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Abstract

Age-related macular degeneration (AMD) is a chronic degenerative disease
of the central retina and a major cause of vision impairment and blindness
with millions of people affected in the elderly population. In recent years,
considerable efforts have been made to understand disease pathology with
the long-term goal of designing novel and effective treatment options for this
devastating disease. Although striking advances in treating the neovascular
stage of late AMD have occurred, no therapy is available for almost half of
all AMD patients, specifically those who are affected by the atrophic form of
the disease. This review highlights current knowledge on the genetic factors
associated with early- and late-stage forms of the disease. It also summarizes
the findings regarding the extent to which these factors may play a role
in the transition from one disease stage to another, and it emphasizes the
need to explore further the underlying mechanisms for both development
and progression of this disease as a starting point for designing innovative
therapies for it.
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INTRODUCTION

Genetic Contribution to Complex Traits and Diseases

Most human traits, such as height, body mass index, or metabolic turnover, as well as common
diseases such as type II diabetes or Alzheimer’s disease, are complex in nature, implying that
environmental and genetic factors influence both disease risk and disease severity. The degree
of genetic contribution to a complex disease is commonly reflected by an estimated heritability.
This measure is derived from twin studies and indicates the portion of disease risk attributable
to genetic factors. Knowledge of the genetic basis of disease is likely to provide valuable in-
sight into both understanding underlying disease mechanisms and identifying novel targets for
treatment.

Methodology for Identification of Disease-Associated Genetic Variants

Initial approaches in genetic studies of complex diseases drew conclusions from the aggregation
of genetic variants in affected compared with unaffected siblings in families (genetic linkage anal-
ysis). In contrast, current designs rely predominantly on the frequency of association of genetic
markers with disease in unrelated subjects. Patients and controls are genotyped for genetic variants
[known as single nucleotide polymorphisms (SNPs)], and differences in allele frequencies between
cases and controls are measured and statistically evaluated. The number of variants analyzed can
range from fewer than one hundred to as many as hundreds of thousands of SNPs, provided they
are sufficiently uniform in their distribution across the genome. Current statistical methods re-
quire appropriate measures to account for multiple testing or multiple comparisons in order to
reduce false positive signals. These measures usually do so by correcting the obtained (raw) p-value
using various algorithms (Aickin & Gensler 1996) or by defining a conservative genome-wide sig-
nificance threshold of p ≤ 5 × 10−8. Genome-wide searches for associated genetic variants require
particularly large sample sizes; several thousand patients and controls are needed to obtain suffi-
cient statistical power in such studies. High-throughput technologies, reduced costs in genotyping
assays, and increased computational power have greatly increased the available association data,
facilitating rapid identification of novel associated loci. In addition, multiple genome-wide studies
are frequently combined in meta-analyses, allowing sample sizes to eventually include as many as
300,000 individuals (Randall et al. 2013). As of September 2014, 15,121 SNPs were identified in
2,079 studies as being associated with a human trait or disease (http://www.ebi.ac.uk/fgpt/gwas/)
(Welter et al. 2014).

Genome-Wide Association Studies of Age-Related Diseases

Common age-related diseases frequently exhibit complex etiologies, and genome-wide associ-
ation studies (GWAS) have become a widely used approach to delineate the extent of the ge-
netic contributions to such diseases (Kraft & Cox 2008). A crucial hurdle still to be overcome is
the often-encountered phenotypic heterogeneity of disease manifestations, eventually accompa-
nied by varying degrees of disease severity with distinct (sub)phenotypes. Importantly, disease-
associated changes may at times be difficult to distinguish from nonpathologic age-related al-
terations. In addition, some have suggested that the contribution of environmental factors (i.e.,
disease variance not explained by genetics) can confound the association of genetic factors, specif-
ically in instances in which strong interactions may exist between environmental and genetic risk
factors.
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Nevertheless, aggregation of phenotypes into a single disease status has yielded a tremendous
number of risk-associated genetic variants (http://www.ebi.ac.uk/fgpt/gwas/), likely owing to
increased statistical power for detecting associations. The data might not sufficiently reflect the
complexity of the respective disease entity, however. GWAS of age-related macular degeneration
(AMD) are currently conducted in international settings involving collaboration of multiple re-
search laboratories and include tens of thousands of samples. For example, the International AMD
Genomics Consortium (IAMDGC), an association of more than 26 research groups worldwide,
has collected over 50,000 DNA samples from healthy and diseased individuals. In the following
sections, we discuss AMD phenotypes in detail and contrast them with normal age-related changes
in the retina.

AGE-RELATED MACULAR DEGENERATION PHENOTYPES

In principle, AMD is broadly characterized in two main disease categories, early and late-stage
AMD. Refined grading systems are based on characteristic disease alterations involving the retina,
the retinal pigment epithelium (RPE), and the choroid, and these systems place particular empha-
sis on lesion severity, size, and location. The clinical grading is based on findings from ophthal-
moscopy and color fundus photography, which have been the gold standard for many decades and
which still are easily accessible methods for examining and classifying AMD patients (Bird et al.
1995; Ferris et al. 2005, 2013; Klein et al. 1997; Seddon et al. 2006). Technical improvements
in the quality and nature of imaging techniques, such as fundus autofluorescence, scanning laser
ophthalmoscopy with and without adaptive optics, and functional diagnostics (e.g., dark adapta-
tion, contrast sensitivity), have further advanced the characterization of subphenotypes of both
early and late-stage AMD (Bindewald et al. 2005, Godara et al. 2010, Mrejen et al. 2014, Suzuki
et al. 2014). On a cellular and subcellular level, histological study by light and electron microscopy
spawned different grading systems (Sarks 1976), and AMD classifications also exist for eye bank
tissue and donor eyes (Curcio et al. 1998, Olsen & Feng 2004).

In this section, we explore the histological basis for identifying and classifying changes in the
retina, RPE, and choroid with age, as well as its consequence for AMD pathology. We further de-
scribe the advantages and disadvantages of macroscopic phenotype grading and elucidate possible
discrepancies between grading based on microscopy versus macroscopy.

Histological Classification

By definition, the risk of being affected with an age-related disease increases with age. Therefore,
distinguishing normal aging from disease-associated processes is crucial. In particular, understand-
ing AMD pathology requires differentiating between normal aging and (early) AMD (Figure 1).
Any age-related changes in the retina involve multiple layers of the outer retina (photoreceptors
and/or RPE) and adjacent tissue [Bruch’s membrane (BrM) and/or the choroid].

