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Abstract

Age-related macular degeneration is one of the leading causes of vision loss in
the world. While various environmental risk factors including but not limited to
smoking, ethnicity, and diet have been reported to contribute to the complex etiology of
AMD, age and genetics remain the largest susceptibility factors in its pathogenesis.
Initially, with the identification of the common Y402H variant in CFH, approximately
35% of the genetic determinants of AMD had been identified with the majority
remaining unknown. Therefore, we set forth to A) identify additional AMD
susceptibility genes that contribute to AMD through the use to next generation
sequencing technologies and B) to assess associated alleles for pathogenicity in the
attempt to interpret their functional contributions to AMD outcome as observed via
patient serum and zebrafish analysis. To this end, we have identified both common and
rare variants that contribute to the heritability of AMD. Additionally, we report one of
the first instances of a rare variant significantly affecting disease age of onset and a gene
with increased rare mutational burden in AMD patients, altogether adding to our
understanding of the genetics of AMD and potentially leading to putative therapeutic

targets.
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1. Chapter 1 - Introduction

This introduction is adapted and expanded and includes tables and figures from
Tan et al. 2016, AMD and the Alternative Complement Pathway: Genetics and
Functional Implications, Hum Genomics. 10(1):23. (PMID:27329102) published by

BioMed Central.

1.1 Age-related Macular Degeneration

One of the leading causes of blindness in the industrialized world is age-related
macular degeneration (AMD), affecting >7-8% over the age of 60 [1]. It is a progressive
neurodegenerative disease that involves the degeneration of the macula that results in
the loss of central vision and irreversible blindness. It is a complex, multifactorial, late-
onset disease that has both genetic and non-genetic components leading to clinical
pathogenic outcomes. As the population continues to age combined with the lack of a
cure, the burden of AMD on society continues to increases.

The purpose of this work is to try to integrate genomic tools as well as in vivo
models to not only identify additional genetic contributors to AMD but more
importantly to try to understand the specific functions of variants implicated in AMD on
disease pathogenesis. My goal is to try to determine additional factors that contribute to
the genetic makeup of AMD and to further investigate the functional relevance of these

genetic determinates towards AMD pathogenicity.



1.1.1 The retina and aging

AMD pathology affects 5 major layers of the human outer retina: the choroid, the
choriocapillaris, Bruch’s membrane (BM), the retinal pigment epithelium (RPE), and the
photoreceptor cells (cones and rods) (Figure 1). The primary region affected in AMD
patients is that of the macula, the central portion of the retina that is primarily
responsible for central vision. The macula contains a photoreceptor rich area known as
the fovea. The outer retina is comprised of the photoreceptors and the RPE. There are
two types of photoreceptors, rods, which are responsible for night vision, and cones, that
primarily function in color vision and sharp acuity. The RPE functions as the blood-
ocular barrier in addition to regulating both nutrient transport and phagocytosis [2]. On
the basal side of the RPE a pentalaminar extracellular matrix (ECM), BM, responsible for
supplying blood and metabolic components to the outer retina and transporting waste
produces away from the photoreceptors and RPE. The outermost layer of BM, is the
choriocapillaris and together with the choroid and sclera, lines the posterior portion of
the eye. The choroid/choriocapillaris establish a vascular layer that supports the high
oxygen and nutrient demands of the mitochondrial packed photoreceptor inner
segments [3].

During the aging process, physiological changes occur in the eye, specifically,

30% of rod photoreceptors are lost [4], the aging RPE accumulates metabolic debris



(including lipofuscin, an un-degradable byproduct of the photoreceptors and drusen) [2,
5-8]. Aging also leads to BM thickening, which in turn results in reduced permeability,
altering the nutritional flow from the choriocapillaris to the outer retina and thinning of

the choroid (decreased choriocapillary density and lumen diameter) [9, 10].

1.1.2 Pathogenic outcomes of AMD

The clinical pathology of AMD has been studied and described extensively [11,
12]. AMD results in the degeneration of the macula, the center of the retina that contains
the densest concentration of photoreceptors. While the primary effects of the disease are
on the RPE-choroid complex, where initially drusen accumulates and BM thickens,
hindering the transport of nutrients and waste products, followed by RPE pigment
abnormalities and atrophy or detachment and choroidal capillary leakage, the end stage
of AMD is the degeneration of the photoreceptors [13].

The initial clinical hallmarks of AMD are sub-RPE deposits including drusen and
focal hyperpigmentation of the RPE [14, 15]. Drusen components include intra- and
extraocular degenerative materials, esterified cholesterol, phospholipids, and
inflammatory components [16, 17]. Drusen are classified as “hard” inert drusen, having
well demarcated borders, or “soft” drusen that lack distinct borders and are the type
commonly found in AMD patients. The diameter of druse can range from small (those

having fewer than 5 small <63um having no AMD) to large (those having advanced



stages having drusen >124um) and they can accumulate within the RPE or BM. It is the
number and size of drusen that highlights the progression of the disease correlating with

RPE degeneration [18].

1.1.3 AMD subtypes

The Age-Related Eye Disease Study (AREDS) [19] has classified AMD into four
major clinical subtypes (Table 1, Figure 1): 1. Early AMD; 2. Intermediate AMD; 3.
Advanced non-neovascular (“dry” or geographic atrophy); and 4. Advanced
neovascular (“wet” or exudative). Early AMD has approximately >10 small (<63um)
drusen or <15 intermediate (>63um but <125um) drusen with or without RPE pigment
abnormalities that can either cause mild visual impairments such as blurred vision or be
asymptomatic. Progression from early to intermediate AMD is accompanied with the
presence of >15 intermediate drusen or any large (>125um) drusen. Further progression
into the disease state results in two main end forms of AMD, either dry AMD that is
primarily characterized by atrophy of the RPE and choroid in addition to the
accumulation of drusen, or wet AMD that is hallmarked by the appearance of newly
formed vessels (choroidal neovascularization, CNV) that leads to sub-RPE hemorrhages
or RPE detachment. While dry AMD is the most common form of late AMD, accounting

for approximately 85% of all late AMD cases, wet AMD is the more aggressive form, and



both end stages of the disease ultimately result in photoreceptor cell death and vision
loss [20].

Table 1: AMD clinical features and subtypes (based on AREDS).

AMD Subtype
Early Intermediate Advanced Dry/ Advanced
Geographic Atrophy  Neovascular/
Exudative/Wet
Clinical  Drusen Few small (<63 um) or medium Numerous medium (63-124 pm) + at Extensive medium Extensive medium
Features sized (63124 pum) least 1 large (>125 pm) sized (63-124 pm) + large (63124 pm) + large
(>125 pm) sized (>125 pm) sized
Bruch's Thickening Thickening Thickening Thickening
membrane
Retinal Pigmentary abnormalities Pigmentary abnormalities; atrophy Atrophy including Detachment
pigment excluding fovea fovea/macula
epithelium
Choroid/ Decreased vascular density Decreased vascular density Atrophy Choroidal
choriocapillaris neovascularization;
hemorhage; leak
fluid
Neural retina  None Photoreceptor thinning above drusen Photoreceptor cell Photoreceptor
death detachment and cell
death
Impairment/  Mild visual impairment (blurred Mild visual impairment (blurred spots in  Blurred central Sudden/profound
outcome vision or decreased contrast central vision or decreased contrast vision; gradual vision  vision loss
sensitivity) or asymptomatic sensitivity) or asymptomatic loss

Choroid
BM
RPE

Photoreceptors

Bipolar and
horizontal cells

-~
Intermediate

Normal

Figure 1: Illustration of retinal pathology with each AMD subtype.

Schematic of the anatomical structure of the outer layers of the human retina and how it

is progressively affected by AMD. At the onset of AMD, small drusen manifest along



with pigment abnormalities in the retinal pigment epithelium (RPE) and thickening of
Bruch’s membrane (BM). As the disease progresses, BM continues to thicken and
additional drusen, of larger diameter are observed. There are two late forms of AMD
(Dry and Wet), which are characterized by either extensive drusen, and photoreceptor
cell death that is accompanied with atrophy of the RPE and choroid in the former as

oppose to RPE detachment and choroidal neovascularization (CNV) in the latter form.

1.2 Age-related macular degeneration: A genetic disease?

It has been hypothesized for over forty years that genetic determinants underlie
AMD [21]. In an effort to support this hypothesis, numerous studies have been
undertaken in twins, family, or population based cohorts to determine disease
heritability and risk [22-26]. Disease concordance in monozygotic and dizygotic twin
pairs were reported, for monozygotic twins anywhere from 37-100% and for dizygotic
twins up to 19-42% suggestive of a strong genetic factor in AMD [22, 24, 25]. Similarly,
sibling correlations are reported to have a recurrence-risk ratio between three to six
times greater than the general population, and familial aggregation studies reporting 10-
40% increased risk of developing AMD in first-degree relatives of those with AMD, both
illustrating that there is a familial component to AMD [23, 26]. In light of the
epidemiological studies, the familial component, whether it is genetic, environmental, or

both had to be further evaluated to assess their contribution to AMD disease onset.



1.3 Environmental contributions: AMD disease risk/onset

Age-related macular degeneration is a multifactorial, complex disease whose
pathogenesis is not solely attributable to genetic factors; environmental factors also
contribute to its clinical manifestation. Numerous non-genetic factors, such as age and
ethnicity, and environmental factors including smoking, dietary factors, and obesity,
have been associated with AMD each conferring differential attributable risk of

developing AMD as discussed below.

1.3.1 Age in AMD

Advanced age is inescapable and is the largest contributor to AMD disease risk.
Population based studies, including the Beaver Dam Eye Study (BDES), the Rotterdam
Study, the Blue Mountain Eye Study, and the Visual Impairment Project all reported
prevalence of AMD in independent cohorts. In each of these reports, the incidence of
AMD significantly increased with age, with AMD observed in those under the age of 55
being <1% compared to those over the age of 55, with AMD being observed in >40.8% of
that population [27-30].

1.3.2 Ethnicity

The prevalence of disease and the effect of any given variant can vary among

distinct ethnic groups. This disparity might be driven by the distinct genomic context

present amongst ancestral groups. Population variation differences albeit may vary, the



presence of the variant itself is not exclusive to any single population. This concept has
been observed in several examples including Hirschsprung’s (HSCR), hypertension, and
AMD.

HSCR, a congenital complex disorder with an incidence of 1/5000 live births, is
characterized by loss of enteric neurons in the gut [31]. Initial GWAS studies in a
Mennonite population identified susceptibility loci including 10q11 [32]. By combining
human and population genetics with comparative genomics, and functional analysis
methodologies, Emison et al. were able to unmask a common, causal non-coding variant
within a conserved enhancer sequence in RET on 10q11.2, with minor allele frequencies
(MAF) of 0.25 in Europeans, 0.45 in Asians, and 0.01 in Africans [33]. RET has been
reported to have over 100 mutations, including large deletions, microdeletions,
insertions, and nonsense, missense, and splicing mutations, that have been shown to
both segregate with disease and can interact to alter disease presentation [31].

Another example is hypertension, in which one of the genes associated,
angiotensinogen (AGT), has a key role in the renin-angiotensin blood-pressure
regulation pathway. A variant in AGT, has been reported to confer a 10-20% increased
risk of developing hypertension and has variable allelic frequency dependent on
population (i.e. present in up to 90% of those with African descent compared to ~30% in

those of European descent) [34, 35].



Similar to HSCR and hypertension, AMD disease prevalence as well as allelic
frequency of associated variants differ based on population substructure. The incidence
of early AMD was reported in the Multi-Ethnic Study of Atherosclerosis (MESA) cohort
ranging from 1.6% in African Americans, 3.3% in Hispanics, 4.5% in Chinese, and 5.3%
in Caucasian Americans, with reported frequencies that are even lower for late AMD
(0.4%, 0.8%, 2.2%, and 4.1% respectively) [36]. One of the major loci associated with
AMD is that of complement factor H that was initially discovered by a modest genome
wide association study of 96 cases and 130 controls [37] that identified a common yet
predisposing allele (Y402H) that significantly increases risk for developing AMD [37-40].
The frequency of this risk allele has been reported to be 34% in Caucasians, 35% in
African-Americans, 17% in Hispanics, and 7% in Japanese [41].

While the variance observed in allele frequencies between populations can
contribute to the understanding of disease in certain cohorts, it cannot fully capture the
genetic/clinical pathogenic outcomes amongst various populations. This is highlighted
by Y402H, where the MAF in Caucasians is similar to that observed in African-
Americans yet the difference in the prevalence of AMD in those populations is
approximately five-fold [41-43]. Therefore, the pathogenesis of AMD has to be studied in

the genomic/genetic context of individual populations.



1.3.3 Smoking and AMD

Smoking is a modifiable behavior and is the second largest risk factor of
developing AMD following age. In two prospective studies, one in men and one in
women, that evaluated the incidence rate of smokers compared to non-smokers,
reported that smoking resulted in two times increased risk for developing AMD. In both
of these studies there was a correlation between the amount of smoking (both in packs
and years) and the incidence of AMD [44, 45].

The pathogenesis of AMD as a complex, multifactorial disease is elusive however
five pathways have been implicated strongly to confer susceptibility (Table 2): including
the inflammation/immune response pathway and the cellular stress response pathway.
Smoking and the use of tobacco had been suggested to cause innate immune responses
and oxidative stress responses, the latter of which is thought to occur due to the
generation of free radicals [46, 47]. Additionally, in vivo studies of the effects of exposure
to cigarette smoke on mice culminated in ocular pathology similar to that seen in human
patients of AMD, including thickening of BM, the formation and accumulation of sub-
RPE deposits, and accrual of complement components in BM [48-50].

Table 2: Five pathways in which genes associated with AMD cluster

Inflammation and immune response

Complement component HLA-C Major histocompatibility

2
C 2 complex, class I, C

10



Complement component

C3 3 IL8 Interleukin B
CFB Complement factor B MMP9 Matrix metallopeptidase 9
Pleckstrin homology domain
CFH Complement factor H PLEKHA1 containing, family A
member 1
CFD Complement factor D RORA RAR-related orphan receptor
alpha
Complement factor H- Serpin peptidase inhibitor,
FHR1- ERPING1
C 5 related 1-5 S NG clade G, member 1
CFI Complement factor I TLR3 Toll-like receptor 3
Complement component TLR4 Toll-like receptor 4
c9 9
CX3CR1 Chemokine receptor 1 VLDLR Very low density lipoprotein
receptor
F13B Coagulat%on factor XIII, B VTN Vitronectin
polypeptide
Lipid metabolism and transport
ATP-bindi t
ABCA1 blr.ldmg cassette, FADS1-3 Fatty acid desaturases 1-3
subfamily A, member 1
ATP-binding cassette, -
ABCA4 LIP
¢ subfamily A, member 4 ¢ Hepaticlipase
APOE Apolipoprotein E LPL Lipoprotein lipases
CETP Chole'steryl ester transfer LRP6 Low density hpoprote.m
protein, plasma receptor-related protein 6
CFHR1-5 Complement factor H- RORA RAR-related orphan receptor
related 1-5 alpha
Cytochrome P450, family _— .
CYP24A1 24, subfamily A peptide VLDLR Very low-density lipoprotein
1 receptor
ELOVLA4 ELVL fatty acid elongase PLTP Phosphohpld transfer
4 protein

11




Extracellular matrix and cell adhesion

Angiotensin 1 converting

Roundabout, axon guidance

ACE ROBO1
enzyme 1 receptor, homolog 1
ARMS2 Age-relfat?(?l maculopathy TIMP3 Tissue lnhlblFOI‘ of
susceptibility 2 metalloproteinase 3
ADAM metallopeptidase
ADAMTS9  with thombospondin MMP19 Matrix metallopeptidase 19
type 1 motif, 9
COLSA1 Collagen, type VIII, PCOLCE Procollagen c-endopeptidase
alphal enhancer
COL10A1 Collagen, type X, alpha 1 VTN Vitronectin
ATP-binding cassette,
i 7
CST3 Cystatin C ABCA subfamily A, member 7
CX3CR1 Chemokine receptor 1 ACTG1 Actin gamma 1
F13B Coagulat?on factor XIII, B BCAR1 Bre'ast cancer anti-estrogen
polypeptide resistance 1
FBLN5 Fibulin 5 COL4A4 Collagen, type 1V, alpha 4
HMCN1 Hemicentin ITGA7? Integrin, alpha 7
HTRA1 HtrA serine peptidase 1 MYL2 Myosin, light ch'a in2,
regulatory, cardiac, slow
MMP9 Il\/Iatrlx metallopeptidase
Angiogenesis
ACE Angiotensin I converting LRP6 Low density hpoprote'm
enzyme 1 receptor-related protein 6
COL10A1 Collagen, type X, alpha 1 MMP9 Matrix metallopeptidase 9
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Collagen, type VIII,

RAR-related orphan receptor

COLS8A1 RORA
alphal alpha
CST3 Cystatin C SERPINF1 Serpin peptidase inhibitor,
clade F
FBLNS5 Fibulin 5 TIMP3 Tissue inhibitor of
metalloproteinase 3
GDF6 Growth differentiation VEGFA Vascular endothelial growth
factor 6 factor A
HTRA1 HtrA serine peptidase 1 VLDLR Very low-density lipoprotein
receptor
ILS Interleukin 8
Cell stress response
ATP-binding cassette
ABCA4 HTRA1 i i
C sub-family A member 4 HtrA serine peptidase 1
ACE Angiotensin I converting RORA RAR-related orphan receptor
enzyme 1 alpha
. . Superoxide dismutase 2,
APOE Apolipoprotein E SOD2 mitochondrial
ARMS2 Age—rel'atfec'l maculopathy TF Transferrin
susceptibility 2
CST3 Cystatin C TLR3 Toll-like receptor 3
CX3CR1 Chemokine receptor 1 TLR4 Toll-like receptor 4
Cytochrome P450, family o .
CYP24A1 24, subfamily A peptide VLDLR Very low-density lipoprotein
1 receptor
GSTM1 Glutathione S-transferase TNFRSF10A/ Tumotr necros1§ fac?’;or
mu 1 LOC389641 receptor superfamily,
member 10a
GSTP1 G.lutathlone S-transferase '
pil IER3 Immediate early response 3
GSTT1 Glutathione S-transferase Transforming growth factor,
tau 1 TGFBR1 beta receptor 1
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1.3.4 Antioxidants: Vitamins and Minerals

As with smoking, the immune pathway and stress response pathway are
responsible for increasing the production of reactive oxygen intermediates (ROI) [51, 52].
The retina, with high oxygen metabolism, its constant exposure to light allowing
irradiation, as well as its high content of fatty acids which are readily oxidizable, make it
susceptible to oxidative stress and the production of toxic free radicals [53, 54] [55, 56]. A
prevailing hypothesis is that if these free radicals could be compartmentalized and
removed, then the resulting damage to the system, in the case of AMD, the damage to
the retina, could potentially be delayed or inhibited [57, 58]. Therefore, studies have
been undertaken that involve antioxidant vitamins, including vitamin A, C, and E, as
well as antioxidant enzymes, including zinc.

