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Abstract

Age-related macular degeneration (AMD) is a major cause of blindness among the elderly in the
developed world. Genetic analysis of AMD has identified 34 high-risk loci associated with AMD.
The genes at these high risk loci belong to diverse biological pathways, suggesting different
mechanisms leading to AMD pathogenesis. Thus, therapies targeting a single pathway for all
AMD patients will likely not be universally effective. Recent evidence suggests defects in
mitochondria (mt) of the retinal pigment epithelium (RPE) may constitute a key pathogenic event
in some AMD patients. The purpose of this study is to determine if individuals with a specific
genetic background have a greater propensity for mtDNA damage. We used human eyebank
tissues from 76 donors with AMD and 42 age-matched controls to determine the extent of mtDNA
damage in the RPE that was harvested from the macula using a long extension polymerase chain
reaction assay. Genotype analyses were performed for ten common AMD-associated nuclear risk
alleles (ARMSZ, TNFRSF10A, CFH, C2, C3, APOE, CETF, LIPC, VEGF and COL10AI) and
mtDNA haplogroups. Sufficient samples were available for genotype association with mtDNA
damage for TNFRSF10A, CFH, CETR, VEGFA, and COL10A1. Our results show that AMD
donors carrying the high risk allele for CFH (C) had significantly more mtDNA damage compared
with donors having the wild-type genetic profile. The data from an additional 39 donors (12
controls and 27 AMD) genotyped for CFH alleles further supported these findings. Taken together,
these studies provide the rationale for a more personalized approach for treating AMD by
uncovering a significant correlation between the CFH high risk allele and accelerated mtDNA
damage. Patients harboring this genetic risk factor may benefit from therapies that stabilize and
protect the mt in the RPE.
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1. Introduction

Age-related macular degeneration (AMD) is a leading cause of blindness among older adults
in the developed world (Friedman et al., 2004). The disease afflicts over 10 million people in
the US and this number is expected to double by 2050 (Rein et al., 2009). Considering the
staggering social and financial burden, the impending epidemic of vision loss due to AMD
creates an urgent need to develop prevention and treatment strategies. Anti-VEGF therapies
have revolutionized the treatment of “wet” or neovascular AMD, which includes ~10% of
AMD patients and manifests as the abnormal growth of blood vessels from the choroid into
the subretinal region. However, treatment options for the more prevalent “dry” or atrophic
AMD are limited to a special formulation of vitamins and minerals that at best, slows down
disease progression in only a subset of patients (Chew et al., 2013). Atrophic AMD presents
clinically with drusen and changes in the retinal pigment epithelium (RPE). In the advanced
form, the loss of RPE and photoreceptors, referred to as geographic atrophy, can occur.

Development of rational therapeutic interventions for AMD requires greater understanding
of AMD disease mechanism(s) and underlying cellular pathways. Discovering the
mechanism(s) has been challenging due to the multifactorial nature of AMD, where both the
environment and genetic factors must be considered. Nuclear-encoded genes at 34 loci
involved in several different biological pathways, including complement, cell survival, lipid
transport and processing, extracellular matrix remodeling, and angiogenesis, have been
associated with AMD (Fritsche et al., 2015; Fritsche et al., 2014; Montezuma et al., 2007,
Ratnapriya and Chew, 2013). Additionally, the mitochondrial genome is shown to influence
AMD susceptibility. For example, while mtDNA haplogroups J, T and U are associated with
AMD, the H haplogroup has a protective effect (Jones et al., 2007; Kenney et al., 2013a;
Mueller et al., 2012; Udar et al., 2009). The apparent defects in multiple biological pathways
leading to similar clinical phenotypes suggest that a single treatment for all AMD patients
may not be universally effective. Thus, we need to develop more refined ways for a priori
predictions to design additional efficacious sites of intervention for individual patients.

The aim of the current study was to identify a specific population with defects in the RPE
mitochondria (mt). We focused on the RPE since mtDNA damage increases with AMD
severity in the RPE but not the neural retina (Terluk et al., 2015). Additionally, proteomic
and histological analyses suggest that RPE mt dysfunction contributes to AMD pathology
(Feher et al., 2006; Nordgaard et al., 2006, 2008). An early role for mitochondria in AMD
pathology is indicated by enhanced mtDNA damage observed in human donor RPE at stages
of AMD preceding macular degeneration and vision loss (Karunadharma et al., 2010; Terluk
et al., 2015). The mtDNA damage is presumably due to increased production of reactive
oxygen species, which cause damage to mt structures and alter redox signaling. In addition,
mtDNA damage could also accumulate due to defects in processes required to maintain mt
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homeostasis, including mt biogenesis, fission/fusion, and autophagy, and/or due to
replication errors by DNA polymerase gamma (Kennedy et al., 2013).