Normal aging. The changes presented in this section are associated with normal aging and, as
such, should not be associated with vision impairment. Cells of each layer of the photoreceptor-
RPE-BrM-choriocapillaris complex exhibit unique features to enable visual function and to ensure
an intact outer retina (Figure 1a). Photoreceptors are integral to phototransduction and the
visual cycle. Cells in the RPE phagocytose outer segments that have been shed by photoreceptors,
recycle visual cycle metabolites, maintain nutrient flow to the outer retina, and secrete cytokines
and lipoproteins (Strauss 2005). BrM is a multilayered extracellular matrix embedded between
the RPE and the choriocapillaris, and, similar to a vessel wall ( Jackson et al. 2002), it regulates
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Figure 1
Histological changes in the outer retinal neurovascular unit [photoreceptors, retinal pigment epithelium (RPE), Bruch’s membrane
(BrM), choroid] in age-related macular degeneration. (a) Histology of healthy layers of the outer retina: external limiting membrane
(ELM), photoreceptor outer segment (OS), and inner segment (IS), RPE, and BrM in a normal eye. OS compaction is a result of tissue
preparation. (b–d ) Early AMD retinal changes. (b) Subretinal drusenoid deposits (purple arrows) at the apical side of the RPE. (c) Basal
laminar deposits (BLamD) are a thickening of the basal lamina of the RPE in early (white arrow) and late-stage (orange arrow) forms.
Basal linear deposits (BlinD; red arrows) are extracellular deposits at the basal side of RPE cells. (d ) A BLinD (red arrow) is continuous
with a soft druse (yellow arrow); BLamD (orange arrow) sit on top of the BLinD. Artificial detachment of photoreceptors. Toluidine blue
stain. Scale bar: 20 µm. All images are courtesy of J.D. Messinger and C.A. Curcio. http://projectmacula.cis.uab.edu.

metabolic transport between these two tissues (Booij et al. 2010, Ramrattan et al. 1994, Sivaprasad
et al. 2005). Finally, the choriocapillaris is a fenestrated tissue responsible for providing nutrition
and oxygen to support the outer retina (Ramrattan et al. 1994). This tissue complex develops
characteristic changes with aging (see below), but it still maintains its integrity, as age-related
changes normally do not significantly alter physiological cell and tissue metabolism.

Rod photoreceptor density diminishes with age in both the extrafoveal and the foveal retina,
whereas cone density in the fovea remains stable (Curcio et al. 1993). RPE cell density in the macula
remains stable (Ach et al. 2014), and the foveal photoreceptor–RPE ratio does not change with
age (Gao & Hollyfield 1992). Cells of the RPE accumulate significant amounts of autofluorescent
material, which are stored as lipofuscin and melanolipofuscin granules in lysosomal compartments.
Simultaneously, the number of melanosomes per cell decreases with age (Feeney 1978, Feeney-
Burns et al. 1984). Both mechanisms significantly increase total autofluorescence per cell, without
affecting RPE cell density (Ach et al. 2014).

BrM in the macula thickens with age (Feeney-Burns & Ellersieck 1985, Ramrattan et al. 1994)
owing to abundant accumulation of lipoproteins (Rudolf & Curcio 2009, Wang et al. 2009),
mineralization (Spraul et al. 1999), and hyalinization (Sarks 1976). Additional age-related changes
in BrM structure result from modulated expression of proteins such as collagen, elastin, and matrix
metallopoteinases in all layers of the membrane (Kamei & Hollyfield 1999, Marshall et al. 1992).
The thickening of BrM leads to decreased permeability in anterograde or retrograde flux (Moore
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et al. 1995), which in turn can result in further accumulation of deposits and lead to a delicate
transition between age-related changes and early AMD pathology.

The thicknesses of the choriocapillaris and choroid also decrease with age, as confirmed by
histology and spectral domain optical coherence tomography (SD-OCT) (Ramrattan et al. 1994,
Spaide 2009). All aforementioned changes are by definition age-related, not pathological, although
some may also precede AMD.

Early age-related macular degeneration. Clinically, early AMD has a heterogenous manifes-
tation and should be carefully distinguished from normal aging processes. Characteristic changes
in early AMD include deposition of extracellular material into the sub-RPE space (drusen) and
RPE pigmentary changes (hypopigmentation and/or hyperpigmentation). Deposits include basal
laminar deposits (BLamD) and basal linear deposits (BLinD), as well as drusen (deposits between
the basal lamina of the RPE and the inner collagenous layer of BrM) and subretinal drusenoid
deposits (SDD; also called reticular drusen) at the apical side of the RPE (Figure 1b–d).

BLamD comprise individual deposits or a continuous layer with a thickness of up to a few
micrometers located between the RPE and its basal membrane (Figure 1c,d) (Curcio & Millican
1999). The deposits consist of various proteins such as metalloproteinases, tissue inhibitors of
metalloproteinases, laminin and collagen, and esterified and unesterified cholesterols (Curcio
et al. 2005b, van der Schaft et al. 1994). BLamD are thought to increase the risk of advanced
AMD (Sarks et al. 2007).

BLinD are composed of membranous material and lakes of lipids and lipoproteins (Curcio
et al. 2005b, Malek et al. 2003). They are located between the basal lamina of the RPE and the
inner collagenous layer of BrM, which is thickest in the fovea (Figure 1c,d) (Curcio et al. 2010).
Several authors have suggested that BLinD and soft drusen may interchange (Curcio & Millican
1999, Sarks 1982).

Drusen consist mostly of unesterified and esterified cholesterols and phospholipids, along with
proteins (Coleman et al. 2008, Crabb et al. 2002, Malek et al. 2003, Mullins et al. 2000, Sarks 1982);
the latter have been shown to be part of inflammatory processes (Anderson et al. 2002, Johnson
et al. 2000). Drusen are described as being either hard or soft, in relation to their characteristic
edges. Soft drusen are restricted to the macula, have abundant BlamD (Rudolf et al. 2008), and
are a risk factor for AMD progression (Magnusson et al. 2006). Hard drusen, in contrast, are not
restricted to the fovea and macula, are also found in normal aging but do not predict AMD disease
(Klein et al. 2007).

SDD are extracellular lesions located between the outer segments of photoreceptors and the
apical sides of the RPE cells (Figure 1b). These deposits consist of unesterified cholesterol and are
preferentially detectable at the perifovea (Curcio et al. 2005a). Occurrence of SDD is associated
with a higher risk of geographic atrophy (GA) (Curcio et al. 2005a, Rudolf et al. 2008, Schmitz-
Valckenberg et al. 2011).

These characteristic changes in the photoreceptor-RPE-BrM-choriocapillaris complex can
be evaluated with refined imaging techniques such as OCT or magnetic resonance tomogra-
phy (MRT) and provide useful insights into the disease. Further, both fine mapping of the early
stages of the disease, including novel disease categories such as drusen area, drusen type, and
dyspigmentation area, and genetic association testing can shed new light on underlying (even-
tually subtype-specific) disease processes. Note, however, that there are limitations to how these
techniques can be used in epidemiological settings. We discusses these limitations in later sections.

