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Neurobiology of Disease

Investigating Mitochondria as a Target for Treating
Age-Related Macular Degeneration
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Age-related macular degeneration (AMD) is the leading cause of blindness among older adults in the developed world. Although the
pathological mechanisms have not been definitively elucidated, evidence suggests a key role for mitochondrial (mt) dysfunction. The
current study used our unique collection of human retinal samples graded for the donor’s stage of AMD to address fundamental questions
about mtDNA damage in the retina. To evaluate the distribution of mtDNA damage in the diseased retina, damage in the retinal pigment
epithelium (RPE) and neural retina from individual donors were compared. To directly test along-held belief that the macula is selectively
damaged with AMD, RPE mtDNA damage was measured in the macula and peripheral sections from individual donors. Small segments
of the entire mt genome were examined to determine whether specific regions are preferentially damaged. Our results show that mtDNA
damage is limited to the RPE, equivalent mtDNA damage is found in the macular and peripheral RPE, and sites of damage are localized to
regions of the mt genome that may impact mt function. These results provide a scientific basis for targeting the RPE mitochondria with
therapies that protect and enhance mt function as a strategy for combating AMD.
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Introduction
Age-related macular degeneration (AMD) is the leading cause of
blindness in elderly of the developed world (Friedman et al.,
2004). This disease affects ~28% of individuals 75— 85 years (Lei-
bowitzetal., 1980). In the US, ~10 million people are blind or are
at substantial risk of vision loss due to AMD (Alliance for Eye and
Vision Research, 2013). These numbers are expected to double in
the next 20 years when the majority of “baby boomers,” which
currently make up ~25% of the population, will be age 65 or
older (Colby and Ortman, 2014).

AMD destroys the macula, which is the part of the retina that
supplies high acuity central vision. The loss of central vision af-
fects activities such as reading, driving, and face recognition, and
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has a significant negative impact on daily function and quality of
life. The current estimate for the cost of visual impairment due to
retinal disorders in the U.S. is $8.7 billion (Alliance for Eye and
Vision Research, 2013). The personal and public costs of AMD,
along with the staggering numbers afflicted, create an urgent
need to improve AMD treatment strategies, which are currently
limited to ~10% of patients with “wet” AMD. A key feature of the
more prevalent “dry” AMD is the loss of retinal pigment epithe-
lial cells (RPE). The RPE are a monolayer of postmitotic cells that
perform crucial functions for maintaining retinal homeostasis
(Strauss, 2005). The AMD-associated loss of RPE results in pho-
toreceptor death and blindness. Thus, new clinical strategies that
effectively protect the RPE from death and target the disease
mechanism are desperately needed.

The pathological mechanism(s) for AMD have not been de-
finitively elucidated. However, converging evidence from multi-
ple studies implicate mitochondrial (mt) dysfunction in the
AMD disease process. Evidence supporting this hypothesis in-
cludes the observed loss in mt mass and intact internal structures,
and decreased content of proteins in the electron transport
chain in RPE from human donors with AMD (Feher et al.,
2006; Nordgaard et al., 2006, 2008). Additionally, our laboratory
(Karunadharma et al., 2010) and others (Lin et al., 2011) have
recently shown increased levels of mtDNA damage in donor RPE
at stages of AMD preceding vision loss. The purpose of this study
was to address fundamental questions about mtDNA damage in
the retina to gain greater insight into disease mechanism as a
critical step in directing development of new treatments. Using
our unique collection of human donor samples graded for the
stage of AMD, we asked whether mtDNA damage was limited to
the RPE or was more globally distributed throughout the diseased
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Table 1. Donor characteristics and clinical information
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Sex Age

MGS? grade Sample (n) M F Mean = SD Cause of death (n)

1 30 19 1 73 +9.7¢ Cancer (11), COPD (4), CHF (3), sepsis (3), ACE (3), Gl bleed (1), ARDS (2), pneumonia (1), CVA (1),
organ failure (1)

2 25 13 12 79 £ 104 Pulmonary fibrosis (1), CHF (1), organ failure (2), sepsis (2), cancer (4), pneumonia (6), Guillan
Barre syndrome (1), ACE (3), Gl Bleed (1), CVA (2), bowel obstruction (1), ALS (1)

3 21 10 1 82+95 Sepsis (2), metabolic acidosis (1), CHF (2), COPD (1), ACE (3), cancer (1), pneumonia (3), bowel
obstruction (1), organ failure (2), ARDS (3), dementia (1), perforated bowel (1)

4 13 6 7 85+ 57 CVA (2), sepsis (4), pneumonia (1), dementia (1), cancer (1), organ failure (1), ACE (2), AAA (1)

“Information supplied by Minnesota Lions Eye Bank.

