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Abstract

Age-related macular degeneration (AMD) is a progressive degenerative disease which leads to 

blindness, affecting the quality of life of millions of Americans. More than 1.75 million 

individuals in the United States are affected by the advanced form of AMD. The etiological 

pathway of AMD is not yet fully understood, but there is a clear genetic influence on disease risk. 

To date, the 1q32 (CFH) and 10q26 (PLEKHA1/ARMS2/HTRA1) loci are the most strongly 

associated with disease; however, the variation in these genomic regions alone is unable to predict 

disease development with high accuracy. Therefore, current genetic studies are aimed at 

identifying new genes associated with AMD and their modifiers, with the goal of discovering 

diagnostic or prognostic biomarkers. Moreover, these studies provide the foundation for further 

investigation into the pathophysiology of AMD by utilizing a systems-biology-based approach to 

elucidate underlying mechanistic pathways.
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INTRODUCTION

Although much remains elusive about the etiology of age-related macular degeneration 

(AMD), it has long been clear that genetics plays an important role. Surveys of age- and sex-

matched individuals with and without AMD demonstrated that AMD has a tendency to 

aggregate within families, i.e. patients with AMD were more likely to have relatives with the 
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disease.1,2 Data from the Rotterdam study in the Netherlands demonstrated that first-degree 

relatives of individuals affected with AMD have a four-fold higher risk of developing 

advanced AMD than those with unaffected relatives.3 Swaroop and colleagues calculated 

that having a sibling with AMD increases an individual’s risk 3-6 fold.4 A genetic 

component is also supported by twin studies that demonstrated a higher degree of AMD 

concordance between monozygotic twins than dizygotic twins, 37% compared to 19%, 

respectively.5

AMD is a challenging disease to study from a genetic perspective because, unlike disorders 

that exhibit Mendelian inheritance patterns (where one gene and one mutation within that 

gene is responsible for the phenotype observed in a given family), the development and 

severity of complex diseases like AMD are influenced by many factors. The high prevalence 

of the disease implies that that there is more than one gene or environmental factor as well 

as interactions amongst these factors that influence an individual’s susceptibility to disease. 

In the United States, the Eye Disease Prevalence Group estimates that advanced AMD 

currently affects more than 1.75 million individuals, a number predicted to rise to near 3 

million by the year 2020.6 AMD is also a heterogeneous disease, suggesting that there may 

be different disease mechanisms and hence different genes responsible for the various 

clinical subtypes.

Description of AMD

The hallmark of AMD is yellow subretinal deposits called drusen, which are often 

accompanied by hypoor hyperpigmentary changes of the retinal pigment epithelium (RPE). 

The number, size, and area of drusen along with the presence or absence of pigmentary 

changes of the RPE determine the severity of AMD in the early to intermediate stages.7 A 

relatively small proportion of individuals (10–15%) are affected by the advanced form of 

AMD, manifested by geographic atrophy or choroidal neovascularization. Geographic 

atrophy represents an area of loss of the RPE and choriocapillaris with corresponding loss or 

dysfunction of the overlying photoreceptors. Choroidal neovascularization occurs when 

abnormal blood vessels develop in the sub-RPE or subretinal space. Although these basic 

clinical phenotypes have been widely utilized in categorizing various subtypes of AMD, it 

may be that more precise phenotypic characterization of AMD may be necessary to 

elucidate significant genotype-phenotype correlations.

Overview of AMD Risk Factors

Previous studies of genetic and epidemiologic factors have not been in agreement as to the 

exact predictors for AMD risk.4,8,9 The greatest risk factor for development of the disease is 

age, with individuals over 50 years of age having a greater risk of developing AMD 

compared to those under age 50.10–12 While body mass index (BMI), hypertension, 

cardiovascular disease, and alcohol consumption have been implicated in risk of AMD, 

cigarette smoking is the modifiable epidemiologic risk factor most consistently associated 

with an increased risk of AMD.13,14 Investigation of the effects of sunlight exposure on 

AMD risk have yielded inconsistent results. Some studies suggest a positive association 

between sunlight and AMD,15,16 while others found no correlation.17–19
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Recent progress in AMD genetics has established alleles as well as haplotypes 

(combinations of alleles at a given locus that are inherited together) on chromosome 1 in 

Complement Factor H (CFH) and on chromosome 10 in Age-Related Maculopathy 

Susceptibility 2 (ARMS2, formerly LOC387715/HtrA Serine Peptidase 1[HTRA1]), as 

having large influences on risk for all AMD subtypes in populations of various 

ethnicities.20–29 In particular, genes that reside on the long arm of chromosome 10 (10q26) 

have been the most strongly associated with neovascular AMD risk.30–32 Despite the large 

influence on AMD risk, the combination of these genes alone is insufficient to correctly 

predict the development and progression of this disease.4,9

While additional genes may be only minor players in terms of their contribution to the total 

genetic variance of AMD, effect size does not always correlate with the importance to 

pathogenesis and hence treatment of AMD. In other words, it is important to consider that 

the proportion of cases attributable to certain genetic variants does not necessarily reflect the 

role of these genes in pathophysiology of disease and therefore it is important to continue to 

search for the other loci, which do exist but have yet to be elucidated.30,33–41 One of the best 

examples of this can be seen in Alzheimer’s disease with the discovery of the presenilin 

genes. While variation in the presenilin genes accounts for only several thousand 

Alzheimer’s patients worldwide, the presenilin proteins, whose existence was unknown 

before the identification of these genes,42–44 are central to the processing of amyloid β, a 

hallmark of Alzheimer’s pathogenesis and a target for drug therapy.45–47 In ongoing genetic 

studies of AMD, the priority should be to determine the mechanism, pathways, and 

networks underlying disease, not just risk factors, so that appropriate avenues of treatment 

may be identified.

While the functional pathway involving the ARMS2/HTRA1 gene(s) is unknown, the 

alternative complement pathway where CFH participates is well described and annotated. 