Late-stage age-related macular degeneration. Although pathological changes associated with
early AMD do not affect the function of the inner retina and thus typically are not associated with
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visual impairment, late-stage AMD is categorized into nonexudative atrophic AMD and exudative
neovascular (NV) AMD. Both of these manifestations lead to severe vision loss. In NV AMD,
activated endothelial cells are stimulated by the release of vascular endothelial growth factors
(VEGFs) (Pe’er et al. 1995) secreted from the RPE (Adamis et al. 1993). The endothelial cells
originate in the choriocapillaris and extend through BrM into the sub-RPE and/or subretinal
space (Killingsworth 1995). Breaks in a calcified and fragmented BrM otherwise not observed in
age-matched controls or patients with atrophic AMD foster the passage of these activated en-
dothelial cells through BrM (Spraul & Grossniklaus 1997), although their specific path through
the membrane might be related to the presence of soft drusen (Sarks et al. 1997). In more ad-
vanced stages of NV AMD, vessels appear in the fibrous tissue with or without exudation, and
choricapillary atrophy can be observed. A review by Spaide and colleagues summarizes different
theories of choroidal neovascularization (Spaide et al. 2003).

GA is the late stage of nonexudative AMD and is characterized by advanced RPE cell loss and
depigmentation (hyperpigmentation and hypopigmentation) (Coleman et al. 2008). Hyperpig-
mented cells can also be found in the subretinal space. In the area of RPE atrophy, photoreceptors
may or may not be present, and these cells may be accompanied by a few abnormal RPE cells
(Sarks et al. 1988). The progression from early to late-stage AMD and the underlying risk factors
can be evaluated with longitudinal studies involving observation of elderly individuals for years
or decades. Several studies suggest that the same genetic and environmental factors identified in
case-control studies also impact disease progression (Buitendijk et al. 2013, Seddon et al. 2009).

Clinical Classification

Several clinical classifications describe a number of phenotypes of different AMD stages and/or
risk of AMD progression (Ferris et al. 2005, Klein et al. 1991, Seddon et al. 2006). More recently,
an international expert panel separated normal aging changes from early AMD [characterized by
medium drusen (63 to 125 µm in diameter) and absence of AMD-related pigmentary abnormali-
ties], intermediate AMD [characterized by large drusen (more than 125 µm in diameter) and/or
presence of any AMD-related pigmentary abnormalities], and advanced AMD (Ferris et al. 2013).
The advanced stage was further dichotomized into NV AMD versus any GA AMD. The presence
of small drusen (63 µm in diameter or less, called druplets) and the absence of pigmentary abnor-
malities were classified as normal aging changes. This classification did not consider subretinal
drusenoid deposits (SDD, reticular pseudodrusen), although several studies provide evidence for
a relation of such deposits with AMD and AMD progression (Alten & Eter 2015, Curcio et al.
2013, Hogg et al. 2014).

Disease Classification and Histology

Comparing clinical disease classification with histological findings in early and late-stage AMD
uncovers inconsistencies that should be considered in future study designs. Histological findings
are based on mostly ex vivo histopathological imaging, and such findings generally occur before
clinically visible manifestations (Sarks 1976). For instance, hard drusen in the Age-Related Eye
Disease Study (AREDS) are defined as deposits with diameters that are less than or equal to
63 µm. Drusen are visible in clinical fundus images only if their diameters exceed 30 µm (Sarks
et al. 1999). Therefore, although they might influence RPE physiology early and adversely, smaller
drusen or deposits are not visible in standard clinical images. Lesions at the fovea that are 30 µm
in diameter affect at least four to nine RPE cells (Ach et al. 2014), and changes in late-stage AMD
(e.g., GA AMD) extend over a much larger area, involving hundreds or thousands of RPE cells.
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It becomes apparent that subtle changes in early phases of AMD pathology are likely missed.
Nevertheless, recruitment of large cohorts in early AMD studies mostly does not include in vivo
imaging methods with adequate resolution.

In the next sections, we describe the current knowledge of the genetics of AMD, emphasizing
study designs and their limitations. Further, we suggest future study designs that should be useful
to genetically characterize in depth early and late-stage disease.

THE GENETICS OF LATE-STAGE AGE-RELATED
MACULAR DEGENERATION

The genetics of late-stage AMD is well understood compared with that of early AMD (Fritsche
et al. 2013), keeping in mind the necessary caution with regard to phenotyping issues as elaborated
above. Often, both late-stage forms (GA and NV AMD) are analyzed jointly as one disease status
(termed late-stage AMD). The heritability of late-stage AMD has been estimated to range between
45% and 71% (Seddon et al. 2005), well in line with the estimated heritability of other complex
diseases such as Alzheimer’s disease, Crohn’s disease, psoriasis, obesity, and epilepsy (Gatz et al.
2006, Kjeldsen et al. 2001, Tysk et al. 1988, Walley et al. 2006). The first findings regarding genetic
risk factors for AMD were reported in 1997 and implicated mutations in ABCA4, a gene initially
associated with autosomal recessive Stargardt disease (Allikmets et al. 1997), although this associ-
ation was controversial, as several studies failed to replicate the initial finding (Rivera et al. 2000,
Stone et al. 1998). Only later were monoallelic changes in ABCA4 significantly associated with a
relatively rare subphenotype of atrophic AMD defined by fundus autofluorescence, namely a fine
granular RPE pattern with peripheral punctate spots (Fritsche et al. 2012). In 1998, a significant
association between late-stage AMD and genetic variants in the apolipoprotein E (APOE) gene
was reported (Klaver et al. 1998). This finding was subsequently replicated in several independent
studies, thereby implicating lipid metabolism in disease pathology (Baird et al. 2006, McKay et al.
2011, Zareparsi et al. 2004). Heralding the era of GWAS, Klein et al. (2005) identified a common
variant (rs1061170, p.Y402H) in the CFH gene strongly associated with AMD. A second, similarly
strong signal was later observed in the ARMS2/HTRA1 locus on 10q26 ( Jakobsdottir et al. 2005,
Rivera et al. 2005), and additional candidate gene studies identified AMD risk variants in C3 and
CFB (Hageman et al. 2005, Spencer et al. 2008). A recent meta-analysis that included 17,000 cases
and 60,000 controls implicated a total of 19 loci in AMD (Fritsche et al. 2013). More detailed
reviews of genetic studies and identified variants in AMD are given in articles by Fritsche et al.
(2014) and Gorin (2012).