®Minnesota Grading System (MGS) was used to evaluate the stage of AMD in eye-bank eyes (Olsen and Feng, 2004).
“The number of donors for each cause of death is indicated in parentheses.

IMGS1 is significantly younger than MGS 3 and 4 (p = 0.0003).

ACE, Acute myocardial event; COPD, chronic obstructive pulmonary disease; CHF, congestive heart failure; Gl bleed, gastrointestinal bleed; ARDS, acute respiratory disease syndrome; CVA, cerebrovascular accident (stroke); organ failure,

kidney and/or multiple organ failure; ALS, amyotrophic lateral sclerosis; AAA, abdominal aortic aneurysm.

retina. To directly test a long-held belief that the macula is selec-
tively damage with AMD, RPE mtDNA damage was compared in
the macula and periphery from individual donors. To map re-
gions of mtDNA damage, small segments of the mt genome were
examined. Our results provide a scientific basis for targeting the RPE
with therapies that protect mt function, suggests that mt damage
goes beyond the macula, and provides some indication of potential
functional effects associated with mtDNA damage in AMD.

Materials and Methods

Human tissue procurement. Donor eyes were obtained from the Minne-
sota Lions Eye Bank 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 tre-
phine punch (5 mm) of RPE cells and neural retina centered over the
macula. Trephine punches of RPE cells were also obtained from the
superior and inferior sections of the retina from a subset of donors, using
the fovea, optic nerve, and branch retinal arteries and veins as landmarks.
Following dissection, tissues punches were 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 eye-bank eyes (Olsen and Feng, 2004; Deca-
nini et al., 2007). MGS 1 represents the control group with no clinically
observable eye disease. MGS 2, 3, and 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
neovascularization). Exclusion criteria for the present study include a
history of diabetes or glaucoma, clinical symptoms of diabetic retinopa-
thy, advanced glaucoma, and myopic degeneration or atypical debris in
the eyes. Records from the Minnesota Lions Eye Bank provided demo-
graphics 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). Donor tissue from 48 males and 41 females, age 60 and older, were
used in this study.

DNA isolation and quantification. Total genomic DNA was isolated
from 5 mm trephine punches of the RPE (peripheral and macula) or
neural retina (macula) using a QIAamp DNA mini kit (Qiagen) and
quantified using Quant-iT PicoGreen dsDNA Assay Kit (Life Technolo-
gies), following the manufacturer’s protocols. Picogreen dye fluores-
cence was measured using a multiwell plate reader (CytoFluor,
PerSeptive Biosystems) with 485 nm/535 nm excitation/emission filters.
Lambda DNA provided with the kit was used to construct a standard
curve of known DNA concentrations.

Long-extension PCR. The long-extension (LX) PCR assay (Santos etal.,
2002; Kovalenko and Santos, 2009) was performed using a GeneAmp XL
PCR kit (Life Technologies) for data in Figures 1 and 2. Primer se-

1p=0.0005 "
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Figure 1. RPE mtDNA damage increases with AMD. Average lesion frequency was deter-
mined by LX PCR for Regions |1V of the mt genome for each donor. Data were normalized to the
mean for MGS1 (control, n = 27). Sample size for each MGS group is shown in the bar. MGS
groups were compared by one-way ANOVA and Tukey's post hoc test. Significance was set at
p < 0.05; *p = 0.0005, MGS2 and MGS4 were significantly greater than MGS1. Data are
mean = SEM.

quences, conditions for each primer set, and PCR amplification profile
were performed as described previously (Karunadharma et al., 2010).
Half-template samples and no DNA controls were run on each plate to
verify linearity and as a negative control, respectively. A small 191 or 222
bp mtDNA fragment in either the 16S rRNA or Cyt b genes, respectively,
were amplified to account for total mtDNA copies in each sample. Prior
comparison showed that amplicons from these two regions provided
comparable results for estimating mtDNA content (Karunadharmaetal.,
2010).

