated in the intergenic region between 

LINC00970 and ATP1B1 whereas the other three rs10665761, rs1040506 and rs4656175 are located in 

the LINC00970. 

 

 

                                                                                                                                                  P.T.O 

https://genome.ucsc.edu/cgi-bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr1%3A169085000%2D169110000&hgsid=1451912867_ibYDmyVQQIa2B4KQMNEKMAsMLa3V
https://genome.ucsc.edu/cgi-bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr1%3A169085000%2D169110000&hgsid=1451912867_ibYDmyVQQIa2B4KQMNEKMAsMLa3V
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Table 4.3: Overview of the selected Tag SNPs 

SNP Position (hg 38) Allele (Major/Minor) Region 

rs4656175 169084322 C/G Intronic 

rs1040506 169084687 A/G Intronic 

rs10665761 169085259-

169085263 

TAAAATAAAA/TAAAA Intronic 

rs1200105 169087160 C/T Intergenic 

rs1200106 169087708 G/A Intergenic 

rs1200108 169088731 A/G Intergenic 

 

The genetic association of six tag SNPs with FECD was tested with 100 controls and 100 FECD 

affected individuals. The age range of the control group was 62.64 ± 6.46, while it was 62.74 

± 7.84 in the case of FECD. There was no significant difference in either age (P = 0.93) or sex 

(P = 0.92) between these two comparable selected groups. It was found that except for 

dominant [CC versus GG+CG: P = 0.04, OR (95%CI) = 2.19 (1.02 – 4.69)] and additive models 

[CC versus CG: P = 0.002, OR (95%CI) = 4.19 (1.62 – 10.87)] of genotypic association, there 

was no significant difference in minor allele ‘G’ frequency between controls and cases in 

rs4656175 (Table 4.4). Minor allele ‘G’ of rs1040506 was not associated with FECD in both 

allelic and different genotypic models (Table 4.4). Previous reports suggested that 

trinucleotide repeats present in the third intron of the TCF4 gene is significantly associated 

with the FECD pathophysiology. Approximately 79.0% of the Caucasians and 34.0% of the 

Indians suffering from FECD, have this unstable repeat. 34,90 It is possible that apart from 

trinucleotide repeats, other insertions deletions might have a role in FECD pathogenesis. We 

checked for a genetic association between DELINS variant rs10665761 and FECD in this 

study, but did not find any significant genetic association (Table 4.4). Also, no notable 

difference in allelic frequency was found between the control and case population [P = 0.63, 

OR (95%CI) = 1.12 (0.70 - 1.82)] for rs1200105 (Table 4.4). No significant genotypic 

association was noted in the dominant, recessive, or additive models. Similarly, no statistically 
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significant [P = 0.43, OR (95%CI) =1.29 (0.69 – 2.40)] (Table 4.4) genetic association of 

rs1200106 was observed with FECD. A very weak association was also observed in the 

additive model only for rs1200106 [P = 0.05, OR (95%CI) = 2.12 (0.99 – 4.55)]. It was noticed 

that the minor allele ‘G’ of rs1200108 was present at higher frequency in FECD cases, implying 

it is a risk allele for the population [P = 0.03, OR (95%CI) = 2.15 (1.07 - 4.32)]. A significant 

association was also found in the dominant model [AA versus GG+AG: P = 0.02, OR (95%CI) 

= 2.44 (1.15 – 5.20)] and additive model [AA versus AG: P = 0.02, OR (95%CI) = 2.56 (1.18 

– 5.57)] (Table 4.4). 

 

Table 4.4: Categorization of alleles and genotypes of enlisted tag SNPs and their genetic 

association with FECD with discovery set  

SNP 

 

Type 

Allele / 

Genotype 

Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P 

value 

OR (95%CI) 

rs4656175 

 

C 

G 

CC 

CG 

GG 

182(0.91) 

18 (0.09) 

88 (0.88) 

6 (0.06) 

6 (0.06) 

176(0.88) 

24 (0.12) 

77 (0.77) 

22 (0.22) 

1 (0.01) 

 

 

 

DOM 

REC 

ADD 

 

0.96 

 

4.19 

3.70 

9.75 

2.84 

0.33 

 

0.04 

0.05 

0.002 

0.09 

1.38 (0.72 – 2.63) 

 

2.19 (1.02 – 4.69) 

0.16 (0.02 – 1.34) 

4.19 (1.62 –10.87) 

0.19 (0.02 – 1.62) 

rs1040506 A 

G 

AA 

AG 

GG 

184(0.92) 

16 (0.08) 

87 (0.87) 

10 (0.10) 

3 (0.03) 

172(0.86) 

28 (0.14) 

77 (0.77) 

18 (0.18) 

5 (0.05) 

 

 

 

DOM 

REC 

ADD 

3.68 

 

3.38 

0.52 

2.88 

0.74 

0.06 

 

0.07 

0.47 

0.09 

0.39 

1.87 (0.98 – 3.58) 

 

2.00 (0.95 – 4.22) 

1.70 (0.40 – 7.32) 

2.03 (0.89 – 4.67) 

1.88 (0.44 – 8.14) 

rs10665761 

 

I 

D 

II 

ID 

DD 

182(0.91) 

18 (0.09) 

84 (0.84) 

14 (0.14) 

2 (0.02) 

177(0.88) 

23 (0.12) 

77 (0.77) 

23 (0.23) 

0 (0.00) 

 

 

DOM 

REC 

ADD 

0.68 

 

1.25 

2.02 

3.03 

1.81 

0.41 

 

0.26 

0.16 

0.08 

0.18 

1.31 (0.69 – 2.52) 

 

1.50 (0.73 – 3.06) 

1.02 (0.99 – 1.05) 

1.14 (0.95 – 1.38) 

1.02 (0.99 – 1.06) 
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rs1200105 C 

T 

CC 

CT 

TT 

159(0.79) 

41 (0.21) 

62 (0.62) 

35 (0.35) 

3 (0.03) 

155(0.77) 

45 (0.23) 

58 (0.58) 

39 (0.39) 

3 (0.03) 

 

 

DOM 

REC 

ADD 

 

0.24 

 

0.33 

0.00 

0.35 

0.01 

0.63 

 

0.56 

1.00 

0.55 

0.94 

1.12 (0.70 - 1.82) 

 

1.18 (0.67 – 2.08) 

1.00 (0.20 – 5.08) 

1.19 (0.67 – 2.13) 

0.94 (0.18 – 4.82) 

rs1200106 

 

A 

G 

AA 

AG 

GG 

20 (0.1) 

180 (0.9) 

4 (0.04) 

12 (0.12) 

84 (0.84) 

25 (0.12) 

175(0.88) 

1 (0.01) 

23 (0.23) 

76 (0.76) 

 

 

 

DOM 

REC 

ADD 

 

0.63 

 

2.00 

1.85 

3.81 

1.47 

0.43 

 

0.16 

0.17 

0.05 

0.22 

1.29 (0.69 – 2.40) 

 

1.66 (0.82 – 3.35) 

0.24 (0.03 – 2.21) 

2.12 (0.99 – 4.55) 

0.28 (0.03 – 2.53) 

rs1200108 A 

G 

AA 

AG 

GG 

187(0.94) 

13 (0.06) 

88 (0.88) 

11 (0.11) 

1 (0.01) 

174(0.87) 

26 (0.13) 

75 (0.75) 

24 (0.24) 

1 (0.01) 

 

 

 

DOM 

REC 

ADD 

 

4.80 

 

5.60 

0.00 

5.86 

0.01 

0.03 

 

0.02 

1.00 

0.02 

0.91 

2.15 (1.07 - 4.32) 

 

2.44 (1.15 – 5.20) 

1.00 (0.06 –16.21) 

2.56 (1.18 – 5.57) 

1.17 (0.07 –19.08) 

Statistical test = Pearson Chi-Square (χ2, df1), freq. = frequency, I = Insertion and D = Deletion, DOM 

= Dominant, REC = Recessive, ADD = Additive 

 

Haplotype analysis of these six tag SNPs with rs1200114 showed that the frequency of the risk 

haplotype “G-G-D-C-A-G-G” (rs4656175 – rs1040506 – rs10665761 – rs1200105 - rs1200106 

– rs1200108 - rs1200114) is slightly higher in FECD cases (0.02, P = 0.05) compared with the 

control group (0.001) with a sample size of 100 per study group (Table 4.5). All the computed 

haplotypes based on our study subjects are represented in Fig. 4.4 for a better comparison. 

 

Table 4.5: Haplotype association analysis of rs1200114 with tag SNPs (rs4656175 – 

rs1040506 – rs10665761 – rs1200105 - rs1200106 – rs1200108 - rs1200114) in the Indian 

population 
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Haplotype Haplotype 

frequency 

Control      Case 

χ
2
 P value 

C-A-I-C-G-A-A 0.73 0.68 1.59 0.20 

C-A-I-T-G-A-A 0.11 0.13 0.45 0.50 

G-G-D-T-A-G-G 0.03 0.05 0.89 0.35 

C-A-I-C-A-A-A 0.03 0.01 0.88 0.35 

G-G-D-C-A-G-G 0.001 0.02 3.73 0.05 

C-A-I-C-G-A-G 0.01 0.007 0.42 0.52 

C-G-I-C-G-A-A 0.005 0.02 0.96 0.33 

  

                                                  

Fig. 4.4: Linkage disequilibrium plot of all the intergenic SNPs. LD plot of the intergenic 

variants based on the sample size of 100 per group. The Diamond-shaped box represents the D′ value. 