To examine the association of nuclear risk loci with mtDNA damage, we used human donor
retinas graded for the presence and severity of AMD and genotyped for 10 common AMD
risk variants (ARMSZ, TNFRSF10A, CFH, C2, C3, APOE, CETF, LIPC, VEGFA,

COL 10A1). Mitochondrial DNA damage was measured in the macular RPE cells and the
relationship of the extent of damage was compared with genotype. In addition, we assessed
the mtDNA for the frequency of the JTU haplogroup cluster and H haplogroup and
examined potential additive associations. Our studies demonstrate that AMD donors
harboring the risk allele for CFH exhibited significantly more mtDNA damage in macular
RPE.

2. Materials and Methods

2.1 Human tissue procurement and grading

Donor eyes were obtained from the Minnesota Lions Eye Bank (Minneapolis, MN, USA)
with the consent of the donor or donor’s family for use in medical research in accordance
with the tenets of the Declaration of Helsinki. After enucleation, eyes were maintained in a
moist chamber at 4°C until photographing and dissection. Dissection included a trephine
punch (5 mm) of RPE cells centered over the macula. RPE were gently dislodged from
Bruch’s Membrane/choroid, flash frozen in liquid nitrogen, and stored at —80 °C until
further processing.

Evaluation of the donor’s stage of AMD was determined by a Board Certified
Ophthalmologist/Retina Specialist from stereoscopic fundus photographs of the RPE using
the criteria established by the Minnesota Grading System (MGS) for eyebank eyes (Decanini
et al., 2007; Olsen and Feng, 2004). MGS 1 represents the control group with no clinically
observable eye disease. MGS 2, 3, 4 are early, intermediate, and advanced stages of AMD,
respectively. Advanced AMD (MGS 4) includes both dry AMD (central geographic atrophy)
and wet AMD (choroidal neovascularisation). Exclusion criteria for the present study
include a history of diabetes or glaucoma, clinical symptoms of diabetic retinopathy,
advanced glaucoma, and myopic degeneration. Records from the Minnesota Lions Eye Bank
provided demographics of the donors including age, race, gender, time and cause of death,
and a family report of a limited medical and ocular history (Table 1). These donors were part
of two previous studies (Karunadharma et al., 2010; Terluk et al., 2015), which tested the
relationship between the extent of mtDNA damage and AMD severity. Analysis of an
additional 39 donors, age 60 years and older, is included in this study. Donor characteristics
for the new donor samples are provided in Table 3.

2.2 Determining mtDNA damage in donor macula RPE

Total genomic DNA was isolated from a 5 mm trephine punch of RPE cells from the
macula. mtDNA lesions were determined by long extension-polymerase chain reaction
(PCR) assay using primers and conditions as described (Karunadharma et al., 2010; Terluk
etal., 2015). Analysis of new samples (n=39) was performed using AccuPrime™ Taq
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Polymerase High Fidelity (Life Technologies, Grand Island, NY). The PCR amplification
profile for Regions I-1V included an initial denaturation for 30 seconds at 94°C, followed by
21 cycles of 94°C denaturation for 30 seconds for region I, and 25 cycles for regions 11, 111
and IV. Annealing/extension was performed for 30 seconds at 57°C for regions I, I, and IV
and at 53°C for region I11. The final extension was performed at 68°C for 4 minutes for
regions | and 11, 6 minutes for region I11, and 2 minutes and 30 seconds for region IV. The
amplification profile for 222 bp mtDNA fragment (used to provide a measure of mtDNA
content) included an initial denaturation for 30 seconds at 94°C, followed by 21 cycles of
94°C denaturation for 30 seconds, and annealing/extension at 55°C for 30 seconds and final
extension at 30 seconds. Half template samples and no DNA controls were run on each plate
to verify linearity and as a negative control, respectively. Lesion frequency per 10kb per
genome (both strands) of the mtDNA was calculated by dividing sample amplification
(relative to mtDNA content) by the maximal relative amplification from the control donors
(MGS1). Lesion frequency for all samples was then normalized to the average lesion
frequency of MGSL1. Data are presented as mtDNA damage relative to donors without AMD
(MGS1).