Due to technical issues with the enzyme (rTth) in the GeneAmp XL
PCR kit, we used AccuPrime Taq Polymerase High Fidelity (Life Tech-
nologies) for the LX PCR analysis of four mtDNA regions (Regions I-IV)
for punches from retinal sections (macula, inferior, superior; data shown
in Fig. 3) and nine primer sets (A-I; data shown in Fig. 4). Primer se-
quences for amplification of nine regions of the human mtDNA genome
were as reported previously (Taylor et al., 2001).

The PCR amplification profile for Regions I-IV using AccuPrime Taq
Polymerase included an initial denaturation for 30 s at 94°C, followed by
21 cycles of 94°C denaturation for 30 s for Region I, and 25 cycles for
Regions II, III, and IV, and annealing/extension at 57°C for 30 s for all
regions. The final extension was performed at 68°C for 4 min for Regions
I and II, 6 min for Region III, and 2 min and 30 s for Region IV. The
amplification profile for 191 bp mtDNA fragment included an initial
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Figure 2. mtDNA damage increase with AMD in the RPE, but not retina. Average lesion

frequency was determined for each donor as outlined in Figure 1. Data for both the RPE and
retina were normalized to the mean of RPE MGS1 (control, n = 27). A, Plot shows mtDNA
lesions increase with AMD progression in the RPE (p = 0.03) but not retina (p = 0.27) in
donors with AMD (M2—M4, MGS2—-4, n = 26) compared with age-matched controls (M1,
MGS1, n = 10). Probability determined by one-way ANOVA and Tukey's post hoc test. Data are
mean = SEM. B, Plot of mtDNA lesions measured in the retina and RPE of individual donors
shows nossignificant relationship (p = 0.90) between the extent of damage in these two ocular
tissues. Note that each symbol represents an individual donor. Probability and R were deter-
mined by linear regression.

denaturation for 30 s at 94°C, followed by 19 cycles of 94°C denaturation
for 30 s, and annealing/extension at 55°C for 30 s and final extension at
30 s. The cycling parameters for the nine primer sets A-I included an
initial denaturation for 30 s at 94°C, followed by 25 cycles of 94°C dena-
turation for 30 s, annealing/extension at 55.1°C for 30 s for primers A, B,
E, F, G, and I; 59.4°C for primers C, D, and H. The final extension was
performed at 68°C for 2 min for all primer sets. Half-template samples
and no DNA controls were run on each plate to verify linearity and as a
negative control, respectively. Each 25 ul PCR mixture contained sample
genomic DNA (3 ng), sense and antisense primer (0.6 uM), AccuPrime
Taq Polymerase (1 U), 10X Accuprime PCR Buffer IT (0.25 ul), MgSO,
(1 mm), bovine serum albumin (2.5 ug), and DMSO (0.05%) and water.
Quant-iT PicoGreen dsDNA Assay Kit was used to measure the total
DNA amplified and was performed in triplicate for each reaction. All
reactions were run on agarose gels (1% and 2%) and photographed
under UV illumination to confirm that the amplicon size was correct.
Calculation of mtDNA damage. MtDNA lesion frequency was calcu-
lated according to the Poisson equation assuming a random distribution
of lesions (Ayala-Torres et al., 2000). Lesion frequency per 10 kb per
genome (both strands) of the mtDNA was calculated by dividing sample
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amplification (relative to mtDNA content) by the average relative ampli-
fication of donors in MGS1 (no AMD, n = 27 donors). Graphs show data
that is normalized to lesion frequency in MGSI.

For comparison of mtDNA damage between 5 mm trephine punches
from the macula, superior, and inferior sections of individual donors,
amplification of each primer set relative to mtDNA content was used as
an estimate of mtDNA damage and compared between retinal sections.
Data are presented as the ratio of relative amplification for inferior:mac-
ula and superior:macula for individual donors.

Statistics. Statistical analysis included one-way ANOVA and Tukey’s
post hoc test to determine whether there was a significant difference in
donor characteristics (Table 1) or mtDNA damage with AMD progres-
sion (Figs. 1, 2A). Linear Regression analysis compared the extent of
damage in the RPE and retina for each donor to determine whether there
was an association between damage in these two ocular tissues (Fig. 2B).
A Student’s f test was used to compare mtDNA damage in younger and
older donors in MGS1 (Table 1), and for MGS1 and MGS3 for nine
regions of the mt genome (Fig. 4). Significance was set at p < 0.05 for the
above statistical tests. A paired ¢ test, which allows for data from individ-
ual donors to remain linked during the analysis, was used to determine
whether there were significant differences in the extent of mtDNA dam-
age in peripheral regions (inferior and superior) versus the macula (Fig.
3). Statistical significance was set at 0.025 based on a Bonferroni correc-
tion to control for the familywise error rate associated with multiple
comparisons. Analyses were performed using the statistical software in
Origin 9.1 (Originlab). Data are reported as mean * SEM for each group.