 

Because we noticed genotypic association in the dominant and additive model in the case of 

rs4656175 and both allelic and genotypic association of rs1200108 at discovery set, so we 

increased the sample size to three hundred and eighty (380) controls and one hundred fifty-five 

(155) FECD cases to analyze the genetic association of these two variants with FECD in the 

replicative set. In the case of rs4656175, we did not find any significant difference in allelic 

and genotypic frequency between controls and cases (Table 4.6). On the otherhand, we noticed 
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a significant difference in risk allele (‘G’) frequency between controls and cases [P = 0.009, 

OR (95%CI) = 1.66 (1.13 – 2.43)] in case of rs1200108. 10,000 permutation test indicated that, 

this association remains significant (P = 0.008) with a higher sample size. 31.0% of the FECD 

patients have one copy of risk allele ‘G’ and 1.0% of the FECD cases have two copies of allele 

‘G’. Also, genotypic association was found in the dominant model [AA versus GG + AG: P = 

0.001, OR (95%CI) = 1.98 (1.29 – 3.02)] and the additive model [AA versus AG: P = 0.0004, 

OR (95%CI) = 2.15 (1.39 – 3.31)] (Table 4.6). Based on the minor allele frequency in both the 

controls and FECD cases, the statistical power of rs1200108 genetic association analysis is 

46.5%.  

Table 4.6: Genetic association of rs4656175 and rs1200108 with FECD in the Indian 

population in replicative set population  

Statistical test = Pearson Chi-Square (χ2, df1), Geno = Genotype, freq. = frequency, DOM = 

Dominant, REC = Recessive, ADD = Additive 

 

Next, we calculated the haplotype association of rs4656175-rs1200108-rs1200114 based on 

the replicative set sample size. We found that haplotype ‘C-A-A’ is present significantly in 

SNP 

 

Type 

Allele/ 

Geno 

Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P value OR (95%CI) 

rs4656175 C 

G 

CC 

CG 

GG 

638(0.90) 

74(0.10) 

287(0.81) 

64(0.18) 

5(0.01) 

207(0.86) 

33(0.14) 

88(0.73) 

31(0.26) 

1(0.01) 

 

 

DOM 

REC 

ADD 

2.03 

 

2.85 

0.24 

3.37 

0.15 

0.21 

 

0.91 

0.63 

0.77 

0.60 

1.37 (0.89 - 2.13) 

 

1.51 (0.93 – 2.45) 

0.59 (0.07 – 5.10) 

1.58 (0.98 – 2.58) 

0.65 (0.08 – 5.66) 

rs1200108 

 

A 

G 

AA 

AG 

GG 

681 (0.90) 

79 (0.10) 

308 (0.81) 

65 (0.17) 

7 (0.02) 

260 (0.84) 

50 (0.16) 

106 (0.68) 

48 (0.31) 

1 (0.01) 

 

 

DOM 

REC 

ADD 

6.83 

 

10.09 

1.07 

12.22 

0.71 

0.009 

 

0.001 

0.30 

0.0004 

0.40 

1.66 (1.13-2.43) 

 

1.98 (1.29–3.02) 

0.35 (0.04–2.84) 

2.15 (1.39–3.31) 

0.42 (0.50–3.41) 
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higher frequency in the control population (0.87) compared with the cases (0.81, P = 0.01), 

suggesting it is a protective haplotype (Table 4.7). The LD plot of rs4656175-rs1200108-

rs1200114 is shown in Fig. 4.5A. Since rs1200108 is only 2.5 kb apart from the reference SNP 

rs1200114, we also performed haplotype analysis of rs1200108-rs1200114 and found that 

protective haplotype ‘A-A’ (rs1200108 – rs1200114) is significantly more common in controls 

(0.87) in contrast to cases (0.80, P = 0.004); whereas the risk haplotype ‘G-G’ was more 

frequently present in FECD cases (0.13, P = 0.04) (Table 4.7). The LD plot of rs1200108 - 

rs1200114 is presented in Fig. 4.5B. 

 

Table 4.7: Haplotype association of rs46456175, rs1200108 and rs1200114 with FECD in the 

Indian population 

Haplotype 

(rs4656175-

rs1200108-

rs1200114) 

Haplotype frequency 

 

 

Control            Case 

χ
2
 P value OR (95%CI) 

C-A-A 0.87 0.81 6.02 0.01 0.63 (0.44-0.92) 

G-G-G 0.09 0.12 2.63 0.12 1.42 (0.91-2.22) 

G-G-A 0.02 0.02 0.00 0.98 1.00 (0.34-2.95) 

C-A-G 0.01 0.02 1.33 0.25 2.02 (0.58-7.02) 

Haplotype 

(rs1200108-

rs1200114) 

Haplotype frequency 

   

  Control            Case 

χ
2
 P value OR (95%CI) 

A-A 0.87 0.80 8.30 0.004 0.60 (0.42-0.86) 

G-G 0.09 0.13 4.43 0.04 1.56 (1.04-2.35) 

G-A 0.02 0.03 1.44 0.22 1.55 (0.70-3.45) 

A-G 0.02 0.02 2.02 0.15 1.80 (0.72-4.52) 
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Fig. 4.5: Linkage disequilibrium (LD) plot of the tag SNPs with reference SNP rs1200114. 

(A) LD plot of the intergenic SNPs rs4656175, rs1200108, and rs1200114 based on the total sample 

size (380 controls and 155 FECD cases) used for the study, depicting high linkage disequilibrium 

manifested between these three SNPs in the Indian population. (B) LD plot of the intergenic SNP 

rs1200108 and rs1200114 to evaluate the combined effect of these two variants on genetic 

predisposition with FECD, signifying high linkage disequilibrium existed between these two SNPs in 

the Indian population. The diamond shaped red box indicates the D′ value. 

 

4.3.5 rs1200108: G>A displayed allele specific regulatory activity: 

As SNP rs1200108 falls within the acetylation of histone H3 (H3K27ac) region, we speculated 

that this variant might display regulatory activity. To check this hypothesis, we performed a 

luciferase reporter assay using the pGL4.23 minimal promoter vector, containing a 26 bp 

region, encompassing allele ‘G’ or allele ‘A’. An empty pGL4.23 vector was considered the 

baseline control. The result suggested an approximately 40.0% reduction of luciferase activity, 

with a change from the rs1200108 allele ‘G’ (0.98 ± 0.10) to rs1200108 ‘A’ (0.58 ± 0.08, P = 

0.014). Also, 42.0% diminution of reporter activity was noticed between the empty vector (1.00 

± 0.12) and the rs1200108 allele ‘A’ (0.58 ± 0.08, P = 0.018). On the contrary, no change in 

the regulatory activity was observed between the empty vector (1.00 ± 0.12) and rs1200108 

allele ‘G’ (0.98 ± 0.10, P = 0.93) (Fig. 4.6). 

 



95 
 

                                             

Fig. 4.6: Allele specific reporter activity in rs1200108. Each construct (Empty pGL4.23, 

rs1200108 ‘G’ and rs1200108 ‘A’) was co-transfected in the HEK-293 cell line with the renilla reporter 

vector and luciferase activities were measured 24 hours after transfection. Significant difference in 

reporter activity was observed between rs1200108 allele ‘G’, and rs1200108 allele ‘A’. The diminution 

of reporter activity was also detected between the empty vector and the rs1200108 allele ‘A’. Each 

group was transfected for three separate individuals on a single day, and the total experiment was 

repeated six different times. Data is represented as mean ± SEM after normalization with renilla reporter 

activity and statistical significance was calculated using student’s t-test. * P < 0.05. 

