
 

i

v 

 

 

Elucidating the Genetic Basis of Fuchs Endothelial Corneal Dystrophy 

by 

Mollie Ann Minear 

University Program in Genetics and Genomics 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Simon Gregory, Supervisor 
 

___________________________ 
Paulo Ferreira 

 
___________________________ 

Elizabeth Hauser 
 

___________________________ 
Michael Hauser 

 
___________________________ 

Gordon Klintworth 
 

___________________________  
Beth Sullivan 

 
 

Dissertation submitted in partial fulfillment of  
the requirements for the degree of Doctor of Philosophy  

in the University Program in Genetics and Genomics  
in the Graduate School  

of Duke University 
 

2012 
 

 

 

 

 



 

i

v 

 

ABSTRACT 

Elucidating the Genetic Basis of Fuchs Endothelial Corneal Dystrophy 

by 

Mollie Ann Minear 

  University Program in Genetics and Genomics 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Simon Gregory, Supervisor 
 

___________________________ 
Paulo Ferreira 

 
___________________________ 

Elizabeth Hauser 
 

___________________________ 
Michael Hauser 

 
___________________________ 

Gordon Klintworth 
 

___________________________ 
Beth Sullivan 

 

An abstract of a dissertation submitted in partial fulfillment of  
the requirements for the degree of Doctor of Philosophy  

in the University Program in Genetics and Genomics  
in the Graduate School  

of Duke University 
 

2012 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Mollie Ann Minear 

2012 
 



 

iv 

Abstract 
Fuchs endothelial corneal dystrophy (FECD) is a complex, late-onset disorder 

that is a frequent indication for corneal transplantation and affects women more 

frequently than men.  Although linkage and association studies in patients of European 

and Asian ancestry have started to explain the genetic basis of this disorder, the 

mechanism by which FECD develops is still unclear.  Three projects were undertaken to 

help elucidate the genetic basis of FECD.  The first project examined a large, 

multigenerational family that exhibited strong familial clustering of FECD and identified 

evidence of linkage to chromosome 18.  This locus that has also been implicated through 

work on large and small FECD families as well as unrelated patients.  The second project 

examined African-Americans with FECD and is the first work to examine this 

population of patients with respect to the FECD phenotype.  Novel variants in three 

FECD candidate genes, COL8A2, SLC4A11, and ZEB1 were identified at approximately 

the same rate as observed in patients of other ancestries, reinforcing the notion that these 

genes only contribute to a small fraction of FECD genetic susceptibility.  Finally, the 

influence of environmental factors on FECD susceptibility was examined through the 

use of a risk factor questionnaire given to cases and controls at the time of study 

enrollment.  Several factors, including gender, age, and cataracts, were found to 

significantly affect FECD risk.  Gender and the number of cataract surgeries were found 

to significantly interact with a genetic variant, rs613872 in the TCF4 locus on 

chromosome 18 that has been consistently and reproducibly associated with FECD, to 

influence FECD susceptibility.  Together, these findings indicate that the genetic basis of 

FECD is complex, and recent advances in the field show promise in accelerating the pace 

of discovery that will hopefully develop better FECD treatments in the near future.
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Chapter 1: Fuchs endothelial corneal dystrophy 

1.1 The cornea 

The cornea, the transparent, outermost portion of the eye, is comprised of five 

layers in humans: epithelium, Bowman layer, stroma, Descemet membrane (DM), and 

endothelium.  Because it interfaces with the environment, the cornea is responsible for 

protecting the rest of the eye from injury or exposure to chemicals, pathogens, or other 

toxins in the environment [1].  The enhanced curvature and transparency of the cornea 

allows it to focus about two-thirds of the light that enters the eye [1].  To maintain 

corneal transparency, the collagen fibrils that comprise a majority of the stroma’s dry 

weight are arranged in an orderly fashion with even spacing between the fibrils.  When 

the spacing between the fibers is disrupted by edema, or swelling, the transparency of 

the cornea is reduced [2].  There is also no direct blood supply to the cornea to maintain 

corneal transparency.  Nutrients are supplied to corneal cells by the anterior chamber, 

which is located posterior to the cornea and contains all of the aqueous components of 

blood (such as glucose) without its cellular components.  Additionally, oxygen enters the 

cornea through diffusion from the atmosphere and is mediated by tear film [1]. 

Ion transport from the anterior chamber to the rest of the cornea is largely 

mediated by the endothelium, which is comprised of a single layer of hexagonally 

shaped cells [1].  The endothelium is responsible for maintaining the transparency of the 

stroma and its regular collagen fiber spacing by keeping the stroma in a relative state of 

dehydration (deturgescence) and does so with a “pump-leak” mechanism.  Tight 

junctions between endothelial cells serve as a “leaky” barrier that permits the passage of 

metabolic substrates from the anterior chamber into the stroma, while energy-dependent 

ion transporters actively remove ions and water from the stroma [2].  Because of this 
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active ion transport, endothelial cells contain many mitochondria to produce the energy 

required to maintain proper stromal ion balance [3].   

DM is the basement membrane of the endothelium and is comprised of a 

collagenous layer that is secreted by the cells throughout life and therefore increases in 

thickness with age [3].  DM also adheres tightly to the posterior surface of the stroma, 

and as a result its shape can reflect changes in the stroma; if the stroma swells, DM 

becomes folded [3].  DM does not regenerate, so if there is damage to DM, endothelial 

cells can migrate to and “cover” the damaged site to maintain the barrier between the 

anterior chamber and the stroma [3]. 

 

1.2 Fuchs endothelial corneal dystrophy (FECD) 

FECD (OMIM: 136800) was first described by the German ophthalmologist Ernst 

Fuchs in 1910 [4], who examined 13 patients, nine of which were female.  Symptoms of 

the disease typically manifest when patients are in their 50s or 60s, although rare, early-

onset forms can manifest during the first decade of life [5].  FECD usually impacts both 

eyes, although they may be asymmetrically altered.  Women are disproportionately 

affected by FECD compared to men [6,7,8,9], and some reports suggest that women also 

exhibit a more severe phenotype [6,7].  FECD slowly progresses over time and may take 

up to two decades to fully impair vision through the gradual loss of corneal endothelial 

cells, which impairs their pump functions and leads to the development of corneal 

edema. 

Among the disorders of the corneal endothelium (discussed in Section 1.2.4), 

FECD is the commonest, and is a frequent indication for corneal transplantation 

(reviewed in [10]).  Although no formal epidemiological studies have been performed to 

accurately assess the prevalence or incidence of this disease, it is thought that FECD may 
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affect as much as 4% of the United States (U.S.) population over the age of 40 years [6].  

However, in one genetically isolated population on Tangier Island in Virginia, a sample 

of half the inhabitants over the age of 50 suggested a prevalence rate as high as 11% [11].  

Corneal transplantation reveals an disparate worldwide distribution of FECD, with 

Western countries like the U.S., Canada, and Europe reporting more FECD cases than in 

the Middle East, Asia, Oceania, and South America [10].  Although corneal 

transplantation data may also be used to estimate FECD prevalence, this is likely to 

result in an underestimate of the true prevalence given that there are more patients with 

FECD symptoms than those who undergo surgery [12].  Given that FECD is a major 

cause of corneal vision loss, it likely has a substantial economic burden on the U.S. 

healthcare system through costs associated with physician visits, surgical procedures, 

and postoperative care—a burden that will likely increase with the aging U.S. 

population. 

 

1.2.1 Clinical presentation, symptoms, and treatment 

The first clinical indication of FECD is the formation of corneal guttae (wart-like 

excrescences) on DM into the endothelium, in the central cornea.  Guttae appear upon 

slit lamp examination as dark spots or “dimples” that give the cornea a characteristic 

“beaten metal” appearance.  The term guttae was first used by Vogt in 1921 [13] to 

describe their “dew drop”-like appearance (illustrated in Figure 1) and is derived from 

the Latin noun for “drop.”  Patients are asymptomatic during this initial stage of FECD 

in which only guttae are present [14].  Pigment dusting is often present on the 

endothelium and may be difficult to distinguish clinically from guttae. 
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Figure 1: Slit-lamp photograph of corneal guttae.   

Photograph highlighting the "dew drop"-like appearance of guttae, indicated by the 
white arrow.  Photograph courtesy of Dr. Natalie Afshari. 

 

As FECD progresses guttae begin to enlarge and coalesce, DM thickens, and 

corneal edema develops as the corneal endothelium becomes compromised.  During this 

stage, patients begin experiencing a loss of visual acuity.  This initially manifests as 

blurry vision that is worse in the morning but clears by the end of the day; however, as 

the disease progresses, the vision remains blurry throughout the day.  This diurnal 

change is due to the lack of evaporation that takes place when the eyelids are closed at 

night, resulting in increased edema upon wakening that clears over the course of the day 

as the fluids evaporate into the environment.  During this time, patients may be advised 

to use hypertonic saline eye drops to help draw moisture out of their eyes, or to point a 

hair dryer at arm’s length at their face to help dry out their corneas [14,15].  Rosenblum 
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and colleagues also noted that the endothelial changes detected with specular 

microscopy did not precede the observation of guttae by slit lamp microscopy, and that 

as guttae increase in number they begin to spread horizontally, not vertically [7]. 

In the next stage of FECD, localized separations of the epithelium from Bowman 

layer, called bullae, results in the accumulation of edematous fluid and increasing 

corneal edema begins to affect the epithelium [16].  These bullae may rupture and cause 

FECD patients to experience ocular pain.  The use of bandage hydrogel contact lenses 

may help manage the pain [15], but visual acuity may further deteriorate [14] resulting 

in the corneal surface to become more irregular as edema increases. 

In the final stage of the disease, the formation of subepithelial scar tissue lessens 

the propensity of bullae to form, reducing the pain experienced by the patient; however, 

visual acuity is further reduced to realizing only hand movements [14].  Most patients 

undergo corneal transplantation prior to this stage. 

Ultimately, when vision has deteriorated to the point where patients can no 

longer perform daily activities, a corneal transplant is recommended.  The rate of FECD 

recurrence after transplantation is low, and is thought to be induced by an inherent 

predisposition in the donor tissue rather than an intrinsic factor present in the host that 

“spreads” to the donor tissue [17].  The first corneal transplants involved replacing the 

entire cornea, a procedure known as a penetrating keratoplasty (PK).  However, modern 

surgical techniques have made it possible to perform a partial thickness corneal 

transplant, called a Descemet stripping endothelial keratopathy (DSEK).  This new form 

of transplantation enables more rapid healing time and better visual outcome than a PK 

[18]; however, there is a 5% graft failure rate, which may necessitate multiple transplant 

procedures on the same eye.   
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In addition to slit lamp examination, specular microscopy may be used to 

visualize the endothelial surface.  In normal corneas, endothelial cells form a hexagonal 

lattice and are evenly spaced and sized.  However, in FECD corneas, endothelial cell 

density is decreased and cells show varying amounts of polymegathism (variation in 

size) and polymorphism (variation in shape) [3].  Dark spots or “holes” are visible where 

corneal guttae have disrupted the endothelial mosaic. 

 

1.2.2 Histopathology 

By light microscopy, cross-sections of excised corneal tissue obtained during 

corneal transplantation show that endothelial cells become larger and more irregular, 

and as guttae develop their nuclei are pushed into the “valleys” between guttae.  

Endothelial cells may be stretched or thinned over the apices of guttae [3].  Electron 

microscopy reveals the morphological changes that occur in endothelial cells as they 

take on characteristics of fibroblasts, including increased rough endoplasmic reticulum 

(ER), cytoplasmic filaments, lysosomes, membrane-bound vacuoles, phagocytosed 

pigment granules, and swollen mitochondria [3,19].  In advanced cases, endothelial cells 

produce almost entirely fibrous components and have an elongated fibroblast-like shape 

[3].   

Normally, the 100-110 nm anterior banded zone (ABZ) of DM is secreted during 

the fourth fetal month until close to term [3], and is normal in FECD corneas [20,21].  

These ABZ bands are largely comprised of type VIII collagen [22].  Following the ABZ is 

the posterior nonbanded zone (PNBZ), which is formed around the time of birth when 

endothelial cells switch to synthesizing a homogeneous, amorphous type IV basement 

membrane collagen that is then secreted throughout life; as a result, the PNBZ thickens 

at a slow, constant rate over time [3].  During disease progression DM becomes 2-3 times 
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thicker than normal, and guttae may become buried and difficult to visualize as a result 

of the synthesis of new fibrous components around them. Guttae may take on an 

undulating appearance or may be flat-topped like an anvil.  DM subsequently becomes 

multilayered due to an excessive accumulation of collagen.  The alterations observed in 

the various layers of DM by transmission electron microscopy help provide an estimate 

of when the first abnormal pathological changes take place in life.  FECD corneas 

contain a thinner than normal or absent PNBZ [20,23], implying that FECD pathological 

changes likely do not begin in utero but rather after birth but perhaps before the age of 

20 [20].  Posterior to the PNBZ, FECD corneas exhibit an abnormal posterior collagenous 

layer (PCL) that is continuous with guttae [20,24].  

Corneal edema increases the interstitial fluid in the stroma, which separates the 

stromal collagen fibrils from each other.  Bowman layer usually remains intact even in 

advanced disease and may appear thicker with the edema.  Intracellular and 

intercellular edema in epithelial basal cells is present [14], and increasing edema causes 

the cells to rupture, forming small blebs between cells that develop into bullae where the 

epithelium and Bowman membrane separate [3]. 

 

1.2.3 Pathogenesis 

In spite of the well-documented corneal changes observed in FECD, the 

mechanism(s) that induces these changes is unknown.  Given that loss of endothelial 

cells is a primary feature of FECD, increased apoptosis has been postulated as one 

possible explanation.  In a study of tissue samples from FECD patients, the percentage of 

apoptotic endothelial cells was significantly higher in FECD corneas than in control 

corneas as determined with a TUNEL assay; however, the percentage of apoptotic cells 

was small (2.65%) in FECD corneas, and transmission electron microscopy failed to 
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identify apoptotic cells [25].  The authors speculate that the percentage of endothelial 

cells undergoing apoptosis is low, thus reducing the likelihood of observing an 

apoptotic cell in a tissue cross-section.  Other reports of apoptosis in FECD corneal 

sections have been documented [26,27], and it has been suggested that apoptosis in 

FECD is mediated through the p27, cathepsin, and survivin pathways [28], which is 

noteworthy given that the arrest of corneal endothelial cells appears to be mediated in 

part by p27. 

Borboli and Colby have proposed a mitochondrial hypothesis for FECD 

pathogenesis, wherein alterations to the mitochondrial genome (mtDNA) cause 

endothelial cell failure [29].  Given that endothelial cells actively pump ions into the 

stroma and water back out, they require a continuous supply of ATP generated by 

oxidative phosphorylation carried out by the mitochondrial electron transport chain.  

One of the proteins involved in this process is cytochrome oxidase, which has been 

shown to have decreased activity in corneal regions with edema [30] suggesting the loss 

of functional endothelial cells in these regions.  Oxidative phosphorylation generates 

reactive oxygen species that may induce mtDNA damage [31], and accumulation of 

mtDNA damages has been observed in other age-related disorders including Alzheimer 

and Parkinson diseases [32,33,34].  One case study of a patient with Kearns-Sayre 

syndrome, a mitochondrial disorder, found corneal endothelial abnormalities including 

decreased endothelial cell density, polymegathism, and pleomorphism, indicating a 

connection between mtDNA variation and corneal dysfunction [35]; there is also one 

report of mtDNA variation observed in a FECD patient [36].  Additionally, decreased 

expression of mitochondrial genes, including PRDX3 [37] and SOD2 [38] has been 

detected in FECD samples.  Finally, estrogen has been shown to exert control over 
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mitochondrial function [39], a noteworthy observation given the gender imbalance 

observed in FECD. 

A recent study has also implicated the unfolded protein response (UPR) in FECD 

pathogenesis through observations of increases in rough endoplasmic reticulum (ER) 

[40], which is a hallmark of UPR [41], and increased levels of proteins involved in UPR.  

In addition, increased levels of the apoptotic proteins caspase 3 and caspase 9 were 

observed, and these proteins activate apoptosis in response to ER stress [42,43].  This 

response was suggested to be a central, unifying pathway for FECD pathogenesis.  First, 

FECD variants in COL8A2 (discussed in Section 1.3.1) have implicated aberrant collagen 

type VIII in FECD, and variants in collagens I, II, and X have been shown to lead to other 

human diseases through action of the UPR and ER stress [44,45,46].  Furthermore, 

mutant COL8A2 protein accumulates in the rough ER of FECD corneal endothelium 

[47,48], a finding consistent with delayed processing of the protein through the rough 

ER as induced by ER stress and UPR.  Second, mutant SLC4A11 (discussed in Section 

1.3.2) protein accumulates in the cytoplasm and is not efficiently trafficked to the cell 

membrane [49,50], another observation consistent with ER stress and UPR.  Finally, 

cytoplasmic aggregates of mutant LOXHD1 protein (discussed in Section 1.3.6) were 

recently observed [51], which would also be consistent with ER stress and UPR. 

An alternative pathophysiological pathway to the UPR hypothesis is the growing 

body of evidence implicating oxidative stress in FECD pathogenesis, reviewed by 

Schmedt et al. [52].  The cornea is the outermost part of the eye through which all light 

enters, and it is the first ocular tissue that has contact with ultraviolet (UV) radiation.  In 

addition, the endothelium actively transports ions into the stroma from the aqueous 

humor and water out of the stroma [53,54]; these processes are energy-dependent, 

requiring the generation of large amounts of ATP, and reactive oxygen species are 



 

10 

generated as a byproduct of the mitochondrial electron-transport chain.  Oxidative DNA 

damage has been found to be significantly higher in FECD cells than in non-FECD cells, 

and this DNA damage co-localized with TUNEL labeling in endothelial cells next to 

corneal guttae, suggesting that this damage induces apoptosis [55].  Furthermore, the 

majority of uptake of an antibody against an oxidized guanine base was observed in 

mitochondria, again underscoring the importance of mtDNA damage in FECD 

pathogenesis.  Additionally, oxidative stress can induce UPR [56], which can trigger 

apoptosis.  This hypothesis is attractive in that it links potential modifiable 

environmental exposures (examined in Chapter 4) to FECD pathogenesis.   

This hypothesis is further supported by the observation of increased levels of 

advanced glycation end (AGE) products in FECD [57].  AGEs are modified proteins that 

accumulate in age-related macular degeneration, oxidative stress, inflammation, 

apoptosis, and aging [58,59,60,61,62].  Their interaction with the receptor of AGEs 

(RAGE) increases cellular oxidative stress, and AGE-R3 (galectin 3) binding to AGEs 

regulates apoptosis [63,64].  Immunohistochemical staining of AGEs in FECD corneas 

localized to the anterior portion of DM (the ABZ), which is secreted in utero and 

therefore contains the “oldest” proteins in DM.  These DM proteins consequently have 

the most prolonged exposure to oxidative stress induced by UV radiation.  These 

findings suggest that oxidative stress and apoptosis may occur very early in life and 

continue over time and hence contribute to the gradual loss of endothelial cells observed 

in FECD.   

Moreover hormones, like estrogen, have also been shown to impact the cornea 

directly.  Thyroxine, one of the hormones secreted by the thyroid gland, has been shown 

to accelerate the development of the endothelium in the chick cornea [65], and corneal 

sensitivity decreases correspond to the timing of the peak of estrogen during the 
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menstrual cycle [66].  In addition, the PNBZ of women is twice as thick as the male 

PNBZ [67].  Given the gender imbalance observed in FECD, these observations suggest a 

possible role for sex hormones in influencing the pathogenesis of FECD and/or 

influencing the more severe phenotype observed in female FECD patients [14].  

However, estrogen acts in many signaling pathways and has been shown to inhibit 

apoptosis (reviewed in [39]), which would presumably inhibit endothelial cell loss; this 

contradicts suggestions that women have a more severe FECD phenotype since FECD is 

characterized by a loss of endothelial cells.  More work is needed to clarify the role of 

hormones, if any, in FECD pathogenesis. 

Finally, some of the pathological changes observed in FECD, including formation 

of guttae, thickened DM, and endothelial cell pleomorphism, are observed following 

exposure to toxins [68] or imflammation [69].  Adamis et al. suggested that the horizontal 

pattern of guttae spreading may suggest a role for free-floating particulate toxins or UV 

radiation in FECD pathogenesis [14], and also noted characteristic inflammatory changes 

that are present in FECD that might suggest a role for low-level chronic inflammatory 

processes in triggering FECD in those with a genetic predisposition.  Altered ion 

transport [70] and cellular senescence [71,72] have also been postulated to be involved in 

FECD pathogenesis. 

1.2.4 Comparison of FECD to other endothelial corneal dystrophies 

Among the disorders of the corneal endothelium, FECD is the most common.  

However, three disorders feature similar features that derive from the failure of final 

differentiation of the neural crest during embryonic development [73].  All three 

disorders are characterized by a normal ABZ in DM, altered morphology of endothelial 

cells, corneal decompensation, and secretion of an abnormal PCL [3,74,75].  A 

comparison of the three disorders of the corneal endothelium is summarized in Table 1. 
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Table 1: Comparison of the corneal endothelial dystrophies 

 CHED PPCD FECD 
Symptom 
onset 

Birth to 10 years Teens to 20s, rarely 
at birth 

50s to 60s, with earlier 
onset noted in rare 
cases 

Clinical exam 
findings 

Corneal 
opacification and 
thickening 

Vesicular lesions, 
diffuse opacities, 
occasional stromal 
edema 

Endothelial guttae, 
corneal edema, 
occasional bullae 

Specular 
microscopy 

Not applicable 
(endothelium rarely 
visible) 

Enlarged 
endothelial cells 

Dark areas 
representing guttae, 
decreased endothelial 
cell count, disrupted 
endothelial cell mosaic 

Descemet 
membrane 

Normal ABZ, 
absent PNBZ 

Normal ABZ, 
absent or minimal 
PNBZ,  

Normal ABZ, altered 
PNBZ, 2-3x thicker 
than normal 

Endothelium Absent, markedly 
reduced, or 
dystrophic cells 

Multilayering, 
degenerating 
endothelium, 
epithelial-like 
cellular phenotype 

Thinned over guttae, 
low cell density, 
enlarged and 
irregularly shaped cells 

Inheritance 
pattern 

Either autosomal 
dominant or 
autosomal recessive 

Autosomal 
dominant 

Autosomal dominant, 
sporadic 

Chromosomal 
loci implicated 

20 1, 10, 20 1, 5, 7, 9, 13, 15, 17, 18, 
and X 

Genes 
implicated 

SLC4A11 COL8A2, ZEB1 COL8A2, SLC4A11, 
ZEB1, LOXHD1 

Table is modified from Tables 77.1 and 77.2 in Krachmer et al. [3].  CHED, congenital 
hereditary endothelial dystrophy; PPCD, posterior polymorphous corneal dystrophy. 
 
1.2.4.1 Congenital hereditary endothelial dystrophy (CHED) 

As implied by its name, congenital hereditary endothelial dystrophy (CHED) is 

an early-onset disease that may be detected as early as the first week to six months of 

age (Table 1).  The primary clinical feature is corneal clouding, which presents as a grey-

blue, ground-glass haziness that stems from the corneal stroma [3].  CHED is bilateral, 

symmetric, and occurs in both genders equally; however it is not accompanied by other 

anterior or posterior segment abnormalities, and is associated with a thickened cornea 

[3].  Typically, the hazy cornea may not progress or will progress slowly over the next 
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few decades; however, in some cases, corneal opacification can occur rapidly by age 1, 

and in other cases onset may not occur until the end of the first decade of life [3].  The 

irregular appearance of the epithelium suggests the presence of edema, and many 

patients experience varying degrees of loss of Bowman layer [16].  The stroma and DM 

are both thickened, and in some patients endothelial cells are absent, sparse, have 

degenerate and/or contain melanin granules [76].  The anterior banded portion of DM is 

normal, suggesting normal secretory function of the endothelium during the first 4-8 

months gestation; however, the PBNZ is poorly defined, suggesting abnormal 

physiology during the late prenatal period [3].  CHED is the rarest of the three corneal 

endothelial dystrophies, whereas FECD is the most common. 

There are two forms of CHED distinguished by their pattern of inheritance.  The 

autosomal dominant form, CHED1 (OMIM: 121700), has been localized to a 2.7 cM 

region of chromosome 20q [77]; the causative variants within this locus have not yet 

been identified.  In contrast, the autosomal recessive form, CHED2 (OMIM: 217700), has 

been mapped to chromosome 20p13 and appears to be caused by variation in the 

SLC4A11 gene (OMIM: 610206) that encodes a sodium borate cotransporter [78].  

Variants in this gene have also been associated with corneal dystrophy and perceptive 

deafness (CDPD, OMIM: 217400, also known as Harboyan syndrome) [79,80,81], which 

suggests that CHED2 and CDPD are allelic disorders. 

 

1.2.4.2 Posterior polymorphous corneal dystrophy (PPCD) 

PPCD (OMIM: 122000) is a bilateral, sometimes asymmetric, disorder that 

typically manifests when patients are in their teens and 20s (Table 1).  Phenotypic 

variation is observed among PPCD patients.  For example, many cases of PPCD are 

asymptomatic, can be stable for many years, and may be incidentally diagnosed during 
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a routine eye exam.  However, in other PPCD patients, the phenotype may manifest as a 

cloudy cornea in the first decade of life, and may involve rapidly deteriorating visual 

acuity that necessitates corneal transplantation [3].  However, unlike FECD, PPCD can 

reoccur after transplantation [82]. 

Heterogeneity is also observed in the lesions observed on the corneal 

endothelium of PPCD patients.  These lesions can be categorized as vesicle-like, band-

like, or diffuse opacities, and patients may have multiple lesion types present on their 

endothelium.  The classic PPCD lesion is vesicular-like, and appears as a transparent 

cyst surrounded by a grey halo upon slit-lamp exam.  Corneal edema and endothelial 

guttae occur infrequently in PPCD [3], although when guttae are present they resemble 

those seen in FECD.  The severity of edema is also heterogeneous and may range from 

minimal stromal thickening to bullous keratopathy, may appear at any age, and can 

remain stable or rapidly progress.  Additionally, endothelial cells take on an epithelial-

like phenotype and may no longer exist as a mere monolayer of cells [19] but rather as 

one layer on top of another. 

PPCD shows an autosomal dominant inheritance pattern, and variants in two 

genes have been implicated thus far: the COL8A2 gene (OMIM: 120252) on chromosome 

1 [83], and the ZEB1 gene (OMIM: 189909) on chromosome 10 [84,85].  As discussed in 

Section 1.3, variants in COL8A2 and ZEB1 have been implicated in FECD. 

 

1.3 Genetic basis of FECD 

The evidence of a genetic basis for FECD initially came from observations of 

familial clustering of the trait.  Given the late-onset nature of the disease, it is difficult to 

ascertain multiple generations of affected individuals; however, some reports suggested 

that as many as half of all FECD patients may have a family history of the disease [6,47], 
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although in our experience the actual fraction is lower, around 13% [8].  In patients with 

familial clustering, the FECD pedigrees reported in the literature suggested an 

autosomal dominant inheritance pattern [5,7,86].  Magovern et al. made the first 

examination of the inheritance pattern, penetrance, and sex ratio made through classic 

pedigree analysis [5], and after analyzing a six-generation pedigree concluded that 

FECD likely follows an autosomal dominant pattern of inheritance.  Although previous 

reports had suggested this, the Magovern report was the first to confirm this in a large 

family with more than two generations of affected individuals.  In 1980, Rosemblum et 

al. asked 25 probands with FECD to bring their first degree relatives in for examination; 

in total, 102 people were examined in these 25 families [7].  Male-to-male transmission 

was observed in two families, ruling out X-linked inheritance within those families.  

When the children of probands were restricted to those over the age of 40, 65% were 

found to be affected, which is above the 50% expected with an autosomal dominant trait; 

however, the authors attribute this to ascertainment bias in that the probands were 

responsible for bringing in family members and may have selectively targeted affected 

family members.  The authors noted that FECD “is only rarely sporadic” and that 

individuals with early stages of FECD often go unnoticed and parents of affected 

individuals may have passed away before a diagnosis could be made.   

Most recently, an analysis of 793 individuals in 322 families with FECD estimated 

the heritability of FECD to be 0.304 and central corneal thickness to be 0.466, providing 

the first quantitative assessments of the genetic contribution to FECD susceptibility [9]. 