Results

Donor characteristics

Eyes from 89 donors, age 60 years and older, were graded for the
stage of AMD by a board-certified ophthalmologist/retina spe-
cialist using the MGS (Olsen and Feng, 2004). Donors in MGS1
(n = 30) represent the age-matched control group with no clin-
ically observable eye disease. Donors in MGS2 (n = 25), MGS3
(n = 21), and MGS4 (n = 13) represent progressively more se-
vere 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. The Minnesota Lions Eye Bank supplied all
of the information about the donors, except for the MGS stage.
The number of donors experiencing a specific “cause of death” is
indicated for each group.

Average age for MGS1 (73 £ 9.7; mean % SD) was not differ-
ent from MGS2 (79 * 10.4), but was significantly younger com-
pared with MGS 3 (82 = 9.5) and MGS 4 (85 = 5.7; p = 0.0003).
To determine whether there was an age-dependent difference in
mtDNA damage, we compared damage in younger MGS1 donors
(age 60—72; average 65 * 3.8, n = 14) versus older MGS1 donors
(age 75-91; average 82 = 5.3, n = 13). There was no statistically
significant difference between younger and older donors (p =
0.39), so the slight difference in age between MGS1 and MGS3/4
should not bias our results. The average time from death to enu-
cleation for donors used in this study was 5.2 = 2.6 h and was not
different between MGS groups (p > 0.48). The average time from
death to tissue cryopreservation was 18.2 * 4.2 h and was not
different between MGS groups (p > 0.08).

Increased mtDNA damage with AMD is limited to the RPE

The 16.6 kb mt genome encodes for 13 proteins in the electron
transport chain and the machinery required for translation of
these proteins within the mitochondria. Unlike nuclear DNA,
mtDNA does not contain introns. The mt genome does contain
one noncoding control region that regulates mtDNA replication
and translation. Thus, ROS-induced mtDNA damage, which in-
cludes abasic sites, as well as single- and double-strand breaks
(Demple and Harrison, 1994), can produce somatic mutations
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Comparison of RPE mtDNA damage in the macula and periphery. Graphs show results for mtDNA amplification for mt
Regions | (4), I (B), Il (C), and IV (D). The plots on the left report the mean relative amplification (== SEM) for punches from the
macula, superior and inferior sections (1 = 30/section). Relative amplification was compared between punches from the macula
and periphery (inferior or superior) for individual donors using a paired t test. Probability values per comparison are reported above
the graphs. Statistical significance was set at 0.025 based on a Bonferroni correction to control for the familywise error rate
associated with multiple comparisons. Right, The ratio (peripheral section/macula) from individual donors from MGS1-4 (n =
6-9 per group) for each mtDNA region. Median and the interquartile range for the superior/macula or inferior/macula are also
provided in the plot legends. Solid line indicates a ratio of 1; dashed lines demarcate the boundaries of a twofold increase or
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that have detrimental consequences to
mt-encoded proteins participating in pro-
duction of ATP. The net result of these
changes includes reduced bioenergetics,
increased generation of mt ROS, mt dys-
function, and eventual cell death (Richter
et al., 1988; Bohr, 2002; Santos et al.,
2004).

Our laboratory and others have previ-
ously shown that LX PCR is an effective
method for determining whether the mt
genome is preferentially damaged with
AMD (Udar et al., 2009; Karunadharma et
al., 20105 Lin et al., 2011). This assay is
based on the principle that DNA lesions
(i.e., abasic sites, strand breaks, and thy-
mine dimers) can slow down or block the
progression of a thermostable DNA poly-
merase and prevent complete product
synthesis (Santos et al., 2002). Thus,
lower-amplification results when the mt
genome is damaged. To account for po-
tential differences in mtDNA content,
amplification of each mitochondrial re-
gion is normalized to total mtDNA con-
tent, which is determined by amplifying a
small region (100—200 bases) of the mt
genome. Since the probability of lesion
occurrence in a very small region is low,
this measurement can be used to estimate
the total relative number of mtDNA mol-
ecules in each sample.