As a result, further investigation of the entire complement pathway, initially using a 

candidate gene approach, revealed associations between AMD risk and rare alleles in the 

Component 2 (C2), Complement Factor B (CFB), Component 3 (C3) genes, and 

Complement Factor H related genes (CFHR1-5).32,48–55 Furthermore, a recent genome wide 

association study56 confirmed the majority of these loci as well as an initial report of an 

association between AMD susceptibility and another complement gene, Complement Factor 

I (CFI).57 Although these studies illustrate the importance of studying an entire genetic 

pathway for dissecting genetic susceptibility to a complex disease such as AMD, there are 

many AMD-free individuals in the population that harbor these disease susceptibility 

genotypes and a substantial number of AMD patients who lack risk variants at these loci. 

Moreover, many of the genes that will be discussed in the following review have more than 

one function or share similar functions, thus underscoring the redundancy of our genome 

and biological systems in general.

Developing a unifying genetic susceptibility hypothesis, let alone a commercial genetic test, 

to predict which individuals in the general population will develop AMD prior to any signs 

of disease remains a challenge.9,58 This is also the case for other diseases of complex 

etiology such as cardiovascular disease,59–61 diabetes,62,63 Alzheimer’s disease,64–66 and 

depression,67 where many genes and environmental factors as well interactions amongst 
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them have been implicated.68 In the following review, we discuss the known AMD genetic 

findings to date and explore future strategies in the search for a unifying risk hypothesis that 

may refine diagnosis and prognosis and identify new preventative and therapeutic targets.

GENES ASSOCIATED WITH JUVENILE (MENDELIAN) FORMS OF 

MACULAR DEGENERATION

Genes known to be associated with juvenile onset forms of retinal degeneration were 

amongst the first to have been assessed for association with AMD (Table 1; for review 

please see 69). To date, no studies have found an association between mutations in 

Vitelliform Macular Dystrophy 2 (VMD2; Best disease),70–74 Retinal Degeneration, Slow/

Peripherin (RDS; Retinitis Pigmentosa; macular dystrophy),75,76 and Epidermal Growth 

Factor-containing Fibulin Like Extracellular Matrix Protein 1(EFEMP1; Malattia 

Leventinese/Doyne honeycomb retinal dystrophy)77–79 and any type of AMD. Studies 

investigating the ATP-binding Cassette Transporter gene, subfamily A, member 4 (ABCA4; 

autosomal recessive Stargardt disease), the Elongation of Very Long Chain Fatty Acids gene 

(ELOVL4; Stargardt disease Type 3 or autosomal dominant Stargardt-like macular 

dystrophy), and TIMP Metallopeptidase Inhibitor 3 (TIMP3; Sorsby fundus dystrophy), are 

inconsistent with respect to whether or not variations in these genes are associated with 

AMD.

ATP-binding Cassette Transporter, Subfamily A, Member 4 (ABCA4)

ABCA4 is located on the short arm of chromosome 1 (1p22.1–p21) and functions in lipid 

metabolism and transport. Mutations in ABCA4, also known as ABCR, cause Stargardt 

disease, a juvenile form of macular degeneration characterized by deposits of lipofuscin in 

and beneath the retinal pigment epithelium. In 1997, Allikmets et al. found an association 

between heterozygous ABCA4 variation and AMD.80 In particular, G1961E (rs1800553) 

and D2177N (rs1800555), the two most common variants, along with other rare variants in 

ABCA4 were reported to be associated with ~4% of AMD cases (mostly the dry form). 

Further, in a larger screen of more than 1200 patients with both dry and neovascular AMD, 

Allikmets et al. later reported that ABCA4 variants could probably explain up to 8% of 

AMD.81 However, attempts to replicate these findings failed to confirm that variants in 

ABCA4 were associated with either the early or more advanced stages of AMD.82–89

Elongation of Very Long Chain Fatty Acids (ELOVL4)

Like ABCA4, the protein product of ELOVL4 is involved in lipid transport and metabolism. 

Unlike ABCA4, ELOVL4 is located in a region (6q24–q14) previously identified from 

genome-wide scans to harbor AMD susceptibility genes.35,38 A five base pair deletion in 

this gene has been found to be associated with an autosomal dominant Stargardt-like 

macular dystrophy, which has phenotypic similarity to the dry or atrophic form of AMD. 

The M299V (rs3812153) variant of ELOVL4 has been demonstrated to increase risk of 

neovascular AMD,90 although an earlier study did not find this association for either the 

early or more advanced stages of AMD.91 Similarly, a study of a Finnish population also did 

not find an association between the M299V variant in ELOVL4 and patients with large 

drusen, neovascular, or atrophic AMD.92
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TIMP Metallopeptidase Inhibitor 3 (TIMP3)/Synapsin III (SYN3)

The genes TIMP3 and SYN3 are located on 22q12.3, near an AMD-associated locus 

identified by genome wide scans.36,93 TIMP3 is encoded within an intronic region of the 

gene SYN3 on the opposite strand. SYN3 belongs to a family of synaptic vesicle proteins 

involved in the calcium dependent regulation of neurotransmitters.94 A member of a family 

of extracellular matrix remodeling proteins, TIMP3 has been shown to accumulate in aged 

eyes95 and to inhibit Vascular Endothelial Growth Factor (VEGF).96 Based on its 

association with the autosomal dominant disorder, Sorsby fundus dystrophy, TIMP3 was 

proposed as a candidate gene in the study of AMD. Initial investigations did not find an 

association of TIMP3 with AMD;97,98 however, a recent genome wide association study 

(GWAS) with a combined sample size of 10,049 cases and 7,148 controls showed 

significant association between the SNP rs9621532 that lies in the SYN3/TIMP3 locus and 

AMD.56 As a result of the location of TIMP3 within SYN3, it is not yet possible to 

distinguish which, if not both, genes are involved in AMD susceptibility.