 

1.3.1 COL8A2 

The first report of a genetic mutation in a FECD patient came from Biswas et al., 

who performed a genome-wide linkage scan on fifteen members of a three-generation 
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family of European ancestry with early-onset (diagnosed between 21-48 years of age), 

histopathologically confirmed FECD from England (FECDPed1) [83].  Male-to-male 

transmission of FECD was observed in this family, ruling out linkage to the X 

chromosome.  The linkage analyses on FECDPed1 only included unaffected family 

members who were in their 50s or older.  After excluding the PPCD and CHED1 

overlapping loci on chromosome 20, the authors perfomed a genome-wide scan with 

microsatellite markers.  High logarithm of the odds (LOD) scores were obtained with 

microsatellite markers D1S2830 and D17S938 using the LINKAGE and MLINK 

programs; additional genotyping with markers flanking D17S938 did not reveal a shared 

haplotype amongst the affected members of the family, thus excluding the chromosome 

17 locus from further analyses.  Haplotype analyses with markers around D1S2830 on 

chromosome 1 revealed recombination events in family members that helped refine the 

critical region to a 6-7cM region on chromosome 1p34.3-p32.  Within this region is the 

COL8A2 gene (chromosome 1; OMIM: 120252), which encodes the α2 chain of type VIII 

collagen, a strong candidate gene.  Sequencing of the gene identified a p.Q455K variant 

that was present in affected family members but was absent from unaffected family 

members and 488 ethnically matched control chromosomes (no age information for the 

controls was provided).  Following the discovery of this mutation, the authors screened 

a panel of 115 unrelated patients with FECD and 15 with PPCD and identified eight 

probands with missense variants in the gene that were not present in control 

chromosomes and were presumed to be pathogenic.  Specifically, the p.Q455K variant 

was identified in two additional early-onset FECD families as well as in a family with 

PPCD.  Additional variants detected in FECD patients but not in controls include 

p.R155Q (familial and sporadic FECD), p.R434H (sporadic FECD), and p.R304Q 

(sporadic FECD) (Figure 2).  All of these variants lie within the triple helical domain of 
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the protein and are conserved across human, mouse, and bovine with >90% sequence 

identity.  Five additional variants were identified in FECD patients, but were deemed 

non-pathogenic based on being present in controls or not fully segregating with the 

disease in a family. 

The p.Q455K variant alters the amino acid “X” in the protein motif “Gly-X-Y” 

that is repeated within the triple helical domain of !2 (VIII) collagen.  Mutations in this 

same position in this motif occur in COL2A1 and cause Stickler syndrome [87].  Based on 

the biochemical properties of the amino acids affected by this mutation, the authors 

speculated that this mutation could disrupt the stability of supramolecular assembly of 

type VIII collagen.  Furthermore, the authors hypothesized that the presence of the same 

variant in patients with two clinically distinct phenotypes could be the result of genetic 

modifiers, citing examples known for other ocular diseases including cerulean and 

Coppock cataracts, Stargardt disease and dominant macular atrophy, and Rieger and 

Peters’ anomaly [88,89,90].   

Type VIII collagen is a trimeric molecule composed as either a homotrimer or a 

heterotrimer between the !1 and !2 chains [91,92,93].  Therefore, the findings of Biswas 

et al. study strongly implicated COL8A1 on chromosome 3 as a FECD candidate gene.  

Subsequent studies have not identified seemingly pathogenic variants in this gene in 

FECD patients [94,95]; however, a more comprehensive analysis of the coding region of 

this gene in a larger sample of FECD patients is required. 

The second investigation of COL8A2 came in 2004 from Kobayashi et al. [96], who 

sequenced the gene in 15 unrelated Japanese FECD patients (aged 44-80, average 59), 

five patients with PPCD, and 36 unrelated normal controls.  Two variants were 

identified in FECD cases, p.R155Q and p.T502M (Figure 2); however, these variants 

were also identified in controls screened and exhibited similar allele frequencies 
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between cases and controls.  The main problem with this study is that the controls were 

aged 20-45 (average 30.7) years, which is not old enough to serve as suitable FECD 

controls given that they are likely too young to manifest disease symptoms.  The 

p.R155Q and p.T502M mutations were each found in three FECD patients (with one 

patient carrying both mutations).  One proband had family members available for 

segregation analysis, but p.R155Q did not segregate with disease in this family.  The 

authors suggested that the two mutations they observed in FECD patients are merely 

polymorphisms present in the Japanese population and are not pathogenic.   

The second familial variant in COL8A2 was identified by Gottsch et al. [47] in 

their analysis of the large FECD pedigree reported by Magovern et al. in 1979 [5].  The 

Gottsch study examined 63 families with FECD, including the Magovern pedigree, and 

patients were assigned a grade according to a modification of the Krachmer scale [6], 

which classifies disease progression into grades that are based on the number and size of 

guttae present in the central cornea.  As a result, this was the first FECD genetic study to 

classify the severity of FECD in the patients examined.  The Magovern pedigree had 17 

affected and 5 unaffected family members.  Microsatellite markers were used for linkage 

analyses, and SimWalk to perform multipoint parametric linkage analysis and 

haplotype inference under an autosomal dominant model with 100% penetrance and a 

disease allele frequency of 10-4.  

A 22 Mb interval on chromosome 1p35-p33.1 was identified with a maximum 

LOD score of 3.65 at a microsatellite marker 1 cM from COL8A2.  This prompted the 

authors to sequence this gene to screen for variants, wherein they identified a p.L450W 

variant (Figure 2) that was always present with the disease phenotype and was absent 

from unaffected members and spouses as well as from 112 background-matched, 

normal, white controls (224 chromosomes; no ages provided).  After screening COL8A2 
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in the other 62 families they had with late-onset FECD, the authors failed to detect the 

p.R155Q, p.R304Q, p.R434H, and p.Q455K mutations that had been previously reported. 

In contrast to the guttae observed in classic, late-onset FECD, the affected 

members of the Magovern family exhibited shallow, intracellular guttae that were 

present in nearly every endothelial cell and; late-onset FECD guttae are typically larger 

and localize to the cell boundaries on the endothelium.  The confocal micrograph of one 

of the Biswas et al. p.Q455K carriers reveals a similar shallow guttate phenotype [83].  

Interestingly, one of the patients in the Magovern family had endothelial abnormalities 

that more closely resembled those observed in PPCD patients, which is noteworthy since 

the p.Q455K mutation has also been detected in PPCD [83]. 

In addition, the authors examined the age of disease onset in all of their other 

cases with grade 3 guttae or above (Krachmer scale) compared to the ages of onset 

observed in the Magovern pedigree and found that the Magovern pedigree members 

had statistically significantly earlier disease onset than cases with classical, late-onset 

FECD (roughly 40 years difference).  The rate of progression through disease grades was 

found to be approximately similar between the two groups of participants, following a 

linear rate of disease progression.  The narrowness of the distribution of age vs. disease 

severity in this family compared to the other 62 families could potentially be explained 

by the late-onset group having more genetic heterogeneity, with not only the genes 

involved the but severity of the mutations identified within those other genes.  

However, unlike the other 62 families, the Magovern pedigree showed a gender ratio of 

1 female : 1 male among affected family members, in contrast to the 2.5:1 ratio observed 

in the family members of the other 62 families (containing 201 total affecteds).  The 

authors state that “the greater longevity of women is expected to give a female-male 
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ratio that is between 1.2:1 and 1.3:1, a range that is insufficient to explain the 2.5:1 

distribution” in FECD. 

Based on the unique morphology and temporal progression of disease status 

exhibited by this family, the authors proposed that families with the p.L450W and 

p.Q455K variants represent a rare, early-onset subtype of FECD.  This is supported by a 

report by Liskova et al. in which the p.L450W mutation was identified in a British family 

with early-onset FECD [97].  Two generations of affected family members had disease 

onset in their 20s and similar clinical features to the Magovern family, including 

intracellular guttae observed with specular microscopy and the absence of excrescences 

on DM, but a thickened DM, in histology. 

Aldave et al. screened 15 classic, late-onset FECD families for mutations in 

COL8A2 but failed to detect the p.L450W (early-onset), p.Q455K (early-onset), or 

p.R155Q (late-onset) mutations that had been previously associated with FECD [95].  

The p.R434H mutation was identified in two affected siblings, but instead of being 

passed down from the affected mother it was inherited from the father, who had trace to 

grade 1 guttae and thus did not quite meet the authors’ criteria for being classified as 

affected.  Additionally, the p.P575L and p.P586P mutations were also present in FECD 

families but did not fully co-segregate with the disease in affected family members.   

Mok et al. examined 25 FECD patients from Korea, including 15 individuals from 

six early-onset FECD families and an additional 10 unrelated (sporadic) patients [98].  

The patients’ ages ranged from 20-81 (average 47), and 16 were female and nine were 

male.  They used 73 patients without corneal disease selected from the general 

population, aged between 30-75 years.  They identified five variants in their cases, 

p.A35A, p.R155Q, p.Q455V, p.G495G, and p.T502M; all of these except p.A35A are 

located within the triple-helical domain of the protein.  The two base pair substitution 
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that produces p.Q455V was present in all 12 cases from the six early-onset pedigrees and 

in 2/9 (22%) unrelated FECD patients, and was absent from unaffected family members 

and controls.  Furthermore, every case with the p.Q455V variant appeared to exhibit the 

same shallow guttae observed in other early-onset COL8A2 cases.  The allele frequencies 

for p.R155Q and p.T502M variants were not statistically different between cases and 

controls, but the allele frequency difference for p.A35A and p.G495G was statistically 

significant.  According to the program SIFT, the missense p.R155Q, p.Q455V, and 

p.T502M variants were all predicted to confer highly deleterious effects; however, 

PolyPhen predicted that p.R155Q might have a benign effect on protein structure while 

the other two variants were predicted to have possibly damaging impacts.   

A screen for p.L450W, p.Q455K, p.R304Q, and p.R434H failed to detect these 

variants in 74 Chinese FECD cases [99], and a screen for p.L450W and p.Q455K in our 

cohort of 92 European-American cases and controls used in a pilot linkage study also 

failed to detect these variants [100].  Finally, Hemadevi et al. screened examined 80 

sporadic Asian Indian FECD patients without a family history of the disease and 100 

age-matched controls for COL8A2 variants [101].  Both early- and late-onset cases were 

screened, and there were 27 males and 53 females in their sample of cases.  They defined 

“early-onset” cases as those with symptom onset at or before age 40, and 15 of their 

cases met this cutoff (5 males, 10 females).  Their controls ranged from 25-70 years 

(average 50).  Of the 80 cases, 37 had PK surgery and all 37 received histopathologic 

confirmation of the FECD diagnosis.  They identified p.R155Q in their cohort as well as 

novel variants p.Asp537Asn and p.Asn548Ser (Figure 2); however, all three variants 

were present in both cases and controls and did not show statistically significant 

association with disease.  
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Figure 2: Published FECD variants in the COL8A2 gene on chromosome 1p34.3. 

Solid cylinders represent coding portions of the gene, while light grey cylinders represent untranslated regions.  The lines 
connecting each cylinder indicate splicing events, and the start and stop codons of the gene are indicated with bold font. Variants 
are indicated by double-headed arrows: black arrows indicate coding-nonsynonymous variants (produce no amino acid change), 
while white arrows indicate coding-synonymous variants (do not produce an amino acid change).  The variants indicated in red 
were identified in African-American FECD cases (Chapter 3).  The p.R155Q variant has been Asian and European-American cases 
in addition to African-Americans. 
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1.3.2 SLC4A11 

SLC4A11 (chromosome 20; OMIM: 610206) has been implicated in the autosomal 

recessive form of CHED [102].  Based on this, Vithana et al. examined 64 Chinese and 25 

Indian FECD patients for variants in this gene [49].  Most of the cases examined did not 

have a family history of FECD, and a bias towards more female cases was observed.  

Four heterozygous variants were identified that were presumably pathogenic, and each 

was present in a single case.  Three of the variants, p.E399K, p.G709E, and p.T754M were 

missense while the fourth, c.99-100delTC, is a frameshift variant that produces a 

premature stop codon 16 codons after the variant (Figure 3).  Only the p.G709E variant 

was present in a case with a family history, but the affected parent was deceased and 

therefore not available for segregation analysis.  None of the variants were detected in 

the 210 Chinese (ages: 60-99) or 144 Asian Indian (ages: 44-91) controls screened.  Each 

variant affected bases that were evolutionarily conserved.  Additional variants were 

detected, including ten silent and five missense (Figure 3), but the authors deemed these 

non-pathogenic because they either did not induce a coding change, did not affect 

evolutionarily conserved bases, or were present in controls.   

The three presumed missense pathogenic variants were transfected into HEK293 

cells, and revealed two protein bands by Western blot at 80 kDa and 120 kDa, 

representing the core protein and the mature, glycosylated protein, respectively.  

Expression levels of the mutant proteins were lower than wild-type, and the mutant 

proteins were retained in the ER rather than being glycosylated and processed to the 

plasma membrane.  Using the SLC4A family member SLC4A1’s protein structure to 

predict the structure of SLC4A11, the p.G709E and p.T754M variants were found to be 

located at residues that were shown to cause human disease in SLC4A1.  In spite of the 
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functional evidence behind these variants, this report left open the question of why 

homozygous variants in SLC4A11 could cause the recessive CHED2 phenotype while 

the parents of CHED2 parents, who are heterozygous carriers of those variants, did not 

appear to manifest FECD.  Recent work has helped to explain this phenomenon.  

SLC4A11 protein exists as a dimer, and wild-type and mutant forms of the protein may 

heterodimerize [103].  Mutant SLC4A11 bearing a CHED2 variant did not impact the 

processing of wild-type SLC4A11 to the plasma membrane (indicating a recessive 

cellular phenotype), whereas mutant SLC4A11 bearing a FECD variant impaired this 

processing and localization (indicating a dominant cellular phenotype).  Not all CHED2 

or FECD alleles have been investigated, so it will be interesting to see if this observation 

holds true across all disease-associated variants in SLC4A11. 

Using the same in vitro system, Riazuddin et al. screened 192 European-American 

FECD patients for SLC4A11 variants and detected seven novel heterozygous variants 

[104].  Each variant was absent from HapMap and from 192 control chromosomes, 

although details were not provided regarding the age or ethnicity of the controls 

screened.  Five of the seven variants (Figure 3) were predicted by PolyPhen and SIFT to 

be pathogenic, and the p.G742R variant was found to segregate within a family.  In vitro 

data revealed that the p.Y526C, p.V575M, and p.G834S variants were processed in the 

same manner as the wild-type protein, primarily existing as the 120 kDa mature form of 

the protein and localizing to the plasma membrane.  The p.E167D and p.G742 variants 

showed a reduction of the 120 kDa mature protein that was accompanied by the 

appearance of a novel 100 kDa protein that represented partial, but not complete 

glycosylation of the SLC4A11 protein; this was reflected by the observed localization of 

these mutant proteins to both the cytoplasm and the plasma membrane.  Finally, the 
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p.R282P and p.G583D variants predominantly expressed the immature 80 kDa form of 

SLC4A11 protein and exhibited cytoplasmic localization. 

The work of Hemadevi et al (2010) [101] also examined their cohort of 80 

sporadic FECD cases and 100 age-matched controls for mutations in SLC4A11.  The 

authors identified two novel synonymous variants, p.N553N and p.V658V, as well as 

three previously reported [49] synonymous variants, p.A135A, p.R161R, and p.S213S.  

There was no statistically significant association with disease with any of these five 

mutations. 
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Figure 3: Published FECD variants in the SLC4A11 gene on chromosome 20p13. 

The gene is drawn on the reverse strand to reflect its physical orientation in the genome.  Figure drawn as described in the caption 
for Figure 2, with the red variant indicating an allele identified in African-Americans (Chapter 3).
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1.3.3 ZEB1/TCF8 

The ZEB1 gene (also known as TCF8; chromosome 10; OMIM: 189909) was first 

implicated in PPCD [84], which falls in the same class of endothelial dystrophies as 

FECD (as discussed in section 1.2.4).  The family examined by Krafchak et al. included 

one confirmed and two reported individuals with FECD, but these individuals did not 

appear to carry any ZEB1 variants [84].  Given that Biswas et al. [83] reported COL8A2 

variants in both FECD and PPCD cases, Mehta et al. decided to examine whether 

variants in this “PPCD” gene were present in FECD patients [99].  They enrolled 74 

unrelated Chinese FECD patients with late-onset FECD (aged 52-91), all of whom had 

grade 4 or higher on the Krachmer grading scale [6] or received a histopathologic 

diagnosis of FECD.  Eight patients had a family history of FECD, while the other 66 were 

sporadic/singleton cases.  Although they failed to detect mutations that had been 

previously associated with PPCD, they did find one novel coding variant, p.N696S 

(Figure 4), in exon 7 in a single sporadic patient that was absent from the 93 healthy 

controls they screened.  They also detected SNPs encoding p.D64D (Figure 4) and two 

intronic variants, but did not mention how many cases carried these variants.  No details 

were provided regarding the ages of the controls screened in this study.  Given that only 

nonsense coding changes or insertions/deletions that produce premature stop codons 

had been previously associated with PPCD [84,85], and p.N696S is a missense change, 

the authors hypothesized that functionally severe variants (like null mutations) in ZEB1 

would give rise to PPCD while milder, loss-of-function (like haploinsufficiency) variants 

would give rise to FECD.   

This hypothesis held true after a larger ZEB1 screen of 192 FECD patients of 

European ancestry [105].  This screen identified four missense variants, encoding 
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p.N78T, p.Q810P, p.Q840P, and p.A905G (Figure 4) that were absent from 560 ethnically 

matched control chromosomes.  No information was given regarding the age or 

phenotypes of these controls.  Screening a replication cohort of 192 European-American 

FECD cases provided by our group detected the p.N78T and p.Q840P variants as well as 

a fifth novel variant, p.P649A (Figure 4).  No information was provided regarding the 

frequency of the p.P649A variant in controls.  All five variants were predicted by the 

PolyPhen and SIFT online tools to be pathogenic.  Six of the seven patients with a ZEB1 

variant were sporadic cases, but the seventh (carrying the p.Q840P variant) had a 

positive family history of FECD.  Analysis of 12 affected family members and a 

subclinical case with under 12 guttae (not enough to meet the authors’ affection criteria) 

revealed that 7/12 family members carried the p.Q840P allele, making this allele 

sufficient but not necessary for disease susceptibility in this family.  Conditional linkage 

revealed that the p.Q840P allele interacts with a locus on chromosome 9p24.1-22.1 

(FCD4, see section 1.3.4.4), and that the presence of both loci appears to confer a more 

severe FECD phenotype that necessitates bilateral corneal transplantation.   

To interrogate the functional effects of these ZEB1 alleles, Riazuddin et al. 

performed in vivo complementation assays in zebrafish [105].  The ZEB1 zebrafish 

ortholog is a gene called kheper that is 81% identical to ZEB1 at the amino acid level, and 

when kheper expression is blocked zebrafish embryos exhibit severe morphological 

defects [106].  Taking advantage of this phenotype as an “output” for a functional 

screen, Riazuddin et al. designed translation blocking morpholinos (MOs) against kheper, 

which induced early developmental defects that were then rescued by coinjection of 

human wild-type ZEB1 mRNA.  The MOs were then coinjected with mutant ZEB1 

mRNAs carrying one of each of the six missense ZEB1 variants identified in FECD 
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patients (five in this study plus the p.N696S variant reported by Mehta et al. [99]) to 

determine whether the variants rescued the mutant phenotype.  Partial rescue was 

observed with the p.N78T and p.Q810P variants, suggesting that these variants do not 

completely obliterate ZEB1 protein function but instead be hypomorphic alleles that 

reduce the protein’s function.  No rescue was observed with the p.P649A, p.Q840P, or 

p.A905G variants, suggesting that these three alleles confer a more severe effect on 

protein function.  Finally the p.N696S variant fully rescued the mutant phenotype, 

implying that this variant may not confer a functional effect on ZEB1 protein function.   

The presence of two different types of variants within the same gene conferring 

two disparate phenotypes has been observed before with the MKS1 gene (OMIM: 

609883), in which null variants are associated with Meckel-Gruber syndrome, a lethal 

perinatal phenotype, while hypomorphic variants are associated with the milder Bardet-

Biedl syndrome [107].  The presence of ZEB1 null alleles in PPCD patients compared to 

missense alleles in FECD patients makes sense given the earlier age of onset observed 

with PPCD (Table 1).   
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Figure 4: Published FECD variants in the ZEB1 gene on chromosome 10p11.22. 

The gene is drawn from 5’ to 3’ reflecting its physical orientation on the forward strand of the reference genome.  Drawn as 
described for Figure 2, with the red variant indicating an allele identified in an African-American with FECD (Chapter 3).
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1.3.4 FECD linkage studies 

1.3.4.1 FCD1 on chromosome 13pTel-13q12.13 

After the initial reports of linkage to the COL8A2 locus on chromosome 1 [83], 

the next locus implicated in FECD was the FCD1 locus (OMIM: 610158) on chromosome 

13 [108].  In contrast to the COL8A2-linked families, which show an earlier age on onset, 

the FCD1 locus was identified by studying a family with the more typical late-onset 

presentation of the FECD phenotype.  The family analyzed by Sundin et al. [108] had 

European ancestry, 20 affected individuals, and an autosomal dominant pattern of 

inheritance of the FECD trait.  Of note are two affected spouses who each married a 

separate affected member of this family, and each had one child with an extremely 

young age of FECD onset (10 and 13 years of age), making these two children the 

youngest cases of FECD ever reported in the literature.  Moreover, these two children 

exhibited the guttae observed in classic late-onset FECD, not the shallower guttae 

observed in patients with COL8A2 variants. 

Microsatellite markers across the genome were genotyped, and linkage was 

performed using the MLINK and SimWalk2 programs to examine two-point and 

multipoint linkage, respectively.  No information was provided regarding the disease 

allele frequency used.  However, all unaffected individuals over the age of 50 were 

excluded to avoid issues caused by possible cases of incomplete penetrance, thereby 

allowing the use of a full penetrance linkage model.  The first analysis was performed 

using an autosomal recessive model: the two early-onset children that both had two 

affected parents were assumed to be homozygous for a disease allele that induced an 

accelerated and severe phenotype, whereas heterozygotes had an intermediate (late-

onset) phenotype.  This assumption also presumed that the two affected parents of each 

affected child were distantly related, and therefore each carried the same disease allele.  
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This generated a maximum LOD score of 4.44 at marker D13S1236 on chromosome 13.  

However, when haplotypes were examined, the two affected parents of each early-onset 

child were not distantly related and did not carry the same haplotype.  As a result, 

linkage was re-analyzed under an autosomal dominant model that classified the two 

affected spouses that married into the family as unaffected, in that they carried separate 

disease alleles from the one transmitted in the family.  Under this model, a maximum 

LOD score of 3.91 was observed at the same D13S1236 marker.  However, haplotype 

analyses were unable to rule out the acrocentric arm of chromosome 13 due to a lack of 

markers on this arm to use to detect recombination events that would help restrict the 

width of the linkage peak.  Therefore, the linkage peak in this family (13pTel-13q12.13) is 

rather large and spans the entire acrocentric arm of chromosome 13, the centromere, and 

part of the q arm.  The authors screened the coding regions of 10/44 annotated genes 

present in this locus according to the May 2004 assembly of the human genome but 

failed to detect any variants associated with FECD in this family.   

Three years later, individuals in this family were re-graded with the use of 

retroillumination photography [109], which has the ability to track the changes in 

individual guttae over time and can document the appearance of new guttae, which 

allows the progression of FECD over time to be documented.  Over a 30-month period, 

there was an average 29.1% increase in the number of guttae present in all affected 

individuals in the family.  In the early stages of FECD, new guttae appear to develop at 

an exponential rate; however, in advanced stages, this rate levels off with little new 

guttae formation.  Dividing the cornea into inferior/superior and temporal/nasal 

quadrants revealed that most guttae are present in the inferotemporal quadrant of the 

cornea.  There was no significant difference in the formation of guttae in the right eye 

versus the left eye.  
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1.3.4.2 FCD2 on chromosome 18q21.2-q21.32 

Shortly after the discovery of the FCD1 peak, Sundin et al. also reported three 

large Mendelian FECD families that each showed strong evidence of linkage to 

chromosome 18 [110].  These families were selected for linkage analysis from a total of 

62 recruited purely on the basis of their size and strong familial clustering of the FECD 

phenotype.  Microsatellite markers were genotyped across the genome.  Two-point 

linkage was performed with MLINK using assumptions of a fully penetrant phenotype, 

autosomal dominant inheritance, and a disease allele frequency of 0.0001.  Multipoint 

linkage was performed with SimWalk 2.89 using an autosomal dominant, reduced 

penetrance (85% chance of being affected in carrying the disease alleles), phenocopy 

rates of either 5% or 15%, and the same disease allele frequency as the two-point 

analyses.   

The three families consisted of 46 total individuals; each showed maximum 

evidence of linkage at marker D18S1129 (two-point LOD scores of 3.41 for kindred 1, 

2.89 for kindred 2, and 2.45 for kindred 3).  The combined LOD score for these three 

families at this marker was 7.70 with a disease allele frequency of 0.0001 and 7.73 with a 

disease allele frequency of 0.01, demonstrating the robustness of these findings.  Other 

secondary linkage peaks on other chromosomes were observed; these were not located 

near the COL8A2 locus or FCD1 on chromosome 13, and were not pursued further in the 

study to determine the possibility of interaction with other genomic loci.  Multipoint 

linkage showed maximum LOD scores at D18S1129 of 5.94 with a 15% phenocopy rate 

and 5.51 with a 5% phenocopy rate.  The observed phenocopy rate across these three 

families was 22%, in contrast to the estimated 4% FECD prevalence rate for the general 

population [6].   
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Haplotyping revealed 8 phenocopies and 4 nonpenetrant individuals across the 

three families.  The observed penetrance rate across the families was 90%, which implies 

that possible environmental risk factors or other genetic loci do not significantly interact 

with the FCD2 locus to modify the phenotype in these families.  The disease-associated 

haplotype was not consistent across the families, suggesting that multiple independent 

disease-associated variants may be located within this locus.  Given that three families 

out of 62 showed linkage to this locus, the authors estimated that FCD2 (OMIM: 613267) 

could contribute to at least 5% of familial FECD.   

Two additional large families that show evidence of linkage to the FCD2 locus 

were reported in 2010 [111].  Each family yielded a two-point LOD score above 3.0 on its 

own under an autosomal dominant model with 90% penetrance and a 0.02 disease allele 

frequency.  While haplotypes were not examined, the number of guttae present in many 

of the affected members of these families was quantified.  When compared to the FCD1 

family, the two new FCD2 families locus show a less severe exponential relationship 

between age and number of guttae.  The FCD1 family has an average annual increase of 

1.24 times the number of guttae present, whereas the two FCD2 families have an average 

annual guttae increase of 1.05 times.  Both families exhibited significant enrichment of 

guttae in the inferotemporal quadrant of the cornea compared to the superotemporal, 

inferonasal, and superonasal quadrants.  These age-severity analyses are the first 

correlation between genotype and FECD phenotype.  The advantage of the 

retroillumination method used in this study to quantify guttae is that it captures guttae 

across the entire cornea, whereas the Krachmer scale [6] only examines linear, horizontal 

guttae present in the central cornea.   
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1.3.4.3 FCD3 on chromosome 5q33.1-q35.2 

Three years after the FCD1 and FCD2 loci were discovered, a third large FECD 

family was reported that showed evidence of linkage to chromosome 5 (OMIM: 613269) 

[112].  There were 11 affected family members, as well as an affected spouse who 

married into the family.  Genome-wide marker genotyping of single nucleotide 

polymorphisms (SNPs) was performed using an Affymetrix 5.0 SNP platform, making 

this the second FECD report to utilize SNP markers for linkage (the first was performed 

by our group [100]).  Two-point linkage was analyzed using the FASTLINK program 

under an autosomal dominant mode of inheritance, 0.02 disease allele frequency, and 

90% penetrance.  The phenotype appears to segregate in an autosomal dominant 

manner, but the other linkage model assumptions made are curious given that this 

group used a lower disease allele frequency (0.0001 and 0.01) in their analysis of the 

more common FCD2 locus [110], and incomplete penetrance was not observed in the 

family.  Nevertheless, LOD scores suggestive of linkage (above 2.0) were identified for 

six markers on the chromosome 5q locus.  Reanalyzing the linkage after genotyping 

microsatellite markers across this locus generated a maximum LOD score of 3.41 at 

marker D5S425.  Haplotype analyses restricted the critical disease-associated interval to 

a 29 cM (27 Mb) region that contains 97 annotated genes.   

One of the affected individuals of this family was 73 years old and received a 

mild Krachmer grade [6] of 1.5 bilaterally, which prompted the authors to compare the 

average age of affected family members assigned to each grade score to the same data 

from the FCD1 and FCD2 families.  Based on these data, the FCD3 family appeared to 

have the mildest phenotype, with nobody in the family appearing to receive a grade 

higher than 2 on the Krachmer scale.  In contrast, the FCD1 family appears to have the 

most severe phenotype with everybody in the family receiving a grade of 5 before the 
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age of 70 years [109,112].  However, all three disease severity profiles indicated an 

exponential progression of disease with increasing age, and all three loci show an initial 

overlap when family members are in their 30s, suggesting that FECD may be clinically 

manifested by this age and then progresses at varying rates depending on which genetic 

factors are present. 