A role for antioxidants in decreasing retinal damage has been reported in animal
models [59, 60]. Epidemiological or case-control studies of dietary intake of antioxidant
vitamins and its relation to AMD were undertaken and initial results were perplexing
with some reporting that higher intake of carotenoids, not vitamins A, E or C,
significantly reduced the risk of AMD (the Eye Disease Control Study) while lower
vitamin C plasma levels were associated with increased risk [61] and others (Age-
Related Eye Disease Study 1; AREDS]1) reporting a reduced risk of progression to

advanced stages of AMD if supplements of vitamin C, E, and zinc were taken [62].
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Several studies followed, several of which supported the lack of correlation with
antioxidant intake and AMD risk (the Blue Mountain Eye Study, the Beaver Dam Eye
Study, and the Vitamin E, Cataract and Age-related maculopathy Trial (VECAT) study)
[63-65] and several others that supported the beneficial outcome of antioxidant
supplementation, increasing visual acuity, in the Lutein Antioxidant Supplementation
Trial (LAST) study, the Taurine, Omega-3 Fatty Acids, Zinc, Antioxidant, Lutein
(TOZAL) study, and the Carotenoids in Age-related Maculopathy Italian Study
(CARMIS) [66-68]. While there is a lack of distinct, defined “therapeutic” roles of
antioxidants in AMD progression, further studies need be done to fully understand the
benefits of antioxidant vitamin supplementation in regards to ROI production and
sequestration in the aging and disease process.

Zinc, an essential micronutrient, is involved in the enzymatic antioxidant system
[69] and is found in high concentrations in the retina, with zinc deficiencies resulting in
functional impairments including but not limited to blurred vision and night blindness
[70]. Animal models with zinc deficiencies have been reported to have structural
abnormalities in the RPE and degeneration of the outer segments of photoreceptors [71].
Additional evidence linking zinc to AMD is its interaction with the complement
pathway by binding to CFH, preventing cleavage of C3b [72, 73]. Similar to the

observations with the antioxidant vitamins, studies on zinc and AMD have been
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conflicting. Several studies including the Beaver Dam Study, the Blue Mountains Eye
Studies, and a small subset of interventional studies reported no association of zinc
intake to AMD [63, 74, 75]. In contrast, other studies including AREDS], a retrospective
analysis of the Beaver Dam Study, and a different set of interventional studies
describing an association of zinc with AMD; the zinc AMD group either resulting in
decreased progression to advanced AMD or improving visual acuity and reducing

vision loss [62, 76, 77].

1.3.5 Omega-3 fatty acids

A component of cell membranes and photoreceptors are phospholipids, a main
constituent being polyunsaturated fatty acids (PUFAs). While a subset of PUFAs such as
omegab PUFAs are harmful and induce inflammation, its competitor, omega3, another
PUFA has been reported to have anti-inflammatory effects with benefits of treating both
inflammatory and autoimmune diseases [78-80]. Epidemiological studies starting in the
1950s discovered a lower incidence of inflammatory disorders in a population in
Greenland Eskimos whose diet differed from those of in Western Europe, containing
greater omega3 [81, 82]. These studies were followed by numerous studies all
highlighting the importance of omega3 in its role for growth, development, and anti-

inflammatory effects [82].
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Omega3, including eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), both of which are enriched in fish oils and nuts, has been proposed as a
candidate therapeutic agent for AMD. DHA is in the RPE and photoreceptor outer
segment membranes and functions to maintain structure and permeability, while EPA
serves as a substrate for DHA and has an anti-angiogenic role by regulating VEGF [83,
84]. These properties make them candidate protective agents against advanced AMD by
either modulating neovascularization or cellular degeneration [83]. Population-based,
case-control, prospective, and survey-based studies were undertaken to assess the
relationship between omega3 (or fish intake) and AMD and omega3 was repeatedly
reported to reduce AMD risk by thirty to fifty percent [85-90]. Together, these
observations have led to the idea that both smoking and dietary supplementation can be

modifiable factors in AMD pathological outcomes.

1.3.6 Obesity and body mass index

One additional modifiable risk factor that has been associated with AMD is
obesity. Numerous cross-sectional studies were undertaken in the past few decades that
correlated increased obesity and BMI with increased risk of AMD with relative risks
between 1.5-2.35 compared to those who were not obese (under 25 BMI) [91-98]. This
modifiable risk factor has been reported to have a decreased association with AMD with

a decrease in the waist-hip ratio (WHR), a method used to measure abdominal obesity,
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over time, as observed in obese participants who decreased their WHR and resulted in

up to 59% lower odds of developing AMD [95].

1.4 Historical approaches identifying genetic factors of AMD

Prior to the sequencing of the human genome, the primary methods for
identification of disease genes were linkage and positional cloning. These methods while
successful in identifying risk and causal genes for Mendelian disorders [99-101] have
had limited success in complex disorders (CFH and CFI loci were identified initially via
linkage and subsequently associated with AMD) due to the spectrum of phenotypes
observed, the multiple signaling pathways implicated in its pathomechanism, as well as
the oligogenic nature of complex diseases where dysfunction of multiple genes is
required to reach the disease threshold. Therefore, a shift towards using candidate-gene
approaches was applied to try to identify genes involved in complex disorders.

Similar to epidemiological studies, identification of candidate genes amongst the
plethora of environmental factors commences at the level of clinical phenotype. Two
genes were identified as candidates for AMD risk, ABCA4 (ATP-Binding Cassette Sub-
Family A, Member 4) and APOE (Apolipoprotein E) for having either overlapping
clinical symptoms or clinical pathology with other disease entities [102, 103].

ABCAA4 is a photoreceptor specific, transmembrane encoding gene belonging to

the ABC superfamily [102]. It was identified through linkage analysis, mapping, and
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mutational studies as a causal gene for Stargardt disease (STGD1) [104]. STGD is a
common form of macular dystrophy with recessive inheritance, and an age of onset
ranging from juveniles to young adults resulting in loss of central vision. Clinical
pathology of STGD includes drusen accumulation and atrophy of the RPE, similar to
that observed in AMD, making ABCA4 a candidate gene for AMD. Sequencing of
ABCA4 in two cohorts of AMD patients and controls uncovering 13 AMD associated
variants with minor contributions of ~4% to AMD heritability [102]. While the
association of ABCA4 has been controversial [102, 105-108], more recent sequencing
studies in case control populations have provided evidence that it plays a role in the
etiology of AMD [109, 110].

Similar to ABCA4, the gene encoding APOE, a plasma protein that is involved in
lipid/cholesterol transport, was identified as a candidate for AMD due to overlap with
Alzheimer’s disease (AD). AD is a neurodegenerative disorder of early amnesia that
progresses to dementia. Both AMD and AD pathologies have been associated with
aging, oxidative stress, and inflammation resulting in pathogenic protein aggregates in
the RPE for AMD or in neuronal cells in AD [111, 112]. A variant in APOE, APOE-¢4, has
been reported to be a major risk factor for AD across all ages, genders, and ethnicities
increasing risk up to 33% [113, 114]. With APOE’s implications in the neurodegenerative

process, its role in lipid/cholesterol accumulation, and early pathological features of
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AMD being drusen accumulation, it was hypothesized that APOE could also contribute
to AMD risk [115]. To test this idea, APOE was screened in a cohort of 88 cases and 901
controls and in contrast to the findings in AD, the APOE-¢4 allele was reported to have
decreased risk of AMD (OR 0.43) while the APOE-¢2 allele showed a modestly increased
risk (OR=1.5) in addition to the presence of APOE in drusen and sub-RPE deposits,
suggestive of APOE as a susceptibility gene with minor contributions to AMD [115].
Despite the candidate gene approach identifying two candidate contributors to
AMD susceptibility, neither could explain an appreciable fraction of the genetic burden
of the disorder. With unclear mechanisms involved in AMD pathology, as well as
limited cohort sizes and the underappreciated functional impact of individual variants,
both common and rare, on disease outcome, the candidate gene approach was slated to

fail in identifying major genetic factors involved in AMD.

1.5 GWAS

In contrast to the previous methods to determine the genetic architecture of
complex diseases, predominately by linkage analysis or candidate gene approaches, the
completion of the Human Genome Project and the HapMap project [116] allowed for an
unbiased query of the human genome through both sequencing and chip-based
technologies. Whole genome sequencing (WGS) and whole exome sequencing (WES)

can be employed to identify susceptibility loci in a more affordable manner [117].
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Genome-wide-association studies (GWAS) have been implemented to evaluate common
variation (MAF>5%) within disease state on a genome-wide scale [118]. Based on the
principle of linkage disequilibrium (LD), GWAS “tags” a subset of common SNPs (2.5
million [119]) that due to the nonrandom association between alleles, can be
representative of the total number of common SNPs in a genome or exome [116, 118].
Additionally, imputation strategies can increase the overall number of common SNPs to
>37 million [120]. As a result, GWAS has allowed for the identification of genomic
location harboring a possible causal/susceptibility variant in a more automated and

affordable manner.

1.5.1 Common Variants, Common Disease: A Caveat of GWAS

While GWAS allows for no prior biological hypothesis to be made for disease
process, it is not completely unbiased. The main caveat of GWAS is the idea that its
associations are powered to identify causal variants that are in fact relatively common
within the population, based on the common variant, common disease (CVCD)
paradigm [118] and its inability to identify associated low frequency (MAF<5%) or rare
variants (MAF<0.5%) that contribute to disease risk [121].

The CVCD paradigm hypothesizes that the allelic identity of disease loci
responsible for common diseases in a population context is high and that the effect size

of rare variants on a common disease is small [122-124]. Examples of this have been the
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discovery of common alleles that have large effects including APOE (OMIM 107741) and
ACE (OMIM 106180). However, GWAS has also identified associated genetic loci which
on average have smaller effect sizes (as further discussed in chapter 3), which require
large sized cohorts to reliably identify these common variants of modest effect [125, 126],
and are usually underpowered when studying dichotomous or continuous phenotypes
[127]. Therefore, two main challenges arise in our understanding of complex, genetic
disease; 1) what other factors make up the missing heritability of complex genetic

diseases and 2) how to define and identify a “causal” variant.

1.5.2 Analysis and Interpretation

GWAS studies heavily rely on large sample sizes to power the studies, as such,
sample ascertainment and study design are critical. Factors including phenotypic
heterogeneity and population substructure, including relatedness and population
stratification, has to be controlled for in data analysis and interpretation to avoid type 1
errors (false positive) [128, 129].

GWAS datasets are analyzed either by single-locus statistical tests or gene
burden tests. The single-locus test examines each SNP for association to the phenotype
and can be analyzed either by using a generalized linear model approach such as the
analysis of variance (ANOVA) if the traits are quantitative or by logistic regression or

contingency table tests, such as chi-square test and Fisher’s exact test, if the traits are
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dichotomous [130]. In each case, assumptions are made, for the generalized linear
model, it is assumed that the groups are independent, the variance is the same, and the
trait is normally distributed, in contrast to logistic regression methods in which there is
independence of errors (independent observations). For both statistical methods, the
null hypothesis is that there is no association between groups and allelic or genotypic
association or association utilizing other genetic models (additive dominant, recessive)
with a phenotypic outcome can be assessed [131]. In contrast to single locus tests, a
regression gene-based approach, the sequence kernel association test (SKAT-O) can be
performed to detect the effects of multiple variants on a locus [132].

In interpreting the statistical results, covariates have to be adjusted. One main
covariant is population substructure. To detect and correct for population stratification,
one method, EIGENSTRAT, has been developed to expand principal components
analysis (PCA) to a more general and population based genetic context [128, 129]. While
traditional PCA tries to identify the variance in the data based on genetics,
EIGENSTRAT is an algorithm that applies three steps to data analysis 1) PCA 2) adjust
genotype and phenotype continuously for attributable ancestry by linear regression
analysis and 3) compute association statistics [128]. The resulting associations will allow
for analysis of potentially causal variants of case-control studies that could be

confounded by ancestral differences with the caution that there are varying degrees of
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LD within the genome and that markers in high LD could result in a type I error [128,
133].

Visualization of population stratification or relatedness of GWAS findings are
observed by quantile-quantile (Q-Q) plots to assessed for the probability that the
associated outcome occurred more than what is expected by chance alone [134, 135]. Q-
Q plots depict expected versus observed p-values allowing for a visual summary of the
test statistics generated and how far the observed statistics deviates under the null
hypothesis [133]. These methods try to delve into what is a true disease association as
opposed to what is due to substructure [134, 135].

Data derived from GWAS studies often involve a number of hypotheses and
statistical tests from which accumulation of both type I (false positive) and type II (false
negative) errors can lead an investigator toward false discoveries [136]. To take into
account the false discovery rate, the distribution of nominal p-values is observed and a
corrected significance cutoff value is used to determine the statistical evidence for
association. Two types of corrections are commonly used, the Bonferroni correction [137]
and the false discovery rate (FDR) correction [138], and while both methods assume each
test is independent, the prior correction is most conservative, correcting for millions of
SNPs and for each hypothesis tested in contrast to the latter which is more liberal and

ranks p-values, keeping those at the tail ends of the distribution, essentially estimating
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the number of expected false discoveries to identify the true significant results. These
correction methods are performed in order to account for the type I errors that occur for
each statistical test performed in data analysis [136]. While type II errors are controlled
by study design, ensuring that there is enough power to attain statistical significance.

Another method to establish GWAS significance is to do permutation testing.
Permutation testing, can be performed using software such as PLINK [139] to create
empirical distributions of p-values by randomly mixing the outcome for each sample in
the dataset a predefined number of times [130]. This also aids in determining the

probability that the association is observed by chance.

1.6 Chapter Outlines

Chapter 2 is a description of the methodologies applied for the studies conducted
in this work.

Chapter 3 will describe the GWAS era and its impact on identifying associated
factors with AMD. Focused primarily on identifying common SNPs in modest case-
control cohorts and transitioning into larger and larger cohorts led to the identification
of numerous associated loci, many having minor contributions to AMD clinical

outcomes.
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Chapter 4 will describe the shift from associated loci to targeted sequencing
strategies, including exome chip and next generation sequencing methods, transitioning
the focus from common variants to the role of rare variants in AMD.

Chapter 5 will describe the transition from variant identification to functional
characterization of associated genes/variants utilizing live zebrafish embryo and AMD
patient samples for analysis.

Chapter 6 will discuss the impact of identifying functional common and rare

variants on AMD and its potential clinical relevance.
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Chapter 2 — Methods

2.1 Baltimore/Hopkins/Duke Research Participants for AMD
Study

The study was approved by the Institutional Review Board of Johns Hopkins
University and all recruited participants provided written informed consent either at the
time of enrollment or prior to use of sample provided. A total of 416 exudative (“wet”)
AMD, 316 geographic atrophy (“dry”) AMD, and 161 unaffected controls, all of whom
were self-described as non-Hispanic Caucasians of European descent, were included in
this study. Grading for the classification of age-related macular degeneration was based
on the classification established by AREDS [140]. Standard methods were performed

isolate genomic DNA from peripheral blood using Genomphi.

2.2 SNP Tagman Assays

Both predesigned and custom-made TaqMan assays (Applied Biosystems) were
used for genotyping. Genotyping was performed according to manufacturer’s
recommendations with a total volume of 5ul. 20ng of genomic DNA from all
participants were combined with 2.5ul of the genotyping master mix (Applied
Biosystems), 0.0625ul of the 40x TagMan assay, and 1.44ul of water. The assay was on a
thermocycler using the following protocol: 50C for 2 minutes, a denaturation step of 95C
for 10 minutes precedes the 40 cycles of denaturing at 95C for 15 seconds and annealing

and extension at 60C for 1 minute. The assay was then run using an end point reading
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on a 7500HT PCR Detection System (Applied Biosystems). Genotypes were called with
the 7500HT software Sequence Detection System version 2.3 (Applied Biosystems). A

subset of the assays and samples were confirmed by PCR and sequencing analysis.

2.3 Targeted Sequencing Design

From our previous study in which 681 genes were targeted for sequencing, we
took the 1,824 single variants with a minor allele frequency of <1% in either cases or
controls that were tested for association and we filtered them using the following
criteria, 1. genes <6kb in size, 2. has a zebrafish ortholog, 3. has less than 120 variants
based on the exome variant server European samples, 4. is expressed in the retina, and 5.
is not in a major histocompatibility complex. We took the top 24 genes that fit these
criteria plus one additional gene of interest and designed a custom GeneRead DNAseq
Gene Panel (Qiagen, 180946). The genes included in this panel are: C50rf49, TRHDE,
CFHR2, CTSD, LECT1, MYO1D, PROS1, AMPD3, PXN, ZWILCH, UGT2A3, HPSE, CF],
PICALM, BCMO1, MFSD2A, HTR2A, PRELP, ZHX2, FILIP1L, EFEMP2, EFNA1, DAGI,
SNAPC5, and TLR4. This panel consisted of 569 amplicons total with the average size of

the amplicons ~200bps covering 97.4% of the total bases.