GENOME WIDE SCANS

Two approaches for genome wide scans which are complementary and overlap are genome 

wide linkage studies (using family-based cohorts) and genome wide association studies 

(GWAS, using case-control cohorts). The purpose of both is to search the 23 pairs of 

chromosomes with the goal of identifying regions significantly harboring disease 

susceptibility genes or variants. In the last 12 years, 17 genome wide scans have been 

conducted. Only three of these studies have been GWAS. GWAS may be better for 

identifying highly frequent and/or common variation associated with a disease, while 

linkage may be better for identifying rare disease-associated alleles.

Sequence data from the human genome project has enabled investigators not only to look at 

microsatellite markers or short tandem repeat polymorphisms (STRPs), as is characteristic 

for family-based linkage studies, but also to examine differences in other types of common 

DNA variation between those with disease and those without disease. Microsatellites or 

STRPs are variable numbers of tandemly repeated sequences of 2-4 nucleotides generally 

located in an intronic region. The number of repeats identifies different alleles. Polymerase 

chain reaction (PCR) probes labeled with a fluorescent tag can be applied to known STRPs/

microsatellites in specific genomic regions, yielding products of differing lengths based on 

the number of repeats. It can then be determined if specific alleles segregate with specific 

phenotypes, in other words, if there is linkage between a particular genomic region and the 

phenotype of interest.

Another type of variation that can be used to find genes or regions harboring disease- 

associated genes are single nucleotide polymorphisms (SNPs). SNPs are inucleotide changes 

occurring about every 100–300 base pairs and are generally biallelic. SNPs account for 80% 

of the variation seen in our genome. Because SNPs are so common in the genome, they may 

pinpoint an actual gene rather than a region harboring perhaps hundreds of genes as is 

identified when microsatellites/STRPs are used in linkage studies. While a single SNP 

(whether intonic or exonic) may serve as a marker indicating a gene of importance, it may 

not actually play a causative role in disease.
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Recently, it has been speculated that structural changes in our DNA not related to the 

portions that encode proteins, such as insertions, deletions, and duplications, may not only 

influence disease susceptibility but may be causal. Copy number variation (CNV) is a type 

of such structural change, generally located in intronic regions. A CNV or copy number 

polymorphism (CNP) can be an insertion or deletion of tandemly repeated blocks of 

nucleotides (two or more) ranging from 200 base pairs to 2 megabases (for reviews please 

see 99–101). CNVs can be spontaneous or inherited and may help explain human phenotypic 

variability, complex behavioral traits, and the presentation of disease. While structural 

variation may involve only 20% of our genome, it is believed to encompass 70% of the 

nucleotide variation observed.102 The methodology to statistically analyze this type of 

variation and its contribution to disease is still under development but represents an active 

area of research,102,103 which may eventually shed additional light on AMD pathogenesis.

Chromosomal regions found by more than one genome wide scan to be significantly linked 

to all subtypes of AMD include 1q23.3– q31.1,21,33,34,37,93,104,105 2p25.3– p12,36,37 

6q14,35,38 9q31,36,37 10q26,34,37,39,93,104,106 12q23– q24.31,35,3715q13– q15, 35,37 16p12– 

p12.1, 35,37,38 17q25,104,105 and 22q12.1.36,93 Pooled analysis of several of these genome 

wide linkage studies and examining all types of AMD confirmed two of the most 

consistently reported chromosomal regions (1q23.3– q31.1 and 10q26) while identifying 

others that were not initially significant in the separate studies alone.30 This pooled analysis 

or meta-analysis also confirmed two regions that had been reported to be significant by only 

individual studies: 3p14.1–p25.330,40 and 4q32.30,34

Many of the AMD genome wide scans have resulted in the identification of various 

chromosomal regions that have not been replicated by other studies. Differences across 

studies with respect to phenotypic definition may make it difficult to compare and interpret 

findings. For example, sibling pairs concordant for advanced AMD from the Family Age-

related Maculopathy Study (FARMS) showed significant linkage to 5q33.3, 14q32.33, 

16p13.13, 19q13.31, 21q21.2,40 while other investigators who also studied populations 

characterized by advanced AMD did not report significant linkage to these same 

regions.34,37,104,105 Similarly, an association between advanced AMD and the 16p12 region 

has been observed to be dependent on factors such as body mass index (BMI) and 

hypertension in some studies38, but not others.37 In summary, genome wide scans 

employing both linkage and genome wide association methods have helped to identify 

candidate genes for AMD and candidate regions in need of further investigation.

CANDIDATE GENES

A variety of candidate genes have been evaluated either because of their roles in disease that 

share phenotypic similarity to AMD and/or because of their location in areas identified in 

genome wide scans as harboring AMD susceptibility genes. Here we discuss genes that have 

been found by at least one study to contain variation statistically associated with risk of 

AMD (Figure 1) and are further supported by additional lines of evidence including 

biological function, gene expression, or location within a region previously associated with 

AMD.
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The 10q26 Region

Pleckstrin Homology Domain Containing, Family A (Phosphoinositide Binding 
Specific) Member 1 (PLEKHA1), Age-Related Maculopathy Susceptibility 2 
(ARMS2), and HTRA Serine Peptidase 1 (HTRA1)—Meta-analysis of findings from 

six genome wide scans showed that the 10q26 locus demonstrated the greatest significance 

for linkage compared to other significant regions, such as the 1q25–q32 

region.30,32,34,37,39,93,104–106 This region contains the genes PLEKHA1, ARMS2 (formerly 

LOC387715), and HTRA1.