 

1.3.4.4 FCD4 on chromosome 9p24.1-22.1 

The fourth FECD locus identified through the use of large families is the FCD4 

locus on chromosome 9 (OMIM: 613271) [105].  As mentioned in Section 1.3.3, the ZEB1 

p.Q840P allele was detected in 7/12 affected members of a large pedigree and was 

deemed sufficient, but not necessary, to explain the disease phenotype [105].  However, 

to explain the phenotype present in the other five affected family members, Riazuddin et 

al. performed a genome-wide linkage scan that initially failed to generate LOD scores 

above 2.0, but when reanalyzed conditional on the presence of the p.Q840P allele the 

marker rs1410041 on chromosome 9p generated a two-point LOD score of 2.43.  After 

genotyping microsatellite markers across the 9p locus, the D9S256 marker generated a 

LOD score of 3.20.  All five affected family members without the p.Q840P allele carried a 

disease-associated haplotype in the 9p24.1-22.1 locus, and 5/12 individuals had both the 

disease-associated haplotype and the p.Q840P allele.  Three of these individuals had 

progressed to bilateral corneal transplantation, and this family’s bilateral transplantation 

rate was significantly higher than 33 other families in which multiple people had 

undergone bilateral corneal transplantation.    
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1.3.4.5 Duke FECD linkage studies 

In 2009, our group published the first FECD linkage study to use SNP markers 

instead of microsatellites [100] and to analyze a large number of FECD families.  Using a 

modified Krachmer scale (Table 2, Chapter 2), 56 affected and 36 unaffected individuals 

from 22 families were ascertained.  All families were required to have at least one 

member with a histopathologic diagnosis of FECD, ensuring high confidence in the 

phenotype present in each family.  One of these families was a large, Mendelian-like 

family (family 25) that is discussed in depth in Chapter 2.  After implementing quality 

controls measures, 5754 SNPs were used to examine linkage in these families.  Two-

point linkage under both autosomal dominant and autosomal recessive models was 

examined using the FASTLINK and HOMOG programs, and identified HLOD scores 

above 1.5 (suggestive of linkage) on chromosomes 1, 7, 15, 17, and X.  The highest LOD 

score observed was 3.26 (REC) on chromosome 15 at marker rs352476 (66.40 cM) under 

an autosomal recessive model (the DOM LOD score was 2.48).  After removing family 25 

from the analysis, the highest two-point LOD score observed was 3.23 (REC) at 

rs1075991 on chromosome 15 (70.93 cM) (the DOM LOD score was 1.32).  The highest 

LOD score for family 25 was 1.22 (DOM) on chromosome 17 at rs938350; however, as 

shown in Chapter 2 this may be due to the influence of four affected spouses who 

married into the family.  Thus, the peak implicated by the smaller families does not 

appear to overlap with the peak from family 25.  Another high LOD score from the 

entire 22 family dataset, 2.21 (DOM), was observed at rs760694 which is located 3 Mb 

from the COL8A2 gene.  However, the p.Q455K and p.L450W variants were not detected 

in any of the 92 linkage individuals. 

Multipoint linkage was examined using the Allegro program and identified a 

peak LOD score of 2.53 on chromosome 17 at rs1530348 across all 22 families.  However, 
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a multipoint LOD score of 1.99 was observed with family 25 alone, suggesting that 

family 25 strongly influenced the overall family results at this locus.  When family 25 

was removed, the highest LOD score of 1.78 was observed was on chromosome 1 at 

rs716760, which is on the opposite chromosome arm as COL8A2.   

This initial study was a pilot linkage scan performed with only 22 families, and 

failed to detect many LOD scores above the traditional significance threshold of 3.0.  

Therefore, our group continued to enroll additional family members as well as new 

families and in 2011 we reported the results of an expanded linkage scan [113].  This 

expanded screen included 165 affected and 50 unaffected individuals across 64 families, 

including 24 ascertained at Johns Hopkins University that were generously shared with 

us by Dr. Gottsch.  After implementing quality control measures, 4533 SNP markers 

were used in linkage analyses.  Two-point parametric linkage was performed with the 

FASTLINK and HOMOG programs to examine both DOM and REC models with 

disease allele frequencies of 0.001 and 0.01, respectively, and an affecteds-only analysis 

was performed.  Multipoint linkage was examined using the MERLIN program and the 

same DOM and REC model parameters as used in the two-point analyses.  

Nonparametric multipoint linkage was also examined with MERLIN.  Across the 

multiple linkage approaches, the most consistent evidence for linkage was to 

chromosome 18.  The highest multipoint LOD score observed was 2.50 under the DOM 

model at rs1145315 on chromosome 18 at 75.58 cM.  This same marker generated a LOD 

score of 1.48 in the nonparametric analysis.  A nearby SNP at 78.82 cM, rs4641043, 

generated a DOM two-point LOD score of 1.99.  This locus overlaps with the FCD2 

locus, as illustrated in Figure 11 in Chapter 2.  Due to the small number of families and 

individual analyzed in the pilot linkage scan, it is not surprising that some of the initial 

linkage peaks failed to replicate in the expanded study.  However, the repeated evidence 
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of linkage to chromosome 18 is noteworthy because it implicates this locus in FECD 

susceptibility for small nuclear families and pairs of affected siblings as well as large 

families with high FECD clustering. 

 

1.3.5 FECD association studies 

The first genome-wide association study (GWAS) performed on FECD patients 

[114] used European-American individuals that had initially been ascertained into a 

GWAS that examined age-related macular degeneration. After recoding the ocular 

phenotypes, 130 FECD cases and 260 controls were used in an initial discovery group; 

two controls were matched per case based on age and gender.  Genotyping was 

performed with the Illumina 370K Beadchip panel through the Center for Inherited 

Disease Research (CIDR).  The most significant hit was with SNP rs613872 in the TCF4 

gene on chromosome 18, which produced an allele p-value of 1x10-12 and a genotype p-

value of 4x10-10.  Seventeen of the top hits from the discovery cohort were then 

genotyped in a replication cohort of 150 cases and 150 controls, and again rs613872 

achieved genome-wide significance.  When the two cohorts were combined, rs613872 

had an allele p-value of 2x10-26 and a genotype p-value of 1x10-18.  In the combined 

analysis, the odds ratio (OR) for rs613872 in heterozygotes was 5.47 (95% confidence 

interval: 3.75-7.99).  Using stepwise regression, four SNPs in the TCF4 locus were found 

to be independently associated with FECD, and multiple haplotypes spanning TCF4 and 

a nearby hypothetical locus FLJ45743.   

Given the small sample sizes used in this initial GWAS, replication of these 

findings was very important.  In a cohort of 170 European-American cases and 180 

ethnically matched controls, Riazuddin et al. observed an allele p-value of 4x10-15 and an 

OR of 4.2 [115].  They found no evidence of gender-specific allele enrichment in their 
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sample or of an association with age-severity profiles of disease.  Additionally, no 

coding variants were identified in a screen of 96 cases. 

In our cohort of 450 cases and 340 controls of European-American ancestry, we 

also detected significant association between rs613872 and FECD [113].  Using three 

different genetic models, we observed a p-value = 9x10-35 and an OR = 8.01 (dominant), 

p-value = 7x10-30 and OR = 5.35 (additive), and p-value = 5x10-6 and OR = 4.06 (recessive).  

We noted an excess of heterozygous genotypes among our cases but not our controls, 

something also observed in the initial GWAS [114], and this was present even after 

examining female cases separately from male cases.  We did not detect an association 

between grade of affection and rs613872 genotype.  Association with TCF4 SNPs has 

also been noted in a Chinese cohort of 57 cases and 121 controls [116] and in an 

Australian cohort of 103 cases and 275 controls [117].  However in a second Australian 

cohort, no association was observed between rs613872 genotype and endothelial cell 

density [118]; however, this study examined people in their 20s with the goal of being 

able to detect early changes in the endothelium of rs613872 risk allele carriers that might 

help with presymptomatic FECD detection, and did not examine FECD as the outcome 

variable in the association analysis. 

 

1.3.6 LOXHD1 

The most recent gene implicated in the pathogenesis of FECD is LOXHD1 [51] on 

chromosome 18q21.1, a gene that resides just proximal the FCD2 locus initially reported 

by Sundin et al. [110].  Riazuddin et al. [51] performed targeted exome capture 

sequencing across the FCD2 locus in one affected and one unaffected individual from 

each of the three original linkage families (kindreds 1, 2, and 3) [110].  Although they 

were not able to identify any rare variants that could explain the phenotype in kindreds 
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1 or 3, they identified a c.C1639T variant in LOXHD1 (OMIM: 613072) in kindred 2, 

which was not surprising given that the disease-associated haplotypes differed between 

the three families and that kindreds 1 and 3 had higher phenocopy rates than did 

kindred 2 [110].   

This variant was present in all affected individuals in this family, with two 

notable exceptions.  There was one unaffected individual who carried the disease-

associated haplotype; this person, who was 63 years old when the Sundin report was 

published, is likely a nonpentrant individual and was labeled as such in the original 

Sundin report.  In addition, there is one affected case who does not carry the disease-

associated haplotype or the c.1639C>T variant; this individual may represent an 

example of a phenocopy.  Phenocopies were observed in kindreds 1 and 3 of the Sundin 

report, as well as nonpenetrant individuals, and changing the phenocopy rate from 5% 

to 15% in their linkage models did not drastically alter evidence for linkage to this locus 

in any of the three families [110].  It is worth noting, however, that the disease-associated 

haplotypes reported in these two papers do not overlap. 

Following identification of the c.1639C>T variant, Riazuddin et al. then 

determined that this variant was absent from both the 1000 Genomes Project and the 

1500 exomes of the Exome Variant Server, but was present in a Bushman African 

genome with no phenotypic information available.  Quantitative real-time PCR showed 

that LOXHD1 is expressed in cultured human corneal endothelial cells, and 

immunohistochemistry revealed that LOXHD1 is expressed in mouse corneal epithelium 

and endothelium at low levels, and is increased in human corneal specimens taken from 

the c.1639C>T-carrying proband compared to both a FECD case without this variant and 

a normal cornea extracted from a keratoconus patient.  The proband’s specimen revealed 

endothelial staining of multiple cytoplasmic aggregates, which were also present when 



 

 42 

ARPE-19 (a human retinal pigment epithelial cell line) cells were transfected with 

mutant LOXHD1 constructs containing c.1693C>T or two other FECD-associated 

LOXHD1 variants.  Sequencing of their cohort of 207 unrelated FECD cases revealed an 

additional 14 nonsynonymous coding variants and one missense variant present in a 

splice isoform.  These variants were absent from 384 control chromosomes and from 

1000 Genomes Project and the 1500 Exome Variant Server exomes, and protein modeling 

suggested these variants localized to the surface of the encoded protein.   

Taken together, the Riazuddin et al. report suggests a possible role for LOXHD1 

variants that may underlie the FECD phenotype in a small fraction of cases.  Along with 

SLC4A11, this is the second report of variation in a gene in FECD cases that has also 

been implicated in hearing loss.  This observation is noteworthy in light of a recent 

report suggesting that hearing loss may be associated with FECD [119]. 

 

1.4 Function of FECD genes 

1.4.1 COL8A2 

COL8A2 encodes the !2 chain of collagen type VIII, which comprises a large 

portion of the PCL of DM and likely is part of the guttate structure [120].  In addition to 

being expressed in the cornea, type VIII collagen is also expressed in vascular 

endothelial cells, keratinocytes, mast cells, and some tumor cells [121,122].  Given this 

widespread expression, it is perhaps surprising that FECD patients with COL8A2 

variants do not exhibit other systemic symptoms. The function of type VIII collagen in 

the corneal endothelium is unknown, but Biswas et al. hypothesized that it may function 

in a structural manner to resist compression of the endothelial cell hexagonal matrix 

[83].  Gottsch et al. hypothesized that mutant COL8A2 protein could improperly interact 
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with other components of the extracellular matrix, and these aberrant interactions would 

create sites of structural weakness in DM through which guttae can extrude [47]. 

Initial studies of Col8a2 in knock-out mice showed that corneal endothelial cells 

were enlarged, reduced in number, and had a decreased ability to proliferate in vitro 

following stimulation with growth factors [123]; additionally, corneal thickness was 

reduced in a mouse line carrying a point mutation in Col8a2 [124].  However, neither of 

these mouse lines exhibited corneal guttae, a defining feature of the FECD phenotype.  

The first mouse lines to exhibit corneal guttae were recently reported [125], and were 

created by knocking in the p.Q455K variant detected in FECD early-onset families.  

Homozygous mutant mice had progressive loss of corneal endothelial cells over time 

but did not have thickened DM, which perhaps was due to the relatively young age of 

the mice examined (10 months).  In addition, no PPCD-like features were observed in 

the mice, whereas the p.Q455K allele has been detected in PPCD patients.  In addition, 

UPR was detected at an earlier stage of endothelial cell loss than is possible in human 

corneas that are solely obtained in end-stages of disease, thereby suggesting a role for 

UPR in early FECD pathogenesis.    

 

1.4.2 SLC4A11 

The SLC4A11 gene encodes an ion transporter that mediates the transport of Na+ 

and OH- into cells, as well as Na+/borate cotransport in the presence of borate [78].  

Although the role borate plays in human cells is not well understood, boron is required 

for the synthesis of testosterone and estradiol [126,127].  Additionally, boron and 

SLC4A11 appear to function in cell growth and proliferation via activation of the MAPK 

pathway [78].  SLC4A11 expression in FECD is downregulated compared to controls 

[38]. 
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The evidence of altered phenotypes in Slc4a11-/- mice is mixed.  In one study by 

Lopez et al., Slc4a11-/- mice did not exhibit the same altered endothelial morphology 

observed in FECD or CHED2 [128].  Slit lamp examination revealed that the corneas of 

Slc4a11-/- mice were clear and showed no evidence of edema or opacification.  Corneal 

endothelial cell density, size, and shape all did not significantly differ from wild-type 

littermates.  No DM abnormalities were observed.  Compared to wild-type mice, the 

basal epithelial cells from Slc4a11-/- mice were more columnar and cells within the 

stroma of Slc4a11-/- mice appeared more disorganized.  However, the Slc4a11-/- mice were 

generated by knocking out translation and gene expression altogether instead of 

introducing FECD or CHED2 SLC4A11 variants.  As with Col8a2 mice, introduction of 

the specific point mutations observed in FECD patients may be required to recapitulate 

the guttate phenotype. 

However, in a second study by Gröger et al. more severe morphological changes 

in the cornea of Slc4a11-/- mice were observed [129] in spite of a knock-out approach that 

produced truncated Slc4a11 protein lacking the first predicted transmembrane domain, 

thus preventing trafficking to the plasma membrane.  The only portion of the cornea 

where Slc4a11 protein was expressed was in the endothelium, which was significantly 

thicker compared to the endothelium of wild-type littermates.  The DM and stroma in 

Slc4a11-/- mice were also significantly thicker.  The corneal endothelium of Slc4a11-/- mice 

did not show reduced proliferation or increased cell death. The endothelial cells of 

Slc4a11-/- mice contained numerous intracellular vacuoles, indicative of osmotic 

imbalance, as well as an accumulation of sodium chloride crystals.  These crystals were 

accompanied by an increased stromal concentration of both sodium and chloride and an 

increased endothelial cell concentration of sodium only.  Given that Slc4a11 acts as a 

sodium channel [78] and that the sodium gradient is a key factor in proper corneal ion 
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balance [130,131], disruption of normal Slc4a11 protein function could impair the 

efficiency of the endothelium in maintaining proper corneal ion balance [132].  It is not 

surprising, then, that almost every single SLC4A11 variant identified in FECD and 

CHED2 generates a protein that is not targeted to the plasma membrane, but rather is 

retained intracellularly [50]. 

 

1.4.3 ZEB1/TCF8 

The ZEB1 gene (OMIM: 189909) on chromosome 10 encodes the zinc finger E-box 

binding homeobox 1 protein, also known as transcription factor 8 (TCF8).  Expression of 

this gene has been documented in the corneal endothelium [133].  ZEB1 may act as 

either a repressor or activator of transcription (reviewed in [134]), depending on cell 

type and DNA context.  The transcriptional activities of ZEB1 play a role in cell 

proliferation and differentiation through the induction of the epithelial-to-mesenchymal 

transition (EMT) [134,135], which is important during certain stages of embryonic 

development including the formation of the neural crest [134].  Various reports suggest 

connections between ZEB1 and postulated mechanisms for FECD pathogenesis.  ZEB1 is 

implicated in progesterone signaling [136] through its upregulation by progesterone 

receptor B.  Putative ZEB1 binding sites have been identified in the promoters for 

several collagen genes [84], including COL8A2 as well as the COL4A1-6 genes that 

encode subunits of type IV collagen; this finding suggests a possible role for ZEB1 in 

mediating the switch from secretion of the normal ABZ of DM to the abnormal PNBZ 

around the time of birth.  Zeb1 null mice exhibit an increase in corneal endothelial cell 

proliferation in late gestation, increased corneal thickness, and an abnormal DM [137]. 
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1.4.4 TCF4 

The TCF4 gene is a member of the class I basic helix-loop-helix family of 

transcription factors that bind to E-box gene promoter sequences and is expressed in 

developing corneal endothelium [114].  TCF4 has been implicated in cancer 

development and progression [138] as well as cell migration [139,140].  Pitt-Hopkins 

syndrome, characterized by epilepsy, mental retardation, and episodic hyperventilation 

is caused by haploinsufficiency of TCF4 [141].  Knockdown of the tcf4 gene results in 

defects of terminal differentiation in the eyes of zebrafish embryos [142].  TCF4 protein, 

also known as E2-2, has been shown to regulate expression of ZEB1 [140], potentially 

linking these two genes into a common FECD pathogenesis pathway. 

 

1.4.5 LOXHD1 

Not much is known about the function of the LOXHD1 gene.  Aside from being 

evolutionarily conserved, the encoded protein is comprised of 15 PLAT 

(polycystin/lipoxygenase/!-toxin) domains, which are thought to target proteins to the 

plasma membrane [143,144] and to mediate protein-protein interactions [145].  While the 

PLAT domain is present in other proteins [144], LOXHD1 is the only protein to contain 

more than one PLAT domain and is solely comprised of PLAT domains [146].  

Expression of LOXHD1 has been demonstrated in the plasma membrane of stereocilia in 

the inner ear [146] and in corneal epithelium and endothelium [51].  Variation in 

LOXHD1 has been identified in patients with autosomal recessive nonsyndromic 

hearing loss [146,147].   
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1.5 Future directions for FECD research 

The explosion of FECD research over the past decade is just the beginning of 

what will surely be a revolutionary time for understanding this disease.  Just within the 

past year came the first report of a reliable animal model for FECD that recapitulates the 

guttate phenotype observed in humans [125].  This provides the opportunity for a 

variety of in vivo studies that can help elucidate the mechanism(s) by which FECD 

develops.  Additionally, these animal models can facilitate translational research in 

FECD by allowing new drug treatments to be tested in a valid FECD model prior to 

clinical trials in patients, such as drugs that inhibit apoptosis or antioxidant vitamin 

supplements.  Since this mouse model was generated by introducing the p.L450W 

(unpublished, presented at 2010 Association for Research in Vision and Ophthalmology 

annual meeting) and p.Q455K FECD variants in COL8A2, it will be interesting to see 

whether mice carrying FECD variants in SLC4A11, ZEB1, and LOXHD1 that are 

currently presumed to be pathogenic on the basis of functional data will also 

recapitulate the guttate phenotype. 

Although the advent of improved corneal transplantation procedures like DSEK 

has improved this treatment for patients, it has hampered the ability of researchers to 

obtain samples of diseased corneal endothelium.  The DSEK technique removes DM 

while leaving as much of the patient’s native endothelium as intact as possible.  Our 

experience with DSEK has revealed that few, if any, endothelial cells are attached to the 

DM specimens [148].  This hampers the ability of researchers to examine tissue-specific 

changes in gene expression, proteomics, metabolomics, epigenetic profiles, or mtDNA 

that may help elucidate FECD pathogenesis.  A recent report shows promise of being 

able to harvest the cells that are present on DSEK DM specimens [149], but this 

technique will need to be perfected and scaled up to make larger quantities of diseased 
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endothelium available for study.  Furthermore, the specimens obtained through corneal 

transplantation represent end-stage disease tissue that is comprised of already 

compromised endothelial cells; studying these diseased cells may not reveal insight into 

the early changes that precede end-stage disease [12]. 

Ascertaining large cohorts of FECD patients is also necessary to identify genetic 

variants that exert small effects on FECD susceptibility.  Our group has partnered with 

the FECD Genetics Multi-Center Study Group based at Case Western Reserve University 

to perform the first large-scale GWAS on over 2000 FECD patients of European ancestry.  

Additional cohorts of FECD patients are required to replicate the findings of our GWAS, 

especially non-European cohorts (see Chapter 3).  Additionally, large samples of FECD 

patients like ours can be used in prospective epidemiological studies to help elucidate 

the effect of environmental exposures on FECD risk (see Chapter 4), to accurately 

determine the prevalence and incidence of FECD to incorporate into genetic models, and 

to determine the total genetic load conferred by FECD candidate genes like COL8A2 or 

SLC4A11. 

The recent development of next-generation sequencing technologies has enabled 

the examination of an entire patient’s exome for around $1000 per sample.  As a result, 

all coding variants within the genome can now be interrogated, which will enable the 

detection of rare variants that may influence the FECD phenotype.  This technology was 

recently used to identify a variant in the LOXHD1 gene that segregated with disease in a 

family that showed linkage to the FCD2 locus on chromosome 18 [51].  This approach 

should be adopted to help accelerate the discovery of the causative variant segregating 

within large FECD families, such as the one analyzed in Chapter 2.   
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Chapter 2: Genome-wide linkage scan of FECD 

The key to many of the early successful genetic research studies, like the 

mapping of the BRCA1 gene for breast cancer, was the identification of large, 

multigenerational families that exhibited abnormal clustering of a disease trait [150].  By 

examining genetic markers across the genome, researchers could identify the genomic 

region that was being passed down through the generations of these families alongside 

the disease trait.  These linkage studies have been hugely successful in mapping the 

underlying genetic variants that cause disease in these families. 

This approach has been successfully applied to FECD to better understand its 

genetic basis.  The first genetic variant identified in FECD was uncovered using linkage 

[83], and subsequent studies have identified loci on chromosomes 1 [47], 5 [112], 7 [100], 

9 [105], 13 [108], 15 [100], 17 [100], 18 [110,113], and X [100] that also appear to influence 

susceptibility to FECD.  Some of these loci have been replicated across several large 

families (chromosomes 1 and 18), others have thus far only been identified in one family 

(chromosomes 5, 9, and 13), and yet others have only been identified in smaller nuclear 

families or in pairs of affected siblings (chromosomes 7, 15, 17, and X).  The picture of 

FECD as a complex genetic disease has emerged through these studies.  Additionally, it 

is clear that these loci must act through a variety of mechanisms.  The FCD3 locus on 

chromosome 5 confers a milder FECD phenotype than do the FCD1 and FCD2 loci on 

chromosomes 13 and 18, respectively [112].  The FCD4 locus on chromosome 9 interacts 

with variants in the ZEB1 gene to confer a more severe phenotype than either locus does 

on its own [105].  Finally, the FCD2/TCF4 locus on chromosome 18 appears to contain 

multiple, independently associated haplotypes [115]. 

In 2009, our group published the results of a pilot linkage study that used small, 

nuclear families or pairs of affected siblings [100].  We have since expanded this linkage 
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scan by genotyping both new families and additional members of our initial families 

[113]; this work is described in more detail in Chapter 1.  In addition to these small 

families, our group has also ascertained one large, multigenerational family that has 

been painstakingly recruited over several years by attending family reunions.  This 

chapter details the work that has been done thus far to identify the genetic locus 

responsible for the FECD phenotype in this family. 

   

2.1 Methods 

2.1.1 Participant recruitment 

Our standard method of enrolling study participants involves approaching 

patients attending the Duke University Eye Center (DUEC) cornea clinic.  Patients 

undergo slit-lamp biomicroscopy using either a Haag-Streir biomicroscope (Bern, 

Switzerland) or Zeiss biomicroscope (Carl Zeiss Meditec, Germany) for detailed 

evaluation of their corneas.  Additional in-depth examination of the corneal 

endothelium may be made with a NIDEK Confoscan confocal microscope (NIDEK 

Technologies, Greensboro, NC). Clinical diagnosis of FECD requires observation of 

typical features of the condition, including guttae, corneal edema, and occasional 

epithelial bullae.  Disease severity is quantified using a modified Krachmer scale [6], 

which assigns patients grades based on the number and size of guttae that are present in 

the central cornea (Table 2); “affected” patients have grades two or higher.  Other 

general ocular assessments made during the initial exam include evaluating visual 

acuity, refraction, pupils, intraocular pressure, and the ocular fundus.  All participants 

provided written, informed consent and the protocol was approved by the Duke 

University Institutional Review Board.   
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Table 2: DUEC grading scale to evaluate severity of corneal guttae 

Grade Findings 
0 No central corneal guttae 
1 Scattered central corneal guttae 
2 1-2 mm of grouped central corneal guttae 
3 2-5 mm of grouped central corneal guttae 
4 > 5 mm of grouped central corneal guttae 
5 Corneal guttae with epithelial edema 

  

In addition to a clinical diagnosis of FECD, affected patients were initially 

required to meet one of the following criteria (Table 3): 1) patient had a corneal 

transplant with a histopathologic diagnosis of FECD, or 2) patient had corneal guttae 

grades 2-5 and at least one family member who had undergone a corneal transplant with 

a histopathologic diagnosis of FECD.  These two levels of affection have two lines of 

evidence suggestive of the FECD phenotype and therefore represent the “gold standard” 

by which affection status is defined in our study.  However, since not all patients have 

undergone corneal transplantation, our criteria for defining affection statuses have been 

relaxed and now all individuals with grades 2+ are considered affected, even without 

the support of a histopathologic diagnosis (although this information is still noted).  

Individuals with grade 1 guttae were considered to be of an uncertain or questionable 

FECD disease status, and individuals with a normal corneal exam (grade 0 guttae) were 

classified as unaffected.  Patients with a history of intraocular surgery, previous keratitis 

or anterior segment inflammation, or previous corneal trauma were excluded from the 

study.  All participants recruited as controls have undergone slit-lamp examination to 

rule out the presence of corneal edema and guttae.  Controls must be 55 years of age or 

older and must not have any known history of corneal disease in their family.   
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Table 3: Levels of affection status 

Level Affection criteria 
1 Histopathologic diagnosis of FECD 
2 Clinical diagnosis of FECD (corneal guttae grades 2-5) with an affected 

family member diagnosed as level 1 
3 Clinical diagnosis of FECD (corneal guttae grades 2-5) with an affected 

family member diagnosed without histopathologic proof 
4 Clinical diagnosis of FECD (corneal guttae grades 2-5) without a known 

family history of FECD 
5 Unaffected—corneal guttae grades 0-1 is the individual’s age is > 60 years 

 

 Family “25” is a large, multigenerational European-American family with ,any 

members who manifest the FECD phenotype.  The proband was enrolled at DUEC, 

underwent PK, and received a histopathologic diagnosis of FECD, thus giving the 

proband an affection status of level 1, indicating the highest level of confidence in this 

individual’s diagnosis.  To increase the number of family members participating in the 

study, permission was obtained from the family to attend their annual family reunion.  

Over the course of five years, additional family members were enrolled and FECD 

grades were assigned using a mobile slit-lamp biomicroscope.  This resulted in several 

imperfect diagnoses because the mobile corneal exams were performed in less than ideal 

conditions, in that the room was not completely dark and the mobile slit lamp is prone 

to perturbation by floor vibrations, making it difficult to observe the guttae in 

individuals with few guttae and making a distinction between grades 1 and 2 difficult.  

 The pedigree of family 25 is shown in Figure 5.  A total of 38 individuals from 

this family were enrolled: 24 affecteds, 10 unaffecteds, three with early FECD (grade 1), 

and one with an unknown FECD status.  In this family, the FECD trait appears to be 

inherited in an autosomal dominant manner; however, under this model there is one 

nonpenetrant carrier.  Within one branch of the family, four affected spouses married 

into the family, potentially introducing alternate genetic susceptibilities to their 

offspring. 
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Figure 5: Pedigree of family 25. 

An abbreviated version of the full pedigree of family 25, showing all 38 individuals who have been enrolled (indicated by a black 
plus (+) sign).  The proband is indicated by an arrow.  Circles represent females and squares represent males.  Symbols filled in 
with black represent affected individuals, symbols filled in with grey represent individuals with early FECD (grade 1), 
individuals with a question mark (?) have an unknown FECD status.  The red circle indicates an obligate nonpenetrant carrier of 
the FECD disease allele, and the blue circles indicate four spouses who have married into the family and are affected with FECD 
(note that they all married into the same “branch” of the family).