Notably, the estimated odds ratios (ORs) per adverse allele for some of these variants exceed
2.0 (i.e., more than double the risk for late-stage AMD), making the genetics of late-stage AMD
rather unique among complex diseases. In general, the effect sizes for common variants associ-
ated with complex diseases are low (ORs less than1.2), although the odds ratios for rare variants
(those with allele frequencies below 1%) may be strikingly high. Figure 2 shows the relationship
between the variant frequency and the observed effect size for risk variants associated with AMD.
Variants associated with Alzheimer’s disease and psoriasis are given for comparison underscor-
ing several AMD-associated variants that exceed their expected effect size by large margins (e.g.,
ARMS2/HTRA1, CFH, CFB, and C3). The reason underlying this unique feature of AMD genetics
is unknown.

Because only a few variants explain a large proportion of its heritability, late-stage AMD
has become a paradigm for the genetic dissection of complex diseases. The 19 risk loci cur-
rently implicated in AMD pathology explain 10–30% of the disease variance, corresponding
to 15–65% of the heritability, depending on the estimated age prevalence of late-stage disease
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Figure 2
Plot of effect size versus effect-allele frequency of early and late-stage age-related macular degeneration
(AMD), Alzheimer’s disease (AD), and psoriasis risk variants. For complex diseases, the observed effect sizes
usually depend on the frequency of the variant. Common variants generally have low effect sizes, whereas
rare variants have increased effect sizes. For AMD-associated variants, several loci exceed this expectation
(ARMS2/HTRA1, CFH, CFB, and C3). Data are based on studies by Fritsche et al. (2013), Lambert et al.
(2013), and Tsoi et al. (2012).

pathology (Fritsche et al. 2013). This observation has led to efforts to predict disease risk for
late-stage AMD purely on the basis of genetic factors. Such genetic risk models are based on
strongly associated variants and demonstrate good classification accuracies that are useful for cat-
egorizing individuals as having a high or low risk of developing AMD (Buitendijk et al. 2013,
Grassmann et al. 2014), although the clinical utility of such models for prediction has yet to be
shown.

THE GENETICS OF EARLY AGE-RELATED MACULAR
DEGENERATION

The genetics of early stage AMD is still in its infancy despite an urgent medical need for a
better understanding of early disease processes and early treatment options. One reason for the
lack of knowledge is that early AMD usually is clinically asymptomatic and therefore observed
less frequently in ophthalmology clinics. In addition, general population-based studies recruit
individuals from all age ranges, with recruitment of large cohorts with signs of early AMD a
cumbersome task. From twin studies, the heritability of early AMD was estimated to be 35–55%,
lower than the estimated heritability of late-stage AMD (Hammond et al. 2002).

A recent meta-analysis of five GWAS implicated the CFH and the ARMS2/HTRA1 loci in
early AMD (Holliday et al. 2013). Additionally, the authors found association of early AMD
with gene loci previously not associated with late-stage AMD, although these findings failed
to reach a genome-wide level of significance. If replicated, the novel loci could provide guid-
ance for understanding novel pathways in early disease pathology. Notably, the risk variants
in CFH and ARMS2/HTRA1 showed genetic association in the same direction for early and
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late-stage AMD (i.e., alleles associated with increased risk of late-stage AMD were also asso-
ciated with increased risk of early AMD), although the effect sizes were strikingly lower in
early disease. This result is startling but could be explained by a situation in which risk vari-
ants simply confer small effect sizes in early disease. Alternatively, assuming clinical heterogeneity
in early AMD would result in groups of subphenotypes, each possibly having its own set of
risk-associated gene variants. Such heterogeneity in early AMD may arise in several ways and
could result from (a) inconsistencies in grading schemes across studies; (b) intergrader variabil-
ity (Klein et al. 2014); (c) lack of a defined disease variable (e.g., cumulative drusen area); or
(d ) true underlying heterogeneity, namely, phenocopies within early AMD not progressing to
the late-stage form. Understanding both the spectrum of risk factors underlying early disease
events and the processes of disease progression may lead to interesting options in preventive
treatment.

CURRENT STUDY DESIGNS: THE GOOD, THE BAD,
AND THE SAMPLE SIZE

Currently, ocular imaging is limited and depends on the underlying technique (Spaide et al.
2010, Zweifel et al. 2010), suggesting that although recent developments in imaging technology
are promising, current patient recruitment settings are not able to represent the wide spectrum
of AMD phenotypes, particularly those for early signs of the disease. For example, SD-OCT
revealed changes in the outer plexiform layer (OPL) and in the inner nuclear layer, along with
the development of hyporeflective wedge-shaped bands in the OPL in areas of drusen-associated
atrophy (termed nascent GA) in patients with early AMD (Wu et al. 2014). Such clinical findings
can be used as novel variables to search for genetic variants associated with AMD, but they may
also be helpful as early surrogate end points in interventional trials for early AMD. Similarly,
adaptive optics scanning laser ophthalmoscopy (Godara et al. 2010, Zarbin et al. 2014, Y. Zhang
et al. 2014) could broaden the phenotypic spectrum and thus lessen the clinical heterogeneity of
patient samples used to identify genetic susceptibilities.

The need for large sample sizes may have once led to collapsing phenotypes (GA and NV
for late-stage AMD, and all subtypes for early AMD) and to including phenotypes ascertained
by heterogeneous imaging technologies (e.g., fundus exam, fundus photography, OCT). How-
ever, future genetic studies that include refined phenotypes and standardized ascertainment are
anticipated to substantially further our knowledge about detailed mechanisms in disease pathol-
ogy. For instance, dissection of the genetic landscape of drusen etiology will be feasible, and
identification of the causes underlying an increased likelihood for progression to late AMD may
be possible. In addition, large sample sizes will allow the dissection of the contribution of envi-
ronmental factors in conjunction with genetic factors on disease risk (i.e., gene × environment
analysis).

Another aspect of study design also warrants consideration. Many current studies are hospital-
based case-control studies, and only a few of them include the general aged population. Only
studies that include this population allow the investigation of phenotype development and pro-
gression in a longitudinal setting (AREDS 2001, Buitendijk et al. 2013), although they neces-
sitate elaborate logistics because of the advanced age of participants and considerable financial
commitments. In addition, comorbidities may interfere with data acquisition, posing further
difficulties.

Future studies into the genetics of early and late-stage AMD are anticipated to include large
sample sizes and to use a standardizable and easily applicable technology to assess a wide spectrum
of phenotypes. Such studies are likely to not only uncover the full genetic spectrum of early or
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late-stage AMD, but also allow a refined view of defined aspects of early AMD pathology (e.g.,
many small drusen versus few large drusen) and how they progress to late stages of the disease.
Issues to be addressed in studies of late-stage AMD could include identification of factors that
influence therapy success, the recurrence of wet or dry AMD in the treated eye, or the progression
of dry AMD once late-stage disease has already developed.