PLEKHA1 is believed to participate in phospholipid binding and more indirectly in the 

immune response. Using a combination of linkage and association, Jakobsdottir et al. 

demonstrated that while both PLEKHA1 and ARMS2 were significantly associated with 

both neovascular and atrophic AMD, the association was stronger for PLEKHA1. More than 

1400 affected individuals comprised of both familial and sporadic cases of AMD were 

examined.20 However, this finding was not replicated after examination of a cohort that 

consisted of both early and advanced cases of AMD25 or a cohort that consisted of 

intermediate and advanced cases, including large drusen (≥125 μm), geographic atrophy, 

and neovascularization.107 Instead, these two studies concluded that ARMS2, and not 

PLEKHA1, was associated with AMD.

The ARMS2 gene is nestled between PLEKHA1 and HTRA1 in the 10q26 locus. ARMS2 

has been shown to be expressed in multiple tissues, including the retina;108,109 however, its 

function remains unknown and its cellular location is disputed. Two groups have reported 

mitochondrial localization,108,110 with conflicting reports finding ARMS2 in the 

cytosol.109,111 Within ARMS2, rs10490924, encoding the A69S change, has been associated 

with severe AMD phenotypes including early onset of disease and larger choroidal 

neovascularization lesions.112–114 This variation has been consistently associated with AMD 

risk across various ethnicities and has been hypothesized to affect the interaction of ARMS2 

with other proteins.108 Moreover, A69S has been shown to significantly interact with 

smoking in both familial and unrelated case-control cohorts.107 However, this finding of an 

interaction between smoking and ARMS2 was not replicated in several independent 

analyses involving cohorts from the Cardiovascular Health Study (CHS) and the Age-

Related Eye Disease Study (AREDS),115 the Blue Mountain Eye Study (BMES),116 and a 

retrospective study of sibling pairs.117

In addition to the A69S variant, a complex insertion/deletion (indel) in the 3′ untranslated 

region of ARMS2 has also been significantly associated with AMD risk.110,118 The 

variation is hypothesized to cause a decrease in transcript stability, and in homozygous cases 

of this indel the protein was not expressed in human cell lines.110 However, a recent 

publication reported that the indel did not destabilize the mRNA transcript in human cell 

lines and further suggested that the association with AMD might be attributable to the high 

linkage disequilibrium between the indel and rs10490924.109

HTRA1, the third gene in the 10q26, is highly conserved among species and has several 

variants that have consistently been found to be associated with AMD.25,28,32,117,119–123 

One of the most consistently AMD-associated variants is the SNP rs11200638, located 
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within the putative HTRA1 promoter.120,122–126This variation has been shown to result in 

higher levels of HTRA1 expression in lymphocytes and well as RPE cells;28,127 however, a 

second group found no difference in the expression of a luciferase reporter gene driven by 

wild type HTRA1 promoter compared to the variant.108 Most recently, a study reported a 

significant association between AMD and a haplotype containing both the ARMS2 indel and 

the HTRA1 promoter rs11200638 variant.123 This is not surprising given that variants in 

both HTRA1 and ARMS2 are in high linkage disequilibrium.110,117

Given that these three genes within the 10q26 are in high linkage disequilibrium, it is 

difficult to distinguish between the individual contributions of each of these genes to overall 

AMD susceptibility. As evidenced by varying reports, teasing out precisely which gene(s) in 

this region is associated with AMD will require further investigation.

Complement Genes

Complement Factor H (CFH)—CFH is an inhibitor that functions in regulation of the 

alternative-complement-pathway as well as innate immunity. CFH is localized to 1q32, a 

region found by both linkage21,30,34,37,104,105 and by GWAS21,56 to be associated with all 

subtypes of AMD. Specifically, several independent reports have shown the functional 

polymorphism Y402H (rs1061170) in CFH, where a tyrosine is substituted by a histidine, to 

be associated with increased risk of both early21–24,128 and late stages of AMD (both 

neovascular and geographic atrophy).21,22,24,90,129,130 These analyses further suggest that 

the risk allele contributes to almost half of all cases of AMD in the population. Two studies 

have found no association of the CFH Y402H variant with AMD in Japanese cohorts with 

neovascular AMD.122,131 This negative finding may be attributed to the low frequency of 

the CFH Y402H (rs1061170) in the Japanese population. Some groups have reported other 

common CFH variation, besides Y402H, to be significantly associated with both early and 

advanced forms of AMD.24,27,32 Interestingly, some of these same variants (or a 

combination of them, including Y402H) are associated with increased risk for other diseases 

such as myocardial infarction,132 hemolytic uremic syndrome,133 and 

membranoproliferative glomerulonephrtis (MPGN).134

Complement Factor H-Related 1-5 (CFHR1-5) and Coagulation Factor XIII, B 
polypeptide (F13B)—The CFHR genes, along with F13B, are located in tandem with 

CFH on chromosome 1q32 in the “regulators of complement activation” locus and are likely 

gene duplications of CFH.135 The CFHR genes contain several short consensus repeats, 

many of which are homologous to those in CFH. Like CFH, deletion of/variation within 

several CFHR genes has been associated with hemolytic uremic syndrome and 

membranoproliferative glomerulonephritis type II134,136–139 as well as AMD. A large 

deletion encompassing both CFHR1 and CFHR3 has been associated with AMD.50,140 

Single SNPs within CFHR2, 4, 5, and F13B were also significantly associated with risk of 

subtypes of AMD.32,135Similar to the 10q26 region where PLEKHA1, ARMS2, and 

HTRA1 reside, dissecting the individual and joint contribution of CFH and the CFHR genes 

on 1q25 to AMD susceptibility requires further investigation.
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Complement Component 2 (C2) and Complement Factor B (CFB)—C2 and CFB 

are adjacent genes on 6p21.3; therefore, as in the case of variants on 1q25 and 10q26, it is 

difficult to discern the individual contribution of each gene to AMD risk. Gold et al. 

postulated that because variation in CFH had been significantly associated with AMD, other 

genes in the alternative complement-pathway may also play a role in the pathophysiology of 