2.4 Targeted sequencing exon enrichment for next generation
sequencing

Multiplexed PCR-based target enrichment was conducted using the GeneRead

DNAseq Gene Panel manufacturer’s protocol. The PCR portion was performed at one-
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third of the total volume. Sample pooling and purification was done using AMPure XP

beads (Agencourt, A63881) and its manufacturer protocol.

2.5 Library Preparation for lon Torrent

Library preparation was performed with the NEBNext Fast DNA Fragmentation
& Library Prep Set for Ion Torrent and its associated protocol (New England Biolabs,
E62855/L). Initially, fragmentation and end repair of the DNA was conducted using
20ng of DNA per reaction and it was followed by preparation of the adaptor ligated
DNA, with the addition of barcodes to the DNA (Appendix A). Dual size selection was
performed using the AMPure XP Beads then PCR amplification of the adaptor ligated
DNA and a final bead cleanup. Each sample was assessed for quality using High
Sensitivity D1000 Tapes and run on a 2200 TapeStation, with analysis using the 2200
TapeStation Software V.A.01.05 (Agilent Technologies). 96 samples were multiplex per
run with equal concentrations of each sample into the pool. (5000pM/L per sample).

100pM dilutions were made from the pooled libraries for the sequencing run.

2.6 lon PGM Torrent Sequencing

Template preparation for sequencing of pooled library was performed using the
Ion PGM Template OT2 200 Kit and the Ion PGM Sequencing 200 Kit version 2 (Life

Technologies) with the manufacturer’s protocols. It was run on the Ion OneTouch 2
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System using an Ion 318 Chip v2 for sequencing of ~200 base pair paired-end reads. Data

was collected from the Torrent Suite Software version 4.2.

2.7 Pipeline for lon PGM Torrent Sequencing Analysis

We amplified all exons and splice junctions and fastq files generated by the
Torrent Suite Software version 4.2. Sample reads were mapped to the human genome
reference genome alignment 19 using the BWA program and samtools to remove
unmapped reads. Refinement and cleanup of alignments were performed using Picard

(http://broadinstitute.github.io/picard) and processed with the Genome Analysis Toolkit

(GATK) to identify regions in need of realignment located around indels as well as
calling variants with the UnifiedGenotyper [141]. Annotation of variants was performed
using the ANNOVAR tool [142]. Concatenation of sample data with annotated variants

was performed using R.

2.8 Confirmation of variants

Variants were observed using Integrative Genomics Viewer

(https://www .broadinstitute.org/igv) to minimize false positive calls. Variants that are

considered as true candidates have an alternate allele balance 220% with at least 30
reads. We designed primers 300bps flanking the variants and amplified the regions of
interest. Following standard protocols, we conducted bidirectional Sanger sequencing

on the ABI3730. Sequence reads were observed on Sequencher 5.1 Software.
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2.9 In vivo assays: Gene Suppression, Rescue, and
Overexpression Experiments

We designed and obtained splice-blocking morpholino (MO) antisense
oligonucleotides from Gene Tools, LLC. Optimal dosages were determined by titration,
with the optimal MO dosage resulting in 30-60% affected embryos, and mRNA
concentrations chosen based on the dosage of WT mRNA that can efficiently alleviate
the morphant phenotype. The dosage used for the WT rescues are the same dosages
used for the mutant mRNA. For overexpression assays, the highest dose up to 200pg of
the WT RNA that does not induce a phenotype is chosen and the same concentration is
used for the mutant mRNA. Injection of either MO, MO+human mRNA, or human
mRNA alone into one-to-four cell stage Fli1:eGFP transgenic zebrafish embryos using a
picopump was performed.

Efficiency of the splice-blocking MOs was determined by harvesting and
homogenizing MO injected embryos in Trizol (Invitrogen) and extracting total RNA
using standard protocols. Oligo-dT primed cDNA was then synthesized using the First
Strand cDNA synthesis kit (Invitrogen) which was used as the DNA template for RT-
PCR analysis. RT-PCR products were gel extracted using the Qiagen Gel Extraction kit
and subsequent Sanger sequencing analysis was performed to identify the MO induced

alterations of the targeted endogenous transcript.
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Rescue and overexpression experiments were done using human ORF clones that
were cloned into pCS2+ vector that contains an SP6 site and in vitro transcription was
completed using the SP6 mMessage Machine Kit and its manufacturer’s protocol
(Ambion). Mutant alleles were generated from the WT constructs that were
mutagenized using the Stratagene QuikChange II and Sanger sequence confirmed on the
Applied Biosystems 3730x] DNA Analyzer.

Embryos were assessed live at 5 days post fertilization for defects in hyaloid
vessel diameter using the Nikon AZ100 microscope with an 8x magnification and NIS
Elements software (Nikon). The diameters of the hyaloid vessels were measured at three
places per fish with the average of the three measurements per fish accounting for one
measurement. At least fifty fish were collected per condition, per replicate. Control and
wildtype measurements were compared with the MO, MO or mRNA rescues, and
allele(s) injected conditions statistically by using student’s t-test. The animal work was in
accordance with the protocols and guidelines established by the Duke Institutional

Animal Care & Use Committee.
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Chapter 3 — Genome-wide screens for AMD genes: Common
Variation in AMD

This chapter is adapted and includes figures and tables from: Chen et al., 2010.
Genetic variants near TIMP3 and high-density lipoprotein-associated loci influence
susceptibility to age-related macular degeneration. Proc Natl Acad Sci USA.
107(16):7401-7406 (PMID 20385819); Neale et al., 2010. Genome-wide association study of
advanced age-related macular degeneration identifies a role of the hepatic lipase gene
(LIPC). Proc Natl Acad Sci USA. 107(16):7395-7400 (PMID 20385826); copyright 2010
National Academy of Sciences; Yu et al., 2011. Common variants near FRK/COL10A1
and VEGFA are associated with advanced age-related macular degeneration. Hum Mol
Genet. 20(18):3699-3709 (PMID 21665990) published by Oxford University Press; and
Sobrin et al., 2012. Heritability and genome-wide association study to assess genetic
differences between advanced age-related macular degeneration subtypes.

Ophthalmology. 119(9):1874-1885 (PMID 22705344) published by Elsevier.

3.1 Introduction

With the total genetic burden of complex, multifactorial diseases remaining
largely unknown and the outcome of gene-based association studies persistently failing
to replicate across cohorts [127], a transformative era in human genomics was ushered in
by the completion of the Human Genome Project [143] and the International HapMap

Project [144].
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Here we describe the GWAS/GWLS era and its role in discovering novel genetic
factors of AMD. Focused initially on identifying common variation in small case-control
cohorts, studies progressed to using larger cohort sizes and meta-analyses to allow for
the identification of numerous associated loci, many of which ultimately have minor

contributions to AMD clinical outcomes.

3.2 Emergence of Next-Generation Sequencing

To date, the estimated number of disorders is considered to be >5000 for rare,
Mendelian diseases and >700 for complex diseases (http://omim.org). In addition to
these numbers, a subset of common disorders thought previously to be multifactorial,
such as intellectual disability and autism, are proving to be a concatenation of
monogenic disorders all adding to the complexity of susceptibility gene identification
with approximately half of all disorders yet to be genetically defined [101]. ~85% of
Mendelian disorders with known genetic contributors have been shown to involve only
2% of the total genome, the protein-coding regions [101], though it should be cautiously
acknowledged that these regions have also been the primary focus of study.

Candidate gene and genetic mapping approaches have been applied widely to
the study of complex disease and have led to the identification of ABCA4 and APOE as
AMD associated genes, predominately through Sanger sequencing [102, 103]. Post the

completion of the Human Genome Project and the HapMap project, next-generation
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sequencing (NGS) technologies were developed that made genetic analysis more
affordable by reducing sequencing costs per base, but also allowed for either the genome
(whole genome sequencing, WGS) or only the protein-coding regions of the genome

(whole exome sequencing, WES) to be investigated for any disease entity [117].

3.3 Transformative discovery: CFH

Genetically, family based-studies were a predominate way of identifying
susceptibility loci. Utilizing linkage mapping approaches lead to the identification of
two regions of susceptibility on 1q25-q31 and 10q26 [145, 146]. However, armed with the
ability to query the genome, and driven by the putative paradigm that common diseases
are the result of common variation, analysis in a cohort of 96 cases and 50 controls
identified a common, genome-wide significant (p <107) single nucleotide polymorphism
(SNP) on 132 [37]. This SNP was on a gene encoding for complement factor H (CFH)
and unveiled a common SNP in linkage disequilibrium (LD), Y402H. The discovery of
this associated variant represented an inflection point both in AMD research and in the
association-based study of complex traits in general. To date, it remains one of the
strongest predisposing genetic risk factors to AMD, increasing risk two to seven fold for
those harboring the variant [37-40]. The discovery of Y402H as a major risk factor for
AMD added to the premise that dysregulation of innate immunity, specifically the

alternative complement pathway (AP) is involved in AMD pathogenicity.
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3.4 GWLS and GWAS studies

The identification of the CFH locus was the first successful GWAS and lead to the
development of other GWAS studies, initially focusing on modestly sized case-control
cohorts and progressing to larger and larger cohorts. The second genome-wide
significant signal was soon after identified on the 1026 linkage region in a cohort of 96
cases and 130 controls. A candidate gene within this locus, ARMS2/HTRA1 (age-related
maculopathy susceptibility 2/high temperature requirement A serine peptidase 1) that
encodes a protein of unknown function and a protease, respectively, was identified as a
major risk factor for AMD (OR 1.66-11.14) [20, 147].

It was after the successful discovery of the CFH and ARMS2/HTRA1 loci that we
along with numerous other groups took on the task to identify and understand

additional genetic contributors to AMD.

3.4.1LIPC and TIMP3

We undertook the task of performing one of the first large sample GWAS, using
a discovery cohort of 979 advanced AMD cases and 558 ethnically matched controls, all
phenotyped by fundus imaging and clinical examinations. We genotyped using an
Affymetrix 6.0 platform and while PLINK analysis did not identify any genome-wide
significant SNPs (p<5x10-%), we did identify other regions of interest with p-values

ranging from 10 to 10-%. These were genotyped in independent cohorts for replication
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(advanced case and control samples from Tufts University School of Medicine, Tufts
Medical Center, and Massachusetts General Hospital) [139]. Further replication of
downstream SNPs of interest were assessed in additional cohorts from Columbia
University, Johns Hopkins University, Washington University, University of Utah, and
Hopital Intercommunal de Creteil, totaling 5789 cases and 4234 controls. The only
uncharacterized SNP we identified with significant association was rs493258, which had
a p-value of 4.5x10° in our discovery cohort, and p-value of 1.61x10 after analysis of
replication cohorts.

Rs493258 is on chromosome 15q22 and is located 35kb upstream of the gene
encoding lipase C, hepatic type (LIPC) and in linkage disequilibrium (LD) with
rs10468017, a functional variant in the promoter of LIPC that has been reported
previously to alter serum high-density lipoprotein levels [148]. Analysis of rs10468017 in
our cohorts showed an association (p=1.34x10-¢) with reduced risk of AMD with an odds
ratio of 0.82 (Table 3) [149].

Table 3: Rs10468017 association results

TuftsyMGH Meta-analysis
Tufts/MGH replication JHU coL uT FR-CRET WASH-U final
Study weight 713 827 653 479 458 214 381 3,725

(case:control = 1)
Minor allele (percent T (23.9/29.7) T (25.8/31.0) T (25.6/29.7) T(25.2/29.3) T(29.3/27.2) T (25.4/35.3) T (26.0/29.3) T (25.8/30.0)
affected/ unaffected)

Z score 3.582 3233 2321 1.924 —1.008 3.251 1573 5681
Odds ratio 0.74 0.78 0.81 0.82 mm 0.63 0.83 0.82
Lower 95% ClI 0.63 0.67 0.68 0.67 0.91 0.47 0.66 0.77
Upper 95% CI 0.87 091 0.97 1.004 1.36 0.83 1.05 0.88

P value 3.42E-04 1.23E-03 2.03E-02 5.43€-02 0.31 1.15E-03 0.12 1.34E-08
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LIPC encodes for a triglyceride lipase that is essential for HDL metabolism and
while serum HDL levels and AMD associations have been inconsistent, the role of this
gene could be its role as a lipoprotein transporter [92, 150-153]. With the hallmark of
AMD pathogenesis being drusen deposits in the macula, we questioned if LIPC
localized to the retina. We performed immunoprecipitation assays using a hepatic lipase
antibody (H-70; rabbit polyclonal antibody against human LIPC amino acids 91-160) on
human protein retinal extracts and observed strong localization in the human
RPE/choroid and macula hinting at a functional role of LIPC in regulating lipid transport

and its processing in the retina (Figure 2) [149].
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Molecular welght ( kDa)

Figure 2: Immunoblot to detect LIPC in human protein extracts.

Assay performed by Seddon group. Hepatic lipase antibody (H-70, SC-21007) against
human: macular retina (1), peripheral retina (2), RPE-choroid (3), and liver (4) with the

first three lanes normalized using actin.
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In a parallel study, we performed a genome-wide association scan using the
[Numina Human370 Bead Chip, where we assessed 2157 cases and 1150 controls.
Markers we analyzed had a 99.94% call rate. Genome-wide imputation was performed

using MACH (www.sph.umich.edu/csg/abecasis/Mach/) with haplotypes from HapMap

CEU samples to increase genome coverage [154]. Our analysis confirmed the association
of previously associated AMD loci (i.e. CFH, ARMS2 etc.). We analyzed the SNPs having
the strongest signal and compared it to two other independent cohorts, the MGH and
the AREDS cohorts, adding an additional 821 cases and 1709 controls. One of the
strongest signals mapped to an uncharacterized locus on chromosome 22 in the intron of
the locus for synapsin III (SYN3) and 100kb upstream of the gene encoding tissue
inhibitor of metalloproteinase 3 metallopeptidase inhibitor 3 (TIMP3) with an overall
p=1.1x10" for that locus and an increased risk for developing AMD (OR=1.41) (Figure 3,

Table 4) [154].
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Figure 3: Regional plot for association signals surrounding SYN/TIMP3.
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Indexed SNPs plotted for the discovery cohort. P-values were calculated for SNPs listed
in top right corner for each cohort.

Table 4: Identification of an uncharacterized locus for AMD

Frequency
(risk allele)
SNP Chromosome Position (bp) Notable nearby genes  Alleles (risk/nonrisk) Cases Controls OR P value* Dsib
rs9621532 22 31,414,511 SYN3ITIMP3 AJC
Discovery sample (2,157 cases, 1,150 controls) ... 0964 0.943 1.81(1.42, 229 3.9x107° 1.011
Tufts/MGH sample (821 cases, 1,709 controls) . .. 0959 0947 1.31(0.98, 1.74) 0.008" 1.004
De novo replication sample (7,071 cases, 4,289 controls) ...  0.959 0.947 1.33(1.17, 1.52) 3.3x 1077 1.008
Combined sample (10,049 cases, 7,148 controls) ... 0.960 0946 1.41(1.27, 1.57) 1.1x 107" 1.008

Cochran's Q heterogeneity test P = 0.245

TIMP3 has been shown to cause an early-onset version of macular degeneration
(Sorby’s fundus dystrophy); while linkage of this region with AMD has been reported in
a study performing a genome scan in an advanced AMD cohort, the magnitude of the
effects of the common variation we identified are not enough to account for the linkage
signal. The contributions of common variation may not be sufficient to account for
disease susceptibility and points toward the idea that rare variation may contribute to

common disease susceptibility [154, 155].

3.4.2 VEGFA and FRK/COL10A1

To identify additional genetic loci that contribute to AMD heritability, we
performed one of the largest meta-analysis of GWAS for advanced AMD. We
aggregated samples from MGH, AREDS, MIGen, MMAP, and GAIN, totaling 2594 cases
and 4134 controls genotyped either using the Affymetrix SNP 6.0 GeneChip or the

[Nlumina 370 HumanCNV370v1 Bead Array [149, 154, 156, 157]. From the merged
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dataset, imputation was performed using CEU and TSI samples from the 1000 Genomes
Project as a reference including only those imputed SNPs with a quality score >0.6 and a
MAF >0.01. In our analysis, we observed the significant association signals reported in
previous studies (Figure 4). Additionally, we identified a novel region spanning 30 SNPs
(in LD R2>0.8), on 6q21-q22.3 (P < 5x107) that contains two genes encoding collagen type
X alpha 1 (COL10A1) and the fyn related src family tyrosine kinase (FRK) respectively
(Figure 5) [158].
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Figure 4: Manhattan plot illustrating SNPs on each chromosome.

SNPs in red have P<5x107 with the genes within the region labeled. Log (P) values are

plotted.
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Figure 5: Regional plot and association of FRK/COL10A1 with AMD.
A) 500kb region flanking FRK/COL10A1 locus and the associated SNP, rs1999930,
was more significantly associated in the combination analysis that included 11

cohorts (large purple diamond, P=1.1x10-%). B) Forest plot for rs1999930.

We chose two SNPs in this region (rs12204816 and rs1999930, near COL10A1 and

between COL10A1 and FRK respectively) for replication in ten independent cohorts.

While rs12204816 did not replicate, rs1999930 was confirmed to be associated with

decreased risk for AMD across all cohorts (combined P=1.1x10-%, OR=0.87) (Figure 5)

[158].

In addition to the FRK/COL10A1 locus, our analysis identified another potential

unreported locus (rs4711751, P=2.2x10) that was confirmed in our replication cohorts.

43



Rs4711751, located near vascular endothelial growth factor A (VEGFA), is associated
with increased risk for AMD (OR=1.15) and upon meta-analysis of all cohorts reached
genome-wide significance (P=8.7x10°) (Figure 6) [158]. Identification of both of these

novel loci aid in understanding the genetic variance that contribute to AMD heritability.
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Figure 6: Regional plot and association of VEGFA with AMD.

C) 500kb region flanking VEGFA locus and the associated SNP, rs4711751, was
more significantly associated in the combination analysis that included 11

cohorts (large purple diamond, P=8.7x10-). D) Forest plot for rs4711751.

