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Accumulation of oxidative mitochondrial DNA (mtDNA) damage and impaired base excision repair (BER)
in brains have been associated with Alzheimer’s disease (AD). However, it is still not clear how these
affect mtDNA stability, as reported levels of mtDNA mutations in AD are conflicting. Thus, we investi-
gated whether alterations in BER correlate with mtDNA instability in AD using postmortem brain samples
from cognitively normal AD subjects and individuals who show neuropathological features of AD, but
remained cognitively normal (high-pathology control). To date, no data on DNA repair and mtDNA
stability are available for these individuals. BER activities, mtDNA mutations, and mtDNA copy number
were measured in the nuclear and mitochondrial extracts. Significantly lower uracil DNA glycosylase
activity was detected in nuclear and mitochondrial extracts from AD subjects, while apurinic/
apyrimidinic endonuclease activity was similar in all groups. Although mtDNA mutation frequency was
similar in all groups, mtDNA copy number was significantly decreased in the temporal cortex of AD
brains but not of high-pathology control subjects. Our results show that lower mitochondrial uracil DNA
glycosylase activity does not result in increased mutagenesis, but rather in depletion of mtDNA in early-
affected brain regions during AD development.
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1. Introduction

As life expectancy has increased significantly in the last century,
the number of Alzheimer’s diseases (AD) cases in the world raised
sharply, with an associated increase in public health costs. AD is
characterized by progressive cognitive impairment, mostly
memory, and impairment of behavioral abilities. Synaptic
dysfunction and neuronal death in brain regions responsible for
learning and memory are associated with the presence of amyloid
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plaques—extracellular deposits of amyloid beta peptide (Ap)—and
neurofibrillary tangles (NFTs) of hyperphosphorylated tau aggre-
gates (Mattson, 2004). Despite major recent advances in identifying
genes and cellular targets involved in AD pathophysiology, the
molecular mechanisms leading to functional and histological
changes in patients have not been fully elucidated. Several lines of
evidence suggest that accumulation of oxidative DNA lesions
(Krishnan et al., 2012; Wang et al., 2005) and DNA repair defects
(Canugovi et al., 2014; Krishnan et al., 2012; Weissman et al., 2007)
may have a role in AD progression.

Oxidized lesions are repaired, primarily, by the base excision
repair (BER) pathway. Mechanistically, the BER pathway is carried
out in five distinct enzymatic steps [reviewed in (Robertson et al.,
2009; Wilson and Bohr, 2007)]. BER is initiated by the (1) recog-
nition of the damaged base by a DNA glycosylase, followed by the
(2) incision of the DNA backbone by apurinic/apyrimidinic (AP)
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endonuclease (APE1) or by the intrinsic AP-lyase activity of some
DNA glycosylases. Incision of the abasic site creates single-
nucleotide gaps with different 5 or 3’ termini, which are then (3)
processed by DNA polymerase 3 or APE1 to generate 3/-OH and/or
5’-phosphate termini, allowing (4) nucleotide incorporation by
DNA polymerase. The synthesis step may proceed either via single-
patch BER or long-patch BER. Single-patch BER is characterized by
the incorporation of only one nucleotide, whereas in long-patch
BER, there is incorporation of multiple nucleotides (2-7 nucleo-
tides), creating a flap that is processed by Flap endonuclease 1.
Finally, (v) the nick is sealed by DNA ligase.

Assessment of BER in AD brains detected lower activities in total,
nuclear, and mitochondrial lysates in the cortex and cerebellum
(CE) (Canugovi et al., 2014; lida et al., 2002; Lovell et al., 2000;
Weissman et al., 2007), leading to the hypothesis that lower BER
sensitizes neurons to cell death induced by amyloid plaques and
NFTs. However, results in mitochondria were obtained only for the
inferior parietal lobe. Thus, to establish a causal relationship, more
studies are needed to verify BER status in early affected brain re-
gions related with the pathophysiology of the disease. Moreover, it
is still unclear whether lower mitochondrial BER leads to mutation
accumulation in mitochondrial DNA (mtDNA), as results in the
literature are conflicting regarding mtDNA mutation levels in AD
(Chang et al., 2000; Chinnery et al., 2001; Coskun et al., 2004;
Hoekstra et al., 2016; Lin et al., 2002).