AMD.48 This study demonstrated that combinations of rare alleles in both C2 and CFB 

decreased an individual’s risk of AMD. Additionally, the protective effect for an individual 

with variation in these genes was most significant for those who were homozygous for the 

Y402H variation of CFH. These findings were confirmed in a report that examined 

simultaneously CFH, C2, CFB, and ARMS2 on risk of advanced AMD.54 Recently, a 

genome wide scan validated the candidate gene association of C2/CFB results in a separate 

population.56

Complement Component 3 (C3)—C3 is an important component of all three 

complement cascades: the alternative, the classical, and the lectin pathways. Numerous 

studies have demonstrated an association of rare alleles in C3 with AMD risk.51,52,125,141,142 

The most significantly associated SNP, rs2230199, is non-synonymous and results in an 

amino acid change from arginine to glycine with functional consequences illustrated by a 

shift in electrophoretic mobility and a change in the ability of C3 to bind monocyte 

complement receptors.143 This SNP has been shown to be significantly associated with late 

stage AMD in diverse populations.51,141,144,145 However, this and other C3 SNPs have not 

been associated with AMD in all populations.142,146,147 A role for C3 in AMD is not only 

supported by genetics studies but also by the presence of the protein in drusen.24,51,135,148

The association of CFH and its related pathway genes with AMD susceptibility and 

pathophysiology underscores the importance of examining common variation in multiple 

susceptibility genes as well as contributing environmental factors simultaneously to get a 

better estimate of an individual’s risk of AMD. Several groups have begun to do this with 

respect to the contribution of CFH along with other reported genetic and epidemiological 

risk factors for AMD. Some of these studies include investigations of CFH, ARMS2 and 

smoking,107,117,149,150 CFH and smoking,29,130 CFH, Complement Component 2 Gene 

(C2), and Complement Factor B Gene (CFB),48 and CFH, C2, CFB, and ARMS2.151

Other Genes Involved in Immune Regulation

Chemokine (C-X3-C Motif) Receptor 1 (CX3CR1)—CX3CR1 functions as an acute 

phase regulator of the immune response. CX3CR1 is localized to the short arm of 

chromosome 3 (3p21.3), a region found to be significantly linked to the advanced stages of 

AMD by two independent genome-wide scans34,40 Two polymorphisms in CX3CR1, V249I 

(rs3732379) and T280M (rs3732378), were found to be associated with cases of advanced 

AMD for both homozygous and heterozygous states.152 This study also demonstrated 

decreased level of expression of this gene in the maculae of a patient homozygous for the 

T280M variation when compared to the maculae from a control individual.

Toll-like Receptor 3 (TLR3)—TLR3 is located on 4q35. The protein product acts as a 

viral sensor by recognizing double-stranded RNA and is thus important to cellular 
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immunity.153 Variation within TLR3, specifically in the SNP rs3775291, has been 

associated with protection against geographic atrophy;154 however, studies done using 

several independent case-control cohorts including those from the National Eye Institute 

Clinical Center, the Age-Related Eye Disease Study, Columbia University, the University of 

Iowa, and the Blue Mountains Eye Study were unable to replicate association of this 

particular SNP with geographic atrophy as well as all other AMD subtypes.155–158

Toll-like Receptor 4 (TLR4)—TLR4 is localized to the long arm of chromosome 9 

(9q32–q33), a region previously linked to patients with the advanced forms of AMD.34 A 

variant in this gene, which functions in innate immunity, lipid transport, and metabolism, 

has been previously shown to be associated with a decreased risk of arteriosclerosis.159,160 

This same variant, D299G (rs4986790), was found to be associated with a 2.6-fold increased 

risk of AMD.161 However, this same group, as well as other groups, have not been able to 

replicate the association of TLR4 in larger populations representing all AMD 

subtypes.162,163

Lipid Metabolism Genes

Apolipoprotein (APOE)—Like ELOVL4, APOE functions in lipid transport and 

metabolism. APOE was the first candidate gene investigated for a role in AMD outside of 

the genes responsible for the juvenile forms of macular degenerations. The role of APOE in 

susceptibility to Alzheimer’s disease is well established; i.e., APOE is a component of the 

amyloid plaques that are a hallmark of this degenerative disease of the central nervous 

system. Three alleles, E2, E3, E4 (E3 is the most frequent allele in the general population), 

were determined by the last exon, exon 4, of APOE influence disease risk for Alzheimer’s. 

The E4 allele, and in particular the E4/E4 genotype, is thought to be associated with 

increased risk of an earlier onset of Alzheimer’s disease while the E2 allele is thought to be 

protective for development of Alzheimer’s disease (as reviewed in 164). The E4 allele of 

APOE was first reported by the Rotterdam group in 1998 to be associated with a decreased 

risk of AMD.165 A trend toward increased risk of development of AMD was observed with 

the E2 allele, but this finding was not statistically significant. This study further 

histologically demonstrated the presence of APOE in large soft drusen from eyes of patients 

with AMD as well as the absence of this protein from small hard drusen. Many other studies 

have supported the finding that the E4 allele is associated with a decreased risk of both early 

and more advanced stages of AMD.166–171 Although several of these studies have shown a 

trend toward an association of the E2 allele with increased risk of AMD,165,168,169 this 

finding only reached statistical significance in one study.171

However, several studies have also failed to confirm an association between APOE variants 

and AMD risk.172–175 Further supporting the lack of association between APOE and AMD 

is the failure of any genome wide scan to show the 19q13.2 region containing APOE to be 

linked to AMD. Other data suggest that while APOE genotype alone might not significantly 

influence AMD risk, it could modify the effect of smoking as an AMD risk factor.175 

Specifically, smoking was found to greatly increase the risk of neovascular AMD in 

individuals with the E2 allele compared to non-smokers with the E3/E3 genotype. This 
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finding suggests that if APOE is involved in AMD pathogenesis, it may function as a weak 

modifier of risk.