3.4.3 ARMS2/HTRAL: Genetic Effects On AMD Subtype

Armed with the knowledge that genetics contributes to AMD pathology, we next

investigated two advanced stages of AMD to determine if a) the disease subtype
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segregates within families and b) if genetic variants identified via genome-wide
genotyping analysis and GWAS. We recruited families in which two or more siblings
had either wet or dry AMD and we examined the correlation of AMD subtype in a total
of 209 sibling pairs (participants derived from the Family Study of AMD [159, 160]).
Calculating the proportions, we observed concordant outcome of advanced AMD
subtype amongst the siblings that was statistically significant (p=4.2x10-) suggesting that
genetic variants have functional effects on pathology (Table 5) [161].

Table 5: Advanced AMD subtypes analyzed for sibling correlations

No. Proportion Proportion Proportion Expected Controlling for
Siblings’ Worse Eye Grade Observed Observed (%) Expected (%) ARMS2/HTRAL1 Genotype (%)
Both siblings GA 29 13.8 1.7 8.1
One sibling CNV, One sibling GA 58 27.8 40.0 388
Both siblings CNV 122 584 523 53.1

CNV = choroidal neovascularization; GA = geographic atrophy.

P = 4.2X10. The P value for the chi square test was calculated by comparing the difference between the observed and expected distributions of siblings
concordant for the subtype of advanced age-related macular degeneration in their worse eye. The expected distributions were calculated assuming no
heritability of the 2 subphenotypes of CNV and GA and were based solely on the number of individuals with each eye grade.

We then performed genotyping analysis on multi-cohort case-control AMD
samples from the Tufts/Massachusetts General Hospital (MGH) cohort, the Michigan,
Mayo, Age-Related Eye Disease Study (AREDS), the Pennsylvania (MMAP) Cohort, the
Myocardial Infarction Genetics Consortium (MIGen) and the Genetic Association
Information Network (GAIN) Schizophrenia cohort studies. Genotyping was performed
using the Affymetrix SNP 6.0 GeneChip (MGH and MIGen, and GAIN cohorts) and the

[Nlumina Human CNV370v1 Bead Array (MMAP cohort). SNPs with small p-values
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were genotyped in ten independent replication cohorts (from Johns Hopkins University,
Genetech, Washington University, Centre for Eye Research Australia, the Rotterdam
Study, Tufts/MGN, the Queen’s University of Belfast, Hopital Intercommunal de Creteil,
and Complications of AMD Prevention Trial) and analyzed in PLINK [139, 161]. We
performed principal components analysis to account for the differences in population
stratification and analyzed the differential effects of SNPs on the two advanced AMD
outcomes (wet versus dry). The only SNP that reached genome-wide significance
(p=4.3x10°) was identified on the ARMS2/HTRA1 locus, conferring a greater risk for
development of wet AMD compared to that of dry AMD (Figure 7) [161]. Reaffirming

the idea that genetic variation can influence disease outcome.
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Figure 7: Manhattan plots for GWAS.

Manhattan plots comparing A) Dry and wet participants; B) Dry and non-AMD

individuals;
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Figure 7 (continued): Manhattan plot for GWAS.

C) Wet and non-AMD individuals.

3.4.4 Ildentification of additional AMD associated loci

The notion of increasing cohort sizes in GWAS studies has resulted in the
discovery of heritable factors in other common, complex diseases such as type 2 diabetes
and Crohn’s disease [162, 163]. Similarly, additional GWAS studies with larger cohort
sizes to try to identify the missing heritability of AMD led to the identification and
association of over thirty loci however many of these loci have proven to have small

effect sizes with only minor contributions to AMD etiology (Table 6).
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Table 6: Previously reported AMD GWAS

Discovered gene/locus Method # Cases/Controls OR Referance
CFH Affymetrix GeneChip Mapping 100K Set of microarrays 06/50 46-7 4 &]
HTRAIALOC387715 Affymetric GeneChip Mapping 100K Set of microarrays 99/131 166-11.14 [54]
Lpc Affymetric SNP 6.0 GeneChip and Sequenom 791709 082 [124]
CETP Affymetric SNP 6.0 GeneChip and Sequenom 9791709 1.15 [124]
TIMP3 llumina Human370 Bead Chips and llumina Infinium 2157/1150 063 [125]
Il assay
SKIV2L Affymetric SNP 5.0 GeneChip 1896/1866 054 [126]
MYRIP Affymetric SNP 5.0 GeneChip 1896/1866 086 [126]
TNFRSFI0A1.0C38%641 llurnina Human610-:Quad BeadChip and lllumina 1536/185%4 073 [1271
HumanHap350v3 BeadChip
FREACOL 1041 Affymetric SNP 6.0 GeneChip and llumina 2594/4134 087 [128]
HumanCMNV370v1 Bead Array
VEFGA Affymetric SNP 6.0 GeneChip and llumina 2504/4134 1.15 [128]
HumnanCNV370vT Bead Array
COL8AT/ALIPTL Meta-analysis of GWAS =>17000/>60000 123 [129]
APCE Meta-analysis of GWAS >17000/>60000 [129]
IER3/DDRT Meta-analysis of GWAS >17000/60000 1.16 [129]
SLC16A8 Meta-analysis of GWAS >17000/60000 1.15 [129]
TGFER1 Meta-analysis of GWAS =17000/=60000 113 [129]
BADS1E Meta-analysis of GWAS >17000/>60000 1.11 [129]
ADAMTSI MIRS48A2 Meta-analysis of GWAS >17000/60000 1.1 [129]
B3GALTL Meta-analysis of GWAS >17000/>60000 1.1 [129]

Meta-analysis genotyping method/platforms include Illumina HumanHap300, Human610-Quad, HumanHapCNV370, or HumanCNV370v1 BeadChips, Affymetrix
250K Nspl, lllumina Human67 0-QuadCustom chip, llumina 660-Quadv1A, llumina 610-Quad, llumina Infinium HumanHap300K, HumanHap550v1, or Human-
Hap550v3 BeadChip, llumina Infinium II HumanHap550, Affymetrix GeneChip Human Mapping 250k Styl Array, Affymetrix 6.0 or 1M

3.5 Discussion: Common Variants, Common Disease?

In AMD, common variants are thought to account for ~ 65% of the heritability of

AMD [164]. Despite the fact that additional common variation will surely be discovered

with ever-increasing cohort sizes and further-refined statistical methods, these additions

are unlikely to alter foundationally the overall estimates of common variant burden to

AMD. Nevertheless, the notion that common variants can contribute to disease

susceptibility or disease presentation itself is not unique to AMD. Over thousands of

associations of common SNPs to disease traits have been established in the past decade
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[165, 166]. In coronary artery disease (CAD), the most common type of heart disease,
resulting from atherosclerosis on the walls of coronary arteries, initial GWAS uncovered
rs10757287 as the SNP associated with MI (OR= 1.25-2.08) [167]. Other studies have since
then identified ~50 associated genetic variants accounting only 15-20% of the total
expected heritability [168]. Similar to other polygenic disorders, all of the genetic risk
variants for CAD are common variants with modest effect size, in contrast to AMD in
which there are a few strong common risk variants (CFH & ARMS2/HTRAT) and
numerous others with smaller effects.

Another example is Hirchsprung disease (HSCR), a congenital complex disorder
characterized by loss of enteric neurons in the gut, in which the combinatorial use of
population genetics with comparative genomics, and functional analyses unmasked a
common, causal non-coding variant within a conserved enhancer sequence in RET on
10q11.2, with minor allele frequencies (MAF) of 0.25 in Europeans, 0.45 in Asians, and
0.01 in Africans [33]. Altogether, AMD, CAD, and HSCR illustrate the idea that common
variation can be sufficient for disease manifestation or alternatively can act to modulate
disease outcome.

Interestingly, in most if not all of the common complex diseases, while much is
known, the phenomenon of missing heritability remains. Two trains of thought exist in

which either the missing heritability is predominately comprised of additional common
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variants or that it is due to rare variants. It is likely that both are true and that common
and rare variants contribute to pathological outcomes and that it is more so dependent

on the systematic context in which it is present that determines if it will result in disease.

51



Chapter 4 — Targeted Analysis, Exome Chips, and NGS
Methodologies: Rare Variants in AMD

This chapter is adapted and includes figures and tables from: Raychaudhuri et al.
2011. A rare penetrant mutation in CFH confers high risk of age-related macular
degeneration. Nat Genet. 43(12):1232-1236 (PMID 22019782); and Seddon et al., 2013.
Rare variants in CFI, C3 and C9 are associated with high risk of advanced age-related
macular degeneration. Nat Genet. 45(11):1366-1370 (PMID 24036952) both published by
the Nature Publishing Group. Statistical tests and analysis performed by Seddon and

Raychaudhuri groups.

4.1 Introduction

Common disease rare variant (CDRV) theory states that rare variants
individually have strong functional effects while overall their effect may seem minimal
due to their limited prevalence [169]. The potential effect of the totality of rare variants
in one gene on disease state cannot be disregarded. It is becoming increasingly evident
that the CDCV hypothesis has to be used in conjunction with the CDRYV to aid in
identifying the missing heritability in complex, multifactorial diseases, such as AMD.

High throughput sequencing technologies has potentiated the identification of
variation within a genome or exome with the latter containing between 20000-50000
variants [101, 170]. Each genome and exome sequenced has contributed increasingly to

the identification rare and ultra-rare variants, allowing for the expansion in our
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understanding of rare variant in the context of conferring disease susceptibility or risk,
furthering the identification of disease-associated alleles [171]. This chapter will discuss
our identification of two highly penetrant rare variants that significantly contribute to

AMD susceptibility.

4.2 Rare and Penetrant Mutation in CFH

The generation of the large number of variants has impeded the determination
which are pathogenic versus benign in part due to insufficient power to identify causal
variants, weak effect size, or locus heterogeneity [172]. While the majority of variants
within an individual’s genome are common, amongst them are thousands of rare
variants [173], a fraction of which cause clinical phenotype or disease, that have been
difficult to identify based on population-based genetic approaches.

CFH has been associated with AMD, predominately by its common,
predisposing allele, Y402H. Variants in CFH have not only been associated with AMD
but also with atypical hemolytic uremic syndrome, membranoproliferative
glomerulonephritis type II as well as chronic renal disease [39, 174-178] however there
continues to be a lack of understanding of how and if rare variants contributed to AMD.
We therefore sought to identify CFH rare variants that might contribute to its

pathogenesis.
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4.2.1 An association signal on a CFH haplotype

CFH is located 1g32 on the regulator of complement activation (RCA) gene
cluster along with related proteins, complement factor H related 1-5 each having short
consensus repeat (SRC) domains similar to those within CFH. Determining causal
variation in CFH and CFHR1-5 has proven to be challenging since each gene in the RCA
is in strong linkage disequilibrium and not only has low-copy repeats but also a high
degree of sequence identity to each other.

We initially phased genotypes of 20 common SNPs that spanned CFH-CFHR1-
CFHR3 in a cohort of 711 advanced cases and 1041 controls (304 phenotyped negative
for retinal disease and 737 from MiGen [156]). We ensured that there were no missing
genotypes for CFH markers within our data set and we constructed the haplotypes with
Beagle and PLINK, selecting for frequencies >0.3%. We then calculated case-control
haplotype frequencies, odds ratios, and 95% confidence intervals for each of the 11
common haplotypes we defined (H1-H11) (Table 7). As expected H1, the haplotype that
contains the risk allele Y402H was the most frequent, identified in 59% of cases

chromosomes compared to 37% of control chromosomes.
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Table 7: CFH/CFHR3/CFHR1, haplotype association.

Haplotype Odds Ratio

ID Haplotype Genotype Counts Frequency (relative to H1)
Case Controls | Case Controls

H1 GATAAACACAAACAATATA+A 832 748 0.59 0.36 1 (reference)
H2 GGCCGGTACAAACAATATA+A 47 82 0.033 0.039| 0.52 (0.36 -0.75)
H3 GGCCGGTCTGGTAAGCGCT+A 216 318 0.15 0.15| 0.61 (0.50 -0.75)
H4 AGCCGGTCTGGTAAGCGCT+A 9 30 0.0063 0.014| 0.27 (0.13 -0.57)
H5 GGCCGGTCTGATACGCGTT+A 10 1 0.0070 0.00048 9.0 (1.1 -70.4)
H6 GGCCGGTCTGATACGCGTT-G 35 128 0.025 0.061 0.25 (0.17 -0.36)
H7 GGTCGGTCTGATACGCGTT-G 96 314 0.068 0.15| 0.27 (0.21 -0.35)
H8 AGTCGGTCTGATACGCGTT-G 3 16 0.0021 0.0077 | 017 (0.049 -0.58)
H9 GGTCGGTCTGGTACGCGTA+A 4 12 0.0028 0.0058 | 0.30 (0.096 -0.93)
H10 AGCCGGTCTGGTACGCGTA+A 3 11 0.0021 0.0053 | 0.25 (0.068 -0.88)
H11 AGTCGGTCTGGTACGCGTA+A 136 363 0.096 017 | 034 (0.27 -0.42)

We noted a rare haplotype, H5, lacking both risk alleles (Y402H and
rs10737680/rs1410996) and was found in heterozygosity in 11 individuals, 10 of which
were affected with AMD. It is of note that the one unaffected individual was an un-
phenotyped 49-year-old. To assess whether the observed association of the H5
haplotype was due to chance, stratification, or truly disease status, we permutated case-
control status across our entire dataset while preserving the genotypes of the most
common associated risk alleles (Y402H, rs10737680/rs1410996, CFHR1-3deletion, and
162V). After performing 100,000 permutations, we calculated the odds ratios and
association statistics (per permutation) as well as the 95% confidence range across the
overall permutation (Figure 8). Doing such, we observed that while the common risk
alleles remained statistically associated, it was rare for the H5 haplotype to be observed

in ten affected individuals. Similar results were obtained when preserving genotypes for
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only two of the risk alleles (Y402H and rs1410996) illustrating that the association of the

HS5 haplotype to AMD is not by chance alone (Figure 9).
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Figure 8: Haplotype 5 of CFH associated with AMD risk.

A) We phased 21 markers in the region listing the nucleotide or for the CFHR1-3
deletion region, empty circles if deleted. Odds ratios for the 11 haplotypes are
listed to the right. B) 100,000 permutations of case-control with the H5 genotype
with an arrow pointing at the observed number of H5 heterozygous cases in the

actual data set (P=0.00081).
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Figure 9: H5 haplotype is associated regardless of the common variants in CFH.

Permutations of 1752 case-controls 100000 times while preserving common associated
CFH genotypes (highlighted in pink) was performed. X=actual data-set, black

circle=permuted data set.

To determine if this association was arising due to relatedness from a shared
ancestry or population stratification arising from a specific subpopulation based on
ethnic background, we selected 79091 genome-wide SNPs attained from our Affymetrix

array on 1752 samples from our Boston dataset. We used PLINK to estimate descent
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amongst H5 heterozygotes compared pairwise and we applied the Eigenstrat software
[128] to project principal components for the individuals heterozygous for the H5
haplotype. We observed only modest genome-wide stratification (Ag=1.08) and no
clustering of principal components for cases, controls, or H5 heterozygotes (Figure 10).
Comparative sampling of 11 random individuals 10000 times showed no skewing of the
Hb5 heterozygotes for any of the top 20 principal components (p>0.047), comparing the
median values for each group (Table 8). We also estimated that the identity of descent
was <3% confirming that those with the H5 haplotype are not related and that the

association is unlikely to be an artifact due to shared ancestry.
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Figure 10: Principal component analysis for Boston cohort.

Plotted H5 heterozygotes, cases and controls for the first two principal components
showing that the H5 heterozygotes clustered with other cases and controls therefore

there is no evidence for stratification.
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Table 8: Top twenty principal components assessed for association in H5

heterozygotes.
Median PCA for 11
PCA | H5 Heterozygotes | two tailed P-value 2.5 percentile | 97.5 percentile
1 -0.084 017 -1.275 1.655
2 0.771 0.047 -0.718 0.725
3 -0.098 074 -0918 0.693
4 0.043 0.88 -0.851 0.690
5 -0.479 028 -0.770 0.677
6 0.087 083 -0.696 0.696
7 0.143 0.56 -0.806 0672
8 0.241 063 -0.796 0.845
9 0.113 083 -0.815 0.786
10 0.844 0.06 -0.873 0.863
11 -0.530 021 -0.873 0.834
12 0.431 029 -0.877 0.848
13 -0.152 071 -0.867 0.823
14 -0.499 024 -0.808 0.896
15 -0.044 0.88 -0.871 0.866
16 0.386 044 -0812 0.856
17 0.093 083 -0.894 0.890
18 0.044 097 -0.787 0.806
19 -0.464 029 -0.855 0.840
20 -0.107 077 -0.854 0.796

4.2.2 Identification of a rare variant by sequence analysis

With almost 100% of those with the H5 haplotype presenting with disease, we
speculated the presence of a rare variant within this haplotype. To investigate this, we
sequenced a subset of samples from all 11 haplotypes, including all AMD cases positive
for the H5 haplotype. We sequenced a 106.7kb region around CFH, with libraries made

with Nextera (Epicentre Biotechnologies) and run on an Illumina IIGX genome analyzer.
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The paired end reads were aligned using BWA to human genome build GRCh37 and
modules within GATK were used to recalibrate, and call SNP genotypes. Samples with
<10x depth coverage (for >20kb), >15% genotyping errors, a quality score <10, and
having strand bias <0 were removed from our analysis. We attained >20 for 80% of our

samples with 98.9% accuracy (Figure 11).
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Figure 11: Sequencing coverage of a 107kb region in 60 samples.

Plotting of percent of each sample that reached 20X (A) or 50X (B) across the CFH region

along with the total kb that achieved 20x (C) or 50X (D) targeted coverage.
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A total of 623 SNPs were identified in our samples. However, we focused on 356
of those variants that were observed at least twice to avoid false positives. We identified
six non-synonymous, coding alleles (162V, Y402H, D936E, N1050Y, Q950H, and
R1210C), of which two, Q950H and R1210C, were rare. Interestingly, R1210C, which is
on exon 22 of CFH, was identified exclusively in the H5 heterozygous samples.
Therefore, we Sanger sequenced exon 22 of CFH; out of all 84 samples analyzed across
all 11 haplotypes, the R1210C variant was present only in the 10 affected samples with

the H5 haplotype illustrating that R1210C is specific for H5 (Figure 12, 13).
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Figure 12: Genotyping of R1210C.