We had previously reported an in-
crease in RPE mtDNA damage in donors
with AMD (n = 46 donors) compared
with age-matched controls (n = 26 do-
nors; Karunadharma et al., 2010). The
current study presents an evaluation of
mtDNA damage in the macular RPE of 69
additional donors (27 controls, 42 donors
with AMD). The results are consistent
with our previous findings; mtDNA dam-
age is significantly increased (p = 0.0005)
in the RPE macula of donors with AMD
(Fig. 1).

To determine whether there was a par-
allel increase in mtDNA damage with
AMD progression in the neural retina, we
measured the mtDNA damage in a 5 mm
trephine punch centered over the macula
of both the RPE and neural retina in a
subset of donor samples (n = 7-10 per
MGS group). Lesion frequency was calcu-
lated by dividing sample amplification
(relative to mtDNA content) by the aver-
age relative amplification of MGS1 (con-
trol) RPE (n = 27). We observed that in
the RPE of this subset of donors, the con-
tent of mtDNA lesion increased signifi-
cantly with AMD progression (p = 0.03;
Fig. 2A). In contrast, mtDNA lesions in
the retina did not change with AMD pro-
gression (p = 0.27) and were ~2-fold
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Figure 4. Localization of mt DNA damage. LX PCR was performed on donor RPE samples

from the macular region using nine primer sets (A—I) encompassing the entire mitochondrial
genome, including the D Loop. Lesion frequency (lesions/10 kb/double-strand) was normalized
to the average relative amplification of MGS1 samples (n = 12-15) for each region. A two
sample Student’s ¢ test was performed for each region, with significance setatp = 0.05; *MGS3
was significantly higher than MGS1 for primer sets B (p = 0.02), G (p = 0.04),H (p = 0.03),
and | (p = 0.001). Data are mean = SEM.

lower than RPE lesion content for donors with AMD. To test
whether the extent of mtDNA damage measured in the RPE cor-
related with the damage in the retina, mtDNA lesions from the
retina versus RPE for individual donors was plotted (Fig. 2B). As
demonstrated from the nonsignificant fit of the data by linear
regression (p = 0.90; R?=0.03), thereis no relationship between
the extent of mtDNA damage in the RPE and retina. Thus, in-
creased mtDNA damage is limited to the RPE with AMD.

Similar RPE mtDNA damage in the macula and periphery

To determine whether retinal location can influence the extent of
mtDNA damage, trephine punches of RPE cells were obtained
from the macula, superior, and inferior sections of the retina for
a subset of donors in each MGS group. Amplification of each
mtDNA region (Regions I-IV) relative to the content of mtDNA
provides an estimate of the extent of mtDNA damage, i.e., lower-
amplification indicates more mtDNA damage. A paired ¢ test was
performed to determine whether there were differences between
retinal punches for individual donors. Comparing amplification
of the macula with the periphery (inferior or superior punches)
for Regions I-1V (Fig. 3, left), there was no significant difference
in relative amplification except for Region IV, where the inferior
retina had higher-amplification indicative of less mtDNA dam-
age compared with the macula (p = 0.02).

To help visualize the relationship between retinal sections, the
ratio of amplification for the periphery (superior or inferior) and
macula from individual donors was plotted (Fig. 3, right). As
shown in the scatterplot and calculated median in Figure 3, most
ratios were distributed ~1 and fell within the twofold distribu-
tion (dashed lines) ~1. These results indicate that for the major-
ity of the donors, there was no difference in amplification.
Together, these data support the idea that the extent of mtDNA
damage is approximately equivalent for RPE sampled from dif-
ferent sections of the retina.

Localization of mt DNA damage within the mitochondrial
genome

In our previous study (Karunadharma et al., 2010) and the results
highlighted above, LX PCR was performed using four primer sets
(referred to as Regions I-1V) that produced products in the range
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of 2.5-5.4 kb. With AMD, more mtDNA damage was observed in
all regions of the RPE mt genome compared with age-matched
controls. To more closely define and map regions of mtDNA
damage, we used nine primer sets (A—I; Taylor et al., 2001) that
produced smaller products (1.8—2 kb) and included the noncoding
control region. For this study, donors from the intermediate stage
(MGS3) of AMD were compared with age-matched controls. MGS 3
was selected because these donors were well into the disease but
before secondary effects, such as choroidal neovascularization,
which would have complicated interpretation of our findings.