Paraoxonase 1 (PON1)—PON1, like APOE, encodes for a protein that regulates both 

lipid metabolism and transport. The three studies to date that have been published are not in 

agreement as to the contribution of PON1 in the etiology of AMD. Specifically, the M55L 

(rs854560) and Q192R (rs662) variants were reported to be associated with neovascular 

AMD in 72 individuals from Japan.176 The affected individuals also had significantly higher 

levels of low density lipoprotein in the plasma.177 Two other studies in patients of English, 

Scottish, and northern Irish ancestry, however, found no association between these variants 

and advanced AMD.178,179

Very Low Density Lipoprotein Receptor (VLDLR)—There is a lack of agreement 

between the two studies conducted to date as to the association of VLDLR and AMD. 

VLDLR is located on the short arm of chromosome 9 (9p24), a region found to be 

significantly associated with late AMD in one genome-wide scan.37 While one study found 

a significant association of SNPs within this gene with intermediate and late AMD in 

Caucasian patients,180 another large study on Caucasian patients with similar AMD severity 

did not find a significant association with VLDRL.90 In support of a possible role for 

VLDLR in AMD are data showing that the VLDLR knockout mouse develops subretinal 

neovascularization characteristic of retinal angiomatous proliferation seen in humans with 

AMD.181–183

Low Density Lipoprotein Receptor Related Protein 6 (LRP6)—Using a 

combination of linkage and association analysis on family-based and case-control 

populations, respectively, Haines et al. demonstrated that LRP6 was associated with 

advanced AMD in Caucasian patients.180 Although LRP6 is located in a region, 12p11– 

p13, not identified by genome wide scans as significant, its recent identification as a gene of 

interest with respect to AMD risk warrants further study.

Extracellular Matrix

Hemicentin1 (HMCN1, FIBULIN 6, FIBL6)—In 1998, Klein and colleagues described a 

family with AMD linked to the long arm of chromosome 1 (1q25–1q32).33 Subsequently, 

this same region has been found by many studies to be linked or associated with both early 

and advanced stages of AMD.21,30,34,37,93,104,105 In 2003, Schultz et al. analyzed this same 

multigenerational family and found that a variant in HMCN1 was associated with early/

intermediate AMD.184 HMCN1 has been shown to be involved in the maintenance of 

extracellular matrix integrity. Specifically, this group found that a Q5345R change in exon 

104 (rs35856562) segregated with the disease. Based on these results, it was suggested that 

HMCN1 was the gene responsible for the phenotype observed in this family.184 Since this 

time, there have been no other confirmatory reports that the Q5345R variant in HMCN1 is 

associated with any subtype of AMD.90,92,185,186 However, Iyengar et al. reported that this 

gene could be involved in the etiology of AMD because linkage was observed for four other 

SNPs in this gene, concluding that other variants in HMCN1, as yet to be discovered, could 

be associated with AMD.37
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Fibulin 5 (FBLN5)—FBLN5, located on the long arm of chromosome 14 (14q32.1), was 

chosen as a candidate gene because of its similarity to Fibulin 3, which is associated with 

Doyne’s honeycomb dystrophy, a disease with some phenotypic similarities to AMD. 

Additionally, the 14q32 region was reported by one genome wide scan to be linked to 

advanced AMD.40 Similar to HMCN1, FBLN5 is an extracellular matrix protein that 

functions in maintaining the integrity of elastic lamina, such as that found in Bruch’s 

membrane. Several variants in FIBLN5 were reported to be associated with AMD in 7 out of 

402 AMD patients (1.7%) in a case-control study.187 Phenotypically, the seven patients all 

had the basal laminar or cuticular form of drusen. Three out of the seven patients also had 

neovascularization. None of these variants were found in unaffected individuals. This same 

group, while replicating their initial finding, also demonstrated that two additional novel 

variants in FIBLN5 were associated with other subtypes of AMD.188 This study further 

demonstrated in vitro that there is a reduction in secretion of FIBLN5 in COS7 cells 

transfected with constructs containing these variants when compared to wild type cells.

Other Genes

Manganese Superoxide Dismutase 2 (SOD-2)—SOD2, localized to 6q25.3, encodes 

an enzyme with anti-oxidant properties and is also expressed in the retina. A homozygous 

variation in exon 2 of this gene, resulting in the substitution of an alanine for a valine, was 

found to be associated with a 10-fold increased risk of neovascular AMD in 102 Japanese 

patients when compared to 200 ethnically matched controls.189 However, the variant in 

SOD2 was found to have an opposite effect in a separate Japanese population190 and could 

not be found in patients with neovascular AMD at a statistically significant level when 

compared to controls in additional studies from northern Ireland as well as Japan.179,191

Cystatin C (CST3)—CST3, similar to TIMP3 (Sorsby’s fundus dystrophy), is a protease 

inhibitor. CST3 is localized to 20p11.21, a region as yet to be reported as being linked to 

any type of AMD. Homozygosity for a variant in the 5′ untranslated region of CST3 was 

found in almost 7% with neovascular AMD in a German cohort.192

Angiotensin I Converting Enzyme (ACE)—ACE is localized to the long arm of 

chromosome 17 (17q23.3) and its role as a regulator of blood pressure is well established. 