In many cases, AMD patients enrolled in clinical trials are stratified for genetic markers,
fostering targeted and personalized drug development. For example, the aim of clinical trial
NCT01363570 is to identify an association between genetic risk factors and treatment response.
Another trial, NCT02051998, seeks to elucidate factors associated with the growth of GA lesions.
This trial also considers subphenotypes of GA AMD (Holz et al. 2007). Finally, NCT01115387,
a study on the genetics of age-related maculopathy, is interested in evaluating the presence or ab-
sence of early retinal changes with age-related maculopathy by imaging techniques such as OCT,
fundus autofluorescence (FAF), and fundus images.

IN THE LONG RUN: IDENTIFICATION OF GENES UNDERLYING
PATHOGENESIS OF AGE-RELATED MACULAR DEGENERATION

Although GWAS have proven most successful in identifying disease-associated genetic variants
(Edwards et al. 2013), the resolution of this approach is insufficient to reveal the causal variant
and the underlying gene in most instances. Nevertheless, these studies often point to a candi-
date gene close to a lead signal (the variant with the strongest signal of association) (Edwards
et al. 2013). Notably, the signal with the highest association is not necessarily the causal variant,
owing to the design of genotyping platforms that are meant to assay an underlying haplotype
structure by genotyping a minimum set of DNA variants. Strategies to identify the responsible
gene, and possibly the causal variant, have been covered extensively in an article by Edwards et al.
(2013). In the following subsections, we selectively focus on some crucial steps and pitfalls in this
process.

Statistical and Bioinformatics Methods

Following a GWAS, the initial step to determine a functional variant aims to refine the mapping
of a broadly identified gene locus. This step includes the imputation of missing or nongeno-
typed variants based on a large reference sample set, such as that of the 1000 Genomes Project
(http://www.1000genomes.org/). Subsequently, forward conditional logistic regression models
are applied to separate independent signals at a given locus. If an independent signal results from
a single associated haplotype carrying the responsible variant, this approach identifies not only
the responsible variant, but also identifies other highly correlated variants of this same haplotype.
Signals with a single associated haplotype can be further subjected to annotation and functional
characterization. Previous studies have shown that many independent signals are the result of
two or more distinct variant associations from different haplotypes, however, and the signal thus
represents the joint effect of those haplotypes (Gold et al. 2006, Hageman et al. 2005). Haplotypes
can reliably be estimated by phasing the genotypes, which is done routinely prior to imputation
(Gorski et al. 2014).

Owing to meiotic recombination, several distinct haplotypes are observed at each gene locus,
with frequencies varying from common (>5%) to unique. So far, there is no unified statistical
approach to account for the number of possible haplotypes. The classic approach uses all genetic
variants at a locus to construct haplotypes while excluding rare ones from analysis, but these rare
haplotypes might be the ones that carry the responsible variant. Another approach is to cluster
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similar haplotypes and to perform statistical analyses with the resulting canonical or consensus
haplotypes (Teo & Small 2010). However, it is not obvious a priori how many distinct canonical
haplotypes exist. Thus, this and similar approaches have limitations and need to be tested using
existing data sets. Moreover, the results of these approaches need to be compared with those of
classical haplotype analyses (Boyle et al. 2012, Sifrim et al. 2012).

Subsequent to the analyses described above, variants of associated haplotypes are subjected to
in silico annotation with biological features (called biofeatures), which are widely available from
public data sets (Coetzee et al. 2012), and ranked according to their potential impact (Table 1 and
Figure 3). Ultimately, top-ranked variants can be subjected to additional experimental approaches
designed to test for functional implication in a biological context.

Functional Annotation of Risk Variants Associated with Age-Related
Macular Degeneration

To demonstrate the power of bioinformatic approaches for functional annotation, we have ex-
tracted all genetic variants highly correlated with the 19 lead variants (R2 > 0.7) as given in an
article by Fritsche et al. (2013). Highly correlated variants were then annotated in an effort to
identify candidate functional variants by integrating information from tag variant locations, lists
of linked variants from the 1000 Genomes Project, and locations of chromatin features with pos-
sible functional significance (Coetzee et al. 2012). This process identified coding variants in the
C3, CFH, ARMS2, HTRA1, COL10A1, APOE, and AGPAT3 genes (Table 1 and Figure 3).
Variants in the 3′ untranslated region of the TGFBR1 gene were also identified, as were several
variants previously described as being expressed quantitative trait loci that regulate transcript ex-
pression in lymphoblastoid cell lines (Liang et al. 2013, Zou et al. 2012). Notably, by analyzing
high-throughput RNA sequencing data from human total retinas, ARPE-19 cells, human choroid
tissue, and RPE cells derived from human induced pluripotent stem cells (hiPSCs) (Brandl et al.
2014), we established three additional candidate functional variants in novel exons of two possible
AMD genes. In other AMD loci, we compared the locations of candidate variants with those
of putative regulatory regions predicted by ENCODE (Encyclopedia of DNA Elements) (Kellis
et al. 2014) and FANTOM 5 (Functional Annotation of the Mammalian Genome 5) (Andersson
et al. 2014, Forrest et al. 2014) and found overlap with sites of DNase hypersensitivity. We also
found overlap with putative transcription factor binding sites in two loci, as estimated from high-
throughput DNA sequencing of chromatin immunoprecipitation (ChIP-Seq) (Lefrançois et al.
2010).

Experimental Methods

An often repeated criticism of current findings in AMD genetics is that the vast knowledge
about associated genetic variants has not yet resulted in defining appropriate mouse models for
AMD and, more importantly, has not led to novel treatment options. Although several clinical
trials addressing the complement cascade have been initiated in the past few years, therapeutic
efficacy in AMD has yet to be shown (Weber et al. 2014, Williams et al. 2014). Similarly, the
authors of a comprehensive overview of suitable mouse models for AMD note that “In spite of the
large number of models developed, no one model yet recapitulates all of the features of human
AMD.” (Pennesi et al. 2012, p. 487).