2.3 DNA extraction and allelic determination for nuclear genes

Genomic analysis in the Kenney lab was determined from the DNA isolated from donor
neural retina. Frozen retinal tissue was incubated in 500ul of STE (100 mM NacCl, 25 mM
Na,EDTA, 10 mM Tris-HCI, pH 8.0 overnight at 50°C in 0.5% SDS and 15 ug/ml
Proteinase K (Invitrogen, Carlsbad, CA). The RNA was digested for 1 hour at 37°C with 5
pg/ml ribonuclease A followed by phenol extraction (Invitrogen). The DNA was precipitated
with 0.5 volume of 7.5 M ammonium acetate and 2 volumes ethanol. The DNA pellet was
resuspended in TE and stored at —20°C. The primers for allelic discrimina tion were
synthesized by ABI Assay-by-Design based on the Reference SNP (rs) number. The samples
were run at GenoSeq, the UCLA Genoytyping and Sequencing Core, on an ABI 7900HT.
The data was analyzed with Sequence Detection Systems software from ABI.

Analysis of the CFH variant was performed for additional donors (n=39) in the Swaroop lab.
The genomic DNA was extracted from inferior retina samples and the quantification was
done using Nanodrop. A custom made TagMan assay was used to genotype CFH Y402H
variant (rs1061170). Four duplicates, as well as four no template controls, were included in
all assays. Allelic discrimination analysis was performed on 7900HT Fast Real-Time PCR
System using TagMan® Genotyper Software version 1.3.

2.4 Identification of mtDNA haplogroups

Total DNA was extracted from retinal samples of each individual and the mtDNA
haplogroups were identified using either PCR with restriction enzyme digestion (Kenney et
al., 2010) and/or allelic discrimination with primers synthesized by ABI Assay-by-Design
(Applied Biosystems, Grand Island, NY). Samples were run at GenoSeq, the UCLA
Genotyping and Sequencing Core, on an ABI 7900HT. Data were analyzed with Sequence
Detection Systems software from ABI.
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2.5 Statistics

3. Results

Statistical analysis included one way ANOVA and Tukey’s post-hoc test to determine if
there was a significant difference in donor age (Tables 1 and 3), mtDNA damage with AMD
progression (Figure 1B), and in comparing mtDNA damage based on genotype (Figure 3).
For the comparison of mtDNA damage for five genes, significance was set at p=0.04
following the Benjamini-Hochberg correction for multiple comparisons (20% FDR). Linear
regression was performed of mtDNA damage for CFH genotyped donors to determine if the
extent of damage correlated with risk allele frequency (TT=0, TC=1, CC=2) (Figure 4). A
one-tailed Student’s t-test was used to test the hypothesis that the presence of the C risk
allele for CFH resulted in increased mtDNA damage (Figure 4). An unpaired Student’s t-test
was performed to compare the H and JUT cluster haplogroups (Figure 5). Analyses were
performed using the statistical software in Origin 9.1 (Originlab Corp., Northhampton, MA).
Data are reported as mean + SEM for each group.

3.1 Donor Characteristics

Genotyping was performed on a total of 118 donors, age 60 years and older, that were
graded for the stage of AMD using the Minnesota Grading System (MGS) (Decanini et al.,
2007; Olsen and Feng, 2004). Donors in MGS1 (n=42) represent the age-matched control
group with no clinically obvious eye disease. Donors in MGS2 (n=33), MGS3 (n=28), and
MGS4 (n=15) represent progressively more severe stages of the disease. A summary of
donor demographics and clinical information for each MGS group used in this study is
provided in Table 1. Average age for MGS1 (75 + 9.1; mean £ SD) was significantly
younger compared with MGS2 (80 + 8.6) and MGS 3 (80 + 8.6) (p<0.05) but not MGS 4
(81+ 9.7). We previously showed that there was no statistically significant difference
between the extent of mtDNA damage comparing younger (ages 60-72) and older (ages 75—
91) donors without disease (Terluk et al., 2015), hence the slight difference in age between
MGS1 and donors with AMD used in this study should not generate any bias in our results.

In the current study, we evaluated the relationship between mtDNA damage and donors with
specific genotypes utilizing samples from two previous studies (Figure 1A) where we had
measured mtDNA damage in the macular RPE cells (Karunadharma et al., 2010; Terluk et
al., 2015). Results for mtDNA damage of our combined data sets (Figure 1B), including 76
donors with AMD (MGS2-4) relative to 42 non-diseased controls (MGS1), demonstrated a
significant, progressive increase in mtDNA damage with AMD disease severity (p<0.001).