 

4.4 Discussion: 

Intergenic SNPs are key factors for regulating long range gene expression because of altered 

transcription factor binding sites and their interaction with neighbouring SNPs.210 In this 

present investigation, we found a genetic association between the intergenic variant rs1200114, 

present in chromosome1:169091251, and FECD in the Indian cohort. Risk allele ‘G’ confers 

an increased risk of disease compared to protective allele ‘A’ of rs1200114. This report on the 

Indian population replicates the previous GWAS’s findings in the European population.64 We 

found that the ‘AG’ genotype is present at an increased frequency in FECD individuals in 

comparison to controls. As a result, the inheritance pattern of the disease was observed 

significantly in the dominant model and the additive model. Besides the South Asian 

population (0.89), the protective and major allele ‘A' of this variant has a higher frequency in 

European (0.67), African (0.96), American (0.80), and East Asian (0.97) populations than the 
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risk allele ‘G'. On the other hand, in comparison to the South Asian population (0.11), the risk 

allele shows higher frequency in the European (0.33) and American (0.20) populations only 

(http://www.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=1:169090751-

169091751;v=rs1200114;vdb=variation;vf=885997). ENCODE data reflects that rs1200114 

falls within an active chromatin site with the epigenetic signatures of acetylation of histone H3 

(H3K27ac) and methylation of histone H3 (H3K4me1). Various transcription factors bind in 

this region and regulate surrounding gene expression. Since we did not find any allele specific 

transcription factors for rs1200114, therefore, we hypothesized that this variant could interact 

with its neighbouring variants via long range interaction to regulate the ATP1B1 and other 

adjoining gene’s expression. ́For genetic association analysis and to check their contributing 

role of ATP1B1 and other gene expression, we selected six tag SNPs that are in LD with 

rs1200114 based on the minor allele frequency, r2, and D′ value. Only one of them, rs1200108 

showed a positive genetic association with 1.66 times increased risk of disease. Also, the 

dominant and the additive modes of inheritance advance the risk of disease penetrance in the 

population. Previously, researchers noticed that this variant was highly associated with the 

factors linked to corneal biomechanics.211 Also variant rs1200108 is genetically associated with 

yet another corneal dystrophy, keratoconus in the UK population. 212 Haplotype analysis 

indicated that protective allele ‘A’ of rs1200114 and protective allele ‘A’ of rs1200108 (‘A-A’ 

haplotype) is seen at a higher frequency in the control population, implying that individuals 

carrying this particular combination of alleles have a lower chance of disease causation. 

Moreover, the frequency of rs1200108 - rs1200114 risk haplotype ‘G-G’ was figured out to be 

more common in FECD cases, inferring its relation to disease causation. In vitro reporter assay 

also implied that certain regulatory factors might bind to the protective allele ‘A’ of rs1200108 

and regulate its activity. Based on these results, we hypothesized further that any particular or 

combination of a group of transcription factors that are highly expressed in disease conditions 
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might bind to the allele ‘A’ and curtail its activity. In silico data indicated that transcription 

factors (TFs) Neurofibromin 1 (NF1), Mesoderm forkhead 3 (MF3), YY1 transcription factor 

(YY1) might bind to the protective allele ‘A’ of rs1200108 but not to the risk allele ‘G’. NF1 

and YY1 are transcriptional repressor proteins. Although reporter assay could indirectly reveal 

the regulatory effect of the transition of allele ‘G’ to allele ‘A’, it cannot directly disclose the 

functional role of the variant rs1200108 for regulating ATP1B1 and the surrounding gene’s 

expression. This is one of the major limitations of this study. So, in the future, additional 

experiments will need to be performed by CRISPR-Cas9 based genome editing technique to 

show the functional role of individual variants, if any. There remains a high possibility that the 

haplotype containing the associated SNPs, rs1200114 and rs1200118 together confers a greater 

association role than individual SNPs themselves. So, it needs to be checked if rs1200108 alone 

or the haplotype containing rs1200114 and rs1200108 affects ATP1B1 expression and its 

underlying gene regulation  

 

Na,K-ATPase pump is a ubiquitously present oligomeric protein P-type pump, comprising a 

catalytic α subunit, a structural N-glycosylated β subunit, and an optional γ (FXYD protein 

family) subunit. 213 In the presence of ATP and magnesium, it pumps 3 Na+ out and 2 K+ across 

the plasma membrane throughout every cycle, creating the ion concentration gradient across 

the membrane.214–217 These concentration gradients are essential for retaining resting 

membrane potential, driving many facilitated transporters, and a variety of cellular processes 

such as cell proliferation, differentiation, migration, and volume regulation, among 

others.214,218–223 Also, the expression level of Na,K-ATPase is significantly downregulated in 

the case of FECD, compared with the control corneal endothelium.180 
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Four isoforms of α and three of β are present in Na,K-ATPase, but the majority of the isoforms 

present in the cells are α1 and β1 subunits.224,225 The α subunit is the catalytic one, whereas the 

β subunit is crucial for the proper folding of the α subunit in the endoplasmic reticulum and 

trafficking and insertion into the plasma membrane.221,226–229 The β1 subunit is encoded by the 

ATP1B1 gene and it also functions as a cell to cell adhesion molecule.230–236 Downregulation 

of β1 in FECD could be the possible reason for the failure of endothelial pump function which, 

ultimately leads to corneal edema.127 We found almost 82.0% low expression of ATP1B1 

expression, similar to the Caucasian population.64 This suboptimal expression may be due to 

the genetic and epigenetic changes in the diseased tissue. The ATP1B1 gene has been 

previously reported to be silenced by hypermethylation at its promoter region in renal cell 

carcinoma.
237

 It opens up new avenues to explore in future and remains to be seen whether this 

diminished expression of the beta subunit leads to corneal edema formation in FECD 

individuals. 

 

In conclusion, we observed a significant genetic association of rs1200114 present in the 

intergenic region between LINC00970 and ATP1B1 with FECD in the Indian population. 

Moreover, genetic association study of other SNPs, present in linkage disequilibrium with the 

reference SNP rs1200114 showed an association of rs1200108 with FECD. We also identified 

that protective haplotype ‘A-A’ (rs1200108 - rs1200114) is more prevalent in the control 

individuals than in the FECD population. Expression analysis established decreased expression 

of ATP1B1 in the FECD endothelium compared to the control corneal endothelium. Altogether, 

our study not only replicated the genetic association of the intergenic variant rs1200114 but 

also revealed the role of a new SNP, rs1200108 with FECD in the Indian population.  
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5.0 Role of CASP8AP2 in FECD pathogenesis 

5.1 Introduction: 

Corneal endothelial cells maintain the transparency of the cornea through a well-established 

pump and leak mechanism.238 These cells are terminally differentiated, but they have the 

migration capability to cover the wound created by any type of injury. Endothelium cells 

change shape and acquire the ability to migrate by reorganising actin filaments and forming 

lamellipodia and filopodia. They also secrete extracellular matrix proteins such as collagen 

subtypes I, III, and XVI; fibronectin; and agrin, which in turn act as signalling molecules for 

this wound healing process.239–242 These entire mechanism by which the endothelial cells lose 

contact with the neighbouring cells and transform into fibroblast type is also known as 

endothelial to mesenchymal transition (EndoMT).243 The major hallmarks of EndoMT are the 

increased expression of different cytoskeletal organization proteins like vimentin, α-SMA as 

well as enhanced expression of extracellular matrix proteins such as fibronectin, COL1A1, 

COL1A2, and others.244 The repression of the endothelial phenotypes and activation of the 

mesenchymal features are also induced by the transcription factors ZEB1, SNAIL, and TWIST, 

which are the key regulators of this EndoMT process.245 

 

In FECD, the number of functionally active corneal endothelial cells slowly declines due to 

apoptosis. The viable cells change their shape, size and secrete aberrant extracellular matrix 

proteins, which deposit in the DM. Although the reason for improper aggregation of ECM on 

DM is questionable, researchers suggested that EndoMT-inducing genes may be 

responsible.9,208,246,247 Previously, it was hypothesized that because TCF4 is a regulator of 

ZEB1 expression, variants of TCF4 could be the cause of FECD due to their ability to regulate 

ZEB1 expression.20 EndoMT-inducing genes, ZEB1 and SNAIL, were found to be 
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overexpressed in FECD-affected corneal endothelial cells, and these genes are actively 

involved in the deregulated synthesis of ECM proteins and the transformation of endothelial 

cells into fibroblastic cells via various signalling pathways. Knockdown of ZEB1 and SNAIL 

reduces the production of various ECM proteins in the FECD cell line but not in the healthy 

corneal endothelium line. ZEB1 and SNAIL expression levels were also reduced after 

treatment with TGF-β type I ALK receptor inhibitor SB431542 accompanied by decreased 

ECM deposition.137 Most TGFBIp types were significantly overexpressed in the FECD 

endothelium compared with normal subjects.120 Treatment of the corneal endothelial cells with 

UVA induced expression of EMT responsible genes SNAIL2 and α-SMA, resulting in cell 

elongation, and disruption of cell-to-cell junctions, phenotypes similar to those seen in FECD. 

Increased SNAIL2 and α-SMA expression was found in the mouse corneal endothelial cells 

two weeks after post-UVA irradiation.248 Menadione (MN) treatment resulted in elongation of 

the hexagonal corneal endothelial cells and rosette formation due to disruption of cell-to-cell 

junctions, which are the major characteristics of the primary FECD corneal endothelial cells 

and ex vivo FECD tissue samples. MN treatment also increased the expression of α-SMA, 

SNAIL, and ZEB1, all of which are the major markers of EndoMT.248 Upregulation of the 

EndoMT proteins in FECD endothelial cells boosts their migration capacity compared with 

normal corneal endothelial cells.208 

 

FECD is genetically associated with various variants and mutations found in the exonic and 

intronic regions of the EndoMT aggravating transcription factor ZEB1.108,109In this objective, 

we tried to find out the genetic association of different variants present in the intronic and 

exonic regions of ZEB1, with FECD in our Indian population and their functional role in the 

pathogenesis of FECD. 
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5.2 Materials and Methods: 

The methods implemented to execute the specific aims of this chapter are discussed in chapter 

2 in detail. These include RNA isolation from tissue samples, quantitative real-time PCR, 

deletional plasmid construction, PCR amplification, Sanger sequencing, site-directed 

mutagenesis, cell culture, in silico analysis, ultracompetent bacterial cell preparation, colony 

PCR, luciferase reporter assay, western blotting, knockdown by shRNA, and overexpression 

of the protein.  