This recognition has redirected attention from animal models to cell culture–based models for
analyzing the cellular physiology of AMD. These models involve reprogramming adult somatic
cells into a pluripotent state via overexpression of four defined transcription factors, an approach
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Table 1 Functional annotation of age-related macular degeneration (AMD)-associated variantsa

Location Locus nameb Lead variantb
Candidate

variant

Correlation
with top hit

(R2) Annotation(s)
Gene

implicated
chr1 CFH rs10737680 rs2274700 0.99 Coding exon CFH
chr3 COL8A1/FILIP1L rs13081855 rs62283492 0.97 RNASeq exon iRPE2 COL8A1
chr3 COL8A1/FILIP1L rs13081855 rs6808963 0.75 RNASeq exon ARPE1;

RNASeq exon ARPE2;
RNASeq exon iRPE2

COL8A1

chr3 ADAMTS9/MIR548A2 rs6795735
chr4 CFI rs4698775 rs13846 0.90 Coding exon AGPAT3
chr6 IER3/DDR1 rs3130783 rs116487320 0.73 DNase I hypersensitivity

(ENCODE V2);
FANTOM5 enhancers

chr6 C2/CFB rs429608 rs149176277 0.70 RefSeq promotor;
Lymphocyte eQTL (Liang
et al. 2013)

DOM3Z

chr6 COL10A1 rs3812111 rs1064583 0.99 Coding exon COL10A1
chr6 VEGFA rs943080
chr8 TNFRSF10A rs79037040 rs13255394 0.77 ncRNA gene; lymphocyte

eQTL (Liang et al. 2013)
LOC389641

chr8 TNFRSF10A rs79037040 rs11777697 0.76 Lymphocyte eQTL (Liang
et al. 2013)

LOC389641

chr8 TNFRSF10A rs79037040 rs13254617 0.78 Lymphocyte eQTL (Liang
et al. 2013)

LOC389641

chr9 TGFBR1 rs334353 rs1590 0.94 3′ UTR TGFBR1
chr9 TGFBR1 rs334353 rs334348 0.94 3′ UTR TGFBR1
chr9 TGFBR1 rs334353 rs334349 0.93 3′ UTR TGFBR1
chr10 ARMS2/HTRA1 rs10490924 rs1049331 0.96 Coding exon HTRA1
chr10 ARMS2/HTRA2 rs10490924 rs2293870 0.89 Coding exon HTRA1
chr10 ARMS2/HTRA3 rs10490924 rs10490924 1.00 Coding exon ARMS2
chr13 B3GALTL rs9542236 rs9542236 1.00 Brain eQTL (Zou et al. 2012) B3GALTL
chr14 RAD51B rs8017304 rs3784099 0.72 DNase I hypersensitivity

(ENCODE V2);
FANTOM5 enhancers

chr15 LIPC rs920915
chr16 CETP rs1864163
chr19 C3 rs2230199 rs1047286 0.83 Coding exon C3
chr19 C3 rs2230199 rs2230199 1.00 Coding exon C3
chr19 C3 rs2230199 rs2230203 0.72 Coding exon C3
chr19 APOE rs4420638 rs429358 0.74 Coding exon APOE

(Continued )
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Table 1 (Continued )

Location Locus nameb Lead variantb
Candidate

variant

Correlation
with top hit

(R2) Annotation(s)
Gene

implicated
chr22 SLC16A8 rs8135665 rs67460670 0.86 RNASeq exon hChoroid;

RNASeq exon iRPE1;
RNASeq exon iRPE2

SLC16A8

chr22 TIMP3 rs5749482

aAnalyses were done based on the algorithms implemented in the FunciSNP R/Bioconductor package.
bLocus names and variants are included according to Fritsche et al. (2013).
Empty cells indicate no data are available. Abbreviations: ENCODE, Encyclopedia of DNA Elements; eQTL, expression quantitative trait locus;
FANTOM5, Functional Annotation of the Mammalian Genome; ncRNA, noncoding RNA; RefSeq, NCBI Reference Sequence Database; RNASeq, RNA
Sequencing/Whole Transcriptome Shotgun Sequencing; UTR, untranslated region.

that has become widely used to routinely differentiate such cells into any somatic cell type (Taka-
hashi et al. 2007, Yu et al. 2007) and as such is now appreciated as a valuable cell-based system
for disease modeling, drug screening, and testing transplantation therapy for human degenerative
diseases (Yamanaka 2012).

hiPSC technology is gaining momentum in the era of personalized medicine because it offers
the prospect of establishing individual, patient-specific cell lines. Otherwise inaccessible adult
donor cells can regularly be obtained noninvasively from accessible somatic cell sources such as
skin samples, blood lymphocytes, or endothelial cells from urine collection (Kim 2014, Zhou
et al. 2012). Moreover, advanced methods allow the generation of transgene- or integration-free
hiPSCs, thus ensuring safety and suitablity for clinical application (Zhou & Zeng 2013). For a
more detailed description of reprogramming methods, the reader is referred to a review by Zhou
et al. (2012). Prospects and pitfalls of the iPSC technology were summarized in a recent article by
Brandl et al. (2015).

Cell types of interest in AMD pathology include the vascular endothelium, the photoreceptors,
and the RPE, all of which are not readily accessible from the patient but can be generated via hiPSC
differentiation (Adams et al. 2013, Brandl et al. 2014, Buchholz et al. 2013, Krohne et al. 2012,
Parameswaran et al. 2010, Singh et al. 2013b). As the RPE is suspected to be the cellular origin of
primary AMD pathology, it has attracted particular interest in this field. RPE differentiation from
hiPSCs is straightforward, and several protocols for direct differentiation of these cells have been
established (Brandl et al. 2014, Buchholz et al. 2013, Krohne et al. 2012, Singh et al. 2013a). These
stem cell–derived RPE cultures were reported to yield pure populations of highly functional cells
that display many physical features of true native RPEs, such as cell morphology and pigmentation
and gene and protein expression of mature RPE markers, in addition to functional capabilities such
as transepithelial resistance, photoreceptor outer segment phagocytosis, or polarized secretion of
known biological factors including PEDF (pigment epithelium–derived factor) and VEGF (Brandl
et al. 2014, Buchholz et al. 2013, Krohne et al. 2012, Singh et al. 2013a). An important aspect in
terms of establishing cell repositories is the ability of hiPSC-derived RPE cells to regain viability
and appropriate functional properties after cryopreservation (Brandl et al. 2014).