I 

I

I 

II 

III 

IV 

V 

V 
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2.1.2 Linkage chip genotyping 

DNA was extracted from whole blood using the Puregene sytem (Gentra 

Systems, Minneapolis, MN, now Qiagen) in the DNA Bank of the Duke Center for 

Human Genetics.  Genome-wide genotyping of single nucleotide polymorphisms (SNPs) 

was performed using two different linkage panels manufactured by Illumina (San 

Diego, CA).  The first platform, the Illumina GoldenGate SNP linkage panel IVB, 

contains 5,858 markers; the second platform, the Illumina Infinium HumanLinkage-12 

platform, contains 6,090 markers, of which 4,811 overlap with the GoldenGate IVB 

platform.  Genomic DNA samples were prepared at a concentration of 75 ng/µL in a 

total volume of 10 µL, and were genotyped in four multiplexed assays according to the 

manufacturer’s protocols.  

The Illumina genotyping system is fluorescence-based, with one color specifying 

the first allele (A) and a second color specifying the second allele (B).  Homozygous 

samples (AA or BB) therefore generate a signal exclusively/predominantly in the 

corresponding single color only, whereas heterozygous samples (AB) generate a signal 

in both colors.  Since samples vary in their performance, each marker produces three 

clusters of results within color-signal space, one for each genotype.  As part of the 

Illumina genotyping process, a quality measure known as a “GenCall score” is 

determined for each genotype, which measures how close a genotype is to the center of 

the cluster of other samples assigned the same genotype, compared with the centers of 

the clusters for the other two genotypes.  The metric varies from 0 to 1, such that the 

higher the value the more reliable the genotype—i.e., a sample giving a signal close to 

the center of a cluster that is tight and distinct from the other two clusters will have a 

high GenCall score. 
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2.1.3 Quality control processing of SNP genotype data   

The Illumina BeadStudio and GenomeStudio programs were used to check 

genotype reproducibility rates using replicated samples, family relationships, gender 

status of each DNA sample using Y chromosome markers, sample genotype call rates 

above 99%, and the GenCall score.  A set of clean markers was chosen based on GenCall 

scores ≥ 0.15, as well as meeting the other above QC measures, for further data cleaning. 

Family relationships were examined using the RELPAIR [151] and PREST [152] 

programs and were performed using a set of 1000 markers with approximately equal 

inter-marker distances across the genome.  Mendelian inheritance inconsistencies were 

then checked using the PEDCHECK program [153].  Missing genotypes were assigned to 

the family for those markers with Mendelian inheritance inconsistencies.  All SNPs were 

tested for deviations from Hardy-Weinberg equilibrium, and any that were found to 

deviate were excluded from the linkage analysis.  These data cleaning steps were 

performed using a larger linkage dataset that consisted of 64 families [113], including 

family 25, and produced a final set of 4,533 SNP markers that were used in the linkage 

analyses for family 25. 

 

2.1.4 Linkage analyses 

Although previous reports suggest that FECD may have an autosomal dominant 

pattern of inheritance in large, multiplex families (see Chapter 1), we opted to use both 

parametric and nonparametric linkage approaches to analyze family 25 and to define 

peaks of interest based on overlapping results between these approaches.   

Two-point, affecteds only, parametric linkage was analyzed using the FASTLINK 

[154] and HOMOG [155] programs.  An autosomal dominant (DOM) genetic model was 

specified with a disease allele frequency of 0.001.  Multipoint parametric linkage was 
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analyzed using MERLIN [156] under the same conditions used in the FASTLINK DOM 

two-point analysis.  Linkage disequilibrium (LD) may inflate the type I error of a 

multipoint linkage analysis, particularly when parental genotype data are not available, 

as is the case in the top generations of family 25 [157].  Therefore, a squared Pearson 

correlation coefficient (r2) threshold of 0.16 between markers was used to ensure 

independence between markers for the MERLIN multipoint linkage analyses.  All 

statistical analyses were performed by Jacqueline Rimmler, and the deCODE genetic 

map was used for inter-marker distances. 

The large size of family 25 posed some analysis issues.  Bit size limitations in 

MERLIN prevented the analysis of the entire pedigree as one unit, so we developed 

three analysis approaches for the linkage analyses.  In the first approach, FASTLINK 

was used to perform two-point analyses on the entire pedigree, both with and without 

the affected spouses and their offspring (Figure 6).  In the second approach, the family 

was broken into three branches, and each branch was analyzed separately using a 

MERLIN multipoint analysis.  This approach omitted the affected spouses and all of 

their offspring.  In order to connect the three branches back together, the proband and 

her parents were included in the structure of each branch as were the original founders 

of the pedigree (Figure 7).  Finally, the third approach only used the top three 

generations of the full pedigree and omitted the affected spouses and everyone in 

generations 4 and 5.  Both FASTLINK two-point and MERLIN multipoint analyses were 

used in this approach (Figure 8). 
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Figure 6: Linkage approach 1, the full pedigree of family 25. 

The individuals circled in red, the three married-in affected spouses and their children, 
were either included or excluded from the analyses. 
 

 
Figure 7: Linkage approach 2, dividing family 25 into three branches. 

Each branch, circled in red, was analyzed as a separate “nuclear” family.  The 
individuals circled in blue were analyzed with each branch.  Note that branch 25999 
includes a nonpenetrant carrier. 

 

 
Figure 8: Linkage approach 3, using the top 3 generations of family 25. 

Only the individuals circled in red were analyzed, omitting the affected spouses and all 
members of generations 4 and 5. 

Branch 25999  Branch 2599   Branch 259999 
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2.1.5 Haplotype analysis 

To identify the commonly shared chromosomal segments between all affected 

individuals in family 25, we used the haplotype analysis feature in MERLIN to generate 

haplotype estimates on each of the three branches created in family 25 (Figure 5), and 

was generated by Jacqueline Rimmler.  The identification of the allelic combinations 

composing the disease-associated haplotypes were done by hand. 

To assist with the haplotyping, a microsatellite marker, was genotyped across all 

members of family 25.  The microsatellite marker, D18S69, is located at 77.03 on the 

deCODE genetic map.  Polymerase chain reaction (PCR) amplification of D18S69 

utilized the reaction conditions given in Table 4 along with 3 µL of genomic DNA 

prepared at a concentration of 10 ng/µL.  The forward PCR primer sequence was 

5’FAM-CATTAGCAGTCTGGAAATCCTC-3’ and the reverse PCR primer sequence was 

5’-CGCTATTGTACTGAAAACCTGA-3’, and were taken from the UCSC genome 

browser. 

Table 4: PCR reaction conditions for D18S69 genotyping 

PCR reagents Cycling conditions 
Qiagen HotStarTaq, 1.5 mM Mg: 
10X PCR buffer  1.0 µL 
2 mM dNTPs  1.0 µL 
Q solution  2.0 µL 
F primer  0.2 µL 
R primer  0.2 µL 
Taq (5U/µL)  0.05 µL 
d.H2O   2.55 µL 
   7 µL per well 

1 cycle:  95°C for 5 min 
10 cycles: 95°C for 30 sec 
  66°C for 30 sec   (-1°C/cycle) 
  72°C for 30 sec 
40 cycles: 95°C for 30 sec 
  56°C for 30 sec 
  72°C for 30 sec 
1 cycle:  72°C for 10 min 
Hold:  4°C 

 

2.1.6 Candidate gene variant screen 

The TCF4 gene was a top candidate gene within the family 25 critical linkage 

interval, so the exons and exon-intron junctions were sequenced for coding variants in 

six affected individuals from family 25, one from each branch (see Figure 9).   
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Figure 9: Family 25 individuals used in the TCF4 variant screen. 

The six individuals circled in red, one from each branch of the family, were selected for 
use in screening of the TCF4 gene for coding variants. 

 

 

Primers complementary to the coding portions of the TCF4 gene 

(NM_001083962) were designed using the ExonPrimer (http://ihg.gsf.de/ihg/ 

ExonPrimer.html) and Primer3 (http://frodo.wi.mit.edu/primer3/) [158] tools available 

online, and were checked for off-target sequence homology using the BLAT algorithm 

[159] in the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway).  

Primer sequences and PCR conditions are listed in Appendix A.  The suffix “.2” in 

primer names represent redesigned primers that were used to sequence selected 

samples only after the original primer failed to generate clean sequencing data for those 

samples.  PCR amplification was performed using 30 ng DNA per primer pair.  

Sequencing was carried out by Eton Bioscience Inc. (Durham, NC).  Sequences were 

analyzed with Sequencher 5.0 (Gene Codes Corporation, Ann Arbor, MI).  All suspected 

variants were confirmed with bidirectional sequencing.   
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2.2 Results 

2.2.1 Linkage results 

The first analysis approach examined two-point linkage across the entire family 

25 pedigree using a dominant genetic model (Figure 6).  The first analysis included the 

four affected spouses and their offspring, and produced LOD scores above 1.5 

(suggestive for linkage) for just three markers (Table 5).  The highest LOD score of 1.963 

was observed at rs395357 on chromosome 17, but suggestive linkage was also observed 

on chromosomes 5 and 18. 

 

Table 5: FASTLINK two-point results for the full pedigree and affected spouses 

SNP marker Chr deCODE position (cM) LOD score 
rs1473132 5 133.30 1.783 
rs395357 17 9.60 1.963 
rs503347 18 121.32 1.777 

All LOD scores presented were generated under the DOM model.  Chr, chromosome; 
cM, centiMorgans. 
 

 Because the affected spouses that married into family 25 may have introduced 

alternative genetic susceptibility factors, linkage was also examined without the four 

affected spouses and their offspring.  This analysis produced LOD scores above 1.5 for 

five markers (Table 6).  The highest LOD score was again observed at rs395357 on 

chromosome 17 (LOD score = 1.917), and replication of suggestive evidence was 

observed for the same markers on chromosomes 5 and 18.  However, suggestive linkage 

was observed at two new loci on chromosomes 8 and 18. 
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Table 6: FASTLINK two-point results for the full pedigree without affected spouses 

SNP marker Chr deCODE position (cM) LOD score 
rs1473132 5 133.30 1.599 
rs1375956 8 112.75 1.699 
rs395357 17 9.60 1.917 
rs869224 18 75.02 1.628 
rs503347 18 121.32 1.586 

All LOD scores presented were generated under the DOM model.  Chr, chromosome; 
cM, centiMorgans. 
 

The second analysis approach broke the family into three branches and used five 

individuals as connectors to link the results together (Figure 7).  Suggestive evidence of 

linkage was observed at four markers, all located between 77-79 cM on chromosome 18 

(Table 7).  The highest total LOD score across all three branches, 2.7065, was observed at 

rs13732.  This is just 3.43 cM distal to rs869224, which produced a LOD score of 1.628 in 

the full pedigree analysis without the affected spouses. 

 

Table 7: MERLIN multipoint results across three branches of family 25 

SNP 
marker Chr 

deCODE 
position 

(cM) 

Branch 
2599 

LOD score 

Branch 
25999 

LOD score 

Branch 
259999 

LOD score 
Total 

LOD score 
rs652437 18 77.42 2.1228 -1.6828 1.5312 1.9712 
rs732982 18 77.61 2.3392 -1.6819 1.3315 1.9888 
rs13732 18 78.45 2.7927 -1.6926 1.6064 2.7065 
rs4941043 18 78.82 2.8991 -1.5999 1.2444 2.5436 

All LOD scores presented were generated under the DOM model.  Chr, chromosome; 
cM, centiMorgans. 

 

As is evident from Table 7, the three branches of the family produced disparate 

results across this locus with branch 2599 appearing to drive the total LOD score.  

Branch 25999 had negative LOD scores across this region, while branch 259999 had 

positive scores.  Therefore, to better resolve the contributions of each branch of the 

family to the overall LOD scores, the results for each branch were examined separately.  
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The highest LOD score generated by branch 2599 occurred at marker 937816 (LOD score 

= 2.9702) on chromosome 18 at 80.39 cM (Table 8), just 1.94 cM distal to the peak marker 

rs13732 in Table 7.  The highest LOD score generated by branch 259999 occurred at 

marker rs1942569 (LOD score = 1.7305) on chromosome 18 at 76.20 cM (Table 8), 

overlapping with the locus generated in branch 2599.  The highest LOD score for branch 

25999 was observed at marker rs1157607 (LOD score = 1.199) on chromosome 3 at 110.06 

cM; however, branches 2599 and 259999 generated LOD scores below -2.0 in this region, 

excluding linkage to this locus in these two branches (Table 32, Appendix B).   

 

Table 8: 1-LOD intervals around the peak markers for branches 2599 and 259999 

SNP 
marker Chr 

deCODE 
position 

(cM) 

Branch 
2599  

LOD score 

Branch 
25999 

LOD score 

Branch 
259999  

LOD score 
Total  

LOD score 
rs1145315 18 75.58 0.4147 -1.626 -0.9232 -2.1345 
rs1942569 18 76.20 0.376 -1.6447 1.7305 0.4618 
rs917711 18 77.05 0.2942 -1.6659 1.7262 0.3545 
rs2010962 18 77.15 0.2801 -1.6699 1.7256 0.3358 
rs652437 18 77.42 2.1228 -1.6828 1.5312 1.9712 
rs732982 18 77.61 2.3392 -1.6819 1.3315 1.9888 
rs13732 18 78.45 2.7927 -1.6926 1.6064 2.7065 
rs4941043 18 78.82 2.8991 -1.5999 1.2444 2.5436 
rs1547869 18 79.10 2.9667 -1.5423 -0.9043 0.5201 
rs734779 18 79.46 2.9682 -1.5184 -0.9055 0.5443 
rs1864921 18 79.78 2.9696 -1.5336 -0.9118 0.5242 
rs3809976 18 80.02 2.97 -1.5487 -0.9132 0.5081 
rs937816 18 80.39 2.9702 -1.5787 -0.8918 0.4997 
rs4643439 18 80.66 2.9701 -1.6055 -0.8807 0.4839 
rs721405 18 80.70 2.9701 -1.6081 -0.879 0.483 
rs1943418 18 82.31 2.6852 -1.7606 -0.8675 0.0571 
rs582970 18 84.03 0.275 -2.1888 -0.9593 -2.8731 

The highest total LOD scores for family 25 from Table 7 are highlighted with red font, as 
are the peak LOD scores in branch 2599 and branch 259999.  Shown are the MERLIN 
multipoint dominant LOD scores.  Chr, chromosome; cM, centiMorgans. 
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The third analysis approach examined the top three generations of the pedigree 

(Figure 8), excluding the affected spouses who married into the family.  The FASTLINK 

two-point results failed to generate any LOD scores above 1.5.  LOD scores above 1.0 

were observed for 13 markers (Table 9).  The highest LOD score, 1.177, was observed at 

rs955427 on chromosome 18 at 85.29 cM.   

 

Table 9: FASTLINK two-point results across the top 3 generations of family 25 

SNP marker Chr deCODE position (cM) LOD score 
rs4846012 1 20.07 1.085 
rs786263 2 157.19 1.024 
rs2226462 3 63.07 1.387 
rs920417 3 167.68 1.124 
rs2173946 5 15.84 1.106 
rs1563788 6 66.19 1.095 
rs751009 8 16.08 1.062 
rs718742 8 19.71 1.037 
rs741737 11 0.27 1.095 
rs1451327 11 64.21 1.045 
rs894734 12 69.11 1.11 
rs582970 18 84.03 1.086 
rs955427 18 85.29 1.177 

All LOD scores presented were generated under the DOM model.  Chr, chromosome; 
cM, centiMorgans. 
 

 The MERLIN multipoint analyses across the top three generations of family 25 

indicated suggestive evidence of linkage to two loci on chromosomes 6 and 18 (Table 

10).  The highest LOD score, 2.4643, was observed at rs937816 on chromosome 18 at 

80.36 cM.  LOD scores above 1.5 were observed over a 6.42 cM contiguous portion of 

chromosome 18 on either side of this marker. 
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Table 10: MERLIN multipoint results across the top 3 generations of family 25 

SNP marker Chr deCODE position (cM) LOD score 
rs1986818 6 0.13 1.4976 
rs719065 6 0.11 1.4975 
rs727056 6 0.17 1.4975 
rs6922081 6 0.20 1.4974 
rs1055368 6 0.57 1.4931 
rs1013303 6 4.94 1.2367 
rs234915 6 6.12 1.1031 
rs732982 18 77.61 1.8189 
rs652437 18 77.42 1.6147 
rs13732 18 78.45 2.2793 
rs4941043 18 78.82 2.3282 
rs1547869 18 79.10 2.3775 
rs734779 18 79.46 2.4178 
rs1864921 18 79.78 2.4526 
rs3809976 18 80.02 2.4619 
rs937816 18 80.39 2.4643 
rs4643439 18 80.66 2.4631 
rs721405 18 80.70 2.4627 
rs1943418 18 82.31 2.4153 
rs582970 18 84.03 2.2834 

All LOD scores presented were generated under the DOM model.  Chr, chromosome; 
cM, centiMorgans. 
 

 

 The results of all linkage analyses are plotted in Figure 10.  Using a 1-LOD 

interval to define the critical region of linkage that includes the peak markers from all 

analyses generates a region of 13.34 cM defined by SNPs rs1822459 (72.43 cM) and 

rs929525 (85.77 cM).  This corresponds to a 10.7 Mb region on chromosome 18 defined 

by 48,874,127 – 59,096,765 (UCSC genome browser, February 2009 assembly).  This 

region contains 41 RefSeq genes, including TCF4 (Table 11). 
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Figure 10: All two-point and multipoint linkage results for chromosome 18. 

The deCODE cM positions of all markers is plotted along the x-axis, and LOD scores are 
plotted along the y-axis.  The y-axis is cutoff at 0 to make the positive LOD scores more 
easily visible. 
 

 

Table 11: Genes contained within the linkage peak for family 25 on chromosome 18 

ME2 C18orf26 FECH SEC11C 
ELAC1 RAB27B   NARS GRP 
SMAD4 CCDC68 LOC100505549 RAX 
MEX3C TCF4 ATP8B1 CPLX4 
LOC100287225 MIR4529 NEDD4L LMAN1 
DCC LOC100505474 MIR122 CCBE1 
MBD2 TXNL1 MIR3591 PMAIP1 
SNORA37 WDR7 ALPK2 MC4R 
POLI BOD1P MALT1  
STARD6 ST8SIA3 ZNF532  
C18orf54 ONECUT2 LOC390858  

 
Red font indicates a gene located within the disease-associated haplotype in branch 
2599, while blue font indicates a gene located within the disease-associated haplotype in 
branch 259999. 
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2.2.2 Haplotype analysis 

In branch 2599, a disease-associated haplotype was identified that was 

transmitted to affected individuals and was absent from all unaffected individuals 

(Figure 20).  Three recombination events were observed, and two of these (between 

rs732982 – rs13732, and between rs1943418 – rs582970) narrow the boundaries of the 

critical interval to a 6.42 cM locus between 77.61 – 84.03 cM.  This region is 3.4 Mb long 

and encompasses 22 RefSeq genes, and is distal to TCF4.   

In branch 259999, recombination events between rs1942569 – D18S69 and 

rs2010962 – rs652437 seem to narrow down the critical disease interval to a locus that is 

1.22 cM long between 76.20 cM and 77.42 cM (Figure 21).  This region is just 1.3 Mb and 

encompasses only three RefSeq genes, including TCF4 and the hypothetical 

LOC100505474 that were both implicated in a recent FECD GWAS [114].  However, this 

disease-associated haplotype is present in some family members with an undetermined 

or uncertain FECD phenotype and one individual with grade 0 guttae.  Additionally, 

this does not overlap the same haplotype identified in branch 2599. 

In branch 25999, which did not show positive LOD scores in chromosome 18 

locus, the disease-associated haplotype that was present in branch 2599 is present in all 

affected individuals except for one affected parent and her affected offspring.   

 

2.2.3 TCF4 candidate gene screen 

No novel variants were detected within the six affected family members screened 

for TCF4 variants.  Five variants listed in dbSNP were detected: rs1788027 in intron 9, 

rs62092442 in intron 13, rs1539951 and rs1539950 in intron 14, and rs8766 in exon 18 that 

encodes p.S647S.  Interestingly, all six individuals carried at least one copy of the minor 

allele (A), with one individual being homozygous for the minor allele. 
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2.3 Discussion  

Family 25 is the largest FECD pedigree analyzed to date, with 38 family members 

participating in our study, including 24 affected individuals.  The next largest FECD 

family examined had 20 affected family members and showed evidence of linkage to 

chromosome 13 [108].  Using several statistical approaches, including three different 

strategies to analyze the extensive pedigree, examining both two-point and multipoint 

linkage, and using multiple analysis programs, revealed a locus on chromosome 18 

supported by several linkage models (Figure 10).  The overlap between these 

approaches bolsters confidence in these findings, in spite of not observing LOD scores 

above the traditional significance threshold of 3.0.  In addition, evidence of linkage to 

this same locus, FCD2, has been observed in five other large FECD pedigrees [110,111].  

Family 25 is now the sixth large FECD family to show evidence of linkage to FCD2, 

making Duke the first site to replicate linkage to this locus. 

The FCD2 locus appears to confer complex susceptibility to FECD.  Sundin et al. 

identified both reduced penetrance and phenocopes in their families, as well as evidence 

of multiple disease-associated haplotypes [110].  In our haplotype analysis, we observed 

seemingly disparate haplotype intervals in branches 2599 and 259999, as well as a 

possible phenocopy and her affected offspring in branch 25999.  Additionally, there was 

at least one nonpenetrant carrier present in the family, and the haplotype analysis 

suggests the present of others in branch 259999.  Therefore, it seems as though the same 

complex genetic mechanism(s) present in the initial FCD2 linkage families may be also 

be influencing the susceptibility of family 25, in spite of the Mendelian-like autosomal 

dominant inheritance observed in all four families. 

The FCD2 locus has also been implicated by a genome-wide linkage scan 

performed by our group that used small nuclear families and pairs of affected siblings 
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[113].  This seems to imply that the susceptibility conferred by this locus is not restricted 

to large families that exhibit unusually high clustering of the FECD phenotype, but also 

influences susceptibility in smaller families that are more typical of what is observed in 

the clinic when a patient presents with a positive family history of FECD.  Moreover, the 

TCF4 gene is located within the FCD2 locus, and recent GWAS findings have implicated 

the rs613872 intronic SNP in unrelated sporadic FECD cases [113,114,115,116,117].  These 

studies have additionally shown evidence of multiple, independently associated 

haplotypes within this interval [114] that do not explain the linkage observed within the 

original FCD2 families [115].  Figure 11 (from [113]) illustrates the convergence of data 

from GWAS and linkage studies, highlighting the convergence of evidence indicating 

the presence of a general FECD susceptibility locus in this region. 

 

 

Figure 11: Convergence of linkage and association data on chromosome 18. 
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The differences observed in the family 25 disease-associated haplotypes across 

the three branches of the family may help explain the disparate results observed in the 

MERLIN multipoint linkage results (Tables 7-8).  There was a clear haplotype in branch 

2599 that was present in all affected individuals and was absent from all unaffected 

individuals.  This haplotype covered many of the markers that generated the top LOD 

scores in other analyses; not surprisingly, branch 2599 also appeared to contribute the 

most heavily to the overall LOD score in the MERLIN multipoint analysis.  In branch 

25999, which had negative LOD scores in the chromosome 18 linkage peak, there was an 

affected parent and her affected offspring who did not have the disease-associated 

haplotype, possibly representing phenocopies.  These two individuals may have 

complicated the results for this branch, especially considering that there is only one 

other affected individual in 25999 who was genotyped aside from the proband, who was 

included in the analysis of all three branches.  Finally, branch 259999 had a slightly 

different disease haplotype than the one observed in branch 2599 albeit still within the 

linkage peak, and the MERLIN results showed that the peak markers for these two 

branches were separated by 4.19 cM.  In addition, the transmission of the haplotype in 

branch 259999 is less clearly defined: there were several individuals with an unknown 

phenotype who carried the disease haplotype as well as one unaffected individual.    

In spite of not falling within the disease-associated haplotype in branch 2599, the 

most obvious candidate gene within the family 25 linkage peak is TCF4, which was 

sequenced in six affected individuals from the family; however, no novel coding 

variants were identified.  A previous screen of 96 patients also failed to identify coding 

variants that may help explain the linkage and association observed at this locus [115].  

The top GWAS hit, rs613872, lies within a 100 kb intron and the biological mechanism by 

which the minor allele may influence the FECD phenotype is unknown and requires 



 

 70 

further study.  The proband is heterozygous for rs613872, indicating the presence of the 

G risk allele in the family; additional genotyping is required for a segregation analysis. 

Targeted exome capture across the FCD2 locus in the original FCD2 families 

recently identified a variant in the LOXHD1 gene that segregates with the disease in 

most members of “kindred 2” [51].  The presence of a nonpenetrant carrier of the variant 

as well as an apparent phenocopy were present in this family, again highlighting the 

complexity of the genetic susceptibility conferred by this locus.  This gene is located 

approximately 4 Mb outside of the family 25 linkage peak and has not yet been 

interrogated for variants in this family.  However, no LOXHD1 or other coding variants 

were identified in the other two families that could explain their phenotype, indicating 

the presence of additional genetic factors in FCD2 that confer susceptibility to FECD. 

 

2.4 Future directions 

Although a convincing linkage peak has been identified for family 25, future 

work should reanalyze the evidence for linkage to this locus to take into account the 

incomplete penetrance and possible phenocopies observed in this family.  These 

additional analyses may not change the evidence for linkage to this locus; the linkage 

results for the original FCD2 families were robust to misspecifications of both the 

phenocopy rate and the disease allele frequency [110].   

Additional improvement in the linkage results would be made by obtaining 

higher quality, updated phenotype information for everyone in the family, especially 

people with a previous unaffected designation.  The mobile slit lamp biomicroscope that 

was used at the family reunions was extremely sensitive to vibrations caused by people 

walking nearby, and ocular exams were made in a room that did not provide enough 

darkness for a proper corneal exam.  This resulted in less than ideal exam conditions, 
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which made it difficult to distinguish between grades 1 and 2.  Additionally, it has been 

at least three years since our team last attended a family reunion, so people who were in 

their 50s and did not have guttae a few years ago when our team last examined them 

may have developed FECD in the interim.  At least three individuals in the family are 

known to have grade 1 guttae, and should be prioritized for follow-up clinical 

examination.  Our team should also reach out to a local ophthalmologist near the site of 

the family reunions to see if we can gain access to a proper eye exam facility with a more 

stable slit-lamp biomicroscope than the one we bring with us.  If we are able to obtain 

more current phenotype data, then we will have almost ten years worth of clinical 

observations regarding the progression of the disease in this family.  This may permit an 

examination of the age-severity profile of FECD in family 25, akin to what has been done 

for the FCD1, 2, and 3 families [112], to examine how quickly affected members in the 

family progress through different grades of affection. 

While additional phenotyping and linkage analyses may help clarify the 

boundaries of the linkage peak and haplotype(s) in the family, ultimately sequencing 

will be required to identify a causative variant that segregates in the family and may 

function in the disease phenotype.  The most effective way to do this would be to design 

a custom capture library to cover all coding and regulatory regions as well as splice 

junctions within the linkage peak/haplotype interval, and sequence distantly related 

affected individuals within the family.  Budget constraints currently prevent our group 

from undertaking this, so sequencing the top candidate genes in the interval will be the 

next step.  Recent evidence suggesting a role for variation in the LOXHD1 locus in FECD 

susceptibility [51] makes this gene a top candidate to sequence.  Even though LOXHD1 

lies 4 Mb outside of the family 25 linkage peak, it was also not located within the 

original disease haplotype implicated [110] and should be sequenced. 
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Chapter 3: African-American FECD 
In 2001, Biswas and colleagues published the first report of a genetic variant that 

segregated with FECD in three pedigrees [83].  Since this report, the field of FECD 

genetics has exploded: variants and mutations in three genes, COL8A2 

[47,95,96,97,98,101], SLC4A11 [49,101,104], and TCF8 (ZEB1) [99,105], have been 

implicated in FECD pathogenesis; the first GWAS has been performed [114] and 

replicated [113,115,116,117], implicating a SNP in an intron of TCF4, rs613872, in FECD 

risk; and the first cellular [160] and animal [125] models of FECD have been made.  

However, these rapid advances have not benefitted all those who suffer from FECD as 

the genetic factors identified to date have predominantly used FECD cohorts of 

European ancestry.  Linkage and GWAS analyses of FECD have primarily used 

European ancestry patients recruited in the United Kingdom, the United States, and 

Australia.  However, a small but growing number of replication and discovery studies 

have used Asian FECD patients from Korea, Japan, India, and China.  However, other 

racial and ethnic groups of FECD patients have not yet been genetically examined to 

determine whether the underlying genetic predisposition to FECD varies across ethnic 

groups.    