 

5.3 Results: 

5.3.1 Intronic variants rs220057 and rs220060 of ZEB1 are not genetically associated with 

FECD in the Indian population: 

A total of two hundred and five (205) controls and eighty-eight (88) FECD patients were sorted 

from the samples collected at LV Prasad Eye Hospital after receiving their written consent for 

involvement in this study. The demographic data of the samples is presented below. 

 

Table 5.1: Demographics of samples used for rs220057 and rs220060 analysis 

Group Sample 

size 

Mean age ± SD 

(years) 

P value Sex P value 

Male Female 

Control 205 63.80 ± 6.94 0.53 82 123 0.82 

Case 88 61.70 ± 7.00 34 54 

 

Previously, we performed a gene scan of the entire ZEB1 to find the genetic association of the 

variants in our population. In the discovery set (40 controls and 30 FECD cases), variant 

rs220057 and rs220060 showed genetic association with FECD (Nanda et al., unpublished). 
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The genetic association study of rs220057 and rs220060 with FECD was re-evaluated with 

higher sample size as presented in Table 5.2. 38.0% of the FECD affected individuals have a 

single copy of the minor allele ‘C’ for rs220057, whereas 2.0% have double copies of the minor 

allele ‘C’. We found that the minor allele ‘C’ of rs220057 is not genetically associated with the 

risk of FECD in the Indian population [P = 0.60; OR (95%CI) = 0.90 (0.58-1.4)]. The genotypic 

association study also failed to show any significant association with FECD. We also did not 

notice any significant allelic association after performing the 10,000 permutation test (P = 

0.65). The statistical power of this genetic association study is only 5.3%. In the case of 

rs220060, 6.0% of the FECD population has single copy of the major allele ‘A’ and 94.0% has 

double copies of the major allele ‘A’. Like rs220057, we did not observe any significant genetic 

association of rs220060 with FECD in the Indian population (P = 0.50; OR (95%CI) = 1.18 

(0.38-3.64)]. Additionally, after performing a 10,000 permutation test, the genetic association 

of rs220060 with FECD remained same (P = 0.56). The statistical power of this genetic 

association was 4.7%. 

 

Table 5.2: Genetic association of rs220057 and rs220060 with FECD in the Indian population 

SNP 

 

Type 

Allele/ 

Geno 

Control 

Count 

(freq.) 

FECD 

Count 

(freq.) 

Model χ2 P value OR (95%CI) 

rs220057 C 

T 

CC 

CT 

TT 

79 (0.19) 

331 (0.81) 

11 (0.05) 

57 (0.28) 

137 (0.67) 

37 (0.21) 

139 (0.79) 

2 (0.02) 

33 (0.38) 

53 (0.60) 

 

 

DOM 

REC 

ADD 

0.24 

 

1.18 

1.39 

1.05 

1.09 

0.60 

 

0.28 

0.24 

0.23 

0.25 

0.90 (0.58-1.4) 

 

0.75 (0.45-1.26) 

2.44 (0.53-11.24) 

1.54 (0.67-8.77) 

2.34 (0.78-9.65) 
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Statistical test = Pearson Chi-Square (χ2, df1), Geno = Genotype, freq. = frequency, DOM =   

Dominant, REC = Recessive, ADD = Additive 

 

5.3.1 CASP8AP2 is overexpressed in the FECD endothelium: 

A previous report suggested that ZEB1 is overexpressed in the FECD patient derived corneal 

endothelium cells compared with the respective control.137 Because we did not find any variant 

of ZEB1 genetically associated with FECD in our population, we hypothesized that this 

overexpression may be due to any transcriptional or post-transcriptional regulatory protein that 

upregulates its expression in the FECD endothelium. Abshire et al. identified that the new post-

transcriptional regulatory protein CASP8AP2 prevents ZEB1 degradation by SIAH1 and 

FBXO45 in multiple cell lines.CASP8AP2 is overexpressed in the malignant gastric epithelial 

cells and activates Fas-mediated apoptosis.169,249. Overexpression of the apoptotic markers 

caspase 3 and caspase 7 was also found in FECD corneal endothelium tissues.250 Therefore, we 

intended to check the expression status of CASP8AP2 in the FECD corneal endothelium. 

mRNA expression of CASP8AP2 indicated a 1.68-fold upregulation of CASP8AP2 expression 

(P = 0.01) in the corneal endothelium of FECD patients (n = 17) compared with the control 

ones (n = 20) (Fig. 5.1). 

 

 

 

 

                                                                                                                                            P.T.O 

rs220060 

 

A 

G 

AA 

AG 

GG 

381 (0.93) 

29 (0.07) 

176 (0.86) 

29 (0.14) 

0 (0.00) 

170 (0.97) 

6 (0.03) 

82 (0.94) 

6 (0.06) 

0 (0.00) 

 

 

DOM 

REC 

ADD 

0.30 

 

0.95 

0.94 

0.89 

0.65 

0.50 

 

0.70 

0.80 

0.76 

0.45 

1.18 (0.38-3.64) 

 

0.86 (0.34-2.20) 

0.87 (0.43-2.24) 

0.34 (0.44-1.65) 

0.90 (0.23-1.78) 
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Fig. 5.1: CASP8AP2 is upregulated in the FECD-affected corneal endothelium compared 

to age and sex-matched control. (A) qRT-PCR was used to compare the relative mRNA expression 

between the control (n = 20) and FECD (n = 17) groups, and the data is represented as mean ± SEM. 

Student’s t-test was applied to calculate the statistical significance between the two groups (* P < 0.05). 

 

5.3.2. Identification of the strongest transcriptional regulatory fragment of the 

CASP8AP2 promoter: 

To determine the most important transcriptional regulatory region of the CASP8AP2 promoter, 

we first recovered the promoter region using the MatInspector Promoter 2 database. The 

nucleotide sequence of the CASP8AP2 promoter region from -1336 to +68 of the transcription 

start site is presented in Fig. 5.2.  

 

 

 

 

 

 

                                                                                                                                            P.T.O 
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Fig. 5.2: Identification of the CASP8AP2 promoter. Nucleotide sequence of the human 

CASP8AP2 promoter. The start codon (ATG) is highlighted in bold, and all the primer sequences used 

for promoter analysis are highlighted in different colours.  

 

Next, we designed PCR primers to chop the entire fragment of the 5′ region of 1404 bases (-

1336/+68) of the CASP8AP2 gene into different overlapping PCR segments (-181/+68, -

381/+68, -573/+68, -841/+68, -1156/+68, and -1336/+68). The deletional fragments are 

presented in Fig. 5.3.  

 

 

 

                                                                                                                                           P.T.O 
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Fig. 5.3: Characterization of the CASP8AP2 promoter. Different promoter fragments were 

cloned in frame with the luciferase gene of pGL3 basic vector for functional analysis. The numbers 

indicate the length of each fragment. The arrows denote the primer start sites. 

 

All the 5′ deletional fragments, cloned into the pGL3 basic luciferase vector, were transfected 

along with the pGL4.74 [hRluc/TK] renilla vector (100:1) in the HEK-293 cell line, and 

luciferase activities were measured 48 hours after transfection. The result suggested that all 

overlapping segments of the promoter exhibited increased luciferase activity as opposed to the 

negative control pGL3 basic empty vector, but the comparatively smaller region -381/+68 

displayed the most significant luciferase activity (3.72 ± 0.06, P = 5.42 × 10-6) compared to the 

other regions, which indicates that this region bears the strongest regulatory activity, which 

might be due to its sequence specificity, binding probability of different transcription factors 

and mediator complex, and other epigenetic changes (Fig. 5.4). In silico analysis by the 

Lasagna 2.0 database showed that this -381/+68 region has four GC- rich motifs, which are the 

potent binding sites of SP1 family transcription factors. The luciferase activity is comparable 

between the -381/+68 and the -573/+68 regions, but it falls when the promoter fragment length 

increases beyond the -573 to -1336 bp region, indicating any silencer element in these regions. 

For further study, we selected the -381/+68 region to analyse its functional elements.  
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Fig. 5.4: Relative luciferase activity of the overlapping promoter fragments of the 

CASP8AP2 promoter. The luciferase activities of all fragments were first normalized with co-

transfected, constitutive pGL4.74 [hRluc/TK] renilla luciferase activity, and data is represented with respect to 

the empty vector. In comparison to the empty pGL3 basic vector, the most significant increase in 

luciferase activity was found in the -381/+68 region. Although the -573/+68 region showed the highest 

activity, there was no significant difference in luciferase activity between the -381+68 and -573/+68 

regions. The result is depicted as mean ± SEM with at least three individual replications in triplicate, 

and statistical significance was calculated between the fragments using Student’s t test (* P < 0.5, ** P 

< 0.01, and *** P < 0.001). 