A) High throughput sequencing reads of homozygotes (left) and heterozygotes
(right). B) Sanger sequencing chromatographs from representative R1210C

homozygous and heterozygous individuals.
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Haplotypic background at CFH of 84 sequenced individuals
H1 | H2 | H3 | H4 | H5 H7 [ H8 | H9 | H10 [ H11
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Figure 13: Capillary electrophoresis sequencing of 84 individuals with the 11
CFH haplotypes.

Sequencing identified the R1210C mutation, with all ten individuals with R1210C
mutation being heterozygous for the H5 haplotype. Empty circles= no R1210C

mutations; filled red circles= heterozygous for R1210C mutations.

To confirm the association of R1210C with AMD, we genotyped it in

independent case control and family cohorts by a custom Tagman assay in 2423 AMD
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cases and 1122 controls (Table 9). Aggregating all our data, we reported the
identification of a variant R1210C (observed in 40 cases and in 1 control) to be associated
significantly (p=7.0x10°) with AMD. With a suggestive strong genetic effect, we further
queried if the R1210C mutation had a potential effect on the age of onset of AMD. We
observed that the individuals with the R1210C mutation had a median disease onset at
65 years compared to those without the mutation having a disease onset at 71 years of
age (p=2.3x10-) (Figure 14).

Table 9: Genotyping of R1210C in independent cohorts.

R1210C heterozygotes R1210 homozygotes One-tailed Pvalue
Advanced AMD Unaffected Advanced AMD Unaffected Mot conditional on Y402H  Conditional on YA02H

1. Boston-phased 13 0 694 303 0.0094 0.0030
2. Boston replication 10 1 1,195 656 0.058 0.0086
3. Baltimore replication 10 0 492 160 0.062 0.016

All replication (2 + 3) - - - - 0.0052 0.00021

All case-control (1 + 2 + 3) - - - - 8.0x 10 9.1x 107
4. First-degree relatives (Boston) 7 0 2 2 0.033 -
Meta-analysis (1 + 2+ 3+ 4) 7.0x 10-6 1.3x10-7

W R1210C heterozygotes (n = 23)
0.3-{0 No R1210C (n = 1,887)
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Figure 14: R1210C effects on age of onset and clinical phenotype.

A) Plotted the age of onset of AMD for those with and without the R1210C variant

showing a median six-year earlier age of onset for those with the R1210C variant. B)
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Fundus image of an individual affected with AMD that has the R1210C mutation.

Individual has central geographic atrophy, and large drusen.

4.2.3 Functional outcomes of R1210C and AMD?

The R1210C variant has been reported previously as a causal allele for renal
diseases including atypical hemolytic uremic syndrome (aHUS) and primary
glomerulonephritis [176, 179] however this is the first instance in which it is associated
with AMD. This mutation is located on the C-terminal end of CFH and has been
reported to result in compromised binding to complement components, including C3d
and C3b as well as to heparin and endothelial cells [180-182]. We therefore asked if the
R1210C affected renal function in AMD patients. For this purpose, we measured serum
creatinine from 17 unrelated heterozygotes with advanced AMD and we estimated their
glomerular filtration rate. We did not observe any significant difference in creatinine
levels, as a measure of renal dysfunction. However, we did note subclinical renal
dysfunction in AMD patients with and without the R1210C variant, as observed by the
estimated glomerular filtration rate (62ml/min and 59ml/min respectively; normal GFR
>90ml/min), which is consistent with AMD patients having subclinical renal dysfunction

[183] (Figure 15). The discovery of R1210C as a contributor to AMD illustrates that rare
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alleles can be highly penetrant and exhibit significant biological effects in complex

disease.
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Figure 15: Comparison of renal function in R1210C heterozygotes with AMD
to AMD matched controls without the mutation.

Renal function assessed by Seddon group. Estimation of glomerular filtration rate
calculated from measurements of creatinine concentration from 17 individuals with
advanced AMD. There was no significant difference in functionally conferred by the

R1210C mutation on glomerular filtration rates.
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4.3 Comprehensive rare variant exploration

Motivated by the discovery of a rare penetrant mutation (R1210C in CFH) that
can contribute to AMD, we set forth to identify additional rare variants as a means of
identifying new AMD susceptibility loci and enriching our understanding of the genetic
architecture of the disorder. To do this, we performed targeted sequencing on a set of
765 genes (their coding exons, splice junctions, and their 5" and 3’ untranslated regions
were covered in a custom Agilent SureSelectXT kit). This gene set was chosen to include
transcripts from four sources: a) the 19 genomic regions that reached genome wide
significance in an AMD meta-analysis [184] b) genes closest to SNPs that were reported
as nominally significant (p<1x10+) in another meta-analysis of AMD [158], c) genes
within pathways that have been implicated in the pathogenesis of AMD and retinal
diseases; and d) genes associated with diseases that have either clinical or pathological
overlap with AMD. We sequenced paired-end reads from 1676 cases, 745 controls, and
36 siblings with discordant disease status on an Illumina HiSeq 2000 platform.
Sequencing reads were included either if it had >10x coverage for >90% of the targeted
region (including 681 genes) or >20x coverage of >80% of the region and aligned to
human reference genome (hg19) with BWA and genotypes called and annotated with

GATK and snpEff, respectively (Figure 16). Exclusions were made if SNPs failed Hardy-
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Weinberg assessment in controls or had high missing genotype data resulting from low

coverage or inconsistently mapped reads.
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Figure 16: 10X and 20X targeted sequencing coverage.

Histogram illustrating the percent of targeted coverage for cases and controls.

In addition to our targeted sequencing, we also perform genotyping on two case-

control cohorts (samples recruitment at Boston [89, 96, 185-187] and Hopital
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Intercommunal de Creteil, Creteil, France [149, 158]) using the Illumina Infinium
HumanExome BeadChip genotyping array (v1.0), customized to include 3214 SNPs
from AMD candidate genes, and the Illumina HumanExome v1.0, v1.1, and v1.1+
custom content SNP arrays. Genotypes were called and assessed using Illumina’s
GenomeStudio software and zCall. We observed our concordance rates across platforms
by selecting those with a frequency >0.1% (due to the difficulty in genotyping rare
variants) and reported a high correlation between our targeted sequencing and our

genotyping array (99.97%) (Figure 17).
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Figure 17: Sequencing and array-based genotyping concordance.

Correlations of 2426 SNPs of common alleles (MAF >1%) (A) and rare alleles (MAF <1%)
(B) illustrating strong concordance rates between platforms.
4.3.1 Contribution of rare variation associated with AMD?

We analyzed our sequencing data for the contribution of rare (MAF <0.01)
variants to the mutational load within the protein coding regions of our targeted genes.

We compared cases and controls to determine two things, 1) if in aggregate, there were
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more rare variants within any particular gene or 2) if there was an increased frequency
of any given rare variant amongst either cases or controls.

We identified one gene, CFI (P=1.6x107%), that had significantly increased rare,
coding, non-synonymous variants present in cases (7.8%) compared to controls (2.3%)
(Figure 18) that was not the result of either population stratification (as tested by
principal component analysis) (Figure 19) or a sequencing artifact (Sanger confirmation
of 137/140 rare variants) and regardless of age and gender (P=6.7x10°, OR=3.7 and

P=1.1x10%, OR-3.6, respectively).
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Figure 18: Increased burden of CFI rare coding variants in AMD cases
compared to controls.
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A) Assessment of all 681 genes sequenced for increased burden of rare variants plotted
by observed P values as a function of expected P values reveals CFI to be the only gene
with increased burden. B) Stratification of individuals by genotype of an associated
common variant near CFI (rs4698775) illustrated that the enrichment of rare variants

was present in all cases regardless of genotypic background compared to controls.
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Figure 19: Principal components analysis for cases and controls that are carriers
for CFI rare variants.

Plot of top two principal components for cases and controls show no stratification of

those who are carriers for CFI rare variants.
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Following our gene burden analysis, we tested single variants (n=1824) for
association, focusing on rare variants observed >5 times with a MAF <1%. In our
discovery cohort, we identified 20 variants (5 risk and 15 protective). Excluding the
SNPs within the haploblock in which the CFH locus resides (i.e. in high LD), we
evaluated the remaining SNPs using either the Illumina HumanExome genotyping array
or custom Tagman assays (Applied Biosystems) in independent cohorts from Baltimore,
Boston, and France. A total of 2227 cases and 2888 controls were genotyped along with
additional 1967 population controls from the 1000 genomes project [173], National
Institute of Mental Health controls [188], the International Serious Adverse Event
Consortium [189], and the Prospective Registry in inflammatory bowel disease study at
MGH [190] (Table 10).

Table 10: Independent replication cohorts.

Examined Shared Discordant Sibling Total Total
Genotyping | Cases Controls Controls pairs Cases Controls
Discovery | Boston Sequencing | 1,676 745 36

Exome

Boston Chip 746 542 1491 13 759 2,046
Replication Exome

France Chip 953 204 476 - 953 680

Baltimore TagMan 515 162 - 515 162

From the variants initially identified in our discovery cohort, only two variants
remained associated in our replication cohorts, interestingly both map to genes that

encode proteins that are components of the complement cascade, K155Q (P=3.5x1075,
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OR=2.8) in complement component 3 (C3) (Table 11) and P167S (P=2.4x10"%, OR=2.2) in
complement component 9 (C9) (Table 12). There were no differential effects of either of
these variants on the top five principal components illustrating that the association
signal is not due to population stratification effects and both variants are independent

from previously associated common risk variants (Figures 20 and 21).

Table 11: C3 association with AMD

Case-control Discordant sibling pairs p.Lys155GIn association
p.Lys155GIn heterozygotes Lys1565 homozygotes Allelic OR One-tailed Pvalue
p.Lys1556GIn  p.Lys155GIn
Concordant  in affected  in unaffected No Conditioning
Cohort Unaffected AMD Unaffected AMD genotypes sibling sibling conditicning on rs2230199
Boston 1 40 744 1,636 18.0(2.5-130.9) 36 0 0 4.8x10% 9.6x 106
(sequencing,
discovery)
Boston 19 20 2,014 726 2.9(1.5-54) 13 0 o] 9.3x10* 36x10*
(replication)
France 4 18 676 935 3.2(1.1-986) - - - 0.018 0.011
Baltimore 3 17 163 467  2.0(0.6-6.7) - - - 0.24 -
All replication 26 55 2,863 2,128 2.8(1.7-48) 13 0 0 36x10-% 9.2x105
Joint 27 95 3,597 3,764 38(23-6.1) 49 0 0 52x10-% 6.2x10-10
Table 12: C9 association with AMD
Case-control Discordant sibling pairs p.Prol67Ser association
p.Prol&7Ser heterozygotes p.Prol67Ser homozygotes Allelic OR One-tailed Pvalue
Concordant  p.Prol67Serin  p.Prol67Ser in
Cohort Unaffected AMD Unaffected AMD genotypes  affected sibling  unaffected sibling Unconditional
Boston 11 53 734 1623 22(1.14.1) 35 1 0 0.0068
(sequencing,
discovery)
Boston 39 29 1,994 717 2.0(1.3-3.3) 12 1 0 0.0023
(replication)
France 9 33 671 919 26(1.3-b.6) - - - 0.0045
Baltimore 4 21 127 438  1.7(0.6-5.1) - - - 0.22
All replication 51 79 2,828 2,128 2.2(1.5-3.2) 12 0 0 2.4x10-5
Joint 63 136 3,646 3,697 2.2(1.6-3.0) 47 2 0 6.5x 107

74



0.104

* cases
< C3K155Q carrier cases
* controls
0.051 ¢ C3K155Q carrier controls
P ol
z 0.004 ¥ £
= - .
[T . % 2
& . .5
- ° =5
. L]
-0.05+ .
-0.10 7 T \
-0.10 -0.05 0.00 0.05

Dimension 1

Figure 20: Principal components analysis of cases and controls with the C3
K155Q variant.

Plotting the top two PCA dimensions show no clustering of stratification for cases

compared to controls.
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Figure 21: Principal components analysis of cases and controls with the C9
P167S variant.

Plotting the top two PCA dimensions show no clustering of stratification for cases

compared to controls.

4.3.2 Functional effects of C3 variant K155Q

C3 is an essential component in the alternative pathway (AP) and is bound by
CFH that acts as a cofactor for CFI, allowing for cleavage of C3 and preventing
amplification of the AP. With K155Q being mapped to the surface of C3, close to the
binding site of CFH, we asked whether K155Q) either prevented binding of CFH or

impeded C3 cleaveage by CFI.
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We produced wild type and mutant (Q155) C3 proteins by transiently
transfecting HEK293T cells (ATCC), treated with methylamine, which converts native
C3 into a C3b-like form, and incubated with 200ng of CFH or 20ng of CFI (the observed
physiological concentrations). Probing for C3, we observed reduced C3 cleavage for the

mutant compared to the wild type (P<0.03) (Figure 22).
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Figure 22: GIn155 variant in C3 confers decreased cofactor activity.
Assays performed by Seddon group. A) Protein analysis of either wildtype (Lys155) or
mutant (GIn155) protein in the presence of CFI and CFH, blotted for C3 proteins showed
the mutant conferring less cleavage activity of the alpha chain compared to wildtype. B)

Densitometry quantifications of the differences in alpha chain expression over tOme.

Additionally, we performed surface plasmon resonance analysis utilizing amine-

coupling technolgy (GE Lifesciences) and the BIAcore 2000 (GE Lifesciences),
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monitoring the dissociation of wildtype and GIn155 mutant with sMCP or CFH. There
was significantly reduced binding of the mutant C3 (Q155, ~60%, P<0.03) to CFH but not
to membrane cofactor protein/cluster of differentiation 46 compared to wildtype (Figure
23, 24). This illustrating that a rare variant in C3, K155Q, functionally impairs proteolytic
inactivation of C3 by CFH and CFI, mirroring the outcome of the R1210C mutation in
CFH, inhibition of the negative regulators of the complement cascade leading to

increased AP activity.
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Figure 23: C3 mutant protein results in decreased binding of CFH.

Assays performed by Seddon group. A) Surface plasmon resonance assay to monitor the
concentration of C3 through time in the presence of CFH coupled to a sensor chip. We

calculated the percent change from wildtype and graphed the mean across three
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experiments. B) ELISA assay from which CFH is coated on wells and wildtype and
mutant C3 is applied showing reduced binding of CFH in the mutant compared to

wildtype.
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Figure 24: C3 wildtype and mutant, 155Q, are equally inactivated through
MCP.

Assays performed by Seddon group. A) Cofactor assay using C3 preparations incubated
with CFI protease and MCP were analyzed by Western blot and quantified by
densitometry for the amount of alpha chain in wildtype compared to mutant C3
showing no differences. B) Surface plasmon resonance assay to monitor the
concentration of C3 through time in the presence of MCP coupled to a sensor chip. We
calculated the percent change from wildtype and graphed the mean across three

experiments. C) ELISA assay for which MCP is coated on wells and wildtype and
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mutant C3 is applied showing no difference in binding of MCP in the mutant compared

to wildtype.

4.4 Discussion: Contributions of Rare Variation

Traditionally, rare variants have been the primary focus of human genetic
studies for penetrant Mendelian disorders. Only recently have rare variants been
considered attractive targets for common, complex diseases, with the notion they either
singularly or in combination with other variants (rare or common) can result in gene
dysfunction and, by extension, to disease predisposition. This hypothesis is supported
by studies on a number of disorders. For example, studies in Tangier disease have
shown that a rare, non-synonymous variant was not only enriched in individuals with
low HDL-cholesterol compared to those with high HDL-cholesterol but also contributed
to the low plasma HDL-cholesterol levels in the general population [191].

Utilizing high-throughput resequencing methods has aided in the identification
of rare variants. In one example, type 1 Diabetes (T1D), numerous GWAS studies were
performed and while over 15 loci have been associated with T1D, the identity of the
causal gene/variant remained elusive. Implementation of high-throughput candidate
gene resequencing identified four rare variants in interferon-induced helicase C domain-
containing protein 1 (IFIH1) were reported to independently lower T1D risk (OR= 0.51)

[192].
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Another example in which rare variants have been shown to contribute to
disease pathology is in Alzheimer disease (AD). AD is one of the few diseases similar to
AMD in which the common variants increase risk by a factor of >2 per allele. It was
through genetic linkage studies on a familial AD cohort, that the 19q13.2 region was
found to be associated to disease. Following this, case-controls studies uncovered APOE
as the candidate gene. Analysis into APOE revealed an overrepresentation of APOE-¢4
allele in AD2 patients compared with controls [114, 193, 194]. Recently, a study led by
Steinberg et al 2015 [195], acknowledging the idea that rare variation could confer a
significant genetic risk in complex disease, and armed with the knowledge of common
variants associated with AD, undertook the task of searching for rare, functional
variants that could alter the susceptibility to AD by using whole-genome sequences of
an isolated population imputed into >100k long-range phased individuals and their
relatives. The resulting association tests lead to the discovery of a rare, loss of function
variant in ABCA7 conferring risk of AD with an OR of 2.12, which is independent of the
previously reported common variant rs4147929 [195].