The CRISPR (clustered regularly interspaced short palindromic repeats)-associated nucle-
ase Cas9 system provides another emerging tool to study variant functionality by modifying a
genomic locus of choice using an RNA-guided nuclease (Cas9) and a guide RNA that is com-
plementary to a target sequence (Shalem et al. 2014, Wang et al. 2014). Combining this system
with hiPSC technology is currently revolutionizing research into disease mechanisms, as it allows
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Figure 3
Functional annotation of age-related macular degeneration (AMD)-associated candidate variants. Top variants as well as variants highly
correlated with the top variant (R2 > 0.7) in 19 AMD-associated loci were annotated based on biofeatures implemented in the
R/Bioconductor package FunciSNP, and a detailed map showing the locations and annotations of AMD-associated candidate variants
and regions in the genome was plotted. Candidate variants are color coded by functional category. Asterisks indicate transcripts
expressed in the human (h) retina, human retinal pigment epithelium (RPE), or human RPE derived from induced pluripotent stem
cells (iPSCs). Several previously published functional variants are not shown; these variants had poor correlations (R2 > 0.7) with the
top single-nucleotide polymorphism and thus were not detected by simple correlation analyses. Abbreviations: eQTL, expression
quantitative trait locus; RefSeq, NCBI Reference Sequence Database; RNASeq, RNA sequencing/whole transcriptome shotgun
sequencing; UTR, untranslated region.
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targeted manipulation of cell lines within a background of defined genetic risk and nonrisk factors
(F. Zhang et al. 2014). In addition, such cellular models can be challenged by chronic stressors that
mimic environmental or endogenous factors known to influence disease pathology. In AMD, such
challenges may include rod photoreceptor outer segment (ROS) feeding (Birch & Liang 2007),
cigarette extracts and nicotine (Chakravarthy et al. 2010), or activation of the complement cascade
via human sera (Skerka et al. 2007).

PATHWAYS INVOLVED IN PATHOGENESIS OF AGE-RELATED
MACULAR DEGENERATION

We conducted a pathway-enrichment analysis using WebGestalt (Wang et al. 2013) and included
AMD-associated genes with functional variants established either by previous experimental evi-
dence or by bioinformatics studies, as detailed above. The genes we used included the following:
CFH, C3, CFB, C2, CFHR1, CFHR3, TGFBR1, HTRA1, ARMS2, AGPAT3, APOE, COL10A1,
COL8A1, SLC16A8, LOC389641, DOM3Z, and B3GALTL. This approach allows identification
of a single significant pathway or biological process represented by the complement activation
pathway (in this case, GO:0006956 and KEGG:hsa04610), which has raw p-values that are be-
low the genome-wide significance level of 5 × 10−8. Although other pathways, for example, lipid
metabolism and extracellular matrix pathways, have been implicated in disease etiology (Fritsche
et al. 2013, Yu et al. 2011), little evidence exists to support their involvement, other than an ob-
served association near genes within them (e.g., near TIMP3 or near LIPC). Until the associated
causal variant at each locus is experimentally verified, any GWAS-deduced pathway possibly in-
volved in AMD pathogenesis, with the exception of the complement cascade, is hypothetical and
should be treated with caution.

TREATMENT FOR AGE-RELATED MACULAR DEGENERATION

Recent developments in the treatment of AMD for late-stage neovascular and geographic atrophy
have been reviewed extensively (Bowes Rickman et al. 2013, Holz et al. 2014, Smith & Kaiser 2014,
Weber et al. 2014). In addition, the effects and safety of complement inhibitors in the prevention
or treatment of advanced AMD were systematically reviewed in a recent article by Williams et al.
(2014), although the results are currently inconclusive owing to the lack of randomized controlled
trials. An overview of preclinical data demonstrating the potential of transplanted (stem cell–
derived or iPSC-derived) RPE cells to functionally rescue photoreceptors is given in an article by
Westenskow et al. (2014).

Treatment of Neovascular Age-Related Macular Degeneration

Nine out of ten ongoing clinical trials aim to attenuate neovascular complications in AMD by anti-
VEGFA treatment. A single study is testing an anti-C3 antibody (POT-4) to suppress inflammation
in the eye, but no data on the outcome of this trial are public thus far. Most anti-VEGFA studies
have reported successful treatment of neovascular AMD, although longer-term follow-up data
suggest that 98% of patients treated with anti-VEGFA antibodies develop macular atrophy similar
to GA, and the affected area correlates with poor visual outcome (Rofagha et al. 2013).

VEGFA is expressed in two isoforms, VEGFA165a and VEGFA165b. Although both are neu-
roprotective, VEGFA165a also has proangiogenic properties, whereas VEGFA165b lacks these fea-
tures. It was hypothesized that neuroprotective effects of VEGFA could be lost during treatment,
eventually resulting in a pronounced degeneration of the RPE and photoreceptors (Beazley-Long
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et al. 2013). Novel anti-VEGFA treatment may therefore focus on reducing the levels of the
VEGFA165a isoform rather than globally inhibiting VEGFA in a non-isoform-specific fashion.
Little is known about the effects of genetic factors on the size and severity of neovascular lesions.

Treatment of Geographic Atrophy Age-Related Macular Degeneration

Diverse options for treatment of GA AMD are being explored and target several distinct pathways.
Current preclinical studies focus on visual cycle inhibitors, inhibitors of (local) inflammation,
enhanced neuroprotection of photoreceptors and transplantation of RPE cells (Holz et al. 2014).
Thus far, treatment efficacy has not been reported for any of these approaches.

As discussed above, the complement cascade appears to be a promising target for treatment
of AMD and, eventually, the atrophic form specifically. Note, however, that the genetic evidence
indicates that genetic variants in several complement genes appear to be associated with increased
risk of developing AMD (e.g., CFH, C3, CFI, and C9). So far, variants in the complement pathway
have not been implicated as markers for progression of AMD lesions once the disease already has
developed (Caire et al. 2014, Klein et al. 2010, Scholl et al. 2009). Hence, targeting the complement
system therapeutically may be more suited to preventing the development of late-stage AMD
than for treating late-stage AMD to avoid further progression to severe sight-threatening stages.
Thus, future studies correlating the growth rate of GA lesions with genetic factors are crucial for
learning more about possible treatment targets for AMD once the disease already has developed
to an advanced stage.

Treatment of Early Age-Related Macular Degeneration

Vitamin supplementation to prevent progression from early to late-stage AMD was evaluated in
the AREDS, and the results of this study showed that such supplementation, especially with fish
oil–based fatty acids (DHA and EPA), has promising effects. In addition, the Laser Intervention
in Early AMD (LEAD) Study recently reported a reduced drusen area after treating drusen with
the Ellex 2RT nanosecond laser. Whether this approach influences the progression to late-stage
AMD remains to be shown. We are not aware of additional trials treating early AMD, although
promising treatment agents are available, for example, to reduce drusen in the macula (Nociari
et al. 2014).

WHAT DOES GENETICS TELL US ABOUT AGE-RELATED
MACULAR DEGENERATION?

In this review, we have discussed the results of past and current genetic studies that greatly helped
to drive forward efforts to shed light on certain aspects of AMD pathogenesis. Despite these
tremendous advances, specifically those made within the past decade, it has also become obvious
that many of the genetic studies suffer from insufficient, maybe even inadequate, clinical data. It
should be emphasized again that the genetic data depend on the clinical data and can reflect only
the accuracy and depth of clinical phenotyping. In this regard, most of the work still lies ahead.