In the current analysis of nine regions of the mt genome, we
identified four regions (amplified by primer sets B and G-I) that
showed more mtDNA damage in MGS3 (disease) compared with
MGS1 (age-matched control; Fig. 4). The regions within the mt
genome covered by each primer set, as well as the genes located
within each region, are summarized in Table 2. Also provided in
Table 2 are the primers for Regions I-IV from our first mtDNA
damage study (Karunadharma et al., 2010), noting where there is
overlap with primers in the current study. Genes within the re-
gions covered by primer sets B, G, and H contained multiple
tRNAs and six proteins of the electron transport chain involved
in oxidative phosphorylation. Of note, the only overlap for Re-
gion IT occurred with a small portion of primer B, which included
the gene for NADH dehydrogenase subunit I. Genes within
primer I mainly included regulatory elements of the control re-
gion for mtDNA replication. These new results show that ~54%
of the mt genome is not significantly damaged in donors with
AMD, thus refining our previous report of genome-wide damage
to more discrete regions of the mt genome.

Discussion

Results from the current study, examining 27 age-matched control
donors and 42 donors with AMD (Fig. 1), are consistent with our
previous study (Karunadharma et al., 2010) reporting a significant
increase in RPE mtDNA damage early in the disease. Importantly,
the increase in mtDNA damage is not due to normal aging, but
rather is associated with the pathology of AMD. Thus, results from
these two studies, examining a total of 53 control and 88 donors with
AMD, firmly establishes that RPE mtDNA damage occurs early in
the disease. Additional findings include: (1) mtDNA damage is
found in not only the macula but also peripheral RPE, and (2) dam-
age is limited to discrete regions of the mt genome. The study’s
clinically relevant finding that mtDNA damage occurs in the RPE
but not in the retina provides a scientific basis for targeting the RPE
mitochondria as a strategy for treating AMD.

The increase in mtDNA damage could be due to ROS over-
production, inadequate protection, or diminished repair.
mtDNA damage could also accumulate due to defects in pro-
cesses required for maintaining mt homeostasis (mt biogenesis,
fission/fusion, and autophagy). Although no comprehensive
studies have been conducted in normal and diseased human do-
nor tissue, evidence for defects in many of these key processes is
beginning to emerge and provide a mechanistic explanation for
the increased mtDNA damage associated with AMD.

Due to their extremely short half-life, direct measurement of
ROS in vivo or in donor eyes is technically not feasible. However,
a compensatory response to increased ROS is the activation of
redox-sensitive transcription factors (i.e., Nrf-2, HSF-1) and
subsequent upregulation of proteins that deter ROS-induced
damage (Handa, 2012). In studies with human donor RPE, in-
creased content of antioxidant enzymes (catalase, MnSOD), the
electrophile-detoxifier glutathione-S-transferase, and multiple
heat shock proteins that refold ROS-damaged proteins was ob-
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Table 2. Genes associated with regions of mtDNA damage
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Primer Gene? Starting Ending Function
Region | 607° 4256
Region |l 4223° 8188°
B 2364 4262
NADH dehydrogenase subunit 1 3307 4262 ATP production
16S ribosomal RNA 1671 3229 Mitochondrial protein synthesis
Humanin 2634 2707 Mitochondrially derived peptide
tRNA leucine 1 (LUUA/G) 3230 3304 tRNA
Transcription terminator 3229 3256 Transcription regulation
Region IIl 8148° 13594
Region IV 13541° 15996°
G 11614 13638
NADH dehydrogenase subunit 4 10760 12137 ATP production
NADH dehydrogenase subunit 5 12337 14148 ATP production
tRNA histidine 12138 12206 tRNA
tRNA leucine 2 L(CUN) 12266 12336 tRNA
tRNA serine 2 S(AGY) 12207 12265 tRNA
Region IV 13541° 15996’
H 13539 15431
Cytochrome b 14747 15887 ATP production
NADH dehydrogenase subunit 5 12337 14148 ATP production
NADH dehydrogenase subunit 6 14149 14673 ATP production
tRNA glutamic acid 14676 14742 tRNA
Region IV 13541° 15996
Region | 607° 4256’
I 15331 815
Mt3 H-strand control element 384 391 Control region
Mt4 H-strand control element 3N 379 Control region
Control element 16194 16208 Control region
7SDNA 16106 191 Control region, D loop
Conserved sequence block 1 213 235 Transcription regulation
Conserved sequence block 2 299 315 Transcription regulation
Conserved sequence block 3 346 363 Transcription regulation
Replication primer 317 321 Transcription regulation
Major H-strand promoter 545 567 Control region
Minor H-strand promoter 645 645 Control region
Hypervariable segment 1 16024 16383 Control region
Hypervariable segment 2 57 372 Control region
Hypervariable segment 3 438 574 Control region
L-strand promoter 392 445 Control region
L-strand control element 16499 16506 Control region
mtTF1 binding site 523 550 Transcription regulation
mtTF1 binding site 418 445 Transcription regulation
mtTF1 binding site 233 260 Transcription regulation
mtTF1 binding site 276 303 Transcription regulation
tRNA phenylalanine 577 647 tRNA
H-strand origin 110 441 Control region
Control region, including D Loop 16024 576 Control region
Termination associated sequence 16157 16172 Control region
tRNA proline 15956 16023 tRNA
tRNA threonine 15888 15953 tRNA
Membrane attachment site 15925 499 Localization
Cytochrome b 14747 15887 ATP production
12S ribosomal RNA 648 1601 Mitochondrial protein synthesis