3.2 Genotype Association with AMD Risk Alleles

Recent genome-wide association studies (GWAS) have identified 34 loci associated with
AMD (Fritsche et al., 2015). These multiple genetic loci suggest that several putative
biological pathways are involved in AMD pathogenesis (Fritsche et al., 2014; Ratnapriya
and Chew, 2013). In the current study, donors were genotyped for 10 common risk variants
from pathways likely associated with the stress response or cell survival (ARMSZ,
TINFRSF10A), complement activation (CFH, C2, C3), lipid transport and metabolism
(APOE, CETF LIPC), angiogenesis (VEGFA), and remodeling of extracellular matrix
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(COL10A1I) (Table 2). Risk allele frequencies of our donor samples were generally
comparable to values reported in other studies that analyzed a much larger database (Chen et
al., 2010; Fritsche et al., 2013; Holliday et al., 2013; Seddon et al., 2009; Yu et al., 2011).
Therefore, our donor samples are representative of the general population.

The distribution of control (MGS1) and AMD (MGS2-4) donors genotyped for homozygous
non-risk, heterozygous risk, or homozygous risk alleles within each gene are provided in
Figure 2. Of note, the absence or low number of donors in genotype categories for ARMSZ,
C2, C3, APOE and L/PC limits our ability to derive conclusive results for these AMD-
associated genes. Therefore, these risk factors were eliminated from further consideration.

3.3 Genotype and mtDNA Damage

The extent of mtDNA damage was compared for donors genotyped for homozygous non-
risk, heterozygous risk, or homozygous risk for TNFRSF10A, CFH, CETP, VEGFA, and
COL10A1 (Figure 3). The analysis shows that only donors harboring the homozygous risk
alleles for CFH (CC > TT; p=0.035) had significantly higher levels of mtDNA damage. This
single nucleotide polymorphism (SNPs, rs1061170) causes an amino acid substitution of
histidine for tyrosine at position 402 (Y402H) in the CFH protein.

The analysis presented in Figure 3 includes both control and AMD donors for each
genotype. To determine the relative contribution of these two donor populations for the CFH
genotypes, mtDNA damage was plotted separately for both control and AMD donors (Figure
4A). Consistent with our previous findings, mtDNA damage was lower in age-matched
controls versus donors with AMD for each genotype. Linear regression analysis comparing
the risk allele frequency (TT=0, TC=1, CC=2) with the extent of mtDNA damage showed a
significant correlation for donors with AMD (p=0.049) but not for controls (p=0.59). These
results are consistent with a co-dominant multiplicative genetic model for CFH developed
from epidemiological studies, whereby each C allele increases the odds of AMD by
approximately 2.5-fold (Thakkinstian et al., 2006). To test if the presence of the C allele
increased the extent of mtDNA damage, we compared homozygous non-risk donors versus
donors carrying the high risk allele. Our data show donors with one or two C alleles had
significantly higher mtDNA damage (p=0.043).

We have shown that mtDNA damage progressively increases with AMD severity (Figure
1B). For the CFH genotypes, there is a higher prevalence of donors with intermediate and
late AMD (MGS3-4) in the CC group compared with both TT and TC groups (Figure 4A,
left panel). To address the possible bias caused by the unbalanced distribution of AMD
severity for each genotype, we compared only MGS3 and 4 donors in each genotype. For
this analysis, we added 39 new donors (12 MGS1, 13 MGS3, and 14 MGS4) to the controls
and AMD (MGS3 and 4 only) from the previous data set so that we would have sufficient
statistical power for the comparison. As shown in Figure 4B (left panel), the combined
groups now have an even distribution of donors in intermediate and late stage AMD. Table 3
provides the demographics of the new group of donors, which were all age 60 and older.
Plots of the combined data set for age-matched controls and for AMD donors are shown in
Figure 4B (middle panel). Controls showed no linear relationship with C allele frequency
(p=0.09). For AMD donors, there was a 20% increase in mtDNA damage for donors
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carrying the high risk allele. However, these data did not follow a linear relationship
(p=0.11). Testing the effect of the C allele (Figure 4B, right panel) showed donors harboring
one or two copies of the high risk allele had significantly higher mtDNA damage compared
with low risk donors (p=0.022). Taken together, data from a total of 103 donors (Figures 4A
and 4B) with AMD support the hypothesis that the presence of the CFH risk allele makes
mtDNA in the RPE macula more susceptible to damage.