An Alu sequence (a short or long interspersed sequence of nucleotides of around 300 base 

pairs repeated within the gene, not usually in tandem, originally characterized by the action 

of the Alu restriction endonuclease), was found to confer a five-fold decreased risk of early 

or advanced dry AMD when present homozygously.193 However, another study that 

examined a similar spectrum of AMD phenotypes concluded that there was no association of 

ACE with risk of AMD.90

Vascular Endothelial Growth Factor A (VEGFA)—VEGFA is localized to the short 

arm of chromosome 6 (6p12), a region not highlighted by any genome wide scan. The role 

of VEGFA as a regulator of angiogenesis is well established. Further, VEGFA is the target 

for current therapeutic interventions for neovascular AMD, such as ranibizumab. Common 

variation in VEGFA has been found to be significantly associated with both early and 

advanced forms of AMD in studies of various populations, including both family-based and 
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case-control cohorts.180,194,195 Recently, Francis et al. showed increased risk of advanced 

disease for those homozygous for the risk allele of VEGFA SNP rs833070 in two separate 

unrelated AMD case-control cohorts.196 However, this finding could not be replicated in a 

family-based AMD cohort in the same study. Others have found no association between 

variation in VEGFA and neovascular AMD197 or any AMD subtype in a prospectively 

ascertained cohort of 4,228 individuals.198

Excision Repair Cross-complementation Group 6 (ERCC6)—ERCC6 is localized 

to 10q11.23 and functions in the repair of DNA. A SNP in the 5′-untranslated region of this 

gene was reported to be significantly associated in the homozygous state with advanced 

AMD.154 Further, increased expression of this gene was observed in lymphocytes from 

individuals that were homozygous for this variation. To date this is the only study showing 

an association of this gene with AMD.

RAR-related Orphan Receptor Alpha (RORA)—RORA is located on chromosome 

15q and encodes an intracellular receptor that has been shown to be involved in several 

cellular processes implicated in AMD pathogenesis including oxidative stress, inflammation, 

and cholesterol/lipid metabolism.90,199–206 Our group recently showed a genetic association 

between neovascular AMD and RORA, which was first suggested by converging data from 

linkage analysis, gene expression microarray analysis, and association analysis.41 The 

association of both single SNPs and haplotypes in intron 1 of RORA was initially 

demonstrated in a cohort of 150 extremely discordant sibling pairs of 300 individuals, where 

one sibling had neovascular AMD and the other had normal maculae. Significant findings 

from this initial cohort were replicated in an unrelated case-control cohort from central 

Greece and prospectively validated in nested case-control cohorts.207 Analysis of sibling 

pairs as well as unrelated cases and controls for comparison of individuals with neovascular 

AMD to those with the early dry form (AREDS Category 2) demonstrated that variation 

within RORA is specifically associated with neovascular disease. Additionally, a gene-gene 

interaction between RORA and ARMS2/HTRA1 was demonstrated and was recently 

replicated in prospective nested case control cohorts.207 This gene-gene interaction suggests 

that RORA may be functioning in the same or related pathway to ARMS2/HTRA1. 

Functional studies in our laboratory are underway to validate these statistical findings.

FUTURE STUDIES

The differences in association of the aforementioned genes with AMD can potentially be 

attributed to variation in study design including differing cohort compositions (case control 

versus family based, ethnic heterogeneity), disease severities (all AMD versus advanced 

cases only), and statistical methodological approaches.48,54,126,208 Population stratification 

(differences in allele frequencies between cases and controls occurring by chance alone due 

to different ethnic origins), phenotypic heterogeneity (different presentations of the same 

disease), and diagnostic heterogeneity (inter-observer differences; different grading scales 

e.g., AREDS; International Classification System; Wisconsin Grading Scale) can confound 

results. Therefore, a challenge in the study of AMD is to standardize phenotypic 

characterization. One means of achieving this may be to develop better clinical diagnostic 

techniques in order to ascertain truly unaffected individuals.
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Inconsistencies seen with more modest risk associations may occur due to the existence of 

multiple susceptibility genes for AMD, which do not necessarily contribute to disease in 

every patient with AMD. However, it is likely that numerous variations could influence 

common pathways underlying the disease. Therefore, it is important to study the pathways 

and mechanisms underlying AMD via several methods. By employing a systems biology 

approach utilizing information from various lines of investigation involving diverse 

scientific techniques in tandem with genetic studies, the functional consequences of genetic 

variation and the pathophysiology of the disease can be better understood.

With few exceptions, the biological implications of the genetic variation associated with 

AMD have yet to be fully explored and understood in terms of both normal function and 

pathophysiology. In cases where there is no apparent functional change, such as 

synonymous substitutions in exons or intronic variation, it is interesting to speculate that 

there may still be a change in the structure of a transcript and/or the sequence of unidentified 

modifying elements (e.g. silencers or enhancers).102,103 In turn, these variations could 

theoretically influence gene expression resulting in differential total expression, isoform 

expression, and/or transcript stability.209–211

Proteomics in Age Related Macular Degeneration

As discussed earlier in this review, a genomic convergence approach, or systems biology 

approach, where information is combined from several sources including robust 

phenotyping (as well as epidemiologic data), genetic data, expression data, and protein data, 

is key to the design of appropriate in vitro and in vivo experiments with the goal of 

elucidating true disease causality. Much work has been done in human donor eyes to 

identify genes that are differentially expressed between those with and without all subtypes 

of age related macular degeneration (for a recent review please see 135). However, not all 

genes will be involved in disease pathogenesis at the mRNA level but rather will function at 

the protein level to influence disease onset and progression. Studying genes at the protein 

level may confirm or uncover novel pathways underlying AMD pathophysiology and also 

help to resolve inconsistencies in genetic studies. Proteomics, or the evaluation of the 

structure and function of proteins in an organism, can be used to not only understand AMD 

pathogenesis but to enhance diagnostic and prognostic tools in the clinical setting. Early 

work in this field focused mainly on evaluating risk factors in serum and plasma for 

cardiovascular disease such as C-reactive protein and homocysteine. The measurement of 

these and additional biomarkers of inflammation/innate immunity, lipid metabolism, and 

nutrition has been conducted in serum and plasma from subjects with and without AMD, but 

results have been inconsistent and await larger confirmatory studies.212–223

With current more sensitive and higher throughput techniques, it has become possible to 

examine hundreds of proteins at one time. This provides an unbiased avenue to evaluate 

protein levels. However, similar to gene expression studies, access to appropriate tissues 

remains a challenge for large-scale proteomic studies. Since there is not yet an ideal animal 

model recapitulating AMD, fresh human donor eye tissue from those with and without 