The challenge remains for determining which variants are causal or contribute to
disease onset or pathogenesis. The understanding of whether and how a SNP affects
protein function and its interaction with other proteins is essential towards

understanding its clinical impact on individuals. In vivo and in vitro approaches in AMD,
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including those discussed in this chapter and in chapter 5, have only recently been
undertaken to provide evidence of causality of associated variants to AMD heritability,
etiology, and pathogenicity. Indications in patients of abnormal serum concentrations of
various complement components, including but not limited to C3, C3a, C4, and CFI can
represent complement pathway activation that results in an overactive immunological
response [196-199]. However, efforts in trying to understand individual allele effects on
a system is more systematically testable using in vivo and in vitro methods especially in

the case of rare variants in which mutations are private.
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Chapter 5- The transition from variant identification to
functional characterization of associated genes/variants:
utilizing zebrafish embryos and AMD patient samples

This chapter is adapted and includes figures and tables from: van de Ven et al.
2013. A functional variant in the CFI gene confers a high risk of age-related macular
degeneration. Nat Genet. 45(7):813-817 (PMID 23685748) published by the Nature
Publishing Group and Tan et al manuscript submitted. Statistical tests and analysis

performed by den Hollander group.

5.1 Introduction

Variants have been found in various components of the alternative complement
pathway (AP) that have been implicated in disease processes, however the mechanistic
role of the AP on AMD pathogenesis is still unclear. One of the major regulator of AP
activation is CFI. Unlike CFH, CFI is a disulfide-linked dimer that is composed of a
heavy chain made up of FI membrane attack complex domain (FIMAC), a scavenger
receptor cysteine-rich domain (SRCR or CD5), two low-density lipoprotein receptor
class A domains (LDLRA), and a catalytic light chain that contains a trypsin-like serine
protease domain (SP). Within the heavy chain, FIMAC assists in the formation of the
MAC lytic pore while the SRCR is thought to play a role in ligand binding and protein-
protein interactions and together with the LDLR domains that bind calcium functions to

keep FI as a zymogen awaiting C3b-CFH driven activation. It is during this activation
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state in which FI is activated that the SP in the light chain cleaves and inactivates C3b
preventing the formation of the C3, resulting in a decrease in complement activity.
Next generation sequencing studies of AMD have shown that both common and
rare variants contribute to disease burden and that it is primarily non-synonymous
coding variants that have large effects that substantially contribute to disease
susceptibility. With AMD having both common and rare variants within the same gene
contributing to disease burden [200] and a significant fraction of the associated genes
identified encoding complement pathway components [13], we set forth to functionally
interpret variants in CFI, providing evidence that rare variants in CFI and that CFI

deficiency contribute to the genetic risk of AMD.

5.2 Discovery of an AMD Associated Rare Variant in CFl

CFI functions as a negative regulator of the AP and variants within CFI have
been associated previously with genetic disorders such as systemic lupus erythematosus
[201] and atypical hemolytic uremic syndrome (aHUS) [202]. Additionally, as described
in the previous chapter, we and others have reported an increased prevalence of rare
variants in CFI in AMD individuals compared to controls [196, 203, 204].

To explore further the role of rare variants in CFI on AMD pathogenesis, we
Sanger sequenced all 13 coding exons and splice junctions of CFI in a discovery cohort of

84 AMD unrelated, ethnically matched individuals (EUGENDA discovery data set [205,
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206]) that were clinically evaluated by either dilated slit-lamp biomicroscopy and fundus
photography or by review of the individual’s full ophthalmological medical records,
categorized according to the Rotterdam classification scheme [207]. In our discovery
cohort we identified two heterozygous variants, G119R (in three cases) and G188A (in
one case) that were not present 192 non-AMD controls (>65years old) (Table 13). The
G188A variant was found in three affected AMD family members of the heterozygous
proband however not identified in 809 unrelated AMD individuals. We additionally
Sanger sequenced all CFH coding exons in our discovery cohort. Heterozygotes for
G119R and G188A did not have coexisting variants in CFH and haplotype analysis
showed that the variants reside on different haplotypes (Figure 25).

Table 13: CFI variants identified in discovery cohort.

Patient

Variant rs-number Exon number Population allele frequency*
c.355G>A;p.G119R rs141853578 3 #8, #47, #69 0.001

c.482+6C>T rs79375065 3 #71 0.003

c.482+21A>G - 3 #3 -

c.563G>C;p.G188A - 4 #73 -

€.1429+33A>G rs9998151 11  #11 0.042

c.1534+5G>T rs114013791 12  #21, #29 0.015

*Exome variant server database, European samples
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73 8 47 69

3 110,567,758  rs12504784 G A G G
?j 110,572,343  rs4698774 Cc C G C
8 110,576,488  rse834701 Cc T C C
C 110,580,916  rs12646055 c T C C
g 110,581,012  rs11098040 c T C C
(c% 110,648,632  rs17586561 T A A A
3 110,658,856  rs17586561 Cc G G G
. 110,659,067  rs10033900 T C C C
A 110,666,171 rs6848178 T A A A
110,682,768  ¢.563G=C; p.Gly188Ala C G G G

E 110,685,820  ¢.355G=A; p.Gly119Arg G A A A
110,693,569  rs11721403 T T T T
110,720,588  rs7675460 G G G G

Figure 25: Haplotype analysis of SNPs surrounding G119R and G188A.

Analysis of first degree relatives (case 73 with G188A variant; cases 8, 47, and 69 with
the G119R variant) revealed that the G119R mutation and the G188A mutation reside on

different haplotypes.

We therefore focused on the G119R variant in CFI and we screened additional
cohorts, including the EUGENDA replication data set (1014 cases/711 controls;
predominately stage 4), the three Rotterdam cohorts (1750 cases/2882 controls;
predominately stage 2 AMD), and the Baltimore cohort (713 cases/152 controls;

predominately stage 4) (Table 14).
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Table 14: Stage of AMD in the replication cohorts.

AMD stage G119R

AMD stage total data set carriers

2 3 4 2 3 4
1. EUGENDA-discovery 8 (9.5%) 27 (32.1%) 49 (58.3%) 1 2
2. EUGENDA-replication 151 (14.9%) 50 (4.9%) 813 (82.4%) 4 7
3. Baltimore-replication 65 (9.1%) 143 (20.0%) 507 (70.9%) - - 2
4. Rotterdam Study |-replication 799 (61.0%) 298 (22.8%) 213 (16.3%) - 3 -

5. Rotterdam Study ll-replication 219 (77.4%) 32 (11.3%) 32 (11.3%) 1 -
6. Rotterdam Study lll-replication 129 (80.1%) 23 (14.3%) 9 (5.6%) - - -

We used a custom-made SNP TagMan assay (Applied Biosystems) that were run
on a 7500 Fast Real-Time PCR System (Applied Biosystems). To ensure concordance and
accuracy, we included eight wild-type controls and 24 heterozygous G119R samples in
each run and those positive for the G119R variant were Sanger sequence confirmed. We
identified an additional 18 individuals who were heterozygote for G119R, of these, 17
were afflicted with AMD while the one unaffected individual who harbored the variant
while having a normal macula had numerous hard drusen. In total, G119R was
identified in 20 out of 3547 cases compared to 1 out of 3937 controls (P=3.79x10-) as
conferring a strong risk for developing AMD (OR=22.20) (Table 15).

Table 15: CFI G119R Genotyping

Heterozygotes for allele encoding Argl19 Homozygotes for allele encoding Gly119 Fisher's exact one-tailed

Study AMD Unaffected AMD Unaffected Pvalue
EUGENDA discovery 3 0 81 192 2.16 x 104
EUGENDA replication 11 0 1,003 711

Baltimore replication 2 0 713 152 0.035
Rotterdam Study | replication 3 0] 1,307 1,767

Rotterdam Study Il replication 1 1 282 617

Rotterdam Study 111 replication 0 0] 161 4398

Meta-analysis (all studies) - - 379x10°%
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5.2.1 Impact of CFI Mutant Protein

To understand the functional impact of the G119R and G188A variants on the
protein expression and function of CFI, we performed an ELISA to measure the
concentration of CFI in the plasma of 15 cases harboring the G119R variant, 4 cases with
the G188A variant, 100 cases with no CFI mutations, and 97 unaffected controls.
Individuals with either the G119R or the G188A variants had significantly less plasma
CFI concentration compared to either control (P=2.08x10-* and P=4.74x107, respectively)
or to those with AMD without variants in CFI (P=1.69x10- and P=5.11x107, respectively)

(Figure 264, b).
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Figure 26: Carrier plasma and serum samples have decreased FI concentrations
and decreased ability to degrade C3b.

Assays performed by den Hollander group. A) ELISA on 15 carriers of G119R, 4 with
G188A, 100 AMD patients with no CFI variant, and 97 controls was performed to
measure FI concentration in the plasma showing the median FI concentration was lower
in patients with either G199R or G188A variant compared to both AMD patients with no
CFI variant and controls. B) Serum samples assayed for ability to degrade C3b on the

surface of sheep erythrocytes and ratios of generated iC3b and deposited C3d were
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quantified. C) Expression studies incubating plasma samples with ['*I]-labeled C3b then
separated on an SDS-PAGE. Negative control (-) was ['*]]-labeled C3b along and
positive control (+) was ['?°I]-labeled C3b mixed with recombinant FI, plasma-purified
FH, and C3b. D) SDS-PAGE was quantified for band intensities of the 43-kDa product

and the a’chain. Values normalized to pooled normal human serum.

We further tested the effects of the variants on CFI’s ability to degrade C3b and
C4b. Using the same group of samples on which the expression studies were performed,
we mixed plasma samples with either trace amounts of ['*I]-labeled C3b. C3b, and
plasma-purified CFH or C4BP, C4b, and ['*I]-labeled C4b. We calculated the amount of
degradation by the ratio of the protein expression intensity of the 43-kDa product to the
a’chain and observed that the plasma from individuals with the G119R or G188A
variants had decreased ability to degrade ['*’I]-labeled C3b (P=8.04x10+ and P=.029,
respectively) (Figure 26c, d and Figure 27).

We further assayed the expression and cleavage capabilities of wildtype and
mutant CFI by ELISA and by purifying recombinant CFI (by affinity chromatography)
from HEK293 cells. Similar to the results observed for the patient plasma samples, we
observed reduced secretion of G119R and G188A proteins compared to wildtype (ratio

of supernatants and cell lysates; P=8.45x10* and P=2.81x10*, respectively). Analysis of
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the purified recombinant wild type and G119R protein (G188A was expressed too low to
be purified) revealed higher degradation of both C3b and C4b compared to wildtype
(P=1.19x10?2 and P=3.13x10-, respectively) (Figure 27). While the recombinant protein
study showed increased degradation, the significantly decreased expression and
secretion of the G119R mutant protein in totality leads to a 17% decrease in its ability to
degrade C3b compared to wildtype protein corroborating the results observed in the

patient serum samples.
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Figure 27: Expression studies using recombinant FI from HEK293 cells and
wildtype compared to G119R degradation of C3b and C4b.
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Assays performed by den Hollander group. A) ELISA of transiently transfected HEK293
cells were quantified for FI concentrations in supernatants and cell lysates. Recombinant
wildtype or G119R protein was incubated with C3b, FH, and ['*I]-labeled C3b (B) or
C4b, C4BP, and ['*’I]-labeled C4b (C) and separated on an SDS-PAGE. SDS-PAGE was
quantified by ratio of band intensities for the 43-kDa or C4b products relative to the o’
chain. Negative control (-) was ['*’I]-labeled C3b; Positive control (+) was either a
mixture of FI, FH, C3b, and ['#I]-labeled C3b (B) or FI, C4BP, C4b, and ['%’[]-labeled C4b

().

5.2.2 In Vivo Modeling of G119R

The reduced protein expression and degradation we observed by the G119R
mutant CFI utilizing patient samples and recombinant proteins directed us to the idea
that G119R could have decreased CFI activity. We set forth to test this hypothesis in vivo
using a zebrafish transgenic reporter line, flil:EGFP, that allows for the visualization of
the vascular endothelium [208]. The zebrafish have innate immunity post fertilization
with adaptive immunity not being fully functional until after 4-6 weeks post fertilization
[209]. It was previously reported that suppression of AMD associated loci, including

VEGFA and PLD], in zebrafish can give rise to vascular abnormalities [210, 211].
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Therefore, we questioned if expression of the human mRNA encoding G119R had
differential effects on vasculature compared to its wildtype counterpart.

We injected 1-4 cell staged flil:EGFP zebrafish embryos (n=40-60
embryos/experiment, performed in triplicate) with 100pg of the mutant or wildtype
encoding, capped human mRNA, or 12ng of a splice blocking morpholino (MO) against
the acceptor site of exon 3 of c¢fi and phenotyped at 5dpf for morphological differences in
the vascular architecture in the eye or in the trunk. Under all conditions, there were no
appreciable abnormalities observed in the truncal vasculature. In contrast to this, we
observed morphological vascular abnormalities in the developing retina, in specific, in
the hyaloid vessels. We scored the abnormal morphology of the hyaloid vessels by
measuring the diameter of the vessels at three different branch positions per zebrafish,
anchoring quantified field by positioning the optic nerve at the bottom center of each
view. Zebrafish injected with the wildtype G119 encoding allele had smaller diameter
vessels compared to both dye-injected controls and zebrafish injected with the mutant
119R encoding allele (P<0.0001). Of note, the 119R injected zebrafish were
indistinguishable from dye-injected controls. Additionally, suppression of cfi by MO
induced a similar though not as severe phenotype to that of wildtype human mRNA
overexpression (P<0.0001) (Figure 28). The phenotype observed was specific 1) it was

only observed in the hyaloid vessels and 2) suppression by MO was rescued with co-
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injection of the wildtype mRNA. Our in vivo studies are consistent with our in vitro
observations reporting that the G119R variant results in reduced CFI activity.
Additionally, our in vivo zebrafish assay suggests that the physiological effects of CFI are

dosage sensitive, with either too little or too much leading to an abnormal phenotypic

outcome.
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A) Representative hyaloid vessels images of 5dpf zebrafish B) Quantification of the

average vessel diameter of the hyaloid vessels across all conditions. *P=0.0005,
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**P<0.0001. C) Plotted distribution of hyaloid vessel diameter. D) Images of truncal
vasculature in each condition, no appreciable phenotypic differences compared to

control.

5.3 Comprehensive analysis of CFl rare variants

Following our study on the functional impact of the G119R variant in CFI,
subsequent studies reported that up to 40% of wet and dry AMD patients have rare,
coding CFI variants, and that a subset of them also have reduced CFI antigenic serum
concentrations in their circulation as a result of possible impaired secretion due to the
mutation’s effect on the protein [196]. This lends credence to the idea that rare and ultra-
rare variants can have detectable and direct functional consequences that can be
assessed to try to understand the overall burden of genetic variation in disease and the
contribution of these variants to relative risk. This led us to question the potential

functional consequences of other rare variants in CFI.

5.3.1 Sequencing of the Johns Hopkins/Duke AMD cohort

We set forth to identify all CFI variants in our cohort of 731 unrelated AMD cases
(classified using the AREDS severity scale) and 161 clinically confirmed, age- and
ethnically-matched non-AMD controls [212]. We sequenced the cohort using an Ion
Torrent platform and paired-end reads were aligned to human genome reference

sequence (hg19). Following filtration (for <10 read depth, alternate allele calls <20%),

95



genotyping calls by GATK, and annotation using ANNOVAR, we identified a total of 40
variants of which 20 were Sanger sequence confirmed, coding-variant (18 missense and
2 nonsense) (Table 16). The variants identified were all found in heterozygosity with a
MAF of <0.01 and were predominately identified in cases; 15/20 were found exclusively
in individuals with AMD. Three variants identified, M532V, E305X, and D249E are novel

and ultra-rare (MAF <0.001).
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Table 16: CFI variants identified in Hopkins/Duke cohort compared to population controls (ExAC).

Duke AMD vs
Duke ExAC ExAC
AMD Unaffected EUR-non-Finnish One-tailed
Amino Alleles/Total Alleles/Total Relative | Allele Count/ Total | Fisher's exact
Location | Nucleotide | Acid | Alleles (%MAF) | Alleles (%MAF) Risk Alleles (% MAF) test p-value

4:110687847 C191T P64L 1/1266(0.079) 0/306(0) 1.2421 1/66716 (0.0015) 0.0424
4:110685820 G355A GI119R 3/1462(0.2052) 0/322(0) 1.2212 63/66532 (0.0947) 0.1685
4:110685802 G373A G125R 2/1462(0.1368) 1/322(0.3106) 0.813 NA
4:110685723 A452G N151S 1/1462(0.0684) 0/322(0) 1.2205 1/66740 (0.0001) 0.0424
4:110685721 G454A V152M 1/1462(0.0684) 0/322(0) 1.2205 3/66740 (0.0045) 0.083
4:110682771 G560A R187Q 1/1462(0.0684) 0/322(0) 1.2205 9/66736 (0.0135) 0.1948
4:110682723 C608T T203I 1/1462(0.0684) 0/322(0) 1.2205 29/66738 (0.0435) 0.4781
4:110681704 C747A D249E 1/1458(0.0686) 0/322(0) 1.2212 NA
4:110681527 G782A G261D 2/1454(0.1376) 2/320(0.625) 0.609 131/66730 (0.1963) 0.7811
4:110681450 G859A G287R 3/1456(0.206) 1/320(0.3125) 0.9145 3/66738 (0.0096) 0.0002
4:110681439 A870C E290D 1/1456(0.0687) 0/320(0) 1.2201 2/66738 (0.0030) 0.0629
4:110673657 G907A E303K 2/1446(0.1383) 0/322(0) 1.2233 0/66328 (0) 0.0005
4:110673651 GI913T E305X 2/1448(0.1381) 0/322(0) 1.223 NA
4:110673634 C930G D310E 2/1444(0.1385) 0/322(0) 1.2236 NA
4:110667590 G1217A R406H 0/1374(0) 1/308(0.3247) 0 111/66550 (0.1668) 0.9999
4:110667485 A1322G K441R 14/1456(0.9615) 1/322(0.3106) 1.1425 329/66716 (0.4931) 0.0172
4:110667465 C1342T R448C 2/1456(0.1374) 0/322(0) 1.2218 2/66710 (0.0030) 0.0027
4:110667387 C1420T R474X 2/1454(0.1376) 0/322(0) 1.2221 5/66592 (0.0075) 0.009
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4:110662207

A1594G

M532V

1/1458(0.0686)

0/320(0)

1.2198

NA

4:110662144

C1657T

P553S

1/1458(0.0686)

0/320(0)

1.2198

144/66708 (0.2159)

0.957
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5.3.2 In Vivo Functional Assessment of CFl coding, nonsynonymous
variants

To investigate the functional relevance of CFI variants to AMD pathology and to
improve the method of locus burden testing, which can be confounded by the inclusion
of benign rare variants, we applied our zebrafish in vivo assay to determine which alleles
were functionally relevant to try to better estimate attributable risk.