3.4 Mitochondrial Haplogroup and mtDNA Damage

The mtDNA haplogroups have been shown to be either protective (H halogroup) or high risk
for AMD (JTU haplogroups) (Jones et al., 2007; Kenney et al., 2013a; Mueller et al., 2012;
Udar et al., 2009). The mtDNA haplogroups for each retinal DNA sample were
characterized by allelic discrimination and/or PCR along with restriction enzyme digestion.
In our population of donors, 34% were J, T, or U haplotype, which reflects the large
percentage of Minnesotans of Northern European ancestry from which these haplogroups
originated (www.census.gov/prod/2004pubs/c2kbr-35.pdf). The protective H haplogroup
with ancestral ties to Southern Europe were present in 32% of our population. When
comparing the extent of mtDNA damage for the H protective group with the J, T, and U
susceptible haplogroups, we found no significant difference (Fig. 5A). To determine if there
was an additive effect of the CFH risk allele (C) with the background mtDNA haplogroup H
or the JTU cluster, we compared the extent of mtDNA damage in these subgroups. There
were no significant differences in the numbers of mtDNA lesions between CFH + H
haplogroup or CFH + JTU cluster groups (Fig. 5B). These findings indicate that the degree
of mtDNA lesions was not related to the mtDNA haplogroup profile of each individual.

4. Discussion

AMD is a challenging disease to study due to the unique characteristics of the human eye,
including the presence of a macula found only in primates, as well as the lengthy timeframe
of >60 years to develop. Importantly, no animal model can faithfully recapitulate all of these
features, further limiting our capacity to study disease mechanisms. The use of human donor
eyes graded for the stage of AMD captures key features of the disease that not only help
define disease mechanisms, but also can identify potential therapeutic targets. Previous
results from our proteomic analysis and measurements of mtDNA damage in human donor
eyes have led to our focus on the RPE mt as an early site of defect and a potential target for
intervention (Karunadharma et al., 2010; Nordgaard et al., 2006, 2008; Terluk et al., 2015).

As a follow-up to these earlier studies, the goal of current research was to establish the
rationale for treating AMD patients of a specific genotype with therapies aimed at protecting
or improving mt function. Our results show that donors harboring the high risk allele for
CFH had significantly more mtDNA damage, suggesting the mt as a novel site of
intervention for this patient subpopulation. The absence of higher mtDNA damage in age-
matched control donors carrying the risk allele (Figure 4) suggests mt injury is not a direct
consequence of the CFH risk variant. Rather, retinal changes associated with the onset of
disease coupled with the presence of the risk allele create cellular conditions conducive for
accelerated mt damage to occur. While mt damage may not be the singular event initiating
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AMD, mitochondria’s key role in multiple cellular processes suggests its damage may
augment AMD progression. Therefore, interventions aimed at protecting mt function and
slowing disease progression would still be highly beneficial.

In considering the limitations of the study design (i.e., low sample number, incomplete
genotyping for all known AMD risk genes) our results are likely a conservative estimate of
the genetically defined patient populations with higher mt damage. None the less, the
potential impact of finding an effective treatment for slowing down AMD progression in
patients carrying the CFH'risk allele is immense when considering both risk conferred (Odds
Ratio ~3.0) and the high percent of patients (30-50% of all AMD patients) harboring this
variant (Fritsche et al., 2014; Schaumberg et al., 2007).

CFH is a key regulator of the alternative complement pathway, which is part of the innate
immune system that promotes clearance of debris and dead cells and also kills invading
pathogens. The role of CFH is to protect host cells from inappropriate complement
activation by downregulating the complement cascade, thereby reducing the potential for
“by-stander damage” to healthy cells and chronic inflammation. CFH performs this function
by binding to a variety of ligands, such as the acute phase C-reactive protein,
malondialdehyde (MDA), apoptotic/necrotic cells, and heparin sulfate present in the
extracellular matrix (Clark et al., 2010). Biochemical analysis of the Y402H mutant arising
from the CFH SNP (rs1061170) has demonstrated reduced binding to these ligands (Laine et
al., 2007; Ormsby et al., 2008; Sjoberg et al., 2007; Weissmann et al., 2011; Clark et al.,
2006). Reduced CFH binding can lead to the accumulation of toxic debris and drusen,
chronic inflammation within the retina, and consequent tissue damage due to aberrant
complement activation. For example, CFH is recruited to the surface of dead cells or debris
via their MDA adducts whose covalent attachment to proteins creates a danger signal that is
recognized by the innate immune system (Weissmann et al., 2011). MDA adducts also
stimulate the production and secretion of the pro-inflammatory molecule 1L-8 by the RPE.
CFH binding to MDA neutralizes the inflammatory properties of MDA and halts
complement activation. Importantly, the CFH variant Y402H has reduced capacity to bind
MDA-modified proteins, thus allowing for an exaggerated inflammatory response that has
been associated with AMD (Weissmann et al., 2011).