One of these underserved groups is African-Americans.  The literature on 

African-American patients with FECD is sparse, with only two known reports 

describing guttae in this population.  The first report describes a clinical case treated by 

Whitham in 1924 [161] in which a 53 year old male presented with a gradual loss of 

visual acuity in his right eye, a “small, central” area of “epithelial loss” surrounded by a 

“clouded and hazy” epithelium with “minute distinct vesicles.”  Over the course of 

several months this patient’s vision deteriorated with Whitham noting that “the haziness 

of the cornea [became] much deeper, more diffusely located, and amount[ed] to a 
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positive stippling, giving the epithelium a roughened appearance, as of glass which had 

been breathed upon.”1  The second report is from 1967, in which Lorenzetti et al. [162] 

examined 2002 eyes in 1016 individuals to determine the incidence of central corneal 

guttae, and found no significant difference in guttae prevalence between African-

Americans and European-Americans.  However, corneal guttae do not always progress 

to FECD and may be associated with other ocular conditions (discussed in depth in 

Section 4.3).  Finally, some of our ophthalmology colleagues have claimed that they 

have never seen an African-American with FECD, giving them reason to wonder 

whether this population is even susceptible to FECD [163].  The implication of these 

observations regarding the incidence of FECD in African-Americans emphasizes the 

importance of carrying out a detailed genetic analysis on our collection of 84 African-

Americans, including 65 cases, from our own cohort who have been collected over the 

eight years our group has been actively ascertaining FECD patients at Duke.   

One of the risks of focusing genetic studies on patients of one particular ancestry 

is that it limits one’s ability to determine the relevance of genetic associations to patients 

from other ethnic/racial groups.  There are several examples of variations in disease 

prevalence between racial and ethnic groups [164], and these differences may be linked 

to genetic risk alleles that differ in frequency between populations.  The elevated 

incidence and aggressiveness of prostate cancer in African-American compared to 

European-American males [165,166,167] conferred by three loci (chromosome 8q24 

[168,169], EPHB2 on chromosome 1 [170], and BCL2 on chromosome 18 [171]) is a well 

known example.  But more relevantly, similar differences are also observed in ocular 

conditions, such as primary open-angle glaucoma (POAG), which is more prevalent in 

people of African descent than in people of European descent [172,173,174,175].  Efforts 
lxxiii                                                        

1 FECD was initially thought to be a disease of the corneal epithelium; this notion has since been disproven 
as technology has advanced to enable better imaging of the FECD disease process. 
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at Duke led by Drs. Allingham and Hauser are currently underway to use admixture 

mapping [176] to elucidate the disparate prevalences by identifing genetic loci derived 

from the ancestral African genome that may predispose to POAG.  With respect to 

FECD, the most consistently associated risk factor for sporadic, late-onset FECD is the G 

allele of rs613872 [113,114,115,116,117]; however the frequency of the risk allele varies 

significantly across different racial and ethnic groups [113].  Therefore, it is crucial that 

the underlying genetic predispositions of other racial and ethnic groups of FECD 

patients beyond Europeans and Asians, such as African-Americans, are examined. 

This chapter details the clinical, histopathological, and genetic features of FECD 

in African-Americans enrolled in our FECD study, and demonstrates that these 

phenotypes are indistinguishable from what we observe in our European-American 

patients.  These data suggest that African-Americans may be predisposed to the 

development of FECD via the same pathophysiological mechanisms as European-

Americans, but with the understanding that the common pathways may be disrupted by 

different variants or mutations. 

 

3.1 Methods 

3.1.1 Participant enrollment 

Participants were clinically examined as described in Chapter 2, and gave 

written, informed consent.  Briefly, all participants were recruited through the Duke 

University Eye Center (DUEC) after receiving a clinical examination that included slit-

lamp biomicroscopy observation for central corneal guttae.  Severity of FECD was 

graded based on a modified Krachmer scale [6] (see Table 2).  When tissue samples were 

available, the clinical diagnosis was confirmed histopathologically.  
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Surgically excised corneal tissue was obtained from patients undergoing either 

penetrating keratoplasty or Descemet stripping endothelial keratoplasty (DSEK).  

Excised tissue specimens were placed in formaldehyde then embedded in paraplast.  

The embedded tissue was then sectioned and stained with either hematoxylin and eosin 

(H&E) or periodic acid Schiff stain, and visualized with a light microscope.    

 

3.1.2 Sequencing 

The coding portions of COL8A2, SLC4A11, and ZEB1 genes were sequenced in 47 

probands (see Section 3.2.3.1 for demographic details). All DNA samples were extracted 

from blood using the PureGene system (Gentra Systems, Minneapolis, MN).  Primers 

complementary to the coding portions of the COL8A2 (NM_005202.2), SLC4A11 

(NM_032034.3), and ZEB1 (NM_030751.5) genes were either taken from the literature 

[49,83,105] or were designed using the ExonPrimer (http://ihg.gsf.de/ihg/ 

ExonPrimer.html) and Primer3 (http://frodo.wi.mit.edu/primer3/) [158] tools available 

online, and were checked for off-target sequence homology using the BLAT algorithm 

[159] in the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway).  

Primer sequences and polymerase chain reaction (PCR) conditions are listed in 

Appendix A.  The suffixes “.2” or “.3” in primer names represent redesigned primers 

and were used to sequence selected samples only after the original primer failed to 

generate clean sequencing data.  TCF8 1a.3 primers were used to amplify exon 1a of 

TCF8 and the TCF8 1a.2R primer was used to sequence, acting as a nested primer.  PCR 

amplification was performed using 30ng DNA per primer pair.  Sequencing was either 

performed by Eton Bioscience Inc. (Durham, NC) or performed using BigDye® 

Terminator v3.1 Cycle Sequencing Kits (Life Technologies, formerly Applied 

Biosystems, Foster City, CA) and run on an ABI 3730 DNA analyzer (Applied 
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Biosystems).  Sequences were analyzed with Sequencher 5.0 (Gene Codes Corporation, 

Ann Arbor, MI).  All suspected variants were confirmed with bidirectional sequencing.  

Confirmed variants were then examined against the 1500 exomes sequenced as part of 

the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project that 

are posted online at the Exome Variant Server (http://evs.gs.washington.edu/EVS/) to 

determine novelty of the variant.  The PolyPhen-2 (http://genetics.bwh.harvard.edu/ 

pph2/index.shtml) [177] and SIFT (http://sift.jcvi.org/) [178] tools were used to predict 

the severity of the amino acid substitution for nonsynonymous variants. 

 

3.2 Results 

3.2.1 Clinical phenotype of African-American FECD 

The clinical presentation of FECD observed in African-American cases treated at 

the DUEC cornea clinic was typical of the phenotype observed in European-American 

patients [163].  Numerous guttae were visible centrally upon slit-lamp examination, and 

the presence of edema was evident due to corneal haziness.  In one family (#278), the 

proband had not yet undergone corneal transplantation and had been clinically 

diagnosed with guttae of grade >2 in each eye (Figure 12).  An affected sibling had 

undergone DSEK (no pre-DSEK grades available) and had experienced resolution of 

visual symptoms (Figure 13).   

Specular microscopy was used to view the surface of the endothelium, revealing 

dark circular areas where endothelial cells are absent; each of these dark “holes” in the 

endothelium represent guttae (Figures 14-15).  These observations were typical of what 

is observed in our European-American FECD cases [163]. 
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Grades ranged from 0.5 (small, sparse guttae) to 5 (abundant, large guttae 

accompanied by edema) within the 38 African-Americans for whom grade information 

was available.  

 

 

Figure 12: Slit-lamp photos from the proband of family 278.   

(A) View of the entire eye showing the presence of corneal clouding and haziness, 
indicating the presence of edema.  (B) Slit-lamp image of corneal guttae, which appear as 
dimples or indentations.  (C) Slit-lamp view of the cornea, where the guttae appear as 
dimpled indentations on the corneal surface; note the presence of haziness again 
indicating edema.  The clinical grade of this individual is >2 in both eyes.  Photographs 
courtesy of Dr. Natalie Afshari. 
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Figure 13: Slit-lamp photos from the affected sibling of the proband of family 278.  

Post-DSAEK photographs of the sibling of the proband from family 278.  (A) View of the 
entire eye, showing the absence of edema in the section of the cornea that has been 
transplanted.  (B) Close-up view of the cornea showing the absence of guttae.  The 
clinical grade prior to surgery is unknown.  Photographs courtesy of Dr. Natalie Afshari. 
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Figure 14: Specular photo from the proband of family 576.   

Right eye specular photograph of the proband from family 576 shows dark circular areas 
(indicated by red arrows) that represent guttae.  No grade information is available for 
this individual.  Photo courtesy of Dr. Natalie Afshari. 

 

 

 

Figure 15: Specular photos from the proband of family 670. 

The dark circles represent the multiple guttae that are present in each image.  (A) Left 
eye, grade 3+.  (B) Right eye, grade 3+.  Photos courtesy of Dr. Natalie Afshari. 
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3.2.2 Histopathologic phenotype of African-American FECD 

FECD is typically diagnosed by the presence of a thickened Descemet membrane 

with localized excresences (guttae) and a paucity of endothelial cells.  In our experience, 

there is wide variation in the histological features present in European-American FECD 

specimens [148].  Bullous keratopathy, a separation of the epithelium from Bowman 

layer, may be observed.  DSEK specimens may or may not be accompanied by 

endothelial cells, and pigmentation either in or near endothelial cells may be present.  

The thickness of DM can be variable or constant, and a collagenous deposit may be 

present posterior to DM.  The number of guttae present may vary from none (sine 

guttae), to few (pauci guttae), to many; this variation has also been noted by others 

[5,24].  Guttae may present with either a rounded, undulating surface or with a flat top.   

Akin to European-American specimens, we observed a similar variety of 

histologic features in African-American specimens, as demonstrated in Figures 16-19.  In 

Figure 16, bullae are present (arrow), the thickness of DM varies across the specimen, 

there was sometimes a collagenous layer posterior to DM, and guttae had an undulating 

appearance.  In Figure 17, numerous undulating guttae are present, as is the collagenous 

deposition, and DM stains strongly with periodic acid Schiff stain.  Figure 18 represents 

a specimen with few (pauci) guttae, and illustrates a flat-topped guttae in the figure 

inset.  The thickness of DM in this specimen is fairly uniform.  Finally, in Figure 19 there 

are no guttae present (sine guttae).  DM is uniformly thick, and appears to have multiple 

layers, as indicated by the black arrows.  
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Figure 16: Path specimen 002079.   

Light microscopic appearance of the cornea stained with H&E showing the epithelium, 
stroma, and Descemet membrane (DM) excised following corneal transplantation.  (A) 
Tissue section showing the entire cornea.  Note the subepithelial bulla on the right-hand 
side of the epithelium, indicating where the epithelium has separated from Bowman 
layer (black arrow).  Note the presence of undulating guttae and variable thickness of 
DM.  (B) Close-up view of the area of part A indicated by the black box, showing a layer 
of collagenous deposition posterior to DM.  Note the variable thickness of both DM and 
the collagenous layer.  Clinical grades are not available for this specimen.  Photographs 
courtesy of Dr. Gordon K. Klintworth. 
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Figure 17: Path specimen 019326. 

Light microscopic appearance of the cornea and of Descemet membrane and the 
adjacent stroma stained with the periodic acid Schiff stain.  Note the numerous 
undulating guttae, collagenous deposition, and variable thickness of DM highlighted by 
the inset.  This specimen demonstrates a more typical histopathologic presentation of 
FECD with numerous guttae.  The clinical grade of this individual is unknown.  
Photographs courtesy of Dr. Gordon K. Klintworth. 
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Figure 18: Pathology specimen from the proband of family 576. 

Note the even thickness of Descemet membrane and the paucity of guttae from this 
specimen except for the two guttae highlighted by the inset.  The guttae on the left has a 
flat top, instead of an undulating surface.  This specimen illustrates FECD pauci guttae.  
The clinical grade of this proband is unknown.  Photographs courtesy of Dr. Gordon K. 
Klintworth. 
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Figure 19: Pathology specimen from the proband of family 577.   

(A) View of Descemet membrane showing two layers, indicated by arrows.  (B) and (C), 
close-up views from the same specimen again showing two layers of DM.  Note the 
consistent thickness of DM in this specimen as well as the lack of guttae in spite of a 
clinical FECD diagnosis (FECD sine guttae); the clinical grade of this individual is 
unknown.  Photographs courtesy of Dr. Gordon K. Klintworth. 
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3.2.3 Candidate gene screen in African-Americans FECD cases 

3.2.3.1 Demographic summary of sequencing dataset 

Over the recruitment period from September 29, 2003 to September 15, 2011, we 

ascertained 84 individuals in 50 families who self-identified as having African-American 

race.  Of these 84 participants, 65 were affected with FECD, 12 were unaffected, five had 

an undetermined FECD status, and one was a proband with atypical FECD (co-

presentation with keratoconus) that was excluded.  Of the 49 remaining families, one 

proband had an undetermined FECD status and was excluded, and a second proband 

had a low DNA yield during extraction and was excluded, bringing the total number of 

available African-American families to 47.  We were able to recruit additional members 

from 13 of these families, ten of which fit the criteria for being a classified as a multiplex 

family (at least two affected individuals enrolled), leaving 35 sporadic/singleton 

families.   

We used unrelated cases as defined by the 47 probands of our families for 

candidate gene sequencing.  The 47 probands represented 38 females (81%) and 9 males 

(19%), an approximate gender ratio of 4 females : 1 male, slightly higher than observed 

in our European-American samples (see Chapter 4).  The average age of our cases at the 

time of consent was 67 years and ranged from 41 to 90 years.  

Five of our African-American participants had early-onset FECD, which we 

arbitrarily defined as being diagnosed with FECD at or before the age of 50 years.  Three 

of these individuals were singleton cases, one had an affected parent who was enrolled 

in her 60s, and another was an affected family member not related to the other four 

early-onset cases.  This affected family member was only screened for COL8A2 variants. 
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3.2.3.2 COL8A2 analysis 

The only non-synonymous COL8A2 variant detected in our FECD cases was a 

known p.R155Q  substitution (Table 15, Figure 2) that was present in one male case with 

no known family history of FECD.  This variant is a known polymorphism, having been 

detected in both the 1000 Genomes Project, the 1500 exomes on the Exome Variant 

Server (EVS), and in dbSNP as rs75864656.  The EVS data show this variant is present in 

5/1384 African-Americans for a minor allele frequency of 0.18%, but is monomorphic in 

the European-American individuals in the dataset.   

Two novel synonymous coding variants, p.A441A and p.Y648Y, were detected in 

our African-American cases (Table 12, Figure 2).  The p.A441A variant was found in an 

early-onset female proband and her affected mother, suggesting this variant may 

segregate with FECD in this family.  No sample was available for the proband’s father.  

This variant was identified in 3/1744 African-Americans on the EVS with a minor allele 

frequency of 0.87%; no European-Americans carried the minor allele.  The p.Y648Y 

variant was identified in a single female patient, who had no known family history of 

FECD and whose parents have not been enrolled.  The minor allele was only present in 

1/3510 European-Americans on the EVS and was absent from African-Americans.   

 
Table 12: Novel coding variants detected in COL8A2 

Variant 
name 

Amino 
acid 

change 

Location 
within 
gene 

Physical 
location* 

Number of cases 
with variant Flanking sequence 

c.1323T>C p.A441A Exon 2 36,563,959 2, proband + 
affected parent GCTCC[T/C]GCCAC 

c.1944G>A p.Y648Y Exon 2 36,563,338 1, singleton TCATC[G/A]TAGGT 
Variants are named based nucleotide affected in NM_005202.2.  Sequencing was 
performed on the reverse (negative) strand, but the sequences presented in this table are 
on the forward (positive) strand.  * Physical coordinates obtained from the February 
2009 (GRCh37/hg19) assembly of the UCSC Genome Browser.   
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Since variants in COL8A2 are most clearly associated with an early-onset form of 

FECD [47,83,97], we asked whether variants in this gene were present in our early-onset 

cases.  In our five early-onset cases, the only variant detected in COL8A2 beyond those 

reported in dbSNP (Table 15) was the aforementioned p.A441A variant present in a 

proband and her affected parent. 

 

3.2.3.3 SLC4A11 analysis 

We detected 28 known dbSNP variants in our SLC4A11 sequence analysis (Table 

15), including one non-synonymous variant (p.N497S) and eight coding synonymous 

variants.  Variants p.N497S, p.R158R, p.T463T, and p.D886D have not been previously 

detected in FECD cases; however, the five other synonymous variants have been 

previously reported in Asian FECD cases and controls: p.A135A [49,101], p.R161R 

[49,101], p.S213S [49,101], p.N553N [101], and p.T833T [49].   

The only novel coding variant detected was p.H728H (Table 13, Figure 3), which 

was present in two probands, both of whom did not have a family history of FECD.  

This variant was not detected in the 1500 exomes on the EVS.  Other novel variants 

detected include five that were intronic and two that were in the 3’ UTR (not listed).   

 
Table 13: Novel coding variant detected in SLC4A11 

Variant 
name 

Protein 
change 

Location 
within 
gene 

Physical 
location* 

Number of cases 
with variant Flanking sequence 

c.2232G>A p.H728H Exon 16 3,209,540 2, both sporadic 
cases CGCAC[G/A]TGCAG 

* Physical coordinates obtained from the February 2009 (GRCh37/hg19) assembly of the 
UCSC Genome Browser.  Coding positions derived from NM_032034.3.   
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3.2.3.4 ZEB1 analysis 

We detected eight variants listed in dbSNP in our analysis of the ZEB1 gene 

(Table 15), including seven coding variants: p.D64D, p.S201S, p.S263S, p.K553R, 

p.N658K, p.P687P, and p.Q854K.  The p.D64D variant has previously been detected in 

Chinese FECD patients, although its prevalence was not reported [99] and no mention 

was made of possible functional consequences.  There were three novel intronic variants 

detected in our cases (not listed).  The sole novel coding variant detected produced a 

non-synonymous protein amino acid substitution, p.P559S (Table 14, Figure 4).  This 

variant was present in a singleton male who was a heterozygous carrier of the variant.  

PolyPhen-2 and SIFT predict this variant to be benign and tolerated, respectively: the 

PolyPhen-2 score was 0.006 on a scale of 0 (benign) to 1 (probably damaging), and the 

SIFT score was 0.25 on a scale of 0 to 1 (where a score ≤ 0.05 is predicted to be 

damaging).  This variant was not detected in the 1500 EVS exomes.  To determine the 

prevalence of this variant in controls, we screened a group of African-American 

individuals who have been recruited at the DUEC for a genetic study of primary open-

angle glaucoma (POAG) [179].  We identified one female individual in this sample who 

was heterozygous for the p.P559S variant.  She had been examined for obvious ocular 

diseases at the time of POAG study enrollment by a glaucoma specialist; however, this 

individual was not specifically examined for FECD and is now lost to follow-up.  

 
Table 14: Novel coding variant detected in ZEB1 

Variant 
name 

Protein 
change 

Location 
within 
gene 

Physical 
location* 

Number of 
cases with 

variant 
Flanking sequence 

c.1675C>T p.P559S Exon 7 31,809,938 1, singleton AGCCT[C/T]CTCCA 
* Physical coordinates obtained from the February 2009 (GRCh37/hg19) assembly of the 
UCSC Genome Browser.  Coding positions derived from NM_030751.5. 
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Table 15: Variants detected in African-American FECD cases that are listed in dbSNP 

Gene SNP rs # SNP location within gene Amino acid change 
rs274754 Intron 1 n/a 
rs274753 Intron 1 n/a 
rs75864656 Exon 2 p.R155Q 
rs35495320 Exon 2 p.G495G 

COL8A2 

rs3738360 3’ UTR n/a 
rs3827076  5’ UTR  n/a 
rs60867877 Intron 1 n/a 
rs41281866 Intron 1 n/a 
rs3803957 Intron 1 n/a 
rs6139040 Intron 3 n/a 
rs34460295 Exon 4 p.A135A 
rs34520315 Exon 4 p.N497S 
rs35262978 Exon 4 p.R158R 
rs3827075 Exon 4 p.R161R 
rs3803956 Exon 5 p.S213S 
rs3803955 Intron 6 n/a 
rs74174550 Intron 6 n/a 
rs3803954 Intron 8 n/a 
rs3803953 Intron 8 n/a 
rs41281862 Intron 10 n/a 
rs6084312 Exon 11 p.T463T 
rs3810561 Intron 11 n/a 
rs41281860 Exon 13 p.N553N 
rs115028271 Intron 16 n/a 
rs2281575 Intron 16 n/a 
rs10048856 Intron 16 n/a 
rs41281858 Intron 17 n/a 
rs58757394 Exon 18 p.T833T 
rs115581878 Intron 18 n/a 
rs114972331 Intron 18 n/a 
rs76962118 Exon 19 p.D886D 
rs6051657 3’ UTR n/a 

SLC4A11 

rs77978636 3’ UTR n/a 
rs7918614 Exon 2 p.D64D 
rs79134358 Exon 5 p.S201S 
rs220060 Intron 5 n/a 
rs143232269 Exon 6 p.S263S 
rs35753967 Exon 7 p.K553R 
rs151205909 Exon 7 p.N658K 
rs34846414 Exon 7 p.P687P 

ZEB1 

rs139581793 Exon 7 p.Q854K 
UTR, untranslated region. 
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3.3 Discussion 

This work is the first description of the clinical, histopathologic, and genetic 

phenotypes in African-Americans diagnosed with FECD.  We did not observe major 

differences between the phenotypes of our African-American patients and our 

European-American patients or with previous reports of European-American FECD in 

the literature.  Clinically, our African-American patients had central, corneal guttae and 

corneal edema and several patients underwent successful corneal transplants to restore 

their vision.  Histopathologically, the variation we saw with guttae prevalence is similar 

to the variation observed in European-American histology specimens, with guttae 

ranging from nonexistent (sine guttae), to pauci guttae, to abundant guttae and 

sometimes presenting as undulating DM with variations in thickness.  The guttae varied 

in appearance with some guttae being anvil shaped with flat tops, while others had 

semicircular curved surfaces.  Genetically, we found both known and novel variants in 

the three FECD candidate genes screened in a small percentage of our 47 probands, 

similar to the genetic load observed frequency of variant discovered in these genes 

reported previously with European-American patients (see below).   

The gender ratio of 4:1 observed in our sequenced probands is slightly higher 

than the gender ratio observed in European-American FECD patients in other studies 

[6,7,8,16,86,180] as well as in our European-American patients (~2.5:1, see Chapter 4).  

Given the small sample size, it is unclear whether this increased gender bias is 

significant.  Additional ascertainment of African-American FECD cases is needed to 

determine a more accurate gender ratio.  Additionally, our gender ratio may also be 

subject to ascertainment bias; therefore, the recruitment of African-American cases 

should be expanded to other sites. 
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Within the five early-onset FECD cases, only one of the previously reported 

FECD variants in COL8A2 was detected, p.R155Q, which has been detected in both cases 

[83] and controls [96,98,101], as well as in the 1000 Genomes Project and 1500 EVS 

exomes.  However, given that the 1000 Genomes Project has detected this variant in a 

small fraction of their Yoruban samples, it seems as though this variant may be 

polymorphic in the African/African-American genome, just as it appears to be in the 

Japanese [96] and Korean [98] populations.  Therefore, it appears unlikely that this 

variant is pathogenic for FECD, although functional studies are needed to verify this 

assertion.  The fact that we did not find the rare p.L450W or p.Q455K/V variants 

previously detected in European-American and Asian early-onset FECD patients in our 

early-onset cases suggests that either a non-coding variant in COL8A2 or a variant 

elsewhere in the genome could be responsible for the early-onset nature of disease 

manifesting in our five early-onset cases.  The p.A441A variant in COL8A2 was the only 

variant showing evidence of heritability in this gene; it is worth noting that this variant 

was identified in an early-onset proband and her affected mother.  According to the 

UCSC Genome Browser, the bases affected by p.A441A and p.Y648Y variations are not 

well conserved and do not lie within any miRNA regulatory sites or transcription factor 

binding sites.  Further studies are needed to determine the biological impact(s), if any, of 

these two variants. 

In the SLC4A11 gene, five synonymous coding variants were detected that have 

previously been observed in Asian FECD cases as well as controls [101].  The only novel 

variant detected was p.H728H, a synonymous variant.  In spite of not producing a 

change in the encoded amino acid sequence, synonymous variants are being 

increasingly recognized as having the potential to effect phenotypic variation through 

mechanisms like alteration of mRNA structure and stability by changing codon usage or 
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inducing translational pausing [181,182], or by altering splicing efficiency by changing 

exonic splicing enhancer or silencer sequences [183].  Therefore, further studies are 

needed to determine what effect, if any, the p.H728H variant may have on SLC4A11 

function and FECD pathogenesis.  

Across the three candidate genes, the only novel variant that produces an amino 

acid change was p.P559S in the ZEB1 gene.  We identified this variant in one male FECD 

case and in one female of unknown FECD status.  Sequencing a larger sample of 

African-American FECD cases and controls is needed to determine the prevalence of this 

variant, and functional studies are needed to determine whether it is benign (as 

predicted) or may confer phenotypic consequences.   

The genetic loads of COL8A2, SLC4A11, and ZEB1 coding variants in our 

African-American cohort are on par with those previously reported in European 

ancestry FECD cases in the literature.  In COL8A2, only 2/47 (4.3%) of our cases had a 

novel coding variant.  Other studies have found variants in this gene at rates of 9/116 

(7.8%) [83], 5/15 (33.3%) [96], 1/63 (1.6%) [47], 4/15 (26.7%) [95], at least 6/16 (37.5%) 

[98], 0/92 (0%) [100], and at least 18/80 [101].  It is difficult to compare these rates across 

studies since some only reported missense coding variants while others also reported 

intronic variants, and some studies specifically only screened for certain variants.  

Additionally, some of the variants included in this tally have been detected in control 

individuals and have been deemed non-pathogenic as a result.  Nonetheless, the overall 

picture that emerges from these studies is that variation in COL8A2 accounts for only a 

very small fraction of overall FECD, and has been most clearly implicated in early-onset 

forms of FECD that appear to have a different clinical presentation of shallow, 

intracellular guttae [47,83,97,98]. 



 

 93 

In SLC4A11, there was just one novel coding variant present in two of our cases 

for a genetic load of 2/47 (4.3%).  Vithana et al. detected novel variants in 4/89 (4.5%) 

[49].  Riazuddin et al. detected seven variants in SLC4A11, and although the frequency at 

which these variants were observed in their cohort was not reported, we can assume a 

minimum genetic load of 7/192 (3.6%) [104].  Similarly, Hemadevi et al. noted 8/80 

(10%) patients with SLC4A11 variants [101]. 

Finally, in ZEB1 just 1/47 (2.1%) of our cases had a novel coding variant that was 

not previously reported in dbSNP.  Mehta et al. observed one coding missense variant 

(p.N696S) and one synonymous variant (p.D64D) in ZEB1 in their cohort of 74 FECD 

patients.  Since the frequency of the p.D64D variant was not listed, we can assume that 

at least one case carried this variant and therefore the minimum ZEB1 genetic load is 

2/74 (1.4%) in their cohort of Chinese patients [99].  However, the p.D64D variant was 

highly polymorphic in our cohort, with 12/47 cases containing at least one copy of the 

mutant allele; data from the 1000 Genomes Project indicates that the minor allele 

frequency of this variant is 0.229 in the Yoruban individuals analyzed yet is only 0.023 in 

the HapMap Han Chinese samples.  Riazuddin et al. observed ZEB1 variants in seven 

out of 384 European-American patients screened, for a genetic load of 7/384 (1.8%) 

[105].   

Overall, the frequency of novel variants across these three candidate genes was 

5/47, or 10.6%. Although these results should be interpreted with caution given the 

small number of African-American FECD cases sequenced, it appears that the genetic 

load conferred by variation in these three candidate genes is not significantly different 

than previous observations in other European-American and Asian FECD cohorts.  It 

also appears as though variation in these three genes may account for only a fraction of 

overall FECD.  Since the FCD1, FCD3, and FCD4 loci have thus far only been detected in 
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one family each, it appears as though much of the genetic basis of FECD is conferred 

either by the TCF4/FCD2 locus on chromosome 18 or by other genetic loci that have yet 

to be discovered.   

The fact that we did not detect some of the previously reported rare variants in 

these genes that have been hypothesized to be pathogenic is likely to be a combination 

of the fact that these genes carry a low genetic load in FECD and that we only screened 

47 African-American cases, which is likely underpowered for detecting variants that 

occur at such low frequencies.  Clearly, additional studies on larger samples of African-

Americans with FECD are needed to draw any conclusions regarding whether these 

three genes influence FECD pathogenesis in this racial group; however, our data 

indicate that any effect conferred by these genes is likely to be small, just as it seems to 

be in Europeans and Asians with FECD.  Furthermore, we only sequenced the coding 

portions of the three FECD genes, and as such additional variants in the intronic or 

regulatory regions of these genes may be present that may confer a phenotypic change. 