Implementing the same assay to observe the effects of variants on the hyaloid
vessels of 5dpf zebrafish, we assayed 17 of our 20 variants (G119R was assayed
previously; E305X and R474X are nonsense mutations which are de facto pathogenic
[213]). We expressed the coding variants identified in our cohort by injection of 100pg of
human wild type or mutant encoded mRNA (n=30-50 embryos/injection in triplicate),
utilizing E305X as a positive loss of function control and K441R and R406H as negative
controls (based on high frequency observed in ExAC) (Figure 29). Blinded scoring of the
diameter of the hyaloid vessels revealed indistinguishable hyaloid vessel morphology of
N151S, V152M, R187Q, T203I, G261D, G287R, R406H, K441R, M532V, or P553S injected
embryos when compared to wildtype suggesting that these alleles are benign. We also
report that eight of the variants have altered functionality when compared to wildtype,
with D310E being hyperactive resulting in significantly smaller diameter hyaloid vessels
and P64L, G125R, D249E, E290D, E303K, E305X, and R448C presenting as hypoactive,

averaging larger diameter hyaloid vessels (P<0.01).
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Figure 29: In vivo analysis of CFI variants in zebrafish.

A) Representative images of each outcome observed in the hyaloid vessels of 5dpf
flil:EGFP zebrafish. B) Comparisons of mutant encoding mRNA to wildtype when
overexpressed. Average vessel diameter is plotted normalized to wildtype. Bars with
stripes= positive and negative control; blue bars= benign; green bars=hypoactive; orange

bars=hyperactive alleles. P<0.05 for green and orange bars compared to wild type.
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5.3.3 CFl in vivo and in vitro functional allele correlation?

To gain insights into possible genotype-phenotype correlation and to explore the
proposed idea that CFI levels could be a possible biomarker, we made use of a recent
study by Kavanagh et al. reporting that a subset of AMD patients with rare variants in
CFI had lower plasma CFI levels (data that is not available within our cohort) [196]. We
aggregated the variants discovered in our cohort, observed their distribution along CFI,
and compared the direction of effect of each allele per our zebrafish assay with the
reported CFI serum levels from Kavanagh et al. (Figure 30, Table 17). Nine variants in
our cohort had reported CFI serum information available with six of these showing
functional concordance between our zebrafish assay and the patient CFI serum levels
reported by Kavanagh et al. G261D, R406H, K441R, and P553S assayed as benign in our
zebrafish assay and have reported normal patient CFI serum levels, while in addition to
our previously reported allele, G119R, P64L also is hypoactive in the zebrafish model
and correlated with patients having low CFI serum levels. In contrast, the D310 allele
that we report as hyperactive, has inconsistent patient CFI serum levels, with one patient
reported to have normal levels and a second affected individual with this allele to have
low serum levels. Out of our nine variants with reported patient serum information, two
variants, V152M and G287R, were discordant between the zebrafish model (observed as
benign) and the patient serum sample (three individuals reported with low CFI serum

levels) possibly due to limitations of our zebrafish assay to fully capture the range of
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pathogenic outcomes exerted by the variants either directly or indirectly. We are
encouraged by the fact that 1) compared to 33370 population chromosomes (ExAC), we
observed an increase in the odds ratio of both all coding variants (OR= 1.86, 95%
CI=1.29-2.60, P=0.0012) as well as those only presenting as functional in the zebrafish
assay (OR=6.363, 95% CI=3.015-11.944, P=4.067x10-°) and 2) the general concordance of
our zebrafish assay to patient FI serum levels demonstrates its potential utility as a
method for functionally testing other AMD associated loci and their alleles.
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Figure 30: Variants mapped to CFI domains.

Variants identified in our AMD cohort (those above the domain present in cases and
controls in contrast to those below domain exclusively present in cases; red lines=
hypoactive, green line= hyperactive, blue lines= benign, black line= not tested) CFI has a
FI membrane-attack complex domain, CD5-like/scavenger receptor cysteine-rich

domain, two low-density lipoprotein receptor domains, and a serine protease domain.
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Table 17: Concordance of CFI variants Hopkins/Duke AMD cohort for
zebrafish in vivo assay and patient serum reports from Kavanagh et al.

Kavanagh et Zebrafish &
al. # Samples Zebrafish Patient Serum
CFI Coding & FI serum Functional Functional
Variant level Domain Assay Concordant
P64L 1 low FIMAC hypoactive Yes
GI119R 4 low CD5/SRCR hypoactive Yes
G125R CD5/SRCR hypoactive
N151S CD5/SRCR benign
V152M 2 low CD5/SRCR benign No
R187Q CD5/SRCR benign
T2031 CD5/SRCR benign
D249E LDLR 1 hypoactive
G261D 12 normal LDLR 2 benign Yes
G287R 3 low LDLR 2 benign No
E290D LDLR 2 hypoactive
Connecting
E303K Region hypoactive
Connecting
E305X Region hypoactive
1low, 1 Connecting
D310E normal Region hyperactive Inconclusive
R406H 3 normal SP benign Yes
2 low, 16
K441R normal SP benign Yes
R448C SP hypoactive
R474X 1 low Sp not tested
M532V Sp benign
10
P553S normal SP benign Yes
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Overall, within our cohort, ~50% of rare variants alter CFI functionality. In
addition to this, there is concordance between the variant’s effect on CFI and FI
deficiency. This contributes to the idea a) SNP effects on CFI itself can contribute to
AMD and b) that genotype-phenotype correlations are relevant to understanding AMD

pathomechanisms.

5.4 Implications of functional rare variants in CFl on AMD

The advances in next generation sequencing technologies have revolutionized
the identification of genetic variants that either contribute or are associated with disease.
However, lacking the understanding the functional impact of genetic variation on
disease mechanism, has made the interpretation for causation challenging. Through the
use of in vivo and in vitro systems, we have gained knowledge on the role that genetic
variants play on human clinical phenotypes [214]. Additionally, the premise that in toto,
genetic modifications, whether it be rare or common, and environmental factors can
cumulatively effect numerous molecular and cellular pathways resulting in a complex
disease phenotype like AMD has been demonstrated with experimental approaches.

Previous reports have functionally linked AMD pathogenesis to the
sequestration of CFI by a main component of drusen, amyloid-f3 [215] and decreased CFI
serum levels in AMD afflicted individuals. These reports, together with our
comprehensive analysis of rare variants in CFI supports the importance of CFI in the

context of the AMD pathogenesis. Further progressing towards the goal of developing
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either a predictive test or novel therapeutic targets based on the identification of causal

genetic markers of AMD.
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Chapter 6 — Impact of identifying functional common and rare
variants on AMD and its potential clinical relevance

6.1 Human Genetic Variation: challenges in determining
contributions to disease outcome

Progress has been made in understanding the risk factors and pathogenesis of
complex diseases, including AMD, thanks in part to technological advances in
sequencing, as well as statistical approaches, which together have allowed for a more
unbiased query of the human genome/exome. In chapter 3, I discussed the contributions
that genome wide association/linkage studies have had on identifying common
variation and loci that contribute to the genetics of AMD. Further, in chapter 4, 1
demonstrated the utility of high-throughput next generation targeted sequencing
strategies, in identifying rare variation and more extensively analyzing associated loci
for additional mutations that overall makeup the mutational burden contributing to
AMD.

Efforts trying to identify genetic factors of complex diseases have focused on
case-control or family aggregation studies; however, in addition to environmental
factors, there are numerous other confounding factors that hinder the identification of
susceptibility variants and modify genetic and phenotypic outcomes. Traditionally, it
has been thought that common variants exhibit a more modest effect while rare variants
(infrequently found in the general population) have more detrimental effects, in either

case, to power findings, large cohorts are required [125, 163, 196, 216, 217]. Multiple
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SNPs can also be present at a single locus [218, 219] with varying frequencies dependent
on the ethnic groups studied [33]. Additionally, variants can also be pleiotropic, with
their functionality dependent on the surrounding genetic context [220]. All of which

need to be taken into account in the effort of trying to understand disease mechanism.

6.2 AMD and the Alternative Complement Pathway

One of the primary pathways implicated by GWAS/GWLS and NGS studies in
AMD is that of inflammation and immune response (Table 2). Additionally,
dysregulation of the alternative complement pathway (AP) predisposing individuals to
AMD continues to be one of the leading theories for AMD pathogenesis. As a
component of innate immunity, it has a role in organismal defense by initiating the
terminal pathway leading to cell lysis. Specifically, the AP, which is constitutively active,
to allow for an immediate amplified response [221], has been associated with a number
of human diseases, including atypical hemolytic uremic syndrome and
membranoproliferative glomerulonephritis type II [39, 178].

There are numerous lines of evidence that the AP contributes to the pathological
consequences of AMD, with complement components present in the retina and drusen
[46, 222-224] and the association of six complement components (CFH [37-39, 146, 204,
225], C2/CFB[226], C3 [204], CFI [185, 196, 199, 204], and C9 [204] additively contributing

up to 60% of the genetic burden to AMD [13].
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6.2.1 AMD Associated Variants in Complement Pathway Components

In chapter 4, I reported our findings of activating components of the AP, C3 and
C9, that harbor rare variants associated with AMD. C3 is an essential component to the
creation of the C3 convertase. Three variants in C3, two common (R102G- OR=1.7-2.6;
P314L- OR=1.5) and one rare (K155Q- OR=2.68-3.8) have been linked to AMD [204, 227].
These variants are thought to affect the C3b-CFH interaction, decreasing CFH’s cofactor
activity leading to increased AP activity.

The two major negative regulators of the AP are CFH and CFI. Previous studies
have shown that those afflicted with AMD have mutation hotspots in CFH with more
than half of the variation found in the C-terminus. In chapter 3 and 4, we demonstrate
the strength of next generation sequencing strategies, whether it be whole genome,
whole exome, or targeted sequencing methodologies. I discussed the identification of
two risk variants for AMD, the common variant Y402H (OR 2.45-5.57) and the rare
variant R1210C (OR=23.11) both of which are observed to have defective binding to the
GAG heparan sulfate and to C3b, C3d, and heparin respectively [218, 228] resulting in
reduced complement regulation by either reducing the ability of CFH to degrade C3 or
by abrogating C-terminal ligand binding causing impaired CFH attachment to its host
surfaces.

The other major regulator of AP activation is CFI. Unlike CFH, CFI is a disulfide-

linked dimer that is composed of a heavy chain made up of FI membrane attack

108



complex domain (FIMAC), a scavenger receptor cysteine-rich domain (SRCR or CD5),
two low-density lipoprotein receptor class A domains (LDLRA), and a catalytic light
chain that contains a trypsin-like serine protease domain (SP). Within the heavy chain,
FIMAC assists in the formation of the MAC lytic pore while the SRCR is thought to play
a role in ligand binding and protein-protein interactions and together with the LDLR
domains that bind calcium functions to keep FI as a zymogen awaiting C3b-CFH driven
activation. It is during this activation state in which FI is activated that the SP in the light
chain cleaves and inactivates C3b preventing the formation of the C3, resulting in a
decrease in complement activity.

In chapter 5, I highlighted the need to functionally assess variants. We reported
the identification and in vitro and in vivo functional assessment of two AMD associated
variants (G119R and G188A) in CFI that resulted in reduced CFI activity [199]. Both
119G and 188G reside on the SRCR domain and the mutations found in AMD patients
are hypothesized to perturb interdomain packing and stability of CFI, either by affecting
the link between FIMAC and SRCR or by affecting the ability of the protein to fold
respectively.

Downstream in the AP cascade is complement component 9 (C9). In chapter 4, I
report the identification of a rare variant in C9, P167S (OR-2.2), that is enriched in AMD
patients compared to controls though the function of this variant in the pathology of

AMD remains unclear. C9 is an essential subunit of the membrane attack complex
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(together with C6-C8) and responsible for its lytic pore formation. P167S is located in the
membrane attack complex/perforin domain potentially affecting its oligomerization,
inhibiting C9’s lytic activity [204].

6.3 Functionalization of NGS discovered alleles

Coinciding with the development of NGS, while progress has been made in
genetic diagnoses, several challenges have arisen in identifying relevant variants and
interpretation of the variants putative functions, with anywhere from 20000-50000
variants present in an individual exome [101, 170].

Understanding the functional impact of both common and rare variants is
essential in understanding disease phenotypic outcomes and for determining
prognostic/diagnostic screening methods that can both inform disease pathogenesis and
identify targets for therapeutics. Historically, mice having approximately 80% identity
with humans, were the model system of choice to test discovered candidate genes or
variants that result in human disease phenotypes. AMD has been more challenging in
that arena. For one, the natural history of this disorder might be too slow for the lifespan
of the mouse. Secondly, this model organism lacks a macula. Nonetheless, a recent study
showed that decreased levels of CFH in mice resulted in increased complement
activation in the eye and drusen-like deposits that may be due to interactions with
lipoproteins in Bruch’s membrane [229]. The authors postulate that this is a possible

mechanism for drusen accumulation in AMD. While there is undoubtedly a utility for

110



the mouse models, it also has limitations, including cost, generation time, the number of
offspring, and in utero, non-transparent embryonic development.

To determine gene/variant contributions to clinical phenotypes, as discussed in
chapter 5, I used the zebrafish system to model aspects of AMD pathology. The
zebrafish, while having approximately 70% identity with humans, is cost effective, has a
fast generation time, significantly more offspring than mice, and ex vivo, transparent
embryonic development allowing for the visualization of developmental processes all
aiding in higher throughput screening capabilities while remaining orthologous to
mammals. Additionally, together with genomic advancements, the ease provided by the
zebrafish model to investigation of multiple disease associated alleles has expanded our
understanding of inheritance patterns and disease etiology.

We demonstrated in chapter 5 that variants identified by targeted sequencing
strategies in AMD case-control cohorts can be functionally tested in the zebrafish by
observing the effects on their vascular architecture in the hyaloid vessels in the eye of
the zebrafish or in their truncal vasculature. We reported that pathogenic effects of a
variant can be assessed by injection of wild type or mutant mRNA alone evaluated for

phenotypic abnormalities.

6.3.1 Limitations in the functional interpretation of genetic variation

In order to assess a variant’s relevance to patient phenotype with a relative

degree of specificity and sensitivity, functional characterization through in vivo and/or in

111



vitro assays is the primary method to attempt to recapitulate the endogenous role of an
allele. Previous studies, for instance in zebrafish have been performed to assay
sensitivity and specificity. In vivo complementation assays testing for both the
correlation of known pathogenic alleles in humans to the in vivo assay outcome to derive
a sensitivity metric (98%) and assaying common variants (MAF>15%) for pathogenic
effects to assess specificity (82%) illustrate utility of the zebrafish system [230]. However,
there are numerous limitations in functionally characterizing human alleles in a non-
human model. In vivo assays lend the opportunity to either disrupt the endogenous gene
expression through translational inhibition, silencing, or aberrant splicing of mRNA, or
to overexpress the exogenous message testing for dose sensitivity or dominant negative
effects on a given phenotype. Though elegant, these approaches can be limited by the
dynamic range and sensitivity of the assay used to assess relevant functional
consequences. Alternatively, the experimental outcome observed can result in a
phenotype that is not relevant to human pathology being studied, in which case a likely
toxic effect of the reagents can be suspected. Further, in assaying protein activity
through enzymatic assays, studies are limited by which genes and proteins have
measurable enzymatic activity (as was the case with the two variants in CFI, G119R
compared to G188A [199]).

Similar to the in vivo systems, in vitro systems also present with numerous

limitations. Though highly suitable for high throughput analyses, a major drawback of
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those systems lies in the fact that they often isolate the functionality of a gene/protein or
complex from the organismal context. In addition to this, the rapid propagation of such
systems, such as immortalized cell lines traditionally used in research based
laboratories, often have acquired abnormal genetic and physical properties that do not
recapitulate normal intra- and extracellular conditions [231].

In contrast to the laborious and time consuming in vivo and in vitro studies
aforementioned, the recent advents of technology have offered the opportunity to
predict the impact of a single amino acid substitution for instance, on protein function
through in silico analyses. The predictive outcomes offered can be based on the effect(s)
of a given change on protein stability, protein folding, catalytic activity or even binding
to interacting proteins [232]. In silico methodologies, are heavily based on consensus
mapping using multiple alignments across various species and often assume two things,
1) conserved sites have remained constant through evolution, are intolerant of change,
and therefore variation at such sites are more likely to be pathogenic and 2) less
conserved regions imply higher tolerance to change therefore variants within those
regions are more likely to be benign. While attempts continue to be made towards
refining the in silico pathogenicity predictions (i.e. SIFT, PolyPhen, and CADD), based on
conservation and/or allelic diversity, they cannot solely provide direct evidence of
variant function [233, 234]. In fact, several studies have reported that alleles predicted to

be benign after being coupled to both genetic and functional evidence thought to be
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pathogenic. The latter finding illustrates that first the context in which an allele is
evaluated is critical for understanding its function, and second it highlights the
complexity of genetic regulation [235, 236]. Investigators have been trying to refine the
mathematical models and predictive power of in silico algorithms by attempting to
account for the architecture of the human genome, for instance taking into account
compensatory secondary site alleles that result in the compensation of the pathogenic
effect of the primary allele [220].

Today the single or combinatorial use of in silico, in vivo and in vitro systems can
be used to prioritize the large number of potentially causal or susceptibility alleles
attained from whole genome, whole exome, or targeted sequencing technologies, based
on the number of lines of evidence that support a predicted or experimentally proven
pathogenic role for any given of the candidate alleles [234, 237]. While no system is
perfect, a combinatorial approach to assess variant function lends credence for a more
comprehensive understanding of allele effect within its endogenous organismal

environment.