AMD represents the best platform to conduct proteomic studies, but challenges remain with 

respect to timely collection of these tissues.
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Nevertheless, use of human donor eye tissue has provided some important insights by 

showing additional pathways that may underlie AMD pathogenesis.224–226 For example, a 

study by Crabb and colleagues demonstrated that the protein crystallin was more common in 

drusen from AMD eyes compared to normal eyes and that more carboxyethyl pyrrole (CEP) 

adducts were present in Bruch’s membrane from AMD eyes vs. normal eyes.224 

Subsequently, it has been shown that CEP adduct and autoantibodies are elevated in the 

plasma of AMD patients vs. controls and may serve as a biomarker for AMD.227

Additionally, proteomic studies of the mitochondria from the RPE in donor eyes with 

varying stages of AMD progression revealed AMD-associated changes in 8 proteins, 

including ATP synthase subunits and the mitochondrial translation factor Tu, implicating 

mitochondrial function in disease onset and progression.226 These proteomic studies 

complement genetic studies also supporting a role for mitochondria in AMD 

pathogenesis.228, 229

CONCLUSIONS

While the findings to date have begun to provide insights into AMD etiology, there are still 

many questions about AMD risk and pathogenesis that cannot be explained by the known 

AMD-related genes. Models incorporating the existing disease risk factors cannot fully 

account for the observed degree of heritability, nor can the combined assessment of the 

known genetic and environmental risk factors adequately predict the risk of disease (For 

review, please see Swaroop, et al., 20074 and 20098). These observations, coupled with data 

from the numerous linkage studies that included all AMD subtypes,30,33,41,93 suggest that 

important loci remain to be identified and characterized. To this end, the AMD GWAS 

consortium, a meta-analysis of cohorts throughout the world should help to refine regions 

and validate or uncover novel common variation associated with AMD risk.

However, complete characterization of both common and rare alleles that influence AMD 

risk will be necessary for optimal and accurate determination of an individual’s overall 

genetic risk of developing advanced disease as well as identification of new targets for 

therapeutic intervention.54,230 Therefore, efforts are underway by our group and others to 

perform whole exome sequencing on families enriched for advanced disease to uncover rare 

alleles that may contribute to disease pathophysiology. Additionally, the genetic evaluation 

of both common and rare variants in diverse ethnic populations throughout the world with 

varying prevalence of advanced AMD should help to pinpoint disease causality so that 

appropriate functional studies can follow.

With respect to clinical applications, although the currently recognized genes and 

environmental factors may help to identify those most susceptible to AMD, the lack of 

specific, efficacious preventative treatments severely limits the utility of genetic testing for 

individuals without any signs of disease. For those already affected by some degree of 

AMD, retinal findings remain the strongest predictor of advanced AMD, with genotype 

adding minimally to risk prediction.231 Finally, for those who develop advanced AMD, no 

consistent correlations have been made with respect to treatment response and genotype. 
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Therefore, while genetic studies should be an integral aspect of clinical studies of AMD, 

routine genotyping of AMD patients may not yet be indicated.
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FIGURE 1. 
Chromosomal location of AMD-associated genes. The schematic represents the location of 

AMD associated genes on the 22 autosomal chromosomes. The following genes are listed 

on either side of the cartoon, thereby depicting their location on the p or q arm: Hemicentin 

1 (HMCN1), ATP-binding Cassette Transporter, subfamily A, member 4 (ABCA4), 

Coagulation Factor XIII, B Polypeptide (F13B), Complement Factor H Related Genes 

(CFHR1-5), Complement Factor H (CFH), Chemokine (C-X3-C Motif) Receptor 1 

(CX3CR1), Complement Factor I (CFI), Toll-like Receptor 3 (TLR3), Vascular Endothelial 

Growth Factor A (VEGFA), Elongation of Very Long Chain Fatty Acids (ELOVL4), 

Complement Component 2 (C2)/Complement Factor B (CFB), Manganese Superoxide 

Dismutase 2 (SOD-2), Paraoxonase 1 (PON1), Very Low Density Lipoprotein Receptor 

(VLDLR), Toll-like Receptor 4 (TLR4), Excision Repair Cross-complementation Group 6 

(ERCC6), Pleckstrin Homology Domain Containing, Family A (Phosphoinositide Binding 

Specific) Member 1 (PLEKHA1)/Age-Related Maculopathy Susceptibility 2 (ARMS2, 

formerly LOC387715)/HTRA Serine Peptidase 1 (HTRA1), Low Density Lipoprotein 

Receptor Related Protein 6 (LRP6), Fibulin 5 (FBLN5), RAR-related orphan receptor alpha 

(RORA), Angiotensin I Converting Enzyme (ACE), Complement Component 3 (C3), 

Apolipoprotein (APOE), Cystatin C (CST3), TIMP Metallopeptidase Inhibitor 3 (TIMP3), 

Synapsin III (SYN3). Next to each gene name is a symbol listed in the legend representing 

the function/cellular process most commonly associated with the gene product.

DeAngelis et al. Page 29

Semin Ophthalmol. Author manuscript; available in PMC 2014 November 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

DeAngelis et al. Page 30

TABLE 1

Candidate genes for AMD derived from hereditary retinal degenerations.

Gene Function Disease Association

RDS Protein binding Retinitis pigmentosa

TIMP3* Metalloendopeptidase inhibitor activity Sorsby fundus dystrophy

ABCA4* ATP binding, ATPase activity, lipid transport, and
metabolism

Stargardt disease

EFEMP1 Maintenance of extracellular matrix integrity Malattia leventinese (ML) / Doyne honeycomb retinal
dystrophy (DHRD)

VMD2 Chloride ion binding and ion channel activity Best disease

ELOVL4* Lipid metabolism and transport Stargardt disease, type III

*
Genes positively associated with age-related macular degeneration
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