Another limitation of our sample size of cases is that number of multiplex 

African-American families enrolled was underpowered to permit any linkage or 

association studies.  Within the ten multiplex families, the number of additional affected 

individuals enrolled ranged from one to four, and most of our families represent either 

sibling pairs or parent-child pairs.  Our dataset therefore only enabled a sequencing 

screen for reported or novel genetic variants in the three FECD candidate genes, 

COL8A2, SLC4A11, and TCF8.  Further work is needed to enroll more multiplex families 

that will be informative for linkage, and to enroll more unrelated cases and controls to 

enable these studies in African-American patients. 

The major weakness of this study is the lack of control chromosomes available 

for sequencing to determine the frequency of the novel variants in adequately aged and 
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phenotyped control populations, as well as the lack of additional (affected) family 

members for most of our cases to determine whether these variants segregate with 

disease.  We screened an African-American POAG cohort to examine the prevalence of 

the novel p.P559S variant in ZEB1, but the relevance of the individual who carried the 

variant in this cohort is unclear given that this person was never specifically examined 

for FECD.  Additionally, this screen was only done for this variant, not for the other 

three (synonymous) novel variants detected; this needs to be done to determine the 

prevalence of these other variants.  To compensate for the lack of controls available to 

us, we turned to publically available datasets to serve as our sequencing controls.  While 

this can provide a sense of variant frequency in the general population, the lack of 

phenotype information or the young ages of the individuals in these datasets can 

complicate the interpretation of disease variant frequency.  In addition, the 1500 EVS 

exomes were recruited for various cardiovascular and pulmonary disease phenotypes 

and thereby may not be the best controls to use.   

In conclusion, it appears as though racial or ethnic background does not 

influence the prevalence of variations in the COL8A2, SLC4A11, and ZEB1 genes in 

FECD patients, and that these three genes do not contribute sizeable effects on FECD 

risk.  African-Americans do not appear to have any distinguishing clinical, 

histopathologic, or genetic features that would imply a difference in FECD phenotype or 

disease mechanism. 

 

3.4 Future directions 

A recent report by Riazuddin et al. shows that variation in the LOXHD1 gene 

within the FCD2 locus on chromosome 18 may influence FECD pathogenesis, making 

this a novel FECD candidate gene [51].  Given that the work in this chapter was 
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performed prior to this report, LOXHD1 was not screened in the 47 African-American 

probands.  This should be immediately undertaken to determine whether these findings 

hold true in our African-American cohort.  

Ongoing recruitment efforts will continue to enroll additional FECD patients, 

and over time this is expected to increase the number of unrelated African-Americans 

that can be used for screening FECD candidate genes.  Larger sample sizes will help 

boost our power to detect rare variants in these genes.  More importantly, however, 

future ascertainment efforts must focus on enrolling African-American controls for use 

in determining the population prevalence of variants identified in sequencing screens.  

Although we were able to use members of the POAG African-American dataset kindly 

provided by Drs. Allingham and Hauser to determine the prevalence of the ZEB1 

p.P559S variant, these individuals were not specifically screened for FECD so it is 

difficult to determine whether POAG cohort individuals carrying FECD variants may 

manifest features of the FECD phenotype.  In addition, although we used publically 

available exome sequencing data from the 1000 Genomes Project and the 1500 EVS 

exomes as a source of secondary controls, the individuals included in these datasets 

have not been phenotyped for FECD.  Given that FECD is estimated to affect as much as 

4% of the U.S. population over the age of 40 [6], it is reasonable to expect that a small 

percentage of the individuals in these datasets may currently have FECD or will develop 

symptoms in the future as they age.  Therefore, a crucial goal of future ascertainment 

must focus on enrolling a suitable number of well-phenotyped age-appropriate African-

Americans to serve as controls. 

The recruitment of additional African-American cases and controls would also 

permit a replication study of the association between rs613872 in TCF4 and FECD in 

African-Americans.  This strong association has been identified in four European-
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ancestry FECD cohorts [113,114,115,117], and in spite of the absence of the rs613872 risk 

allele in a Chinese FECD cohort an association was still observed with two other SNPs in 

the TCF4 locus [116].  This is noteworthy given that data from the Human Genome 

Diversity Project imply a lower minor (risk) allele frequency in populations from Africa, 

East Asia, and Central and South America; therefore, the risk associated with the TCF4 

locus may be important across multiple racial and ethnic populations, and a replication 

study in an African-American sample would help verify this hypothesis.   

 Finally, ongoing recruitment should try to further expand the pedigrees of our 

African-American probands in the hopes of ascertaining enough multiplex families to 

perform a genome-wide linkage scan to identify loci that may be unique to African-

American FECD.  It would be interesting to determine whether previously implicated 

loci would overlap between European-American and African-Americans, as only 

European-Americans have been used in FECD linkage studies to date 

[47,83,100,105,108,110,112,113]. 
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Chapter 4: Risk factors for FECD 
Factors capable of causing human disease are as varied as the range of human 

diseases themselves, from a single genetic mutation inducing a Mendelian disorder to 

complicated interactions of genes and the environment that influence susceptibility to 

complex diseases.  Although it is clear that genetic factors influence FECD susceptibility, 

it is unknown whether the environment also influences this susceptibility.  To date, there 

has been no epidemiological study of FECD in the general population; prevalence 

figures are estimates made by extrapolating from FECD frequencies observed in corneal 

clinics or transplants [6].  There is a growing body of evidence suggesting a role for 

oxidative stress in FECD pathogenesis (reviewed in Chapter 1), and oxidative stress can 

be triggered by exposure to ultraviolet (UV) radiation exposure.  Therefore, the goal of 

the work in this chapter was to determine whether environmental exposures, like UV 

radiation, could influence FECD risk and whether any of those exposures significantly 

interacted with the genotype of rs613872, the most consistently identified FECD genetic 

risk factor [113,114,115,116,117], to modulate FECD risk. 

The first indication of a possible environmental influence on FECD was reported 

in 2002, in an epidemiological survey of Chinese Singaporeans and Japanese individuals 

[184].  After examining 465 and 299 patients from each site, respectively, the authors 

noted a higher prevalence of primary corneal guttae, which can progress to FECD, in the 

Singaporeans than in the Japanese, in spite of the Japanese individuals having a higher 

average age and a higher average cell density (even after accounting for age and 

gender).  Given that these two populations might be expected to be genetically similar, 

the authors hypothesized that this guttae prevalence difference could result from the 

influence of an environmental factor, such as climate.  Singapore has a tropical climate 

and lower latitude than Japan, which could expose Singaporeans to higher temperatures 
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and more ambient UV radiation.  UV radiation can generate reactive oxygen species 

[185] that induce oxidative stress, and evidence of oxidative stress has been found in 

FECD [55]. 

Four years later, epidemiological data from the Reykjavik Eye Study showed 

evidence of a link between the environment and corneal guttae [186].  Specifically, 

increased weight and body-mass index (BMI) were found to confer a protective effect on 

risk of developing guttae, an effect that was more pronounced in women.  Smoking 

more than 20 pack-years was shown to more than double the risk of developing guttae.  

Other environmental exposures that were examined but were not significantly 

associated with risk of guttae development include age, sex, height, UV exposure, or 

alcohol use.  The UV exposure data were self-reported by participants, and merely 

focused on mid-life exposures when participants were in their 20s, 30s, and 40s.   

A recent survey of a genetically isolated population on Tangier Island, VA, in the 

Chesapeake Bay, which exhibits a high prevalence of FECD, was the first to examine the 

role of environmental risk factors on FECD risk [11].  On average, FECD patients 

exhibited significantly decreased height and decreased weight compared to controls.  

This is in contrast to the observations made by Zoega et al. that increased BMI and 

weight were protective for development of corneal guttae [186].  Smoking was not 

significantly associated with FECD, again in contrast to the Zoega et al. findings, nor 

were the three most common medical conditions reported by FECD patients, 

hypertension, diabetes, and dyslipidemia.    

An additional suggestion for an environmental component to FECD comes from 

anecdotal evidence from identical twin sisters enrolled in our study [163].  Genetically, 

these sisters are identical, but one has developed severe FECD requiring corneal 

transplantation, while the other sister’s FECD has not advanced to the point of requiring 
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surgical intervention.  The sister who has undergone surgery self-reported participation 

in outdoor pursuits that could result in extended periods of UV exposure; in contrast, 

the other sister reported spending less time outdoors.  While many factors could explain 

these phenotype disparities, one possibility is that the difference in their environments 

caused by unequal UV exposure may be the cause given that these sisters are genetically 

identical. 

If environmental exposures were found to influence risk of FECD, it would not 

be the first example of an ocular condition being linked to an interaction between of 

genes and the environment.  Evidence collected by the Age-Related Eye Disease Study 

(AREDS), a longitudinal study, for age-related macular degeneration (AMD) has shown 

reproducible evidence of an interaction between smoking and genetic risk factors for 

AMD [187,188,189,190].  Given that the cornea is the outermost part of the eye that has 

the most contact with pathogens, light, and other environmental assaults, it provided the 

circumstances for undertaking an epidemiological examination of the effect of 

environmental exposures on the FECD phenotype in particular. 

 

4.1 Methods 

4.1.1 Patient risk factor questionnaire 

All participants enrolled into the Duke FECD genetics study from 2007 onwards 

were given a risk factor questionnaire at the time of enrollment that asked questions 

about place of birth, gender, race/ethnicity, smoking history, diabetes, thyroid disease, 

hypertension, and cataracts.  Version 1 of this questionnaire (Figure 22, Appendix C) 

was intended to be simple for participants to complete and was intentionally short so 

that the time spent in recruitment would not interfere with patients’ schedules while 
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being treated in clinic.  All patients were clinically examined as described in Chapter 2 

and gave written, informed consent. 

 It was soon apparent that Version 1 was too short and was inadequate for 

several reasons.  First, some of the questions were inappropriate to ask participants, 

such as asking them to define their pack-years of smoking.  Study personnel would 

normally calculate this variable, not participants, based on participant responses to 

questions about length of time they smoked and how many packs of cigarettes they 

smoked on average per day.  Many participants were confused by this question and 

either did not answer it or answered with the number of years they smoked or the 

average number of packs of cigarettes they smoked per day.  Second, the layout of the 

questionnaire made one question (asking the age of the participant when cataract 

surgery was performed) fall onto the last page of the questionnaire.  Since this was the 

only question on that page for patients to fill out, many patients did not see this 

question; as a result, it was difficult to determine whether a blank response indicated 

that a participant simply had not had cataract surgery yet or had merely skipped over 

the question.  Finally, Version 1 asked general medical history questions but not many 

questions specific to FECD or related to what was known about the pathophysiology of 

this disorder.   

Because of these flaws our study’s patient risk factor questionnaire was 

redesigned in 2009 to assess additional environmental exposures and to clarify certain 

variables like the extent and duration of smoking.  The new questionnaire, as drafted, 

was five pages long, but our clinicians objected to this length saying it could deter 

patients from enrolling if they had to answer a long questionnaire while waiting to be 

seen by their ophthalmologist.  The questionnaire was eventually shortened to two 

pages.  This revised questionnaire, Version 2 (Figure 23, Appendix C), was given to 
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patients starting in March 2010.  New questions asked participants where they had lived 

for three years or longer; all past and current occupations; type(s) of tobacco products 

used; age when FECD symptoms started and when FECD was diagnosed; contact lens 

use; sunglasses use (as a proxy for exposure to UV radiation); use of two medications, 

amantadine and amiodarone, which can impact corneal health [191,192,193]; exposure to 

radiation through working with radioactive materials, living near a nuclear power plant, 

and receiving radiation treatment (e.g., for cancer); and separated race from ethnicity. 

Flaws with Version 2 were revealed in the questionnaire when the forms 

digitized in March 2011 with the assistance of Duke undergraduate student Lauren 

Vaughan.  First, many patients simply listed “retired” for their occupational history 

without specifying what they did prior to retirement.  Second, some questions asked 

patients to specify the age or year that something happened, like when they started 

smoking or had cataract surgery.  During digitization, it became difficult convert these 

two types of data into one unified format for downstream analysis; for example, a 

response of “76” could have referred to age 76 or the year 1976.  Third, we again 

encountered difficulty interpreting blank responses.  Finally, the printed layout of the 

questionnaire again resulted in an overlooked question, this time about the age of a 

participant at the time of cataract surgery.   

Therefore, with the assistance of Rodney Jones and Colette Blach, who helped 

upload our digitized risk factor data into the CHG Pedigene database, and Shera Watson 

and Jackie Rimmler of the FECD team, we revised the questionnaire to reword and 

clarify problematic questions.  Version 3 of the revised questionnaire (Figure 24, 

Appendix C) addressed these new issues and was used starting in October 2011.  All 

three versions of the patient questionnaire received Duke IRB approval prior to being 

used during study recruitment. 
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4.1.2 Genotyping of rs613872 

The rs613872 SNP in TCF4 was identified by a GWAS as being significantly 

associated with FECD [114], and has since been replicated in other groups [115,116,117], 

including our own [113].  Details of the genotyping have been previously described 

[113].  Briefly, DNA was extracted from blood or saliva samples as described in Chapter 

2.  The associated SNP, rs613872, was genotyped with a pre-designed TaqMan® allelic 

discrimination assay (Life Technologies, formerly Applied Biosystems, Inc.).  This 

technology uses unlabeled PCR primers and two allele-specific probes containing the 

TaqMan® minor groove binding group (MGB) probe and either a FAM™ or a VIC® dye 

label in a 384-well plate format.  PCR was performed with TaqMan® Universal PCR 

Master Mix on the GeneAmp® PCR system 9700 and the ABI 7900HT Fast PCR System 

(both from Applied Biosystems, Inc.) was used for reading allelic discrimination calls.  

Quality control (QC) samples, including two CEPH (Centre d’Etude du Polymorphisme 

Humain) pedigree individuals, one no-template control, and two duplicate samples (one 

male, one female), were contained within each quadrant of each 384-well plate.  These 

QC samples were used to provide duplicate samples within one quadrant, across 

quadrants within the same plate, and across plates.  The results of the CEPH and QC 

sample genotyping were compared to identify both possible sample plating errors and 

genotype-calling inconsistencies, and none were observed for this SNP.  We required a 

95% genotyping efficiency threshold to use genotype data in statistical analyses, which 

was achieved for rs613872.  Possible deviations from Hardy-Weinberg equilibrium were 

examined.     
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4.1.3 Statistical analysis of patient risk factor questionnaire data 

All questionnaire data were hand-entered into the Pedigene database at the 

Center for Human Genetics (CHG) by Jackie Rimmler and Shera Watson through a 

custom-designed Clinical Applications interface created by Dr. Rodney Jones.  

Questionnaire and rs613872 genotype data were then pulled from Pedigene by Ms. 

Rimmler and were formatted into a SAS-friendly input file.  For a full list and 

description of the variables analyzed, see Table 16.  All variables were collected across 

all three versions of the questionnaire unless otherwise noted in Table 16.  All responses 

were self-reported and medical records were not examined to verify the veracity of the 

data, such as the number of pregnancies. 

All analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, 

NC); all analysis code can be found in Appendices D and E.  Early recruitment efforts 

focused on collecting FECD families for the purpose of performing a linkage study (see 

Chapter 2); as a result, many of our participants represent families and are not 

independent observations of environmental data.  To analyze independent observations 

of environmental exposures, unrelated cases and controls were used in the analysis.  

Cases were defined by using the affected proband of each family ascertained, and 

controls were defined by using unrelated, unaffected individuals specifically recruited 

as population controls, or using unaffected spouses of cases who had enrolled in the 

study.  To avoid the confounding effects of population stratification, only Caucasian 

participants were analyzed since they comprise the majority of our dataset.  These two 

restrictions created an analysis dataset of 485 unrelated Caucasian cases and 140 

unrelated Caucasian controls.   
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Table 16: Alphabetical list of all environmental variables analyzed 

Variable name Description of variable Analysis notes 

amantadine 
Whether a participant has ever used 
the drug amantadine, often 
prescribed to treat Parkinson’s 
disease; asked on Versions 2 and 3 

Analyzed only those who 
answered Versions 2 or 3 
with a Fisher’s exact test 

amiodarone 
Whether a participant has ever used 
the drug amiodarone, often 
prescribed to treat heart arrhythmia; 
asked on Versions 2 and 3 

Analyzed only those who 
answered Versions 2 or 3 
with a Fisher‘s exact test 

breakdownever 
Classification of “ever smokers” into 
two categories: current smoker or 
former smoker 

Analyzed across entire 
dataset with a !2 test 

breast_cancer 

Whether a female participant was 
ever diagnosed with breast cancer 
(NOTE: this question was only asked 
of females; i.e, no male breast cancer 
data), asked on Versions 2 and 3 

Analyzed only females 
who answered Versions 2 
or 3 with a !2 test 

broadsmokingcat Classification of participants into 
never smokers vs. ever smokers 

Analyzed across entire 
dataset with a !2 test 

cataracts Diagnosis of cataracts Analyzed across entire 
dataset with a !2 test 

contact_lens 

Whether a participant has ever used 
contact lenses, divided into three 
categories: yes, no, and stopped (i.e., 
used to but no longer wears them); 
asked on Versions 2 and 3 

Analyzed only in those 
who answered Versions 2 
or 3 with a !2 test 

data_collection_age Age of participant at time of 
enrollment 

Analyzed across entire 
dataset with a t-test 

diabetes Diagnosis of diabetes Analyzed across entire 
dataset with a !2 test 

durationsmoking 
Length of time participant used 
cigarettes, broken down into three 
categories: never smoked, smoked  < 
20 years, or smoked ≥ 20 years 

Analyzed across entire 
dataset with a !2 test 

first_pregnancy_age Age of participant at first pregnancy Analyzed across all 
females with a t-test 

hrt 
Whether a female participant ever 
used hormone replacement therapy; 
asked on Versions 2 and 3 

Analyzed only females 
who answered Versions 2 
or 3 with a !2 test 

htn Diagnosis of hypertension Analyzed across entire 
dataset with a !2 test 

last_pregnancy_age Age of participant at last pregnancy Analyzed across all 
females with a t-test 

menstruation_age Age at which first menstruation 
occurred 

Analyzed across all 
females with a t-test 

menopause_age Age of menopause (or the age at 
hysterectomy) 

Analyzed across all 
females with a t-test 
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nuclear_plant_10mile 
Whether the participant lives within 
10 miles of a nuclear power plant; 
asked on Version 3 only 

Analyzed only those who 
answered Version 3 with 
a !2 test 

nuclear_plant_near 
Whether the participant lives near a 
nuclear power plant (e.g., within the 
county); asked on Version 2 only 

Analyzed only those who 
answered Version 2 with 
a Fisher’s exact test 

number_locations 
Number of cities in which a 
participant lived for 3+ years (NOTE: 
may all be in the same state) 

Analyzed across entire 
dataset with a t-test 

number_occupations 
Number of occupations (NOTE: some 
participants put “retired” without 
detailing previous occupations) 

Analyzed across entire 
dataset with a t-test 

number_surgeries Number of cataract surgeries (0, 1, or 
2) 

Analyzed across entire 
dataset with a t-test 

pregnancy_count Number of pregnancies Analyzed across all 
females with a t-test 

radiation_treatment 
Whether a participant has ever 
received radiation treatment (e.g., for 
cancer); asked on Versions 2 and 3 

Analyzed only those who 
answered Versions 2 or 3 
with a !2 test 

radioactive_material 
Whether a participant ever worked 
with radioactive materials; asked on 
Versions 2 and 3 

Analyzed only those who 
answered Versions 2 or 3 
with a !2 test 

rs613872 
Genotyping results of rs613872, an 
intronic SNP in the TCF4 gene 
identified in FECD GWAS 

Analyzed only those with 
rs613872 genotypes with a 
Fisher’s exact test 

sex Male or female Analyzed across entire 
dataset with a !2 test 

smoke_avg_pack Average number of packs of 
cigarettes smoked per day 

Analyzed across all 
smokers with a t-test 

smoke_duration Length of time participant smoked 
cigarettes 

Analyzed across all 
smokers with a t-test 

smoke_start_age Age at which participant started 
smoking 

Analyzed across all 
smokers with a t-test 

sunglasses 
Frequency with which participants 
used sunglasses: always, mostly, 
sometimes, rarely, or never; asked on 
Versions 2 and 3 

Analyzed only those who 
answered Versions 2 or 3 
with a !2 test 

tamoxifen 
For females with breast cancer, 
whether tamoxifen was used during 
treament; asked on Versions 2 and 3 

Analyzed only females 
who answered Versions 2 
or 3 with a Fisher’s exact 
test 

thyroid_disorder Diagnosis of a thyroid disorder (type 
of disorder was not specified) 

Analyzed across entire 
dataset with a !2 test 

tobaccoproduct 
Type of tobacco products participant 
used, divided into: chew, cigar, 
cigarette, pipe, or multiple products 

Analyzed across all 
smokers with a Fisher’s 
exact test 

A description of each variable is presented along with a specification of which versions 
of the patient risk factor questionnaire each variable was collected on, followed by a 
description of how that variable was analyzed in SAS. 
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 To examine the effect of environmental factors on FECD risk, two statistical 

analyses were performed: the first examined disease-environmental exposure 

association in cases and controls, while the second examined gene-environment 

interactions in cases only.  For the first analysis (Appendix D), proc ttest was used to run 

a F-test for numerical variables, like age at time of study enrollment, to examine the 

equality of mean variances of exposure data between cases and controls (testing the null 

hypothesis H0: the variance is equal between cases and controls).  If H0 was rejected (i.e., 

the F-test p-value < 0.05), then the unequal (Sattterthwaite) t-test p-value was used to 

determine whether the mean variances were equal.  However, if H0 was not rejected (i.e., 

the F-test p-value > 0.05), then the pooled t-test p-value was used.  For categorical 

variables, like gender, proc freq was used to perform a chi-square (!2) test of exposure 

variable significance between cases and controls; however, if any cell counts were below 

5, a Fisher’s exact test p-value was used.   

For the second analysis of gene-environment interactions (Appendix E), proc 

logistic was used to model the rs613872 SNP genotype as a function of environmental 

exposure.  A dominant genetic model was used, whereby the rs613872 G/G and G/T 

genotype classes were combined and compared to the T/T genotype.  Because the 

environmental exposures may not be normally distributed, environmental variables 

were used as predictor variables in the model in order to avoid making an erroneous 

assumption of normal distribution [194]. 

Within both analyses, variables that were only applicable to certain participants, 

including females or smokers, were analyzed across the applicable portions of the 

dataset and not across the entire dataset; similarly, variables collected on Versions 2 or 3 

of the patient questionnaire were only analyzed across those patients as opposed to the 
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entire dataset.  This was done to avoid having a large class of “unknown” responses for 

these variables, potentially skewing the results. 

 

4.2 Results 

4.2.1 Demographic summary of patient questionnaire dataset 

Risk factor questionnaire data were collected on 1,026 participants, representing 

637 affected cases, 273 unaffected controls, and 100 of unknown FECD phenotype status 

that were excluded from the analyses.  Across the entire dataset, there are 453 female 

cases and 184 male cases, an approximate 2.5:1 ratio of females to males.  The vast 

majority of our dataset are of self-reported Caucasian ancestry (n = 932); in addition, we 

have 70 African-Americans and 24 individuals of “other” ancestry.  

Restricting our dataset to unrelated Caucasian cases and controls created an 

analysis dataset of 485 cases and 140 controls.  Within this dataset, there were 339 female 

cases and 146 male cases, an approximate 2.3:1 ratio of females to males. Within the 

overall analysis dataset, 165 cases and 132 controls answered either Version 2 or 3 of the 

risk factor questionnaire.  There were 332 cases with both environmental and rs613872 

genotype data. 

 

4.2.2 Environmental exposure analysis in cases and controls 

There were nine environmental variables from the original questionnaire that 

were examined across the entire analysis dataset.  Six of these nine variables were 

significantly associated with FECD (Table 17).  Both gender (p-value = 0.0002) and age 

of participant at time of enrollment (p-value = 0.0251) were significant; we observed 

more female cases than male cases, and controls were older at recruitment than were 

cases.  Controls had a higher frequency of living in different cities (p-value < .0001) and 
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holding more occupations (p-value = 0.0366) than did cases.  Cataracts were more 

frequently observed in cases than in controls (p-value = 0.0056), but controls reported 

having more cataract surgeries than cases (p-value = 0.0142).  The frequency of diabetes 

(p-value = 0.3189), thyroid disorders (p-value = 0.5388), and hypertension (p-value = 

0.5211) were not significantly different between cases and controls. 

Eight environmental variables were examined across all people who answered 

Versions 2 or 3 of the questionnaire (Table 18).  Of these, only use of the drug 

amiodarone was significant (p-value = 0.0161), with only controls reporting use of the 

drug.  Sunglasses use (p-value = 0.9749), wearing contact lenses (p-value = 0.0795), 

taking the drug amantadine (p-value = 1.0000), living close to a radiation plant (p-values 

= 0.1137 and 1.000), working with radioactive materials (p-value = 0.5024), and receiving 

radiation treatment (p-value = 0.1019) were not significantly associated with FECD. 

 

 

Table 17: Environmental factors collected across the entire analysis dataset 

Variable # cases 
analyzed 

# controls 
analyzed Case* Control* p-value 

data_collection_age 485 140 68.5 (10.6) 70.3 (7.3) 0.0251 
number_locations 485 140 1.6 (1.3) 2.5 (1.9) <.0001 
number_occupations 485 140 1.2 (0.9) 1.4 (1.0) 0.0366 
number_surgeries 406 107 0.7 (0.6) 0.9 (0.5) 0.0142 
cataracts 461 136 406 (88.1%) 107 (78.7%) 0.0056 
sex (female) 485 140 339 (69.9%) 74 (52.9%) 0.0002 
diabetes (yes) 471 135 61 (13.0%) 22 (16.3%) 0.3189 
thyroid_disorder (yes) 467 135 76 (16.3%) 25 (18.5%) 0.5388 
htn (yes) 468 135 240 (51.3%) 65 (48.1%) 0.5211 

* Data are presented as mean (standard deviation) for continuous variables, and number 
of cases (% of cases) with the class of environmental variable indicated in column 1 for 
categorical variables.  Significant p-values (p < 0.05) are highlighted by bold red font.  
Percentages may not add to 100% for categorical variables due to rounding. 
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Table 18: Variables examined from Versions 2 and 3 

Variable  # cases 
analyzed 

# controls 
analyzed Case* Control* p-value 

sunglasses 
      Always 
      Mostly 
      Sometimes  
      Rarely 
      Never 

164 131  
47 (28.7%) 
49 (29.9%) 
34 (20.7%) 
20 (12.2%) 
14 (8.5%) 

 
39 (29.8%) 
38 (29.0%) 
29 (22.1%) 
13 (9.9%) 
12 (9.2%) 

0.9749 

amantadine (yes) 158 124 1 (0.6%) 1 (0.8%) 1.0000 
amiodarone (yes) 158 125 0 (0%) 5 (4.0%) 0.0161 
contact_lens 
      No 
      Yes 
      Stopped 

165 132  
130 (78.8%) 

5 (3.0%) 
30 (18.2%) 

 
99 (75.0%) 
12 (9.1%) 

21 (15.9%) 

0.0795 

nuclear_plant_10mile** 
(yes) 

164 129 19 (11.6%) 8 (6.2%) 0.1137 

nuclear_plant_near*** 
(yes) 

99 2 9 (9.1%) 0 (0%) 1.0000 

radiation_treatment 
(yes) 

165 132 10 (6.1%) 15 (11.4%) 0.1019 

radioactive_material 
(yes) 

164 131 9 (5.5%) 5 (3.8%) 0.5024 

*Data are presented as in Table 17.  **Collected on Version 3 of questionnaire.  
***Collected on Version 2 of questionnaire. Significant p-values (p < 0.05) are highlighted 
by bold red font.  Percentages may not add to 100% for categorical variables due to 
rounding. 

 

Although the classification of participants into never vs. ever smokers was not 

significant (p-value = 0.7120, Table 19), the break down of current smokers into current 

vs. former smokers was (p-value = 0.0233).  The length of time a participant smoked (p-

values = 0.3819 and 0.0868) did not significantly differ between cases and controls, nor 

did the average number of packs of cigarettes smoked (p-value = 0.1645).  There was no 

association between FECD and the type of tobacco products used (p-value = 0.7501), 

with cigarettes being the most frequently reported tobacco product used, or the age at 

which a participant started smoking (p-value = 0.0942). 
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Table 19: Variables examined within smokers 

Variable 
Number 
of cases 

analyzed 

Number 
of controls 
analyzed 

Case* Control* p-value 

broadsmokingcat 
(ever smokers) 476 138 201 (42.4%) 61 (44.2%) 0.7120 
breakdownever 
(current smokers) 202 61 28 (13.9%) 16 (26.2%) 0.0233 
durationsmoking  
      Never smoked 
      Smoked < 20 yrs 
      Smoked ≥ 20 yrs 

469 133  
274 (58.4%) 
79 (16.8%) 

116 (24.7%) 

 
77 (57.9%) 
17 (12.8%) 
39 (29.3%) 

0.3819 

tobacco_prod 
      Chew 
      Cigar 
      Cigarettes 
      Pipe 
      Multiple products 

171 60  
1 (0.6%) 
2 (1.2%) 

158 (91.9%) 
3 (1.7%) 
7 (4.1%) 

 
1 (1.7%) 
1 (1.7%) 

56 (93.3%) 
0 (0%) 

2 (3.3%) 

0.7501 

smoke_avg_pack 133  56  0.95 (0.53) 1.06 (0.53) 0.1645 
smoke_duration 195 56  24.5 (15.6) 28.6 (15.2) 0.0868 
smoke_start_age 194  57  18.5 (4.6) 20.5 (8.7) 0.0942 

*Data are presented as in Table 17.  Significant p-values (p < 0.05) are highlighted by 
bold red font.  Percentages may not add to 100% for categorical variables due to 
rounding. 
  