 

5.3.3. Specificity protein 1 (SP1) binding sites in a GC rich area of the CASP8AP2 

promoter support CASP8AP2 transcription: 

To identify the most potent transcription factor binding sites between the -381/+68 bp region 

of the CASP8AP2 promoter, we preferred the LASAGNA 2.0 database as a motif search tool. 

Bioinformatics analysis revealed that there are four potent SP1 transcription factor binding GC-

rich motifs present in this region, and the probability of binding is also very high (P < 0.001). 

To prove that, each individual binding site, SP1.1 (-42 to -31 bp), SP1.2 (-187 to -176 bp), 

SP1.3 (-221 to -205 bp), and SP1.4 (-261 to -251 bp), was mutated by site-directed mutagenesis 

and cloned into pGL3 basic vectors, which are named ‘SDM1’, ‘SDM2’, ‘SDM3’, and ‘SDM4’ 

respectively. One additional construct was also prepared where all the binding sites were 
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mutated and no SP1 binding sites were available, which is named ‘SDM-All’. In the case of 

the wild-type construct, none of the SP1 binding sites were mutated (Fig. 5.5).  

 

               

Fig. 5.5: Bioinformatic analysis of SP1 binding sites in the CASP8AP2 promoter. SP1 

binding sites in -381/+68 region of CASP8AP2 promoter. Four SP1 binding sites (SP1.1, SP1.2, SP1.3, 

and SP1.4), located between -381 to +68 sequences, were mutated separately (named ‘SDM1’, ‘SDM2’, 

‘SDM3’, and ‘SDM4’) and cloned into the pGL3 basic vector. An extra clone was also designed with 

four mutated binding sites (‘SDM-All’). The wild-type construct acted as a positive control, where none 

of the sites were mutated. The mutated motifs are indicated in bold and italics. 

 

All the clones were co-transfected with the renilla vector (100:1) into the HEK-293 cell line, 

and 48 hours after transfection, luciferase activities were estimated. The result showed that 

except for SDM4, there is significant downregulation of the luciferase activities of all the 

constructs in comparison to the wild type, and the most promising reduction of luciferase 

activity is observed in ‘SDM1’ (1.73 ± 0.36, P = 5 × 10-4) and ‘SDM-All’ (0.80 ± 0.20, P = 4.2 

× 10-6 ) constructs in comparison to the wild type (4.34 ± 0.24) (Fig. 5.6). So, from this result, 

we concluded that transcription factor SP1 has a significant binding probability to the most 
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potent, active sites of the CASP8AP2 promoter region. Even though four regions could interact 

with SP1, the luciferase result confirmed that out of the four SP1 binding regions, SP1.1 is the 

most effective one. 

 

                

Fig. 5.6: Functional analysis of SP1 binding sites in the CASP8AP2 promoter. Differential 

luciferase activities of mutated SP1 binding sites compared to wild type. After normalization with the 

co-transfected renilla vector, the relative luciferase activities of all constructs (Wild type and the 

mutated) were calculated and the data is represented as mean ± SEM. Significant changes in the 

luciferase activities were observed in the mutated constructs compared to the wild-type. The entire 

experiment was repeated three times in triplicate, and Student’s t-test was used to calculate the statistical 

significance between the wild and the other groups (* P < 0.05, ** P < 0.01, and *** P < 0.001). 

 

We also performed EMSA using biotin-labeled oligos and nuclear extract from the HEK-293 

cell line. Four different double-stranded biotin-labeled oligos were designed with wild-type 

SP1 binding motifs (SP1.1 wild, SP1.2 wild, SP1.3 wild, and SP1.4 wild). Furthermore, another 

four biotin-labeled oligos were also prepared, carrying mutated SP1 binding motifs (SP1.1 mut, 
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SP1.2 mut, SP1.3 mut, and SP1.4 mut). In the case of SP1.1, two specific shifts appeared after 

incubation of nuclear extract with the wild-type oligos, not with the mutated ones (Fig. 5.7A). 

The addition of 200 fold unlabeled excess wild-type oligos decreased the intensity of the shifts, 

suggesting that these specific shifts were formed due to the DNA-protein complex formation. 

The shifts reappeared even after preincubation of the nuclear extract with excess mutant 

unlabeled oligos, indicating the specificity of the shifts for the wild-type binding motif (Fig. 

5.7A). In the case of SP1.2, three shifts appeared after mixing the nuclear extract with the 

labeled wild-type oligos. These shifts were not visible in the case of the mutant oligos, 

suggesting the specificities of the shifts (Fig. 5.7B). Preincubation of the nuclear extract with 

200-fold excess unlabeled wild-type oligos abolished the intensity of the shifts, indicating that 

these shifts were formed due to the binding of nuclear protein with the wild-type oligos. 

However, the shifts came back even after preincubation of the nuclear extract with excess 

unlabeled mutant oligos, inferring that the protein can bind only the wild-type motif and not 

the mutated one (Fig. 5.7B).  

 

 

 

 

 

 

 

 

                                                                                                                                           P.T.O 
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Fig. 5.7: Differential transcription factor binding probability between wild type and 

mutant oligos. (A) EMSA was carried out to determine the binding affinity of the transcription factor 

for the wild-type oligos compared with the mutant. Shifts were visible in two different positions (lane 

2, indicated by arrow marks) after incubation of nuclear extract with wild-type oligos; the intensities of 

the shifts declined due to the preincubation of unlabeled excess wild-type oligos with the nuclear extract 

(lane 3). The mutant oligos did not show any specific shifts (lane 4), but they came back even after 

preincubation of the nuclear extract with unlabelled excess mutated oligos (lane 5). (B) DNA-protein 

binding assay with SP1.2 oligos. In three individual positions, shifts appeared (lane 2), and those 

vanished in the presence of unlabeled excess wild-type oligos (lane 3). The specific shifts reappeared 

even in the presence of unlabelled excess mutant oligos (lane 5). 

 

The DNA-protein binding assay was also accomplished using SP1.3 and SP1.4 oligos. The 

combination of wild-type SP1.3 oligos with the nuclear extract produced three shifts that were 

not present in the case of the mutant oligos. The intensity of these shifts decreased when the 

nuclear extract was preincubated with excess unlabeled oligos (Fig. 5.8A). The shifts became 

visible even after the addition of excess unlabeled mutant oligos to the nuclear extract before 

the incubation with the labeled oligos, indicating the selective binding of the protein with the 
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wild-type binding motif and not with the mutated one (Fig. 5.8A). Like SP1.3, combining the 

SP1.4 labeled oligos with the nuclear extract resulted in three shifts; the mutant oligos failed 

to show these three shifts (Fig. 5.8B). When excess unlabeled oligos were pre-incubated with 

the nuclear extract, the intensity of these shifts was reduced. Also, we added excess unlabeled 

mutant oligos to the nuclear extract before incubating them with the labeled oligos, and in that 

case, the shifts were still noticeable, indicating that the protein only binds to the wild-type 

binding motif (Fig. 5.8B). 

 

 

Fig. 5.8: Variability of the DNA-protein complex formation between wild-type and 

mutant oligos. (A) The combination of the wild-type SP1.3 oligos with the nuclear extract led to the 

formation of DNA-protein complexes, noted as shifts in three different positions (lane 2). These shifts 

did not appear in the presence of mutant oligos (lane 4) or after preincubation with wild-type excess 

unlabelled oligos, indicating the specificity of the shifts (lane 3). (B) DNA-protein complexes appeared 

when wild-type SP1.4 oligos were mixed with the nuclear extract (lane 2); preincubation of the nuclear 

extract with the excess unlabeled wild-type SP1.4 oligos caused the disappearance of the shifts, 
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implying their specificity (lane 3). Regardless of the presence of unlabelled excess mutant oligos, the 

specific shifts persisted (lane 5). 

 

5.3.4. SP1 binding in the -381/+68 region of the CASP8AP2 promoter enhances its 

transcription: 

After finding the GC-rich motif regions, we wanted to prove that the binding of SP1 in these 

regions facilitates CASP8AP2 transcription. Co-transfection of the CASP8AP2 -381/+68 

plasmid with SP1 specific shRNA (SP1 shRNA) significantly decreased its luciferase activity 

(1.06 ± 0.09) compared to the scramble shRNA (Sc shRNA) (4.19 ± 0.42, P = 0.01). The ‘SDM-

All’ mutant -381/+68 plasmid was selected as a negative control (Fig. 5.9).  

 

                     

Fig. 5.9: Binding of SP1 increases transcriptional activity in the -381/+68 region of the 

CASP8AP2 promoter. (A) Luciferase activity of the -381/+68 region in the presence of scramble 

shRNA (Sc shRNA) and SP1 specific shRNA (SP1 shRNA). A reduction of luciferase activity was 

found in the presence of SP1 shRNA compared with Sc shRNA. The bar graph was plotted relative to 

empty (* P < 0.05, ** P < 0.01). 
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Western blotting was carried out to validate the knockdown efficiency of SP1 shRNA, and we 

noticed that, compared with the Sc shRNA, there is a decrease in SP1 expression in the presence 

of SP1-specific shRNA (Fig. 5.10A). Densitometry analysis demonstrated 60% reduction of 

SP1 expression in the presence of SP1 shRNA compared with Sc shRNA (P = 0.03) (Fig. 