The combination of age-related related changes in retinal heparin sulfate content along with
the impaired binding of the CFH Y402H variant provides another plausible mechanism
behind the increased development of AMD in patients carrying the C genotype (Clark et al.,
2010a). Heparin sulfate is a polysaccharide decorating the extracellular matrix of all cells
(Clark et al., 2006). Sulfation is usually abundant around Bruch’s membrane but is reduced
by 50% between the fourth to ninth decades of life (Keenam et al., 2014). Coupled with this
age-related reduction in Bruch’s membrane sulfation, the impaired binding of the Y402H
variant to heparin sulfate (Clark et al., 2006) and consequent reduced content of CFH in
Bruch’s membrane of Y402H donors (Clark et al., 2010b), could result in increased
complement activation and chronic, focal inflammation in individuals harboring the CFH
risk allele.
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The retinal inflammation and tissue damage associated with the reduced function of the CFH
variant could be responsible for initiating the mtDNA damage observed in AMD donors
harboring the high risk allele. The potential mechanism may involve the well-established
link between chronic inflammation and oxidative stress, which is generated by immune cells
that accumulate around sites of injury. Immune cells make free radicals to kill pathogens and
secrete cytokines, which upregulate cellular pathways (e.g., NFKB) that increase intracellular
oxidative stress in surrounding tissue. Age-associated changes and environmental insults
may also contribute to disease onset in genetically susceptible individuals. For example, the
lipofuscin that accumulates in the RPE with aging has been shown to inhibit mt function and
activate the complement cascade (Vives-Bauza et al., 2008; Zhou et al., 2009). Smoking, one
of the strongest modifiable risk factors for AMD, causes mt damage and also activates
complement (Mansoor et al., 2014; Wang et al., 2009; Kunchithapautham et al., 2014). The
synergistic effect of age-related changes coupled with environmental insults, such as
smoking or high fat diet, lowers the threshold for disease and allows the genetic defect to
initiate disease. This concept has been proposed as the multiple-hit “threshold” hypothesis
(Fritsche et al., 2014) and provides a plausible explanation for why an individual’s genetic
profile alone does not consistently predict susceptibility to disease.

In addition to investigating how mtDNA is impacted by the expression of nuclear genes, we
also examined the influence of donor mtDNA haplogroups. The rationale for these
investigations are based on ethnicity-dependent differences in the genetic risk profile
associated with AMD, as well as how the disease manifests in specific ethnic groups. The
evidence suggests an individual’s ancestral origin, as defined by their mtDNA haplogroup,
may play a role in disease susceptibility. For example, Caucasian AMD patients mainly
exhibit geographic atrophy, whereas Asian patients most often present with choroidal
neovascularization or polyploidy choroidal vasculopathy with little evidence of drusen
(Laude et al., 2010; Kawasaki et al., 2010). Additionally, the effect size for specific genes is
stratified by ancestry (Fritsche et al., 2013). Recent studies have demonstrated that specific
mtDNA haplogroups confer differences in susceptibility for AMD; while the H haplogroup
is protective, the J, T and U haplogroups have increased risk for AMD (Jones et al., 2007;
Kenney et al., 2013a; Mueller et al., 2012; Udar et al., 2009).

In the present study, mtDNA haplogroup was determined for each donor and then compared
to the level of mtDNA damage (Figure 5). No correlation was found between the extent of
mtDNA damage and the individual’s haplogroups (H or JTU). There was no additive risk for
mtDNA lesions when the CFH alleles and mtDNA haplogroups were analyzed together.
These findings suggest that the association of mtDNA haplogroup with AMD is through
mechanisms other than mtDNA damage. Studies using transmitochondrial cybrids
(cytoplasmic hybrids containing identical nuclei but different mitochondria) suggest the
haplogroup can influence retrograde signaling between the mt and nuclear genome. For
example, cybrids containing either mtDNA haplogroups H (protective for AMD) or J (high
risk for AMD) show significant alterations in bioenergetic profile and gene expression
patterns of the alternative complement, inflammation, and apoptosis pathways (Kenney et
al., 2013b; Kenney et al., 2014). H and J cybrids also had different levels of total global
methylation, expression patterns of acetylation and methylation genes, and transcription
levels for inflammation, angiogenesis and signaling pathways (Atilano et al., 2015).
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The innate immune system has recently been targeted as a potential treatment for atrophic
AMD (http://www.amd.org/what-is-macular-degeneration/dry-amd/clinical-trials-for-dry-
amd/). However, early results have been mostly disappointing (Black and Clark, 2015; Clark
and Bishop, 2015). Based on our studies, we suggest that AMD patients with the CFH high-
risk genetic profile would reap the greatest benefit from “mito-therapies” aimed at protecting
RPE mitochondria.
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Highlights