No difference between age at first (p-value = 0.9715, Table 20) or last pregnancy 

(p-value = 0.5069) or between the numbers of pregnancies (p-value = 0.3461) was 

observed between cases and controls.  The ages at first menstruation (p-value = 0.9768) 

and menopause (p-value = 0.0582) did not significantly differ between cases and 

controls.  We did not see a substantial difference in the number of cases and controls 

who reported using hormone replacement therapy (p-value = 0.2587).  The incidence of 

breast cancer (p-value = 0.1604) and use of tamoxifen as a chemotherapy agent (p-value 

= 0.6372) did not significantly differ between cases and controls.  
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Table 20: Variables examined within females 

Variable  # cases 
analyzed 

# controls 
analyzed Case* Control* p-value 

first_pregnancy_age 263 57 23.9 (4.9) 23.9 (4.6) 0.9715 
last_pregnancy_age 268 60 29.7 (6.0) 29.1 (6.2) 0.5069 
pregnancy_count 321 69 2.5 (1.6) 2.3 (1.5) 0.3461 
menstruation_age 293 65 12.8 (1.7) 12.8 (1.4) 0.9768 
menopause_age 245 57 48.0 (6.8) 49.9 (6.9) 0.0582 
hrt** (yes) 116 69 59 (50.9%) 41 (59.4%) 0.2587 
breast_cancer** (yes) 115 70 9 (7.8%) 10 (14.3%) 0.1604 
tamoxifen* (yes) 8 10 3 (37.5%) 6 (60.0%) 0.6372 
*Data are presented as in Table 17.  ** Variable collected on Versions 2 and 3 of the 
patient questionnaire only. Percentages may not add to 100% for categorical variables 
due to rounding. 
 
 

A total of 332 cases and 8 controls were genotyped for rs613872 (n = 340), 

representing the portion of our overall FECD dataset who have both genotype and 

environmental exposure data available.  Although a significant association between 

FECD and rs613872 genotype is observed in these 340 participants (p-value = 0.0004322, 

Table 21), these results must be cautiously interpreted due to the small number of 

genotyped controls. 

 

Table 21: Genotype results across analysis dataset 

Variable  # cases 
analyzed 

# controls 
analyzed Case* Control* p-value 

rs613872** 
      G/G 
      G/T 
      T/T 

332 8  
51 (15.4%) 

215 (64.8%) 
66 (19.9%) 

 
0 (0%) 

1 (12.5%) 
7 (87.5%) 

0.0004322 

*Data are presented as in Table 17.  Significant p-values (p < 0.05) are highlighted by 
bold red font.  Percentages may not add to 100% for categorical variables due to 
rounding.  Genotyping was performed on dataset collected prior to concerted efforts to 
enroll controls 
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4.2.3 Gene-environment interaction analysis in cases only 

The lack of genotyped controls forced a case-only analysis of gene-environment 

(GxE) interactions (n = 332).  Of the nine variables collected across the entire dataset, 

only gender (p-value = 0.0007) and number of cataract surgeries (p-value = 0.0010) 

showed evidence of significant interaction with rs613872 genotype (Table 22). 

 

Table 22: GxE interactions across all cases 

Variable 
# G/G 

and G/T 
genotypes 
analyzed 

# T/T 
genotypes 
analyzed 

p-value Odds ratio (95% CI) 

data_collection_age 266 66 0.1755 0.982 (0.956-1.008) 
sex (female) 266 66 0.0007 0.261 (0.119-0.570) 
cataracts (yes) 255 63 0.9043 1.056 (0.437-2.548) 
number_surgeries 228 56 0.0010 2.480 (1.447-4.252) 
diabetes (yes) 261 61 0.2821 0.639 (0.283-1.445) 
thyroid_disorder (yes) 258 61 0.3410 0.705 (0.344-1.447) 
htn (yes) 260 61 0.0655 0.582 (0.327-1.035) 
number_locations 266 66 0.5357 0.874 (0.572-1.337) 
number_occupations 266 66 0.3796 1.299 (0.725-2.330) 

CI, confidence interval. 

 

None of the variables collected from Versions 2 or 3 of the questionnaire showed 

evidence of interaction with rs613872 genotype (Table 23).  There were no cases that 

reported taking amiodarone, and none of the participants who reported taking 

amantadine were genotyped; as a result, SAS was unable to model an interaction for 

these two environmental exposures. 
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Table 23: GxE interactions on variables from Versions 2 and 3 of questionnaire 

Variable 
# G/G 

and G/T 
genotypes 
analyzed 

# T/T 
genotypes 
analyzed 

p-value Odds ratio (95% CI) 

sunglasses 
   Never vs. always 
   Never vs. mostly 
   Never vs. sometimes 
   Never vs. rarely 

20 9  
0.9763 
0.9699 
0.9791 
0.9730 

 
2.333 (0.107-50.982) 
1.333 (0.057-31.121) 
3.000 (0.122-73.642) 

>999.999 (<0.001->999.999) 
amantadine 19 9 n/a n/a 
amiodarone 19 9 n/a n/a 
contact_lens 
   No vs. yes 
   No vs. sometimes 

21 9  
0.9442 
0.9442 

 
0.824 (0.064-10.618) 
0.824 (0.064-10.618) 

nuclear_plant_10mile** 
(yes) 20 9 0.9712 <0.001 (<0.001->999.99) 
nuclear_plant_near* 
(yes) 17 7 n/a n/a 
CI, confidence interval.  n/a, not calculated by SAS.  *Version 2 questionnaire variable.  
**Version 3 questionnaire variable.   
 

 

Table 24: GxE interactions in smokers 

Variable 
# G/G 

and G/T 
genotypes 
analyzed 

# T/T 
genotypes 
analyzed 

p-value Odds ratio (95% 
CI) 

broadsmokingcat  
(ever smoker) 264 63 0.1402 0.660 (0.380-1.146) 
breakdownever  
(current smoker) 107 32 0.0937 0.409 (0.144-1.163) 
durationsmoking  
   Never smoked vs. <20 yrs 
   Never smoked vs. ≥20 yrs 

263 62  
0.1440 
0.7913 

 
0.540 (0.266-1.093) 
0.802 (0.411-1.566) 

smoke_avg_pack 60 17 0.2282 2.119 (0.625-7.191) 
smoke_duration 106 31 0.6440 1.006 (0.980-1.034) 
smoke_start_age 105 30 0.6849 1.020 (0.926-1.124) 

CI, confidence interval. 

 

Within smokers, there was no evidence of interaction with any measure of 

smoking severity or length, or with the age, at which a case reported starting or stopping 

smoking (Table 24). 
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Within females, there was no evidence of interaction between rs613872 genotype 

and pregnancy measures, age of menstruation or menopause, and the use of hormone 

replacement therapy (Table 25).  Breast cancer also did not show evidence of interaction 

with SNP genotype, and none of the participants who reported using tamoxifen were 

genotyped so SAS was unable to model the interaction for tamoxifen use. 

 

Table 25: GxE interactions in females 

Variable 
# G/G 

and G/T 
genotypes 
analyzed 

# T/T 
genotypes 
analyzed 

p-value Odds ratio (95% CI) 

first_pregnancy_age 136 44 0.3325 0.969 (0.909-1.033) 
last_pregnancy_age 136 45 0.8840  1.004 (0.951-1.060) 
pregnancy_count 167 50 0.8109 0.976 (0.800-1.190) 
menstruation_age 155 40 0.8176 0.978 (0.809-1.182) 
menopause_age 134 33 0.3472 0.971 (0.914-1.032) 
hrt* (yes) 16 7 0.9683 1.037 (0.173-6.232) 
breast_cancer* (yes) 16 6 0.4656 0.333 (0.017-6.374) 
tamoxifen* (yes) 1 1 n/a n/a 

CI, confidence interval.  n/a, not calculated by SAS.  *Variable from Versions 2 and 3 of 
the questionnaire. 

 

4.3 Discussion 

This is the first study to examine the interplay between genetic risk factors, 

environmental exposure, and FECD.  This is also the first study to specifically examine 

environmental exposure within the context of the FECD phenotype.  Although previous 

reports have suggested that temperature [184], ambient UV levels [184], smoking more 

than 20 pack-years [186], and body-mass index (BMI) [186] may be associated with 

guttae prevalence in Asian and European populations, none of these studies specifically 

examined FECD as a phenotype.  Corneal guttae are not unique to FECD; they may be 

observed with other ocular conditions, such as macular corneal dystrophy (OMIM 

#217800) [19], snowflake vitreoretinal degeneration (OMIM #193230) [195], and 
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interstitial keratitis [69].  Corneal “pseudoguttae,” also known as secondary corneal 

guttae, are observed with trauma, intraocular inflammation, infections, toxins, and 

thermokeratoplasty [196], and typically disappear with resolution or removal of the 

causative agent.  Guttae also occur with naturally with aging (Hassall-Henle warts), 

although these are predominantly located in the peripheral cornea [19].  Although the 

Zoega et al. [186] and Kitagawa et al. [184] studies examined primary corneal guttae, the 

type of guttae observed in FECD, no mention was made regarding the prevalence of 

FECD among the participants enrolled; additionally, other clinical features that would 

help differentially diagnose FECD, like corneal edema and bullous keratopathy, were 

not measured.  Since not all patients with guttae progress to FECD [197], it is unclear 

whether the risk factors that influence guttae prevalence would also impact FECD 

prevalence.  

FECD is known to be a late-onset disease that shows a gender bias by affecting 

women more than men.  Our analysis of environmental exposures corroborates these 

observations: both gender and age of participant at study enrollment were significantly 

associated with FECD in our dataset.  Gender also showed evidence of a significant 

interaction with the rs613872 genotype, the most consistently identified FECD genetic 

risk factor to date [113,114,115,116,117].  The ratio of ~2.5 female cases per male case that 

was observed in our overall dataset (including family members) and in our analysis 

dataset is similar to the gender ratios observed in other FECD datasets [6,7,8,16,86,180].  

However, while age was significantly associated with FECD in our dataset, the average 

age of controls was higher than the average age of cases, which seems to be the opposite 

of what would be expected in a late-onset disease.  However, this observation is likely 

due to our ascertainment criteria: controls were restricted to age 55 and above, while 
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cases were not age-restricted.  This restriction likely skewed the age distribution of 

controls, making them older, on average, than cases. 

Another artifact of our ascertainment methods may be the associations observed 

between FECD and both cataracts and number of cataract surgeries.  Beyond gender, the 

number of cataract surgeries was the only other variable that showed evidence of 

significant interaction with rs613872 genotype, and our controls reported a higher 

frequency of cataract surgeries than did cases.  Our controls were recruited at the DUEC 

cornea clinic, which performs a lot of surgeries on patients with cataracts.  Due to their 

accessibility, our team recruited many controls from post-operation cataract patients 

because their corneas lacked guttae and corneal edema and they tended to be older and 

met our age-restriction criteria for controls.   This control ascertainment approach has 

been used in other studies of FECD [119].  However, FECD cases reported a higher 

frequency of cataracts than did controls.  Our ascertainment procedure may again 

explain this.  Because DUEC is a leading major medical center, it has the technology and 

surgical experience required for the complex “triple procedure,” in which FECD patients 

with cataracts opt to undergo cataract extraction, lens implantation, and penetrating 

keratoplasty at the same time to avoid causing excess trauma to the cornea and to avoid 

inducing full-blown FECD from sub-clinical FECD [198].  Some FECD patients are 

specifically treated at DUEC with this triple procedure that they might not otherwise be 

able to get from their regular ophthalmologist.  

Zoega et al. found an association between smoking greater than 20 pack-years 

and corneal guttae [186], but Eghrari et al. did not replicate this observation on Tangier 

Island [11].  We did not assess pack-years in our analyses, in large part due to the 

variable responses given by participants to the “pack-years” question on Version 1 of the 

questionnaire.  However, we did not find an association between FECD and either the 
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average number of packs of cigarettes smoked or the length of time a participant 

smoked.  Our “durationsmoking” variable used 20 years as a cutoff, and showed no 

significant association with FECD.  However, both cases and controls reported smoking 

an average of one pack of cigarettes per day; in addition, the average length of time 

spent smoking was 24.5 years in cases and 28.6 years in controls.  This would seem to 

imply that the average participant had a smoking exposure of at least 20 pack-years; 

however, it is necessary to calculate the pack-year exposure for each participant to 

compare our findings with those of the Zoega et al. study.  The only smoking measure 

that was significantly associated with FECD in our dataset was the classification of 

smokers into either current or former smokers (the “breakdownever” variable); 

furthermore, none of the smoking variables showed evidence of significant interaction 

with the rs613872 genotype. 

Although use of the drug amiodarone was significantly associated with FECD, 

there were only five individuals in our cohort that reported taking this drug, and all five 

were controls.  Amiodarone is typically prescribed to treat cardiac arrythmia, and a 

common side effect is the formation of microdeposits of the drug in the corneal 

epithelium [193] that disappear when the drug is discontinued.  However, since only 

controls reported using this drug, we can discount the possibility that phenocopies in 

our cases could be attributed to the use of this drug.  Likewise, only one case and one 

control reported taking amantadine, a drug prescribed to help manage Parkinson 

disease symptoms.  This drug has been shown to induce corneal edema and abrasions, 

among other findings [191,192]; these side effects may be irreversible.  The case that 

reported using amantadine was not taking this drug at the time of study enrollment. The 

fact that cases reporting using either amantadine or amiodarone are practically 
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nonexistent in our dataset highlights the quality of our clinical phenotyping that has 

reduced the occurrence of possible phenocopies in our patient dataset.   

The Zoega et al. study found no association between FECD and contact lens use 

[186].  Their sample only included thirteen participants who reported ever using contact 

lenses, but none of them had corneal guttae.  In contrast, our dataset included five cases 

and twelve controls who reported wearing contact lenses.  Although we observed 

trending, but not significant, association between contact lens use and FECD (p-value = 

0.0795), a larger sample of contact lens wearers is needed to determine whether an 

association between contact lens use and FECD really exists.  

Kitagawa et al. found a higher prevalence of corneal guttae in Singaporean 

individuals compared to Japanese individuals, and speculated that this difference could 

be due to the variation in ambient UV radiation levels or temperature between the two 

climates these populations live in, and not due to genes because these two populations 

are expected to be genetically similar [184].  However, the Zoega et al. study did not find 

an association between guttae prevalence and UV exposure when participants were in 

their 20s, 30s, or 40s [186], even though the prevalence of guttae was higher than in 

Singaporean or Japanese individuals [184].  The UV exposure data in the Zoega et al. 

study was self-reported by participants, like ours, but only examined a portion of the 

overall UV exposure encountered by participants over the course of their lifetimes.  

Bahn et al. discuss the neural crest origin of the corneal endothelium, and classify FECD 

as a disorder of crest cell terminal induction and suggest that FECD onset occurs 

perinatally [73], a notion supported by the discovery of a family with a COL8A2 variant 

that phenotypically presented in two family members at ages 10 and 13 years [47].  This 

suggests that the type of UV exposure that would be capable of inducing FECD would 

need to occur either early in life, or over the course of a lifetime to exacerbate a 
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genetically susceptible tissue that was already compromised due to defects in embryonic 

development.  Therefore, measuring UV radiation exposure mid-life may not yield the 

type of data needed to implicate UV exposure in FECD pathogenesis. 

Our UV exposure proxy of sunglasses use used subjective categories (like always 

or rarely); perhaps not surprisingly, this variable was not significantly associated with 

FECD.  In future questionnaire revisions, the questions surveying UV radiation exposure 

could be modeled after the ones used in the Reykjavik Eye Study [199], which asked 

participants to quantify the average number of hours spent outdoors per day from 8 am 

– 4 pm, which hours of the day they were typically outdoors, when participants were in 

their 20s-30, 40s-50s, and present day.  Additionally, participants were asked about their 

use of sunglasses, spectacles, and hats while outdoors, the type of terrain they 

encountered while outdoors (to determine reflectivity), and skin type (to determine if 

participants easily sunburned or tanned).  These questions could be refined to assess UV 

exposure during leisure activities (e.g., fishing) compared to occupational exposure (e.g., 

welding).  In addition, another way to assess UV radiation exposure would be to ask 

whether participants have been diagnosed with diseases caused by an excess (e.g., 

cutaneous malignant melanoma, squamous and basal cell carcinomas, and pterygium) 

or lack (vitamin D deficiency, rickets, osteoporosis, and osteomalacia) of UV radiation 

exposure [200].  Finally, measurements of UV radiation levels measured by federal 

agencies like the Environmental Protection Agency (EPA) for the locations where 

participants report having lived could be incorporated to help improve the assessment 

of environmental exposures. 

Because the revised questionnaires (Versions 2 and 3) were given to patients 

starting in March 2010, there are fewer participants with data on newly queried 

variables like radiation exposure and sunglasses use.  However, recruitment of controls 
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was emphasized after Version 2 was administered to participants; therefore, these newly 

queried variables have a more evenly matched ratio of cases to controls than the 

variables asked from Version 1 onwards.  The reduced sample size for the revised 

questionnaires means that some analyses, such as the use of tamoxifen or working with 

radioactive materials, had a small number of participants with positive exposure; these 

numbers were even further reduced when examining gene-environment interactions.  

Caution should be exercised when interpreting these results.  

Version 2 of the questionnaire asked participants if they lived “near” a nuclear 

power plant (e.g., in their county).  To be more specific, we rephrased this question on 

Version 3 to ask if participants lived within a 10-mile radius of a nuclear power plant.  It 

is possible that there are participants who would answer “yes” to Version 2 (i.e., they 

live in the same county) of the question but would answer “no” to Version 3 (i.e., they 

did not live within 10 miles of a reactor).  Because of this, the nuclear_plant_10mile and 

nuclear_plant_near variables were not combined into an overall “lives close” to a 

nuclear plant variable.  In future ascertainment efforts and questionnaires, the use of 

more precise language will help avoid analysis issues like this.  One way to work 

around this analysis issue would be to map out all of the locations a participant reported 

living in compared to the locations of all nuclear power reactors and calculate the closest 

distance a participant ever lived to a nuclear power plant.  This would help address 

possible biases in the data caused by participants who are unaware that they may live 

near a nuclear power plant. 

Eghrari et al. observed that although hypertension, diabetes, and dyslipidemia 

were the most frequently reported medical conditions in residents of Tangier Island 

with FECD [11], none of these were significantly associated with FECD.  Similarly, 

hypertension and diabetes were also not significantly associated with FECD in our 
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study; we did not examine dyslipidemia, but a third condition, thyroid disorders, was 

not significant in our dataset.  However, we did note a trending p-value in the gene-

environment interaction analysis between rs613872 and hypertension.  While not 

statistically significant, this could indicate that hypertension may only affect FECD 

susceptibility in people with the rs613872 risk allele.  Further work in a larger dataset 

would be needed to confirm this hypothesis. 

We have previously reported a significant association between rs613872 and 

FECD in our dataset using three different genetic models (p-values: 9.33x10-35 dominant, 

7.48x10-30 additive, 5.27x10-6 recessive) [113].  We observed an excess of heterozygous 

genotypes in cases relative to controls, an observation also made in the original FECD 

GWAS [114].  Due to a lack of FECD controls, however, we used a cohort of individuals 

ascertained in the Duke genetic study of primary open-angle glaucoma (POAG), led by 

Drs. Allingham and Hauser.  Because of this, we were not able to use our original 

replication datasets in these environmental analyses because the POAG controls did not 

fill out our risk factor questionnaire.  The genotyping of rs613872 was done in 2010 prior 

to a concerted effort to recruit FECD controls; as a result, the vast majority of individuals 

with both genotype and questionnaire data (n = 340) are cases (n = 332).  Although 

Table 21 shows the association of genotype with FECD, these results must be cautiously 

interpreted due to the small number of controls with questionnaire data.   

The limited number of genotyped controls with environmental exposure data 

forced a case-only gene-environment interaction analysis.  This approach can be 

advantageous over a more traditional case-control interaction analysis in that it can 

eliminate spurious associations that may be caused by the use of inappropriately 

matched controls [201] and can give smaller standard errors when estimating 

interactions [202]. However, the case-only approach requires making an assumption that 
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the environmental exposure is independent of the risk genotype [201], which may not 

necessarily be a valid assumption.  In the gene-environment interaction analysis, 

environmental exposures were used as predictors to avoid making the assumption that 

continuous variables (like age) have a normal distribution.  Clarke and Morris show that 

this approach is more robust than using the SNP genotype as a predictor variable when 

the environmental exposure is non-normally distributed [194].  Given that the FECD 

literature suggests an autosomal dominant mode of inheritance [7], the use of a 

dominant model seems appropriate for the interaction analyses; however, Clarke and 

Morris caution that using a strong dominant model (as was used) when the true pattern 

of inheritance is recessive or modestly dominant may cause a loss of power [194]. 

The use of a questionnaire to assess environmental exposures has the potential 

generate biased exposure data [203].  Data are self-reported by participants, and as such 

may be subject to recall bias, where cases may be more motivated to recall past 

exposures than controls, or underreporting, where participants may not be able to recall 

past exposures.  Additionally, unclear language used in the question may confuse 

participants, which may also lead to biased exposure reporting.  Some exposures may be 

confirmed through other exposure measurements, such as EPA measurements of air 

particulates or quantification of metabolites present in blood samples. 

 

4.4 Future directions 

Our large dataset of FECD cases and corresponding data on environmental 

exposures, albeit crude, has made it possible to perform the first ever study examining 

potential environment influences on FECD risk.  However, the ability to draw 

meaningful conclusions from this unique resource is currently limited by the lack of 

environmental and rs613872 genotype data on controls.  Additional controls must be 
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recruited to determine whether the preliminary trends observed in the data are valid.  

This will also enable the examination of gene-environment interactions in a case-control 

cohort and with larger sample sizes than are currently available.  Future ascertainment 

efforts need to focus on recruiting age-appropriate controls, which can also be used as 

controls for future candidate gene sequencing studies (see Chapter 3). 

Ideally, if time and resources permitted, we would go back to all of our 

participants (especially those who filled out Version 1 of the questionnaire) and get them 

to fill out a longer, more detailed questionnaire.  This would avoid some of the analysis 

issues raised by imperfect language on the questionnaire.  However, one of the problems 

with doing this is that FECD is a late-onset disease and some of our participants may 

have passed away, making a 100% re-contact rate most unlikely. 

In addition to recruiting more controls, future work must also include revising 

the current risk factor questionnaire.  The first three versions were purposefully short so 

as to not discourage participants from enrolling in the study.  This has helped increase 

the number of people enrolled, which may not have been possible with a longer 

questionnaire; however, it has limited the amount of environmental exposure data 

collected.  To balance the need for quick questionnaire completion against the desire to 

collect in-depth exposure data, one solution may be to administer a short “screening” 

questionnaire during enrollment that would determine whether a participant has 

exposures or occupations of interest.  This could then be followed-up with a longer, 

more detailed questionnaire that could be administered by mail, over the phone, or 

during subsequent clinic appointments that would ask more questions to more fully 

assess the extent of the exposure.   

Future questionnaires should take into account the suggestions put forth in a 

review of epidemiological questionnaire design by Nieuwenhuijsen [203].  All new 
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versions should undergo pilot testing in a small number of FECD patients and potential 

controls to identify troublesome question wording and to evaluate the length of time it 

takes an individual to complete the questionnaire and the validity and reproducibility of 

the questions.  Recall aids should be used to help participants remember past exposures: 

for example, if asking about occupational chemical exposure, asking the name of the 

employer, the employer’s industry, title of the job held, the particular task(s) performed, 

and finally the name(s) of chemical(s) worked with.  Even if the participant is unable to 

remember the chemical names, the industry/job title/task information may be enough 

to predict the types of chemicals the participant was likely to have encountered.  

Imprecise categories of exposure, such as were used for the sunglasses use question, 

should be replaced by more quantitative measures, if possible: for example, asking how 

frequently a participant wears sunglasses when outdoors (at least 75% of the time, 50-

75% of the time, etc.).  Finally, questions that assess recall bias should be included: for 

example, including a made-up drug name in the list of drugs a participant may have 

taken, or repeating a question in different parts of the questionnaire with slightly altered 

wording. 

Additional exposures should also be incorporated in future questionnaire 

revisions.  The Zoega et al. study found a protective effect between increased 

weight/BMI and corneal guttae [186], whereas Eghrari et al. found the opposite 

correlation between height and weight in FECD patients on Tangier Island [11]; height 

and weight data should be collected in the future to help clarify this discrepancy.  For 

occupational history, specific tasks should be queried, like exposure to UV radiation or 

travel.  There is growing evidence through observational studies [119] and FECD variant 

discovery in genes associated with hearing loss [49,51], although this may be difficult to 

assess since hearing loss occurs naturally with aging.  Participants should be asked to 
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specify the type of radioactive materials he/she may have used (since not all radioactive 

materials have the capacity to penetrate the outermost layers of skin) and the location(s) 

on the body where radiation treatment was received. Studies showing an association 

between FECD and corneal inflammation imply a role for chronic inflammatory 

processes in FECD susceptibility [14], so questions about chronic inflammatory disease, 

like multiple sclerosis or lupus, should be added.  Finally, modifications to the questions 

assessing UV radiation exposure should be made, as discussed above. 

While administering the questionnaire during enrollment, clinical staff should be 

trained to look over participants’ responses to verify that questions were answered 

accurately and completely.  This would avoid issues like those encountered with 

occupational history, where some participants merely responded “retired” even though 

the question asked for previous occupations held prior to retirement.   

During the analysis of future questionnaire revisions, outside verification of 

reported exposures should be used whenever possible: for example, using the addresses 

provided by a participant to verify the proximity to nuclear power plants. The 

combination of questionnaire data and actual measurements (e.g., ambient UV radiation 

levels) would help improve the assessment of environmental exposures, such as was 

done by Preller et al. [204] in a study of endotoxin exposure in pig farmers.  Metabolic 

profiling of blood samples could also help assess environmental exposures: for example, 

serum levels of vitamin D could indicate the amount of UV radiation exposure [205]. 

The majority of our probands and controls are currently undergoing genotyping 

through the Center for Inherited Disease Research (CIDR) across the Illumina 

HumanOmni2.5 platform, containing 2.5 million SNPs, as a part of the FECD Genetics 

Consortium, which aims to perform a GWAS on FECD.  Because of the environmental 

exposure data collected on our GWAS participants, a much larger gene-environment 
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interaction analysis can be undertaken with the top GWAS hits to probe whether 

additional exposures may interact with other genetic factors beyond rs6138872.  Because 

more controls are being genotyped, a case-control approach to studying gene-

environment interactions can be undertaken. 