5.10B). 

 

 

Fig. 5.10: Diminution of SP1 expression in the presence of SP1 shRNA. (A) Western blot 

was performed to verify the knockdown efficiency of SP1 shRNA. Decreased SP1 expression was 

visible in the presence of SP1 shRNA compared to Sc shRNA. GAPDH was used as a loading control. 

(B) Quantification of the immunoblot. SP1 expression was normalized to GAPDH, and the data is 

plotted relative to the control. There is 0.41 fold decrease in the expression of SP1 in the presence of 

SP1 shRNA with respect to Sc shRNA. (* P < 0.05). 

 

Furthermore, to confirm the shRNA co-transfection result, we transfected the -381/+68 plasmid 

along with the renilla plasmid (100:1) in cells, and after 8 hours of transfection, 0.1 µM of SP1-

specific inhibitor Mithramycin A was added to the cell culture medium for another 40 hours. 

Finally, after 48 hours of the experiment, we extracted the total cell proteins and performed the 

luciferase assay. 100% ethanol was considered the vehicle control. Luciferase assay results 

suggested that, compared with the vehicle control (4.46 ± 0.81), there was a significant 
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deduction of luciferase activity of the -381/+68 plasmid (1.53 ± 0.34, P = 0.03) in the presence 

of Mithramycin A (Fig. 5.11). The ‘SDM-All’ mutant -381/+68 plasmid was transfected 

separately to ensure the efficacy of the binding sites. There was also a significant reduction in 

reporter activity in the presence of vehicle between the -381/+68 plasmid (4.46 ± 0.81) and 

‘SDM-All’ mutant -381/+68 plasmid (0.91 ± 0.18, P = 0.02). 

 

                    

Fig. 5.11: Luciferase activity of the -381/+68 region in the presence of vehicle and drug 

(Mithramycin A). A reduction in luciferase activity was visible in the presence of the drug. The 

luciferase activity was normalized with renilla luciferase activity, and the data is represented relative to 

the empty vector (* P < 0.05). 

 

Western blotting was carried out to check the efficacy of the drug. We observed that the 

presence of the drug reduce the endogenous SP1 level compared to the vehicle control (Fig. 

5.12A). The densitometry calculation indicated a 65% reduction in SP1 expression in the 

presence of the drug, as opposed to vehicle control. (P = 0.03) (Fig. 5.12B). 
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Fig. 5.12: SP1 expression differences between vehicle and drug (Mithramycin A) 

treatment. (A) Decreased expression of SP1 was visible in the presence of the drug. GAPDH was 

used as a loading control. (B) Quantitative analysis of SP1 expression after normalization with GAPDH. 

The densitometry graph demonstrated 0.35 fold reduced expression of SP1 in the presence of the drug 

compared with the control. Each experiment was repeated at least three times, and the data is 

represented as mean ± SEM. Student’s t-test was applied to evaluate the statistical significance between 

the groups (* P < 0.05 and ** P < 0.01). 

 

5.3.5. No differential expression of SP1 was detected between control and FECD 

endothelium tissues: 

Next, we also wanted to check the expression pattern of SP1 between control and FECD 

endothelium tissues. We hypothesized either that differences in the SP1 binding or expression 

between control and FECD endothelium could be one of the major factors, causing CASP8AP2 

upregulation in the FECD endothelium. qRT-PCR was performed with eight (8) controls and 

nine (9) FECD endothelium tissues, and it was found that there is no significant difference in 

SP1 expression between them (Fig. 5.13). This highlights that the binding of SP1 might 

increase the transcriptional activity in the -381/+68 region of the CASP8AP2 promoter and thus 

bring out a differential regulation between the FECD patients and healthy controls. 
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Fig. 5.13: Characteristics of SP1 expression between the control and FECD endothelium. 

qRT-PCR was implemented to assess the relative mRNA expression between control (n = 8) and FECD 

(n = 9) tissues, and the data is depicted as mean ± SEM. Student’s t-test was applied to evaluate the 

statistical significance. No significant difference in SP1 expression was observed (ns = non-significant). 

 

5.4 Discussion: 

CASP8AP2 (or FLASH), a 1,962-amino-acid protein with both a nuclear export signal (NES) 

and a nuclear localization signal (NLS), is involved in many cellular functions such as mRNA 

processing, cell cycle progression, apoptosis, histone gene transcription, transcriptional 

regulation, etc.169,251–257 Immunogold labelling found a co-localization signal of CASP8AP2 

with coilin and p220/NPAT in different cell lines. The downregulation of CASP8AP2 resulted 

in the disappearance of large Cajal bodies and diffuse localization of Collin.258 Recent research 

revealed that CASP8AP2 does not just exist in Cajal bodies. Cajal bodies were found in a small 

percentage of CASP8AP2-containing nuclear entities. Studies showed that CASP8AP2 and 

NPAT are specific nuclear body indicators that play a role in controlling histone gene 

transcription. CASP8AP2 and NPAT co-localize at histone gene bodies that are distinct from 

Cajal bodies.259 These two proteins help in histone gene transcription and cell cycle 
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progression. Also, UV irradiation causes the normal structure of Histone locus bodies (HLBs) 

to be disrupted, as well as the mislocalization and degradation of two key HLB components, 

CASP8AP2 and NPAT. The disruption of HLBs causes a halt in the cell cycle's S phase.260 

CASP8AP2 was also discovered as a part of the proapoptosis pathway and a component of the 

death-inducing signalling complex (DISC), which is implicated in Fas and TNF-alpha-

mediated apoptosis. It works by binding to the death effector domains (DED) of procaspase-8, 

which activate caspase-8, and its downstream caspases, such as caspase-3.169,252,257. 

 

In this study, we found an upregulation of CASP8AP2 in the FECD endothelium compared 

with the control. Previous reports suggested that CASP8AP2 protects the EMT-related 

transcriptional factors from proteasomal degradation, and overexpression of this protein is also 

well correlated with apoptosis. We hypothesized that this upregulation could be due to the 

increased activity of any promoter segments. To ascertain this hypothesis, we chopped the 

promoter region and tried to find the maximum potential regulatory region of the entire 

promoter segment. Reporter assays revealed an increase in regulatory activity from -181/+68 

to -537/+68 promoter segments, indicating the presence of prominent positive regulatory 

transcription factor binding motifs in these regions. The activity decreases beyond the -537/+68 

region, proving that repressor transcription factor binding sites are present in this region. The 

-381/+68 region showed the statistically most significant regulatory activity, and there was no 

significant difference in the regulatory activity between the -381/+68 and -537/+68 segments. 

Overall, our findings indicate that the 381/+68 promoter region contains the most promising 

regulatory region of the CASP8AP2 promoter and that it positively regulates CASP8AP2 

promoter activity. 
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Next, we intended to identify the specific transcription factors that might be able to bind in this 

region. It is possible that any particular transcription factor or a group of transcription factors 

from the same family could bind and regulate the activity of the -381/+68 promoter segment. 

In silico analysis by the LASAGNA2.0 database suggested that this region harbours four GC- 

rich sites, and the SP1 transcription factor has the highest probability of binding these motifs. 

Out of the four SP1 binding motifs, the first one, SP1.1 resides in the -181/+68 region. The 

SP1.2 is located at the intersection of the -381 and -181 bp regions, while the other two, SP1.3 

and SP1.4, are located between the -381 and -181 bp regions. Therefore, SP1.2, SP1.3, and 

SP1.4 are located very near the -381/+68 region, and they could together increase the chance 

of binding any regulatory protein due to the presence of multiple sites of the binding motifs. 

To determine the potency of these motifs to regulate CASP8AP2 expression, we mutated the 

motifs individually and performed the reporter assay. Out of the four motifs, mutated SP1.1 

(‘SDM1’) showed the most significant decrease in reporter activity compared with the wild 

type. Mutated SP1.2 (‘SDM2’) and SP1.3 (‘SDM3’) also showed a prominent reduction in 

regulatory activity, but not as much as ‘SDM1’. However, mutated SP1.4 (‘SDM4’) failed to 

show a significant reduction in regulatory activity. This suggests that this motif is not very 

active in binding the SP1 transcription factor like the other motifs. In the case of the ‘SDM-

All’ mutant also, there was a significant reduction in luciferase activity compared to the wild 

type. But the reporter activity never reached zero, which indicates that there are also other 

transcription factor binding motifs present in this region that also play an important role in 

CASP8AP2 transcriptional regulation. To validate the reporter assay, we performed EMSA 

using biotin-labeled oligos carrying SP1 binding sites in all different positions of the -381/+68 

region. The results showed that transcription factor SP1 forms the DNA-protein complexes 

with the GC-rich motifs in all four positions. We also detected multiple shifts in all EMSA 

blots. We hypothesized that these multiple shifts are formed by the interactions between SP1 
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and other family member proteins like SP2, SP3. Mutated oligos failed to show any specific 

shifts because of the lack of binding sites. Apart from these specific shifts, there were also 

some DNA-protein complexes, found in all four oligos; these complexes were formed in the 

wild type and in the mutated oligos in the presence of the nuclear extract. This is because of 

those transcription factors, which bind to the oligos outside the SP1 binding sites.  