MtDNA damage was measured in macular RPE of donors genotyped for AMD
risk variants

Increased mtDNA damage is present in donors harboring the CFH high risk
allele

mtDNA haplogroup did not correlate with the extent of mtDNA damage

AMD patients with high risk genotype may benefit from therapies that protect
RPE mitochondria
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Figure 1. RPE mtDNA damage increases with AMD progression
Long-extension PCR was used to determine mtDNA lesion frequency in RPE from human

donor macula. Data were normalized to the mean of the non-disease age-matched controls
(MGS1). Sample size for each group is provided on the graph. (A) Summary of donors from
previous studies (Karunadharma et al., 2010; Terluk et al., 2015) used in the current
analysis. (B) Graph of mtDNA damage for donors without AMD (MGS1) and donors with
progressively more severe stages of AMD using donors from the combined data set. MGS
groups were compared by one-way ANOVA and Tukey’s post hoc test. Significance was set
at p<0.05. *P<0.001; MGS1 was less than MGS2, MGS3 and MGS4. Data are mean +
SEM.
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Figure 2. Distribution of control and AMD donors for each genotype
Donors were genotyped for 10 risk variants associated with (A) cell survival (ARMS2,

TNFRSF10A), the complement pathway (CFH, C2, C3), (B) lipid transport/metabolism
(APOE, CETP, LIPC), angiogenesis (VEGFA) and remodeling of the extracellular matrix
(COL10A1). Shaded area of each bar shows the percent of control (MGS1, light grey) and
AMD (MGS2, hatched, MGS3, medium grey, MGS4, dark grey) donors that are
homozygous non-risk, heterozygous risk, or homozygous risk (underlined) for each gene.
The total number of donors in each risk category is provided at the base of each bar.
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Figure 3. RPE mtDNA damage and AMD-associated risk variants
Donors were separated into genotypes for five risk variants that are associated with cell

survival (TNFRSF10A), the complement pathway (CFH), lipid transport/metabolism
(CETP), angiogenesis (VEGFA) and remodeling of the extracellular matrix (COL10A1).
Graphs show the amount of mtDNA damage (relative to the average damage of MGS1
control donors) for donors within each genotype. Genotypes are shown above the gene
name; the homozygous risk alleles (dark grey bars) are underlined. The number of donors in
each group is shown within the bars. mtDNA damage was compared between non-risk,
heterozygous risk, and homozygous risk for each gene by one-way ANOVA and Tukey’s
post-hoc test when required. The probability values are provided in the graph for each
comparison. Significance was set at p=0.04 following the Benjamini-Hochberg correction
for multiple comparisons. * Tukey’s post-hoc test showed CC is significantly higher than TT
for CFH.
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Figure 4. Association Between mtDNA Damage and the CFH Risk Allele. (A)
Refined analysis of data for CFH from Figure 3 shows the distribution of AMD donors

(MGS2, 3, 4) for each CFH genotype (left panel) and the mtDNA damage measured in
control (n=42) and AMD donors (n=76) (middle panel). A significant linear increase in
mtDNA damage correlated with content of the C risk allele in AMD donors (p=0.049) but
not in control donors (p=0.59). AMD donors harboring 1 or 2 high risk alleles had
significantly higher mtDNA damage compared with AMD donors homozygous for the low
risk alleles (TT) (p=0.043; right panel). (B) Distribution of AMD donors (MGS 3 and 4
only) for each genotype (left panel) includes 43 donors from previous studies
(Karunadharma et al., 2010; Terluk et al., 2015) and 27 new donors. The extent of mtDNA
damage for AMD and control donors for each genotype is shown in the middle panel. While
there was a 20% increase in mtDNA damage in donors carrying the C allele, a linear
relationship was not observed (p=0.11). Regression analysis of mtDNA damage for control
donors (including 12 new donors) was not significant (p=0.09). T-test analysis (right panel)
showed AMD donors harboring 1 or 2 high risk alleles had significantly higher mtDNA
damage compared with AMD donors homozygous for the low risk alleles (TT) (p=0.022).
Total number of donors in each group is indicated on the graph. Data shown are mean £
SEM.
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Figure 5. No Correlation Between mtDNA Haplogroups and mtDNA Damage
The number of donors for each comparison is provided in the bars. The p value for the t-test

comparison is shown at the top of each graph. (A) Comparison of mtDNA damage for
donors with H (light grey) versus JTU haplogroup (dark grey) cluster was not significantly
different. (B) No additive risk for mtDNA damage was found when comparing the CFH
alleles on the H and JTU cluster backgrounds.
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Table 2