6.4 The clinical impact of associated genetic variation

Historically, genetic studies primarily focused on small family or case-control
cohorts in which variants were highly penetrant and functionally resulted in loss of
function, gain of function, or dominant negative outcomes. The advent of NGS

sequencing has uncovered both allelic and locus heterogeneity often with variable
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expressivity and penetrance in complex disease states. Therefore, understanding the
effects of variants and their relevance to patient clinical phenotypes is essential in the
identification of causal factors and also aids in clinical diagnosis, prognosis, and in some
instances the development of therapeutic approaches. However, caution must be used
when interpreting the effect of reported susceptibility alleles, as genetic association
studies are often based on case-control methods, try to infer predictive function prior to
disease manifestation. Furthermore, the effects of variants uncovered by the novel
sequencing and computational methodologies, are not necessarily affecting the
penetrance of a given condition per se, but can rather affect disease progression with
some variants being associated with earlier versus more protracted forms of disease, and
in more complex phenotypic cases, a given variant can only affect a specific
endophenotype or symptom associated with a disorder. AMD represents a disease
entity that is governed by such genetic observations. More specifically, within the AMD
cohort studied in the context of this study, we detected cases ranging from early to late-
onset disease manifestation and from non-progressive to more progressive forms of
disease. The latter observation can be explained through the hypothesis that the effects
of genes and their variants may have differential roles in the advancement and
presentation of AMD dependent on the stage of the disease (early, intermediate, dry, or

wet).
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Technological advancements, as discussed in chapters 3 and 4, have contributed
to the progression from identification of genes and/or genetic loci discovered through
candidate gene approaches or GWAS/GWLS to the identification of putative causal
variants by targeted sequencing studies. As a result, there is a bottleneck in the
functional interpretation of uncovered variation, with the rate at which loci and variants
being discovered far exceeding the rate at which experimental evidence that supports
the functional effect(s) of those alleles is provided. The discovery groups of genes within
a particular pathway has helped to slightly bridge the gap between the genetic
discoveries and functional understanding of AMD associated pathomechanisms. Despite
the recent advancements, methods that assess variant functionality similar to those
discussed in chapter 5, are paramount to first unequivocally prove causation, second
shed light into the affected pathways to third aid in therapeutic design. Interestingly,
one of the most successful drugs for treatment of wet AMD, targeting VEGF, was
identified by clinical observations as opposed to genetic associations. With the hallmark
of wet AMD being the presence of CNV, it is to note that suppression of VEGFA in the
zebrafish results in severe loss of vasculature [238].

Our studies along with others have led to the genetic identification of numerous
components of the complement pathway contributing to AMD pathology. These
observations have paved the way for promising therapeutic development. With

components of the complement cascade being identified in various stages of AMD
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disease progression, further evaluation of the role of susceptibility variants at each stage
could potentially lead to discovery of determinants that when genetically manipulated
can offer the opportunity to prevent disease manifestation as opposed to drugs and
targets that are only affecting disease progression. Recently, clinical trials in which the
efficacy and effectiveness are still being evaluated, have targeted complement
components, including complement component 5, complement factor D, and properdin
[239, 240]. Further, as the complement system is involved in inflammation and
immunity, other targetable genes are those that are downstream of inflammation and
immune responses [196-199]. This work and others have corroborated the causal link
between genes within the complement system and the development of AMD
establishing that an over-active complement response is a significant risk factor for
developing AMD. In addition, the association of various components of the complement
pathway with AMD supports the potential to target and modulate different effectors of

the pathway in an attempt to prevent or treat AMD.

6.5 Next steps: Identification of potential biomarkers and
challenges

The definitive answer as to whether a variant is disease associated versus
causative remains one of the most challenging questions in the context of genetic
disease, and in this instance AMD. While traditionally, the gold standard to determine
causality has been based on animal models that recapitulate the human clinical

phenotype, in the case of AMD and other diseases, with complex, oligogenic and/or
117



multifactorial nature, proof of causality is often difficult to attain and interpret. Studies
in AMD (a late onset, multifactorial disease) have been hampered by several challenges
including 1) difficulty in obtaining large family cohorts; this results in the necessity to
have to significantly increase sample size by studying less closely related individuals
[241], 2) investigation of specific disease associated genes or variants in in vivo systems
only partially recapitulates aspects of human clinical phenotype, a notion that could be
attributed to species-specific effects or the genetically complex nature of the disorder
[242], 3) variants or loci identified through case-control or familial screening are not
coupled with functional studies and thus remain without a predicted or known effect on
either protein function or structure [243] and 4) defining what is necessary and sufficient
to cause disease as oppose to identifying genetic determinants and their interactors with
differential and often subtle effect sizes that can contribute to pathology but not
sufficient per se to cause disease manifestation. While it is ideal to try to engineer
congenic animals that have disease associated variants isolated in a fixed background,
such studies have failed to recapitulate the full spectrum of disease symptomatology.
Despite this, it would be of value to cross breed these models to each other in an attempt
to fully recapitulate the human phenotype, under a genetically additive disease model,
such as AMD. Though this is not an insignificant task with >52 variants, both common
and rare, having been associated with AMD, this approach might present the only

alternative to in vivo recapitulate the disorder [200].
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Amidst these challenges, a strength in the field of AMD genetics is the
implication of five main pathways in its pathogenesis (inflammation and immune
response, cell stress response, lipid metabolism and transport, extracellular matrix and
cell adhesion, and angiogenesis) (Table 2), that piece by piece contribute to our
understanding of the dysfunctional system that leads to AMD. This highlighted by the
fact that complement factors are been a major target for the design of therapeutics [244-
246].

One of the continuing goals in AMD research is to identify biomarkers that can
lead to diagnostic, prognostic, and therapeutic interventions for disease onset and
progression. With the inflammatory and AP immune pathway being among the main
pathways implicated in AMD, the utility of serum-based proteins, such as C-reactive
protein [247-249], complement factors (such as those we and others have shown in CFI)
[196, 250, 251], apolipoprotein B [205], circulating VEGF [252], and Vitamin D [253, 254]
as inflammation and complement activation markers to predict AMD pathogenesis has
been explored. While some positive associations have already been reported [243], it is
still largely unknown if these biomarkers 1) are representative of causal factors of AMD
or 2) can be measured in asymptomatic individuals for prognostic or diagnostic
purposes, and 3) can be utilized to predict the likelihood of disease progression. In
chapter 5 we propose that genotypes can be predictive of biomarker status (i.e. serum-

protein levels) and can potentially be used to calculate disease risk/susceptibility.
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However, even with the identification of potential biomarkers, it will be challenging to
determine if long term intervention to modulate a biomarker will have an impact on
either the development or progression of AMD. Furthermore, it remains unclear today
whether biomarkers simply serve as readout surrogates to understand how specific
therapies are effective for a subset of affected individuals.

Additionally, while in an ideal world, genotype-phenotype correlations would
be predictive and applicable to everyone, this is often not the case. Some of the
confounding factors towards this can be as simple as costs related with genetic testing
being inaccessible to several individuals or more stochastic and due to lack of sufficient
experimental knowledge of complex multifactorial diseases in which there are
environmental factors that contribute to disease. Further focus should also be placed on
identifying methods to either prevent AMD onset or arrest progression at the early
stages. To do so, we need to identify and develop additional tools to quantify AMD
phenotypes and progression that will lend to our understanding not only of AMD
pathomechanisms, but also the biological changes that occur prior to clinically visible
phenotypes. One example, is the recent observation that rod-mediated dark adaptation
can be a possible functional biomarker for predisposition to develop early AMD [255]. In
this study, individuals >60year of age without AMD were assessed for rod-mediated
dark adaptation and reassessed after three years. It was reported that those who had

abnormal, delayed responses at baseline were twice as likely to develop early AMD
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(RR=1.92, 95% CI=1.03-3.62) [255]. Delayed rod-mediated dark adaptation is linked to
lipid deposits in the RPE and BM that establishes a diffusion barrier impeding plasma
lipoproteins [256, 257], such as vitamin A (of which its derivative combines with opsin to
form rhodopsin), from distributing to the outer retina [258-260]. This highlights the
possibility that simple prognostic methods can be added to routine eye examinations to
A) identify individuals at risk (based on some of the major risk factors: age, family
history, and smoking status) for developing AMD, prior to clinical pathological onset
and B) design preventive therapeutics that can potentially alleviate biological processes

that either lead to AMD onset or progression from early to late stages.
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Appendix A: Barcode sequences

Name

Sequence

A 5' Jonexpressl

GITACCTTAGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

GTTCTCCTTACTGAGTCGGAGACA

A 5' Jonexpress2 CGCAGGGATGAGATGG*T*T
GAATCCTCTTCTGAGTCGGAGACA
A 5' Jonexpress3 CGCAGGGATGAGATGG*T*T

A 5' Ionexpress4

GATCTTGGTACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpressb

GTTCCTTCTGCTGAGTCGGAGACA
CGCAGGGATGAGATGG*T*T

A 5' Jonexpress6

GAACTTGCAGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress?7

GAATCACGAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress8

GTTATCGGAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress9

GTTCCGCTCACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress10

GTITCGGTCAGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress11

GATTCGAGGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress12

GAACCACCTACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

CCATCTCATCCCTGCGTGTCTCCG

A 3' Ionexpressl ACTCAGCTAAGGTAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress2 ACTCAGTAAGGAGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress3 ACTCAGAAGAGGATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress4 ACTCAGTACCAAGATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpressb ACTCAGCAGAAGGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress6 ACTCAGCTGCAAGTTC
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CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress?7 ACTCAGTTCGTGATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress8 ACTCAGTTCCGATAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress9 ACTCAGTGAGCGGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress10 ACTCAGCTGACCGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress11 ACTCAGTCCTCGAATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress12 ACTCAGTAGGTGGTTC

A 5' Ionexpress13

GTCCGTTAGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress14

GACACTCCAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress15

GACCTCTAGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress16

GTCATCCAGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress17

GACGAATAGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress18

GCAATTGCCTCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress19

GTCCGACTAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress20

GATGGATCTGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress21

GTAATTGCGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress22

GCGTCTCGAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress23

GTTCGTGGCACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress24

GAATGAGGTTCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 3' Ionexpress13

CCATCTCATCCCTGCGTGTCTCCG
ACTCAGTCTAACGGAC
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CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress14 ACTCAGTTGGAGTGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress15 ACTCAGTCTAGAGGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress16 ACTCAGTCTGGATGAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress17 ACTCAGTCTATTCGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress18 ACTCAGAGGCAATTGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress19 ACTCAGTTAGTCGGAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress20 ACTCAGCAGATCCATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress21 ACTCAGTCGCAATTAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress22 ACTCAGTTCGAGACGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress23 ACTCAGTGCCACGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress24 ACTCAGAACCTCATTC

A 5' Ionexpress25

GTATCTCAGGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress26

GAGGTTGTAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress27

GCGGATGGTTCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress28

GATTCCGGATCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress29

GAGTGGTCGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress30

GATAACCTCGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress31

GCAGCTTGGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress32

GTGTGTAAGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T
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A 5' Jonexpress33

GTTCAATGAGAACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress34

GAACGATGCGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress35

GACAATGGCTTACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress36

GACGATTCCTTCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress25 ACTCAGCCTGAGATAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress26 ACTCAGTTACAACCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress27 ACTCAGAACCATCCGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress28 ACTCAGATCCGGAATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress29 ACTCAGTCGACCACTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress30 ACTCAGCGAGGTTATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress31 ACTCAGTCCAAGCTGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress32 ACTCAGTCTTACACAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress33 ACTCAGTTCTCATTGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress34 ACTCAGTCGCATCGTTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress35 ACTCAGTAAGCCATTGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress36 ACTCAGAAGGAATCGTC

A 5' Jonexpress37

GACATTCTCAAGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress38

GTCCGTCCTCCACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress39

GCCGATTGTTACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T
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A 5' Jonexpress40

GATTATGTCAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress41

GCGAAGTGGAACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress42

GATTCGTGCTCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress43

GCGGTGTCAAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress44

GCTGGCCTCCAACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress45

GAGGAAGCTCCACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress46

GTTCGGACTGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress47

GTGGTTGCCTTACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress48

GTCTCTTAGAACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

CCATCTCATCCCTGCGTGTCTCCG

A 3' Ionexpress37 ACTCAGCTTGAGAATGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress38 ACTCAGTGGAGGACGGAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress39 ACTCAGTAACAATCGGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress40 ACTCAGCTGACATAATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress41 ACTCAGTTCCACTTCGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress42 ACTCAGAGCACGAATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress43 ACTCAGCTTGACACCGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress44 ACTCAGTTGGAGGCCAGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress45 ACTCAGTGGAGCTTCCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress46 ACTCAGTCAGTCCGAAC
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CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress47 ACTCAGTAAGGCAACCAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress48 ACTCAGTTCTAAGAGAC

A 5' Ionexpress49

GITATGTTAGGACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress50

GCCATTGTCCGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress51

GAATAGGCTCAACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress52

GTTCCATGCGGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress53

GAGGATTGCCAGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress54

GCGATTCTCCGGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress55

GAGGAGGTGGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress56

GAATTAATGCTGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress57

GCCGTTGCCAGACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress58

GTGTTCTAGGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress59

GAACATCAAGGACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress60

GAAGAGCTAGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

CCATCTCATCCCTGCGTGTCTCCG

A 3' Ionexpress49 ACTCAGTCCTAACATAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress50 ACTCAGCGGACAATGGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress51 ACTCAGTTGAGCCTATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress52 ACTCAGCCGCATGGAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress53 ACTCAGCTGGCAATCCTC
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CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress54 ACTCAGCCGGAGAATCGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress55 ACTCAGTCCACCTCCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress56 ACTCAGCAGCATTAATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress57 ACTCAGTCTGGCAACGGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress58 ACTCAGTCCTAGAACAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress59 ACTCAGTCCTTGATGTTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress60 ACTCAGTCTAGCTCTTC

A 5' Jonexpress61

GATCCGAGTGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress62

GTGAAGCAGGAACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress63

GAACTCTAAGGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress64

GTCGGAACTCAGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress65

GATGTGCCAGGACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress66

GATGATTGCGGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress67

GACTGGTAGGAACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress68

GAACTTCTTGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress69

GCCAATTGAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress70

GACCAGTAGGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress?71

GTCGGAGCCTCACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress72

GTGTGGCCTTCGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T
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CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress61 ACTCAGTCACTCGGATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress62 ACTCAGTTCCTGCTTCAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress63 ACTCAGCCTTAGAGTTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress64 ACTCAGCTGAGTTCCGAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress65 ACTCAGTCCTGGCACATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress66 ACTCAGCCGCAATCATC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress67 ACTCAGTTCCTACCAGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress68 ACTCAGTCAAGAAGTTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress69 ACTCAGTTCAATTGGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress70 ACTCAGCCTACTGGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress71 ACTCAGTGAGGCTCCGAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress72 ACTCAGCGAAGGCCACAC

A 5' Jonexpress73

GACAGGCAGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress74

GAACCGATCGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress75

GTATTCCTGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress76

GAGGTTCITCCGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress77

GAATCGCTITCGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress78

GAGAATTGGCTGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress79

GACAACCAGGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T
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A 5' Jonexpress80

GCCTGCCTTCGACTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Jonexpress81

GCGAATGGCAGGCTGAGTCGGAG
ACACGCAGGGATGAGATGG*T*T

A 5' Ionexpress82

GAGATGCCAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Ionexpress83

GAATGTCCTAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress84

GTITATGGAAGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress73 ACTCAGTCTGCCTGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress74 ACTCAGCGATCGGTTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress75 ACTCAGTCAGGAATAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress76 ACTCAGCGGAAGAACCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress77 ACTCAGCGAAGCGATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress78 ACTCAGCAGCCAATTCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress79 ACTCAGCCTGGTTGTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress80 ACTCAGTCGAAGGCAGGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress81 ACTCAGCCTGCCATTCGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress82 ACTCAGTTGGCATCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress83 ACTCAGCTAGGACATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress84 ACTCAGCTTCCATAAC

A 5' Jonexpress85

GTTGAGGCTGGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress86

GAATAACCAAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T
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A 5' Jonexpress87

GTCCAGCCAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress88

GAAGTGTTCGGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress89

GAGATTCAGGACTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress90

GCCGTGGTTAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress91

GCATCCTTCCGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Jonexpress92

GCGGTTCCTAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress93

GATTGGACAAGCTGAGTCGGAGA
CACGCAGGGATGAGATGG*T*T

A 5' Ionexpress94

GCTTGTCGGACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress95

GATCTGTCCGCTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

A 5' Jonexpress96

GACCGCTTAACTGAGTCGGAGAC
ACGCAGGGATGAGATGG*T*T

CCATCTCATCCCTGCGTGTCTCCG

A 3' Ionexpress85 ACTCAGCCAGCCTCAAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress86 ACTCAGCTTGGTTATTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress87 ACTCAGTTGGCTGGAC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress88 ACTCAGCCGAACACTTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress89 ACTCAGTCCTGAATCTC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress90 ACTCAGCTAACCACGGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress91 ACTCAGCGGAAGGATGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress92 ACTCAGCTAGGAACCGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress93 ACTCAGCTTGTCCAATC
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CCATCTCATCCCTGCGTGTCTCCG

A 3' Jonexpress94 ACTCAGTCCGACAAGC
CCATCTCATCCCTGCGTGTCTCCG
A 3' Jonexpress95 ACTCAGCGGACAGATC

CCATCTCATCCCTGCGTGTCTCCG
A 3' Ionexpress96 ACTCAGTTAAGCGGTC
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