 

The -381/+68 region of the CASP8AP2 promoter has four SP1 binding motifs, and we 

suspected that the binding of SP1 in these four motifs enhances the transcriptional activity of 

the CASP8AP2 promoter. We found that SP1 binding in these four motifs augments the reporter 

activity of the -381/+68 region of CASP8AP2. The reporter activity was decreased in the 

presence of SP1 shRNA, which indicated that a threshold level of endogenous SP1 protein is 

necessary for its action. SP1 shRNA specifically targets the mRNA of SP1 and eventually 

degrades it, which ultimately lowers the SP1 protein level inside the cells. As a result, the 

reporter activity was reduced. In the case of the ‘SDM-All’ mutant construct, the reporter 

activity was significantly less than the wild type because no binding sites were remaining for 

this protein, although there was no variation of endogenous SP1. Therefore, both the abundance 

of the SP1 protein and its binding motifs are required for its action to upregulate the expression 

of CASP8AP2. We also noticed a significant decline in the reporter activity of the SDM-All 

mutant construct in the presence of SP1 shRNA compared with Sc shRNA. This reduction in 

reporter activity may be due to the unavailability of other transcription factors, that have 

binding motifs in the -381/+68 region. SP1 binding motifs are present in the promoter and 

intronic regions of many transcription factors, and as a result, knockdown of SP1 eventually 

decreases the protein level of most of those regulatory proteins. Due to the decreased level of 

these transcription factors, the luciferase activity of the -381/+68 region was less, although 

there was no alteration of their binding sites. We also observed a significant decrease in 
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luciferase activity between -381/+68 transfected cells with SP1 shRNA and SDM-All 

transfected cells treated with SP1 shRNA. This reflects the fact that in the case of SDM-All 

mutant, the combination of mutated motifs and low SP1 levels reduces the reporter activity. To 

validate this experiment, we also treated the transfected cells with the antibiotic Mithramycin 

A and checked the reported activity. It was well established that this drug has the probability 

of binding GC-rich region of the DNA and displaces SP1 from its binding sites.261 Treatment 

of -381/+68 transfected cells with Mithramycin A decreased the reporter activity compared to 

the vehicle alone. It hinted that in the presence of the drug, SP1 could not bind to the GC-rich 

motifs, and as a result, the reporter activity was decreased compared with the vehicle-treated 

cells, although there was no impairment of the SP1 binding at its target sites in the vehicle-

treated cells. A significant decline in reporter activity was also observed in SDM-All mutant 

transfected drug-treated cells versus only vehicle-treated cells, indicating the global effect of 

reduced SP1 expression on its target genes.  

 

SP1 binding in the promoter region of many genes affects their transcription. This transcription 

factor activates the transcriptional rate of many genes, but it could also function as a negative 

regulator also.262–266. We wanted to compare the SP1 expression in control and FECD 

endothelium tissues because it was possible that enhanced SP1 expression is one of the causes 

of increased CASP8AP2 expression in the FECD endothelium. But we did not find any 

dissimilar expression of SP1 between the control and FECD endothelium. Therefore, neither 

over- nor under-expression but only the binding of SP1 in the -381/+68 region of the 

CASP8AP2 promoter is responsible for its increased expression in the FECD endothelium.  
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In this study, we found that the post-transcriptional regulatory protein of ZEB1, CASP8AP2 is 

overexpressed in the FECD endothelium. Furthermore, both bioinformatics and functional 

assays confirmed that the key regulatory protein of the TGF-β pathway, SP1 regulates 

CASP8AP2 transcription and is responsible for its overexpression in the FECD corneal 

endothelium.  
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6.0 Discussion 

6.1 Genetic and functional association of LAMC1 rs3768617 with FECD in the Indian 

population: 

Previously, rs3768617 present in the intronic region of LAMC1, was found to be significantly 

associated with FECD in the Caucasian population.64 Researchers also identified the female-

specific increased risk of the major allele ‘C’ of rs3768617 compared with male. Apart from 

that, no report has validated this genetic association with FECD in different ethnicities. In the 

present study, we found that rs3768617 is significantly associated with FECD in our Indian 

population with an odds ratio of 2.73 (95% CI = 1.90 - 3.93). It implies that the persons carrying 

the risk allele ‘C’ have 2.73 fold increased chance of disease compared with the persons 

carrying the protective allele ‘T’. The frequency of the ‘CC’ genotype was very high in FECD 

patients (0.71) compared with controls (0.42), but the frequency of ‘CT’ genotype was lower 

in FECD cases (0.21). We performed a genotypic association study in the context of the 

dominant, recessive models and found significant associations with the FECD based on these 

two genetic models. But, a further study based on the additive model indicated that people with 

a single copy of risk allele ‘C’ [OR (95%CI) = 1.18 (0.52 – 2.67] have a lower risk of FECD 

than people with a double copy of ‘C’ [OR (95%CI) = 3.86 (1.83 - 8.16)]. Therefore, the risk 

of the disease is increased with the copy number of the major allele ‘C’ and heterozygote ‘CT’ 

has a decreased risk of FECD compared with homozygote ‘CC’. After segregating the total 

sample size into male and female groups, we also calculated the genetic association separately 

for both groups. We noticed that females have an increased risk of the disease [OR (95%CI) = 

3.13 (1.99 - 4.93)] compared with males [OR (95%CI) = 2.09 (1.14 - 3.85)]. Although both the 

dominant, recessive, and additive models showed significant association in the case of females, 

for males except for the recessive model, others failed to show any significant association with 

FECD in our population. So, both the allelic and genotypic there is a significant increased risk 
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of disease associated with the female group. Also, in females the presence of both copies of the 

risk allele ‘C’ (homozygote ‘CC’) showed an increased risk of the disease [OR (95%CI) = 5.96 

(2.26 – 15.72)] compared to the single copy of ‘C’ [heterozygote ‘CT’, OR (95%CI) = 1.61 

(0.60 – 4.64)], whereas for males, only the double copy of the risk allele ‘C’ (homozygote 

‘CC’) could increase the chance of the disease [OR (95%CI) = 2.11 (0.64 – 6.93)]. It also 

partially reveals that FECD affects women more frequently than men. rs3768617 resides in an 

open chromatin region, and DNA-protein binding assay suggested that transcription factor 

GFI1B binds only to the risk allele ‘C’, not the protective allele ‘T’. It binds to the risk allele 

‘C’ and increases the luciferase activity. As the frequency of the risk allele ‘C’ was very high 

in FECD cases, it is possible that GFI1B binds to the risk allele ‘C’ in FECD corneal 

endothelium and upregulates LAMC1 expression. Upregulation of LAMC1 is not possible 

whenever the protective allele ‘T’ is present as GFI1B loses its binding sites, and thus the basal 

level of LAMC1 expression is maintained in the corneal endothelium. Overexpression of 

LAMC1 was also found in other studies. Based on our findings, we proposed that the GFI1B 

binding to the risk allele ‘C’ regulates LAMC1 expression in the FECD endothelium. LAMC1 

in conjunction with extracellular matrix proteins (FN1, COL4A1, and COL1A1) accumulates 

in the DM and eventually leads to guttae formation. Increased thickness in the DM enhances 

central corneal thickness, upregulation of EndoMT inducing genes, and apoptosis of corneal 

endothelial cells.267 

 

6.2 Genetic association of rs1200114 and its neighbouring SNP rs1200108, with reduced 

ATP1B1 expression confers a high risk of FECD pathogenesis: 

Intergenic variant rs1200114 is located between LINC00970 and ATP1B1. This polymorphism 

was identified as being significantly associated with FECD in the Caucasian population. But 
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like rs3768617, the genetic association of rs1200114 with FECD in other populations has not 

been studied to date. In our present study, we noticed a significant association of rs1200114 

with FECD in our population, and the minor allele ‘G’ confers 1.64 fold increased chance of 

disease. The genetic model analysis presented a significant association in the dominant and 

additive models (AA versus AG) only. The recessive and additive models (AA versus GG) 

failed to show any association because the frequency of the ‘GG’ genotype was almost similar 

in both controls and cases. However, we did not find any functional significance for rs1200114 

in the HEK-293 cell line. Expression analysis indicated that ATP1B1 is less expressed in the 

FECD endothelium compared with the control endothelium. It is possible that this variant, in 

conjunction with its neighbouring variants, may contribute a significant role in ATP1B1 and 

other gene expression. To check that, we picked six tag SNPs that are in high LD with 

rs1200114 and first performed a case-control study of the individual tag SNPs with 100 

controls and 100 FECD cases (discovery set). Out of six tag SNPs, one of them rs1200108, 

appeared as a significantly associated variant with FECD in both the discovery and replicative 

sets in our population. This particular SNP was reported to be associated with keratoconus in 

the UK population.212 But, the genetic association of this variant with other corneal dystrophies 

and its functional role have not been thoroughly studied. In the case of FECD, we found a 

significant genetic association of this variant for the first time in our population at both the 

allelic and genotypic level. Also, the haplotype association study noticed that the risk haplotype 

‘G-G’ of rs1200108-1200104 was present at a higher frequency in the FECD cases in 

comparison to the control. This risk haplotype also exhibited 1.56 fold increased risk of disease. 