“MITOMAP: A Human Mitochondrial Genome Database; http://www.mitomap.org (2013).

OPrimer target regions on the mt genome (Karunadharma et al., 2010) that overlap with primers (B, G, H, I) used in the current study.

served in donors with AMD (Nordgaard et al., 2006, 2008; Deca-
nini et al,, 2007). No AMD-related change in content was
observed for either catalase or CuZnSOD (Liles et al., 1991; Frank
etal., 1999; Decanini et al., 2007) suggesting a protein-dependent
difference in response to AMD.

Mt biogenesis is essential for replenishing damaged mito-
chondria. Data that support diminished mt biogenesis includes

the decrease in number of mitochondria in RPE from AMD do-
nors (Feher et al., 2006) and lower content of electron transport
chain proteins (Nordgaard et al., 2006, 2008). Decreased content
of heat shock proteins involved in the import of nuclear-encoded
proteins that reside in the mitochondria has also been observed in
RPE from AMD donors (Nordgaard et al., 2006, 2008). This pro-
cess is integral to mt biogenesis because the vast majority of the



7310 - J. Neurosci., May 6, 2015 - 35(18):7304-7311

~1500 proteins that reside in the mitochondria are produced in
the cytosol.

Fission and fusion are required for remodeling and maintain-
ing mt architecture, and for eliminating damaged mt segments.
Evidence for defective fission/fusion includes the disorganized
cristae (Feher et al., 2006) and increased content of mitofilin in
AMD donor RPE (Nordgaard et al., 2008). Mitofilin is involved
in stabilizing cristae, so its upregulation could be a compensatory
response to altered mt remodeling and defects in fission/fusion.

Another potential site of defect is autophagy, which is a con-
served catabolic process involving the degradation of damaged
mitochondria. Evidence includes the decreased number of au-
tophagic vesicles in AMD donor RPE compared with age-
matched controls (Mitter et al., 2014) and accumulation of p62, a
protein eliminated via autophagy, in AMD donor maculas (Viiri
et al., 2013). Insulin signaling decreases autophagy (Droge and
Schipper, 2007), so the twofold increase in the insulin receptor
B-subunit reported in AMD donor RPE implies diminished au-
tophagy is possible (Decanini et al., 2007).

Our finding that the retina did not accumulate mtDNA dam-
age with AMD suggests differences in how the disease is mani-
fested in specific ocular tissues. Tissue-related differences in
repair capacity, antioxidant protection, or processes associated
with mt homeostasis could contribute to the observed results. In
support of this idea, proteomic analyses of donor RPE showed
significant changes in mt proteins with AMD (Nordgaard et al.,
2006), whereas in the retina, AMD-related changes involved the
microtubule complex, chaperones, and stress-related proteins
(Ethen et al., 2006). Our data are also consistent with observa-
tions by Udar et al. (2009) following amplification of mtDNA
using LX PCR. They reported no significant difference in rear-
rangements, degradation, or deletion in retinal mtDNA in AMD
donors compared with age-matched controls. However, they did
observe increased staining for 8-hydroxydeoxyguanidine (8-OH-
dG), a product of DNA damage, in retinal sections from AMD
donors. The 8-OH-dG staining colocalized with mitochondria in
photoreceptor inner segments, suggesting damaged mtDNA. Im-
portantly, 8-OH-dG modification does not interfere with poly-
merase amplification (Kovalenko and Santos, 2009), so this type
of damage would not be evident using the LX PCR assay. Another
limitation is that our assay includes an average contribution from
all cells in the retina. This prevents identification of specific cells
whose level of damage may correlate with AMD, especially if the
cells are a minor contributor to the overall total mtDNA.