AMD-associated genes and the risk allele frequency for donors in this study.

snpl Gene Alleles 2 (NRA/RA)  RA Frequency 3 (Con/AMD) ~ Function

rs10490924 ARMS2 G/T 0.19/0.22 Cell survival

rs13278062 TNFRSF10A G/T 0.49/0.51 Cell survival

rs1061170 CFH T/IC 0.34/0.42 Complement pathway
rs9332739 Cc2 G/C 0.09/0.05 Complement pathway
rs2230199 C3 G/C 0.24/0.25 Complement pathway
rs7412 APOE C/T 0.11/0.04 Lipid transport/metabolism
rs3764261 CETP C/A 0.32/0.24 Lipid transport/metabolism
rs920915 LIPC G/C 0.73/0.79 Lipid transport/metabolism
rs4711751 VEGFA C/T 0.57/0.49 Angiogenesis

rs3812111 COL10A1 AlT 0.69/0.65 Remodeling extracellular matrix

JSNP reference numbers and pathway/function for each gene were as provided (Ratnapriya and Chen, 2013; Fritsche et al., 2014).
ZNRA, non-risk allele; RA, risk allele

3. . ] .
Risk allele frequency for non-disease control and donors with AMD in the current study.
Abbreviations

AMD, donors with AMD; Con, non-diseased controls; NRA, non-risk allele; RA, risk allele

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Exp Eye Res. Author manuscript; available in PMC 2017 April 01.



Page 22

Ferrington et al.

“(10°0>d) ¥ SOW Uey} JaBunoA Apuesyiubis si Hmos_m
"sasayuaIed ul pajedlpul SI yreap Jo asned Yyoes 10y SI0UOp JO Jaquinu mE.Q
"afe1s SO Yoaea 1oy Apnis Juaiind ayl ul pasn SI0UOP [BI0} 8y} S81edlpul Jaquinu m_QEmwb

"(00Z ‘Bua- pue uas|O) seka yueq aks ul QINY 4o abeis ayl arenfens 01 pasn sem (SOIN) WalsAS Bulpelo Sowmcc__\,_m

“ueg aA3 suoi elosauul\l Aq paijddns :o_%EBE__\

“afey1I0WaY [eluBIORNUI/PS|] [BIURIORIU| = HDI/GD] ‘Pa8|q [eunsejulonsed = pas|q |9 ‘(8%0.1S) JUSPIOOR JRINISLACIRISD = WAD "ain|iey Leay 8Ansabuod = 4HD “UsAs [eIpJesoAw 8inde = 3OV

"(2) HoI/aoI ‘(T)pealq 19 ‘(1) WAD ‘(T)4HD (1) AuedoAwolpred ‘(T)1soued ‘(¥) 30V T'9F 18 6 G 1 v
(T)sisdas ‘(€)ainyrey A1oyedidsal ‘(1) HOI/GO! '(G)180ueD '(€)30VY  8vF08 0T € €T €
“(1)eiuownaud (T)WAD (T)4HD ‘(§)Jsoued (T) Ainfur ureig aixouy (g)3oy  769FSL g g z1 T
asFuesN 4 N
glwuresgoasned gy “xag . (U)odldures  8pelD gSONW

,» S10UOQ PAPPY/ J0J UOITRULIOJU] [EIIUI]D PUE SINSLIBIORIEYD

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Exp Eye Res. Author manuscript; available in PMC 2017 April 01.



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Human tissue procurement and grading
	2.2 Determining mtDNA damage in donor macula RPE
	2.3 DNA extraction and allelic determination for nuclear genes
	2.4 Identification of mtDNA haplogroups
	2.5 Statistics

	3. Results
	3.1 Donor Characteristics
	3.2 Genotype Association with AMD Risk Alleles
	3.3 Genotype and mtDNA Damage
	3.4 Mitochondrial Haplogroup and mtDNA Damage

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3