We suspected that people with the ‘G-G’ risk haplotype might have decreased ATP1B1 

expression, which ultimately leads to disruption in corneal barrier function, high IOP, and 

corneal edema formation. Decreased ATP1B1 expression is also linked with the EndoMT 

transition.268 So, it is quite reasonable that individuals having this ‘G-G’ risk haplotype might 



128 
 

have the chance of EndoMT transition of corneal endothelial cells to recover the cell loss. In 

contrast, the haplotype ‘A-A’ gives a protective effect from FECD causation [OR (95%CI) = 

0.60 (0.42 – 0.86)]. Reporter assay manifested that transcription factor binds to the protective 

allele ‘A’ of rs1200108 and decreases the luciferase activity. Bioinformatic analysis suggested 

that different repressor transcription factors (NF1, YY1) have the probability of binding only 

to the protective allele ‘A’ but not to the risk allele ‘G’. So, any of them that overexpress in 

FECD endothelium might bind to the allele ‘A’ and decrease its activity, which eventually may 

drive to less ATP1B1 expression. So, this information also conveys that, it is not just the risk 

allele but other negative regulators may also be responsible for decreased ATP1B1 expression 

in the FECD endothelium. Further study needs to be performed to prove this hypothesis. 

Altogether, this chapter represents the genetic association of two SNPs, rs1200114 and 

rs1200108, with their probable effects on ATP1B1 expression. 

 

6.3 The binding of SP1 to the CASP8AP2 promoter regulates its expression in a positive 

way:  

The upsurge of corneal endothelial cell apoptosis is one of the primary causes of FECD 

pathogenesis. It was noticed that, corneal endothelium cells turn fibroblastic shaped and 

migrate into the central cornea from the periphery to fill up the vacant spaces. Due to this 

reason, the cell size and shape both change. Previous study found that CASP8AP2 protects 

ZEB1 from proteosomal degradation and, by upregulating EMT-related transcription factors 

like ZEB1 and SNAIL, enhances cancer cell metastasis. We hypothesized that, in the case of 

FECD condition, CASP8AP2 may play a major role in the fibroblastic transformation of the 

corneal endothelial cells. To know that, we first checked the expression of CASP8AP2 and 

found that it is upregulated in FECD tissue samples compared with controls. There might be 
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various reasons for the upregulation of a specific protein in a specific condition, but we 

suspected that it is the interaction between the transcription factor and the promoter region of 

CASP8AP2 that helps to upregulate its expression. Promoter analysis indicated that the -

381/+68 region of the CASP8AP2 promoter has the strongest transcriptional regulatory activity, 

and DNA-protein binding assays showed that transcription factor SP1 binds to the -381/+68 

region of the CASP8AP2 promoter and upregulates its expression. Decreased level of 

intracellular SP1 downregulates the promoter activity. Also, mutated SP1 binding sites hamper 

the binding of SP1 to the CASP8AP2 promoter, which eventually decreases promoter activity. 

So, we could come to the conclusion that SP1 is a key transcription factor that regulates 

CASP8AP2 expression. .  

 

6.4 Conclusion: 

This study correlates the genetic and functional associations of different polymorphisms with 

the molecular mechanisms of the transcriptional regulation of one EndoMT-causing gene, 

CASP8AP2, in the pathogenesis of FECD. Our study reported that variants rs3768717 and 

rs1200114 are genetically associated with FECD in the Indian population. In addition, we 

noticed that females are more susceptible than males to the rs3768617-induced higher risk of 

FECD. Transcription factor GFI1B specifically binds to the risk allele ‘C’ of rs3768617 and 

upregulates its regulatory activity, which could drive increased expression of LAMC1 in FECD 

endothelium. Overexpression of LAMC1 is one of the factors responsible for guttae formation, 

which could upregulate different EndoMT-inducing genes in the FECD endothelium. 

Expression analysis indicated lower expression of GFI1B in the FECD corneal endothelium 

relative to the control endothelium. Although we did not find any regulatory activity of 

rs1200114, we noticed the reduced expression of ATP1B1 in FECD corneal endothelium 
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compared with control. Decreased expression of ATP1B1 is well related to cellular migration. 

Furthermore, to find out the possible causes, we performed a genetic association analysis of 

the tag SNPs, which are in strong LD with rs1200114, and the result showed that SNP 

rs1200108 is significantly associated with FECD in our population. Haplotype analysis implied 

that the risk haplotype ‘G-G’ of rs1200108-rs1200114 is present at a significantly higher 

frequency in FECD cases compared to controls and contributes to an increased risk of the 

disease’s pathogenesis. The functional analysis proposed that various repressor transcription 

factors could bind to the protective allele ‘A’ of rs1200108 and downregulate the regulatory 

activity, suggesting its effect on ATP1B1 and surrounding other gene’s expression. 

 

Besides the genetic association study, we also identified overexpression of CASP8AP2 in the 

FECD corneal endothelium relative to control. Transcription factor SP1 binds to the promoter 

region of CASP8AP2 and upregulates its expression. In summary, our study highlighted three 

major mechanisms that together assist in the endothelial to mesenchymal transition of corneal 

endothelium cells in FECD. 
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Fig. 6.1: Summary of the different risk factors involved in the progression of a healthy 

corneal endothelium cell to a FECD corneal endothelium cell. In comparison to the control, 

the FECD corneal endothelium has more no. of CTG repeats (> 50), present in the third intron of TCF4. 

rs3768617 allele ‘C’ is significantly present at a higher frequency in FECD corneal endothelium and 

GFI1B binds to the risk allele ‘C’, leading to the upregulation of LAMC1 expression and subsequently 

thickening of DM. GFI1B cannot bind to the protective allele ‘T’ of rs3768617, and that maintains the 

normal thickness of DM. The risk haplotype ‘G-G’ of rs1200108-rs1200114 is significantly associated 

with FECD, and that might be responsible for the decreased ATP1B1 expression in the FECD corneal 

endothelium compared with the control. Transcription factor SP1 binds to the promoter region of 

CASP8AP2 and regulates its expression. 

 

6.5 Key findings from this study: 

  Variant rs3768617 present in the intronic region of LAMC1 is genetically and 

functionally associated with FECD in the Indian population. 

 Females are more affected by the rs3768617-induced increased risk of FECD relative 

to males. 

 Transcription factor GFI1B binds to the risk allele ‘C’ of rs3768617, not the protective 

allele ‘T’. 

 Decreased expression of GFI1B was found in the FECD endothelium compared with 

control. 

 Intergenic polymorphism rs1200114, present between LINC00970 and ATP1B1, is 

genetically associated with FECD in the Indian population. 

 Decreased expression of ATP1B1 was detected in the FECD corneal endothelium 

compared to the control endothelium. 

 Novel SNP rs1200108, present in high LD with rs1200114, is genetically associated 

with FECD in the Indian cohort. 
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 Haplotype ‘G-G’ of rs1200108-rs1200114 is significantly more prevalent at a higher 

frequency in the FECD cases. 

 Haplotype ‘A-A’ of rs1200108-rs1200114 is more frequent in the control population, 

implying its protective effect from the disease. 

 Repressor transcription factors bind to the protective allele ‘A’ of rs1200108 and 

suppress its regulatory activity. 

 CASP8AP2 is overexpressed in FECD corneal endothelium compared with the control 

endothelium. 

 -381/+68 region of the CASP8AP2 promoter displayed the most significant 

transcriptional regulatory activity. 

 SP1 binds to the four GC-rich motifs in -381/+68 and regulates CASP8AP2 expression. 

 Downregulation of SP1 significantly hampers CASP8AP2 transcription. 

 

6.6 Protocols standardization during the course of the study: 

 Ultracompetent cell preparation for the transformation of different plasmids.  

 Site-directed mutagenesis for the preparation of mutant constructs. 

 Whole-cell protein extraction for western blotting. 

 Standardization and optimization of the chromatin immunoprecipitation assay to study 

transcription factor binding in gene’s regulatory regions. 

 

6.7 Future directions: 

 To evaluate the genome-wide differential binding sites of GFI1B in control versus 

FECD endothelium tissues by ChIP-sequencing. 



133 
 

 To understand the interactions of different co-factors with GFI1B by 

immunoprecipitation and mass-spectrometry. 

 To find out the effects of rs1200114 and rs1200108 in ATP1B1 and surrounding other 

gene expression by a CRISPR-Cas9 gene editing approach. 

 To identify the binding of different co-factors with SP1 for regulation of CASP8AP2 

expression by TF-ChIP and SILAC. 
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