Finally, an analysis plan needs to be drafted to take advantage of other data 

collected on our questionnaires, including occupational history and locations where 

participants have lived.  The best approach to analyzing the occupational data may be to 

categorize jobs by their title, industry, and/or the task(s) involved.  The location data 

could be analyzed based on where participants were born or where they currently live; 

however, given that our study only recruits at DUEC these data are subject to 

ascertainment bias and would not represent a random sampling of FECD patients, so 

these data must be interpreted carefully.  Incorporating EPA environmental 

measurements, as proposed above for nuclear plant proximity, would also help extract 

utility from location data. 
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Appendix A: Primer sequences and reaction conditions 
 

 

Table 26: PCR conditions for TCF4 variant screen 

Reaction 
condition PCR reagents Cycling conditions 

1 
(standard) 

Qiagen HotStarTaq, 1.5 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
Q solution  5.0 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   9.9 µL 
   22 µL/well 
 

PCR cycle: (TCF8_SEQUENCING_2) 
1 cycle:  95°C for 5 min 
10 cycles: 95°C for 30 sec 
  66°C for 30 sec   (-1°C/cycle) 
  72°C for 30 sec 
40 cycles: 95°C for 30 sec 
  56°C for 30 sec 
  72°C for 30 sec 
1 cycle:  72°C for 10 min 
Hold:  4°C 

2 

Qiagen HotStarTaq, 1.75 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
Q solution  5.0 µL 
MgCl2   0.25 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   9.65 µL 
   22 µL/well 

TCF8_SEQUENCING_2 

3 

Qiagen HotStarTaq, 2.0 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
Q solution  5.0 µL 
MgCl2   0.5 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   9.4 µL 
   22 µL/well 

TCF8_SEQUENCING_2 

Note: All reaction conditions use 3 µL of genomic DNA at 10 ng/µL; this brings all final 
reaction volumes up to 25 µL. 
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Table 27: TCF4 primer sequences 

Primer name Sequence (5’ !  3’) Amplicon 
length 

Reaction 
conditions* 

TCF4_ex1F TCCTTTCCACCTTAATCCCAC 
TCF4_ex1R TGGTTTCTAGCTGAAGTGTTTGG 298 bp 2 

TCF4_ex1.2F TCCTACTGGTTTCTAGCTGAAGTG 
TCF4_ex1.2R TCCGATTGTGTTTTCTCCAA 241 bp 1 

TCF4_ex2F GCATAAACTCTAAGCTGTTTGGTAAC 
TCF4_ex2R TGATTACAGGCTAAAATTCAATGAC 296 bp 1 

TCF4_ex2.2F TGCAATAACCGTATGATTACAGG 
TCF4_ex2.2R AAGCTGTTTGGTAACAGTATGAAAGA 298 bp 1 

TCF4_ex3F GATGGGTCAGAAGCCACTATC 
TCF4_ex3R TTCCAAAGTCAAGCTGATCC 426 bp 1 

TCF4_ex4F TTTGGTAGTGGAGCTATGTTTG 
TCF4_ex4R TCTGTCTAGGACATGGTTTTACC 255 bp 3 

TCF4_ex5F TCGGGGAAGAGCAGTAGATG 
TCF4_ex5R GGTGCATCTTTGGTGTCACAG 263 bp 1 

TCF4_ex6-7F CAATCAGTTGGGAGGTGGTG 
TCF4_ex6-7R GGCGCATGGAAACTCATTTA 809 bp 1 

TCF4_ex6.2F GGCTGACAACTGAGCCAAAT 
TCF4_ex6.2R ACAATCAGTTGGGAGGTGGT 336 bp 1 

TCF4_ex8F AAATGTAGCACTTTCTGCCTACTTC 
TCF4_ex8R GCCCCATCTGTGACATTAAG 278 bp 1 

TCF4_ex9F CAACAGGCAGTCATTTTCAAG 
TCF4_ex9R TGCATGGAAAGACAGAGGAC 302 bp 1 

TCF4_ex10F TCCATTGTAAAATAGAGAGTTGTGAG 
TCF4_ex10R TGTGACTAATATTTAGTGCCTAATTGC 348 bp 1 

TCF4_ex11F TTTGACATCTACCTCAGCAAAC 
TCF4_ex11R CCTTCTCAAATTTTCCAGTGAC 388 bp 1 

TCF4_ex12F GAATTGCGTTGACAACTTCG 
TCF4_ex12R CAAAATCAGGAAGTACAAGGGG 241 bp 1 

TCF4_ex12.2F CCACCTACAAAATCAGGAAGTACA 
TCF4_ex12.2R GAATTGCGTTGACAACTTCG 248 bp 1,2 

TCF4_ex13F GGACTGTTTAAAATATTGGCAAGC 
TCF4_ex13R TCTTGGAGAGTAAAGGAGACTGAAC 231 bp 1 

TCF4_ex14F CAGTTTTCTGGAAACAACACTATTTG 
TCF4_ex14R TTGTACACCTGAAATGGGCTC 518 bp 1 

TCF4_ex15F CTTCATCAGGTCCTCTTGGC 
TCF4_ex15R ACACCAAGAGGCTGGGTATC 296 bp 1 

TCF4_ex16F CAGTATGAATTGTCTGCTGGC 
TCF4_ex16R TTTCTTCCCGTTCTGTTCAC 329 bp 1 

TCF4_ex17F TGGAAAAGTTCCCTGAAAACTC 
TCF4_ex17R TTTGGAATGATGCTTGAAAGTC 448 bp 1 

TCF4_ex18F AAGGTCAGACACGCAAGAAG 
TCF4_ex18R GAAAATATCTGTCAATTTGGGTG 328 bp 1 

* Refer to Table 26 for details regarding the reaction conditions. 



 

 130 

Table 28: PCR conditions for African-American proband variant screening 

Reaction 
condition PCR reagents Cycling conditions 

1 
(standard) 

Qiagen HotStarTaq, 1.5 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
Q solution  5.0 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   9.9 µL 
   22 µL per well 

PCR cycle: (TCF8_SEQUENCING_2) 
1 cycle:  95°C for 5 min 
10 cycles: 95°C for 30 sec 
  66°C for 30 sec   (-1°C/cycle) 
  72°C for 30 sec 
40 cycles: 95°C for 30 sec 
  56°C for 30 sec 
  72°C for 30 sec 
1 cycle:  72°C for 10 min 
Hold:  4°C 

2 

Qiagen HotStarTaq, 1.75 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
Q solution  5.0 µL 
MgCl2   0.25 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   9.65 µL 
   22 µL per well 

TCF8_SEQUENCING_2 

3 

Qiagen HotStarTaq, 2.25 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
Q solution  5.0 µL 
MgCl2   0.75 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   9.15 µL 
   22 µL per well 

TCF8_SEQUENCING_2 

4 

Invitrogen Platinum Taq, 1.5 mM Mg: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
MgCl2   0.75 µL 
5M betaine  2.5 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.2 µL 
d.H2O   11.55 µL 
   22 µL per well 

TCF8_SEQUENCING_2 

5 

Qiagen HotStarTaq, 1.5 mM Mg, no Q: 
10X PCR buffer  2.5 µL 
2 mM dNTPs  2.5 µL 
F primer  1.0 µL 
R primer  1.0 µL 
Taq (5U/µL)  0.1 µL 
d.H2O   14.9 µL 
   22 µL per well 

TCF8_SEQUENCING_2 

Note: All reaction conditions use 3 µL of genomic DNA at 10 ng/µL; this brings all final 
reaction volumes up to 25 µL. 
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Table 29: SLC4A11 primer sequences 

Primer name Sequence (5’ !  3’) Amplicon 
length 

Reaction 
conditions* 

SLC4A11_ex1_FWD CCTAGCAGATGGGCTAAGCA 
SLC4A11_ex1_REV GAGCAAAGCCACAGGACTCT 374 bp 1 
SLC4A11_ex2-3_FWD CGAGAGTGGGACAGTCCAG 
SLC4A11_ex2-3_REV CTCCCTGTTGAGCTGCTCCT 554 bp 1 

SLC4A11_ex4-5_FWD TCCAGGAGCAGCTCAACAG 
SLC4A11_ex4-5_REV CAGCCCTCTTCTCCCAAGTT 686 bp 1 

SLC4A11_ex6_FWD CCAACCAACTTGGGAGAAGA 
SLC4A11_ex6_REV CCTTCAGAGGCCAGGACAT 391 bp 1 

SLC4A11_ex7-8.2_FWD AGCCTGGGTGACAGTGAGAC 
SLC4A11_ex7-8.2_REV ACAGCCTTGTTTTTCCCAATAAT 668 bp 1,4 

SLC4A11_ex9-10_FWD ACTGATGGTACGTGGCCTCT 
SLC4A11_ex9-10_REV CGTCCATGCGTAGAAGGAGT 567 bp 1,2 

SLC4A11_ex11-12_FWD TCTACATCCAGGGTGCAGTG 
SLC4A11_ex11-12_REV ACTCAGCTTGAGCCAGTCCT 660 bp 1 
SLC4A11_ex13-14_FWD GAGCCCTTTCTCCCTGAGAT 
SLC4A11_ex13-14_REV GGTTGTAGCGGAACTTGCTC 623 bp 1,5 

SLC4A11_ex15-16.2_FWD CTCCTCCCTATGTCCCATGT 
SLC4A11_ex15-16.2_REV CTTCCGGGAAATCGAGAGT 600 bp 1,2 

SLC4A11_ex17-18.2_FWD ACACATCTATGACACGTGAGTGTG 
SLC4A11_ex17-18.2_REV ACCTCTAGGCTGGGCTCCT 800 bp 4,2,5 

SLC4A11_ex19_FWD CAGGAGGGGCTCCAGTCTA 
SLC4A11_ex19_REV CTGTCCCTTGCATTCCACTT 692 bp 3 

* Refer to Table 28 for details regarding the reaction conditions. 
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Table 30: COL8A2 primer sequences 

Primer name Sequence (5’ !  3’) Amplicon 
length 

Reaction 
conditions* 

COL8A2_2_FWD CTGGCTTGATGACTTTCTCTGTTC 
COL8A2_2_REV CTCTCACCCAGGTACTGGCCTTTGC 250 bp 1 

COL8A2_3_FWD CCAGTGAAGTACATCCAGCCCATGC 
COL8A2_3_REV CCAGCTAACTGCACCGTTTCCAGG 254 bp 1 
COL8A2_6_FWD GTGTACCTCATACTGGAATGG 
COL8A2_6_REV GGACCAGCCTTGCCCATCCGG 250 bp 1 

COL8A2_7.2_FWD CTGGCCCACTCCATTATCC 
COL8A2_7.2_REV TGACTGCCCCTTTCTCTTTC 471 bp 1 

COL8A2_8.2_FWD CAGGAATACGAGGGGACCAG 
COL8A2_8.2_REV CGTCTACTCCAGGAGGTCCTTTT 399 bp 1 

COL8A2_9_FWD CTGGTCCAGCTGGCTTAGGCAAAC 
COL8A2_9_REV CCTGGCATCCCATAGCCAGT 265 bp 1 

COL8A2_11.2_FWD GGAGTCCTGGGATTCCTGA 
COL8A2_11.2_REV AAGGACCTCCTGGAGTAGACG 588 bp 1 

COL8A2_11.3_FWD GGAGTCCTGGGATTCCTGAG 
COL8A2_11.3_REV ACCTCCTGGAGTAGACGGTGT 584 bp 1 
COL8A2_12_FWD CAGGAGTGCCTGGCATTCGAGGTGAC 
COL8A2_12_REV CCAGCTGGACCCTGGAGTCCTGGGATTC 256 bp 1 

COL8A2_13.2_FWD AGGTGAGAGGGGACTTCCTG 
COL8A2_13.2_REV AGCCCAAACTGTGGCTTG 474 bp 1 

COL8A2_14_FWD GATGAGACTGGCATCGCAGGCTTG 
COL8A2_14_REV GATGCCAGTGGCTGGGTTGTAG 225 bp 1 

COL8A2_15_FWD GGACTCTCTACAATGGCCACAG 
COL8A2_15_REV GTCGTTGGGCCGCAGCTGGAGCACGG 227 bp 1 

COL8A2_16_FWD GATGAGTACAAGAAGGGCTACCTGG 
COL8A2_16_REV GGTCGCTCTACCACTAAAGGG 223 bp 1 

* Refer to Table 28 for details regarding the reaction conditions. 
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Table 31: TCF8 primer sequences 

Primer name Sequence (5’ !  3’) Amplicon 
length 

Reaction 
conditions* 

TCF8_ex1aF GAGCGAGAGCCTCTAGGTGT  
TCF8_ex1aR GGGGGCAGAGAGCACTACTT 374 bp 1 

TCF8_ex1a.2F GTAAAGCCGGGAGTGTCGTA 
TCF8_ex1a.2R ACTTTCCCACTCCACTTTGC 316 bp 1 

TCF8_ex1a.3F GGTCCCTAGCAACAAGGTTC 
TCF8_ex1a.3R GCGGAGAGAGACCAGGTAAG 485 bp 1,2 

TCF8_ex1bF GCTTTGGTTCCTGCGTTATT  
TCF8_ex1bR TACAGCAGCTGCACAGACG 695 bp 2 
TCF8_ex2F GAATTACAATCTGTTTTAAGCATCTTT 
TCF8_ex2R TGCTTATTCTGCTTCATAATCCA 474 bp 1 

TCF8_ex3F TTTGTGACAACTGGATTTGTTTTT 
TCF8_ex3R GGAAACGGACTAAATTCAGGA 366 bp 1 

TCF8_ex4F TTCTGCAGATTCAAGAACAATCA 
TCF8_ex4R TTGGTCTTCAAGAATGTTCCCTA 387 bp 1,5 

TCF8_ex5F TCATTGCATTGTTTTGAGGA 
TCF8_ex5R GGCTGCAGATATAGCACTGTTT 463 bp 1 

TCF8_ex6F CAACCATCAGGCTCACAAAA 
TCF8_ex6R ATGCCAAAAGAAATGCAAGG 323 bp 1 

TCF8_ex7aF AGCATGCATGGCAGTCTTC 
TCF8_ex7aR TGATTCCTGAAGCAACCAC 420 bp 1 
TCF8_ex7bF GGCAAAAGATAGAGAATAAACCCC 
TCF8_ex7bR ATGGCCACCTTGTTGTATGG 377 bp 1 

TCF8_ex7cF CAGTTGGTTTGGTGTCTCCC 
TCF8_ex7cR AGGGAGTGGAGGAGGCTG 494 bp 1 

TCF8_ex7c.2F CATGGTGCAAGCTGTTGTTC 
TCF8_ex7c.2R CAGGCTTCTCAGCTTCTGCT 542 bp 1 

TCF8_ex7dF TCCAGTCGCTACAAACAGTTG 
TCF8_ex7dR TGTCCAGCTTGCATCTTTTC 420 bp 1,5 

TCF8_ex7eF GCCACCTTTAAAGAACCTCTTG 
TCF8_ex7eR TTTAGAGGTGATGGGGATGG 369 bp 1 

TCF8_ex7fF CCCAGGACAGCACAGTAAATC 
TCF8_ex7fR GGTTGGCACTTGGTGGG 387 bp 1 
TCF8_ex7gF ACCCTTGAACTTGTCTTGCG 
TCF8_ex7gR TCTAGTTGGCTCTACGGGAC 405 bp 1 

TCF8_ex8F TCAGTGTGCTTGCTTTGGTC 
TCF8_ex8R CTCCAGCCTGGGTGACTAGA 468 bp 1 

TCF8_ex9aF GAGTTTGGGACCTGGAAATG 
TCF8_ex9aR TCTTCCTGCAATTCTTCCATC 514 bp 1 

TCF8_ex9bF TCGAATGAGCACGTGGG 
TCF8_ex9bR CAGTAGTGAACAGGAATCACAGC 470 bp 1 

* Refer to Table 28 for details regarding the reaction conditions. 
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Appendix B: Family 25 linkage and haplotype data 
Table 32: 1-LOD interval around peak marker for branch 25999 

SNP 
marker Chr 

deCODE 
position 

(cM) 

Branch 
2599 

LOD score 

Branch 
25999 

LOD score 

Branch 
259999 

LOD score 
Total  

LOD score 
rs1491607 3 95.15 -5.3968 0.0379 -3.38 -8.7389 
rs17108 3 96.43 -5.3738 0.2404 -3.2494 -8.3828 
rs1024008 3 99.13 -5.2643 0.513 -3.0683 -7.8196 
rs7064 3 101.07 -5.456 0.6337 -3.1039 -7.9262 
rs1441443 3 102.35 -5.5683 0.798 -3.0575 -7.8278 
rs36003 3 102.85 -5.5309 0.8769 -3.0547 -7.7087 
rs1562499 3 104.18 -5.3802 1.0464 -3.0876 -7.4214 
rs1470569 3 105.51 -5.3349 1.1354 -3.1478 -7.3473 
rs876675 3 105.71 -5.3316 1.1462 -3.1621 -7.3475 
rs1383407 3 107.18 -5.4896 1.1883 -3.3318 -7.6331 
rs2061719 3 107.54 -5.713 1.1945 -3.3541 -7.8726 
rs820273 3 107.69 -5.7029 1.1956 -3.364 -7.8713 
rs17114 3 108.10 -5.6985 1.1977 -3.3985 -7.8993 
rs936035 3 108.19 -5.6994 1.1982 -3.4071 -7.9083 
rs349148 3 108.39 -5.7012 1.1985 -3.4295 -7.9322 
rs1385654 3 108.53 -5.7042 1.1986 -3.4284 -7.934 
rs1470797 3 108.64 -5.7068 1.1986 -3.427 -7.9352 
rs1562626 3 108.77 -5.7132 1.1986 -3.4263 -7.9409 
rs1494302 3 109.15 -5.3456 1.1986 -3.4296 -7.5766 
rs1437049 3 109.15 -5.3386 1.1986 -3.4294 -7.5694 
rs1157607 3 110.06 -5.1299 1.199 -3.4253 -7.3562 
rs1352463 3 110.37 -5.1145 1.1989 -3.4251 -7.3407 
rs1519159 3 110.41 -5.1129 1.1989 -3.4248 -7.3388 
rs1368518 3 110.43 -5.1137 1.1989 -3.4246 -7.3394 
rs1567058 3 111.25 -5.3438 1.1964 -3.4283 -7.5757 
rs1546223 3 111.42 -5.3819 1.1958 -3.4296 -7.6157 
rs13038 3 111.68 -5.3521 1.1931 -3.4296 -7.5886 
rs1017967 3 111.82 -5.3285 1.1909 -3.2676 -7.4052 
rs591728 3 112.05 -5.2664 1.1832 -3.2672 -7.3504 
rs938988 3 113.08 -5.2363 1.0587 -3.2816 -7.4592 
rs1920325 3 114.38 -5.4735 -1.5011 -3.3422 -10.3168 

The highest LOD score for branch 25999 is indicated by bold font.  Shown are the 
MERLIN multipoint dominant LOD scores.  Chr, chromosome; cM, centiMorgans. 
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Figure 20: MERLIN haplotype analysis for branch 2599 in family 25. 

Marker order is given on the left-hand side of the diagram, and the disease-associated haplotype is highlighted with red boxes. 



 

136 

 

 

 

 
Figure 21: MERLIN haplotype analysis for branch 259999 in family 25. 

Marker order is given on the left-hand side of the diagram, and the disease-associated haplotype is highlighted with red boxes. 
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Appendix C: Patient risk factor questionnaires 

 

Figure 22: Version 1 of the patient risk factor questionnaire 
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Figure 22, continued. 
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Figure 22, continued. 
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Figure 23: Version 2 of the patient risk factor questionnaire 
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Figure 23, continued. 
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Figure 23, continued. 
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Figure 24: Version 3 of the patient risk factor questionnaire 
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Figure 24, continued. 
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Figure 24, continued. 
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Figure 24, continued. 
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Appendix D: SAS code for environmental variables 
/*t-tests for all unrelated Caucasian subjects (numeric variables 
only)*/ 
title "T-tests for all unrelated Caucasian subjects"; 
proc ttest data = survey; 
class caco; 
var data_collection_age cataracts_dx_year number_locations 
number_occupations number_surgeries; 
where racegroup='WH'; 
where also caco in (0,1); 
run; 
 
proc ttest data = survey; 
class caco; 
var number_surgeries; 
where racegroup='WH'; 
where also caco in (0,1); 
where also cataracts='Y'; 
run; 
 
/* t-tests for unrelated Caucasian females only (numeric variables 
only) */ 
title "T-tests for unrelated Caucasian females"; 
proc ttest data = survey; 
class caco; 
var first_pregnancy_age last_pregnancy_age menopause_age 
menstruation_age pregnancy_count; 
where racegroup='WH'; 
where also caco in (0,1); 
where also sex='F'; 
run; 
 
/* t-tests for unrelated Caucasian smokers only (numeric variables 
only) */ 
title "T-tests for unrelated Caucasian smokers"; 
proc ttest data = survey; 
class caco; 
var smoke_avg_pack smoke_duration smoke_start_age; 
where racegroup='WH'; 
where also caco in (0,1); 
where also broadsmokingcat='Ever Smoker'; 
run; 
 
/* Chi-square for categorical variables, all unrelated Caucasian 
subjects */ 
title "Chi-square for all unrelated Caucasian subjects, categorical 
variables gathered for whole dataset"; 
proc freq data=survey; 
tables cataracts*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also cataracts in ('N','Y'); 
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run; 
 
proc freq data=survey; 
tables broadsmokingcat*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
run; 
 
proc freq data=survey; 
tables breakdownever*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also broadsmokingcat='Ever Smoker'; 
run; 
 
proc freq data=survey; 
tables durationsmoking*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
run; 
 
proc freq data=survey; 
tables sex*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
run; 
 
proc freq data=survey; 
tables diabetes*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also diabetes in ('N','Y'); 
run; 
 
proc freq data=survey; 
tables thyroid_disorder*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also thyroid_disorder in ('N','Y'); 
run; 
 
proc freq data=survey; 
tables htn*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also htn in ('N','Y'); 
run; 
 
title "Chi-square for all unrelated Caucasian subjects, categorical 
variables from 2nd/3rd questionnaires only"; 
proc freq data=survey; 
tables sunglasses*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
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run; 
 
proc freq data=survey; 
tables amantidine*caco/exact; 
where racegroup='WH'; 
where also caco in (0,1); 
where also amantidine in ('N','Y'); 
/*This variable requires Fisher's exact test*/ 
run; 
 
proc freq data=survey; 
tables amiodarone*caco/exact; 
where racegroup='WH'; 
where also caco in (0,1); 
where also amiodarone in ('N','Y'); 
/*This variable requires Fisher's exact test*/ 
run; 
 
proc freq data=survey; 
tables contact_lens*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also contact_lens in ('N','Y','S'); 
run; 
 
proc freq data=survey; 
tables nuclear_plant_10mile*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also nuclear_plant_10mile in ('N','Y'); 
run; 
 
proc freq data=survey; 
tables nuclear_plant_near*caco/exact; 
where racegroup='WH'; 
where also caco in (0,1); 
where also nuclear_plant_near in ('N','Y'); 
/*This variable requires Fisher's exact test*/ 
run; 
 
proc freq data=survey; 
tables radiation_treatment*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also radiation_treatment in ('N','Y'); 
run; 
 
proc freq data=survey; 
tables radioactive_material*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also radioactive_material in ('N','Y'); 
run; 
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title "Chi-square for unrelated Caucasian females only, 2nd/3rd 
questionnaire"; 
proc freq data=survey; 
tables hrt*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also hrt in ('N','Y'); 
where also sex='F'; 
run; 
 
proc freq data=survey; 
tables breast_cancer*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also breast_cancer in ('N','Y'); 
where also sex='F'; 
run; 
 
proc freq data=survey; 
tables tamoxifen*caco/exact; 
where racegroup='WH'; 
where also caco in (0,1); 
where also tamoxifen in ('N','Y'); 
where also sex='F'; 
where also breast_cancer='Y'; 
/*This variable requires Fisher's exact test*/ 
run; 
 
title "Chi-square for unrelated Caucasian smokers only, entire 
dataset"; 
proc freq data=survey; 
tables breakdownever*caco/all; 
where racegroup='WH'; 
where also caco in (0,1); 
where also broadsmokingcat='Ever Smoker'; 
run; 
 
/*See code below for cleaning/combining tobacco_prod variable into new 
variable, tobaccoproduct */  
proc freq data=survey; 
tables tobaccoproduct*caco/exact; 
where racegroup='WH'; 
where also caco in (0,1); 
where also broadsmokingcat='Ever Smoker'; 
/*This variable requires Fisher's exct test*/ 
run; 
 
title "Chi-square for unrelated Caucasians with genotype data"; 
proc freq data=survey; 
tables rs613872*caco/exact; 
where racegroup='WH'; 
where also caco in (0,1); 
/*This variable requires Fisher's exact test*/ 
run; 
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/*Code for creating tobaccoproduct variable from tobacco_prod--requires 
lumping together some data cells like cigarette + cigarettes*/ 
data survey; set work.mam64; 
if tobacco_prod="CHEW" then tobaccoproduct='Chew'; 
if tobacco_prod="CIGAR" then tobaccoproduct='Cgar'; /*Cigar*/ 
if tobacco_prod="CIGAR,OTHER" then tobaccoproduct='Mult'; /*Multiple 
products*/ 
if tobacco_prod="CIGARETTE" then tobaccoproduct='Cgrt'; /*Cigarettes*/ 
if tobacco_prod="CIGARETTE,CHEW" then tobaccoproduct='Mult'; /*Multiple 
products*/ 
if tobacco_prod="CIGARETTE,CIGAR" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="CIGARETTE,CIGAR,CHEW" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="CIGARETTE,CIGAR,OTHER" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="CIGARETTE,OTHER" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="CIGARETTES" then tobaccoproduct='Cgrt'; /*Cigarettes*/ 
if tobacco_prod="CIGARETTES,CIGAR" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="CIGARETTE,CIGAR,CHEW" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="CIGARETTE,CIGAR,CHEW,OTHER" then 
tobaccoproduct='Mult'; /*Multiple products*/ 
if tobacco_prod="CIGARETTES,OTHER" then tobaccoproduct='Mult'; 
/*Multiple products*/ 
if tobacco_prod="OTHER" then tobaccoproduct='Pipe'; 
run; 
 
quit; 
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Appendix E: SAS code for GxE interactions 
/*Using a dominant model, code for combining the rs613872 G/G and G/T 
genotypes into one class and the T/T genotype into a second class of a 
new variable, riskallele, since G is the rs613872 risk allele*/ 
 
data survey2; set work.mam64; 
if rs613872="30/30" then riskallele=1; 
if rs613872="30/40" then riskallele=1; 
if rs613872="40/40" then riskallele=0; 
run; 
 
title "GxE across entire dataset"; 
proc logistic data=survey2 descending; 
model riskallele = data_collection_age;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
class sex; 
model riskallele = sex;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
class cataracts (ref='N'); 
model riskallele = cataracts;  
where racegroup='WH'; 
where also caco=1;  
where also cataracts in ('N','Y'); 
run; 
 
proc logistic data=survey2 descending; 
class diabetes (ref='N'); 
model riskallele = diabetes;  
where racegroup='WH'; 
where also caco=1;  
where also diabetes in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class thyroid_disorder (ref='N'); 
model riskallele = thyroid_disorder;  
where racegroup='WH'; 
where also caco=1;  
where also thyroid_disorder in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class htn (ref='N'); 
model riskallele = htn;  
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where racegroup='WH'; 
where also caco=1;  
where also htn in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = number_locations;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
model riskallele = number_surgeries;  
where racegroup='WH'; 
where also caco=1;  
where also cataracts='Y'; 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = number_occupations;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
title "GxE in smokers"; 
proc logistic data=survey2 descending; 
class broadsmokingcat; 
model riskallele = broadsmokingcat;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
class breakdownever; 
model riskallele = breakdownever;  
where racegroup='WH'; 
where also caco=1;  
where also broadsmokingcat='Ever Smoker'; 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = smoke_avg_pack;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
model riskallele = smoke_duration;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
model riskallele = smoke_start_age;  
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where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
class durationsmoking (ref='Never Smoked'); 
model riskallele = durationsmoking;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
title "GxE in females"; 
proc logistic data=survey2 descending; 
model riskallele = first_pregnancy_age;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = last_pregnancy_age;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = menopause_age;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = menstruation_age;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
run; 
 
proc logistic data=survey2 descending; 
model riskallele = pregnancy_count;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
run; 
 
proc logistic data=survey2 descending; 
class hrt (ref='N'); 
model riskallele = hrt;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
where also hrt in ('Y','N'); 
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run; 
 
proc logistic data=survey2 descending; 
class breast_cancer (ref='N'); 
model riskallele = breast_cancer;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
where also breast_cancer in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class tamoxifen (ref='N'); 
model riskallele = tamoxifen;  
where racegroup='WH'; 
where also caco=1;  
where also sex='F'; 
where also breast_cancer='Y'; 
where also tamoxifen in ('Y','N'); 
run; 
 
title "GxE in revised questionnaires"; 
proc logistic data=survey2 descending; 
class sunglasses (ref='NEVER'); 
model riskallele = sunglasses;  
where racegroup='WH'; 
where also caco=1;  
run; 
 
proc logistic data=survey2 descending; 
class amantidine (ref='N'); 
model riskallele = amantidine;  
where racegroup='WH'; 
where also caco=1;  
where also amantidine in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class amiodarone (ref='N'); 
model riskallele = amiodarone;  
where racegroup='WH'; 
where also caco=1;  
where also amiodarone in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class contact_lens (ref='N'); 
model riskallele = contact_lens;  
where racegroup='WH'; 
where also caco=1;  
where also contact_lens in ('Y','N','S'); 
run; 
 
proc logistic data=survey2 descending; 
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class nuclear_plant_10mile (ref='N'); 
model riskallele = nuclear_plant_10mile;  
where racegroup='WH'; 
where also caco=1;  
where also nuclear_plant_10mile in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class nuclear_plant_near (ref='N'); 
model riskallele = nuclear_plant_near;  
where racegroup='WH'; 
where also caco=1;  
where also nuclear_plant_near in ('Y','N'); 
run; 
proc logistic data=survey2 descending; 
class radiation_treatment (ref='N'); 
model riskallele = radiation_treatment;  
where racegroup='WH'; 
where also caco=1;  
where also radiation_treatment in ('Y','N'); 
run; 
 
proc logistic data=survey2 descending; 
class radioactive_material (ref='N'); 
model riskallele = radioactive_material;  
where racegroup='WH'; 
where also caco=1;  
where also radioactive_material in ('Y','N'); 
run; 
 
quit; 
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