The current investigation also tested a long-held belief that the
macula is selectively damaged with AMD. This idea was likely
promoted due to the anatomical differences in the macula versus
peripheral retina. For example, the greater choroidal bloodflow,
high ambient oxygen, and intensely focused light in the macula
create the potential for production of excessive ROS (Curcio et
al., 2009).

Although two studies support the idea that the macula accu-
mulates more mtDNA damage, results from other investigations,
including the current study, differ in their conclusions. Lin et al.
(2011) reported more mtDNA lesion in primary RPE cultures
from the macula compared with the periphery in aged human
donors. In an assay that detects a 3895 bp deletion in the mt
genome, Gendron et al. (2013) observed higher macular levels in
both the retina and RPE from aged donors. This is in contrast to
the study by Barreau et al. (1996) who found the 4977 bp deletion
was actually greatest in the peripheral RPE compared with the
macula. Results from the current study revealed no obvious dif-
ferences between the extent of mtDNA damage in the macula and
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surrounding periphery. This suggests other factors unique to the
macular environment promote the localization of the degenera-
tive phenotype to the macula with AMD. However, this does not
rule out the possibility that the combined effect of mtDNA dam-
age within the microenvironment of the macula contributes to
the disease.

One of the limitations of using donor tissue is that direct
measures of mt function are not feasible. However, possible con-
sequences of damage can be inferred when the sites of damage are
defined. Using nine primer sets that cover the entire mt genome,
we identified four regions that exhibited increased mtDNA dam-
age, including the control region. This region encompasses the
noncoding region and includes many of the cis-elements required
for mt transcription and replication. Thus, damage could lead to
abnormalities in expression of mt genes and/or production of
new mtDNA.

Other damaged regions of the mt genome included genes for
the 16S and 12S ribosomal RNAs, and 8 of 22 tRNAs. Because
both RNAs are required for translation, defects in these genes
could adversely affect synthesis of the 13 mt-encoded proteins.
The 16S rRNA region also produces mt-derived peptides; the best
characterized is humanin. This peptide has demonstrated neuro-
protective and cytoprotective properties in both cultured cells
and mouse models of disease (Yen et al., 2013). Damage to the
16S rRNA gene could diminish production of this cytoprotective
peptide.

Other damaged regions included genes for multiple subunits
of ComplexI (NADH dehydrogenase S1, S4, S5, S6) and complex
III (cytochrome b). These mt-encoded proteins were not de-
tected in our previous analysis of the mt proteome, where we
reported a decrease in ATP synthase subunits «, 3, and & of
Complex V, and cytochrome ¢ oxidase subunit 6B in Complex IV
(Nordgaard et al., 2008). These proteins are all nuclear-encoded
and reside outside the membrane. In contrast, all 13 mt-encoded
proteins are embedded in the mt membrane and are often not
detected in proteomic studies due to the limited resolution of
membrane proteins on 2D gels. Damage to genes in Complexes
I/IIT could result in decreased subunit content, somatic muta-
tions, and reduced ATP production. Although the consequences
of somatic mutations to these genes have not been experimentally
tested, genetic evidence from SNPs in the mt genome infers sen-
sitivity to changes in the sequence. For example, SNPs in the
genome encoding the NADH dehydrogenase subunits (A11812G,
MT-ND4 and A14233G, MT-ND6) have been associated with a
2.5-fold increased risk for developing advanced AMD (SanGio-
vanni et al., 2009). Together, the consequences of the combined
defects in protein synthesis and somatic mutation of electron
transport chain proteins could reduce ATP production and cre-
ate an energy crisis in the cell.

In summary, results from our laboratory support the idea that
the RPE mitochondria suffer early insults in AMD and provide a
scientific basis for targeting therapies to the RPE. Because mt
damage occurs before vision loss, early intervention would likely
protect or rescue RPE mt function and could therefore attenuate
disease progression.
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