A refined phenotyping, specifically of the early stages of the disease, will be mandatory to further
dissect the genetics of the complexities of the AMD phenotype. High-resolution noninvasive
imaging technologies are in development or have recently become available but may not yet be part
of routine clinical diagnosis. Thus, major efforts need to be directed toward recruiting large patient
cohorts with state-of-the-art imaging technologies. Such recruitment will likely be achievable only
in a multicenter setting, requiring a high level of standardization and harmonization of clinical
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data across centers. To this end, addressing early AMD genetics is going to pose a particular
challenge. As early AMD has few if any consequences for regular vision, recruitment needs to be
population based, and the number of people included in an initial phenotype screening will likely
need to exceed tens if not hundreds of thousands of individuals.

Given a stable foundation of large cohorts with well-differentiated subphenotypes, many open
issues regarding the genetics of AMD remain to be addressed. First, we would like to understand
the initial steps in the transition from a healthy retina to a retina revealing first pathologic signs
of AMD. We need to appreciate the molecular processes and pathways underlying these early
disease manifestations. Second, there is a medical need to understand the molecular mechanisms
of progression from one disease stage to the next, as these phases may indicate crucial time points
for pharmacological intervention. Third, once the full architecture of AMD subphenotype genetics
is established and both the responsible variant and affected gene are known, adequate animal and
cellular models for experimental research need to be developed. Finally, AMD model systems will
make the development of advanced drug testing platforms feasible and will even allow researchers
to address drug responses on a defined genetic background. These research environments will also
favor direct investigations into gene function, gene × gene interactions, and gene × environment
dependencies of disease development.

In summary, these are exciting times to approach a fundamental understanding of AMD patho-
genesis. The technologies for a refined clinical assessment and for the required experimental ap-
proaches are mostly in place, and clinicians and scientists have learned to collaborate intensively
to tackle the complexities of a complex disease such as AMD. Our current state of knowledge may
simply reflect only the tip of the iceberg, however; there may be much more to discover than we
presently anticipate.

SUMMARY POINTS

1. Genetic association studies statistically compare the frequencies of genetic variation be-
tween affected and nonaffected individuals. In the past decade, tremendous knowledge
on the risk of complex diseases has been obtained from GWAS.

2. Normal, age-related changes in the outer retina include a reduction in cell density, thick-
ening of BrM, and accumulation of autofluorescent material. Clinical and histological
classification schemes need to distinguish these features from similar disease-associated
manifestations.

3. In contrast to the vast knowledge regarding the genetics of late-stage AMD, little is
known about the genetic contribution to early AMD. This relative scarcity of knowledge
is in opposition to the urgent medical need to identify processes involved in early disease
manifestation.

4. Identification of the genes and pathways underlying AMD pathogenesis requires further
fine-mapping strategies of known disease-associated loci and suitable animal and in vitro
models of AMD.

5. Although the neovascular form of AMD has become treatable during the past few years,
most patients ultimately will develop pronounced photoreceptor and RPE atrophy. Cur-
rently, there is no approved treatment for either the early or the atrophic late-stage form
of the disease.
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FUTURE ISSUES

1. Current study designs are well-suited to identifying genetic markers associated with risk
for late-stage disease, but novel study types are required to investigate processes involved
in disease progression and severity.

2. Advanced imaging and grading platforms will be needed to investigate the genetic and
environmental contributions leading to the full spectrum of disease.

3. Applications of iPSC technology and advances in gene editing via approaches such as the
CRIPSR/Cas9 system promise to become excellent tools to understand the processes
involved in AMD pathology.

4. Advances in the in vitro and in silico characterization of genes and pathways involved in
AMD pathogenesis will provide novel targets for treatment and prevention of the disease.
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Welter D, MacArthur J, Morales J, Burdett T, Hall P, et al. 2014. The NHGRI GWAS Catalog, a curated
resource of SNP-trait associations. Nucleic Acids Res. 42:D1001–6

Westenskow PD, Kurihara T, Friedlander M. 2014. Utilizing stem cell-derived RPE cells as a therapeutic
intervention for age-related macular degeneration. Adv. Exp. Med. Biol. 801:323–29

Williams MA, McKay GJ, Chakravarthy U. 2014. Complement inhibitors for age-related macular degenera-
tion. Cochrane Database Syst. Rev. 1:CD009300

Wu Z, Luu CD, Ayton LN, Goh JK, Lucci LM, et al. 2014. Optical coherence tomography–defined changes
preceding the development of drusen-associated atrophy in age-related macular degeneration. Ophthal-
mology 121:2415–22

Yamanaka S. 2012. Induced pluripotent stem cells: past, present, and future. Cell Stem Cell 10(6):678–84
Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, et al. 2007. Induced pluripotent stem

cell lines derived from human somatic cells. Science 318(5858):1917–20
Yu Y, Bhangale TR, Fagerness J, Ripke S, Thorleifsson G, 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

Zarbin MA, Casaroli-Marano RP, Rosenfeld PJ. 2014. Age-related macular degeneration: clinical findings,
histopathology and imaging techniques. Dev. Ophthalmol. 53:1–32

Zareparsi S, Reddick AC, Branham KEH, Moore KB, Jessup L, et al. 2004. Association of apolipoprotein
E alleles with susceptibility to age-related macular degeneration in a large cohort from a single center.
Investig. Ophthalmol. Vis. Sci. 45(5):1306–10

Zhang F, Wen Y, Guo X. 2014. CRISPR/Cas9 for genome editing: progress, implications and challenges.
Hum. Mol. Genet. 23(R1):R40–46

Zhang Y, Wang X, Rivero EB, Clark ME, Witherspoon CD, et al. 2014. Photoreceptor perturbation around
subretinal drusenoid deposits as revealed by adaptive optics scanning laser ophthalmoscopy. Am. J. Oph-
thalmol. 158(3):584–96.e1

Zhou T, Benda C, Dunzinger S, Huang Y, Ho JC, et al. 2012. Generation of human induced pluripotent stem
cells from urine samples. Nat. Protoc. 7(12):2080–89

Zhou Y, Zeng F. 2013. Integration-free methods for generating induced pluripotent stem cells. Genomics
Proteomics Bioinform. 11(5):284–87

Zou F, Chai HS, Younkin CS, Allen M, Crook J, et al. 2012. Brain expression genome-wide association study
(eGWAS) identifies human disease-associated variants. PLOS Genet. 8(6):e1002707

Zweifel SA, Spaide RF, Curcio CA, Malek G, Imamura Y. 2010. Reticular pseudodrusen are subretinal
drusenoid deposits. Ophthalmology 117(2):303–12.e1

96 Grassmann et al.