Thus, we analyzed BER activity, mtDNA mutation frequency, and
copy number in two brain regions, temporal cortex (TC) and CE, as
the former is an early affected region for plaques and tangles,
respectively, and the latter accumulates plaques only in late stages
of AD (Braak and Braak, 1991; Montine et al., 2012; Thompson et al.,
2003). The analyses were performed in postmortem brains from
three groups: normal, AD, and high-pathology control (hpC) sub-
jects, individuals who meet criteria to high AD neuropathologic
changes (ADNCs) (Montine et al., 2012), but remained cognitively
normal. This third group is important to investigate the molecular
mechanisms that protect the brain against accumulation of DNA
damage and prevent the development of cognitive impairment and
to ascertain whether changes in the parameters tested are causal or
resulted from the accumulation of plaques and tangles, regardless
of the development of the disease.

2. Materials and methods
2.1. Experimental groups

Three groups were used in this study: (1) control (C), cognitively
normal without AD neuropathology; (2) hpC, cognitively normal
with high ADNC; and (3) AD with moderate or severe dementia and
high ADNC. Postmortem brain samples were obtained from the
Brazilian Aging Brain Study Group’s Brain Bank, University of Sdo
Paulo School of Medicine. The samples were collected through the
City of Sdao Paulo Death Verification Service, after obtaining
informed consent from family members. Cognitive screening was
performed by the Informant Questionnaire on Cognitive Decline in
the Elderly —retrospective version (Jorm and Jacomb, 1989) and the
Clinical Dementia Rating (Morris, 1993) applied to the subject’s
family. The distribution and localization of amyloid plaques and
NFTs were analyzed according to Consortium to Establish a Registry
for Alzheimer's Disease (CERAD) score (Mirra et al., 1991) and Braak
stage (Braak and Braak, 1991), respectively. The subjects were
scored according to cognitive (Clinical Dementia Rating and Infor-
mant Questionnaire on Cognitive Decline in the Elderly) and
neuropathological (CERAD score and Braak stage) criteria and
classified into the three groups (Table 1). The groups were paired for

Table 1
Classification of experimental groups by clinical and pathological criteria
Groups CDR IQCODE CERAD Braak
staging
Control (C) 0 <3,20 OorA <l
High-pathology 0 <3,20 BorC > 1V
control (hpC)
Alzheimer's >2 >3,80 BorC > 1V
disease (AD)

CDR scale and IQCODE clinical functional assessments used for cognitive classifica-
tion; CERAD criteria and Braak staging—neuropathological assessment of AD pa-
thology.

Key: CDR, clinical dementia rating; IQCODE, informant questionnaire on cognitive
decline in the elderly.

age and followed the inclusion criteria described in the study by
Grinberg et al., 2007.

2.2. Preparation of nuclear and mitochondrial extracts

Nuclear and mitochondrial fractions were isolated from 0.5 to 1
g of frozen CE or TC as described (Karahalil et al., 2002; Soltys et al.,
2015), using Ficoll 400 gradient to separate mitochondrial fractions.
Protein extracts were obtained by suspending the fractions in the
buffer containing 20 mM HEPES (pH 7.0), 150 mM KCl, 2 mM EDTA,
1% Triton X-100, and protease inhibitors (Roche, Basel,
Switzerland), incubated for 1 hour, at 4 °C with shaking and
centrifuged at 50,000 x g for 1 hour. Supernatants were collected,
and glycerol was added to a final concentration of 10%. All steps
were performed at 4 °C. Protein concentration was measured by
Bradford (Bradford, 1976), using bovine gamma globulin as stan-
dard (Bio-Rad Laboratories Inc, Hercules, CA, USA).

2.3. Western blotting

Purity of the mitochondrial fractions was assessed by standard
Western blot techniques using 10 pg of each fraction and antibodies
against Lamin B2 (X223; 1:500) (nuclear marker) and COX4 (20ES;
1:750) (mitochondrial marker), all from Santa Cruz Biotechnology,
Santa Cruz, USA. For uracil DNA glycosylase (UDG) protein levels
and mitochondrial content, 50 pg of whole-cell extracts was used
with the following antibodies: UNG (K1C12; 1:500; Abcam), COX4
(6B3; 1:500; Novus Biologicals), and B-actin (ab6276; 1:10,000;
Abcam).

2.4. In vitro measurement of BER activities

BER was measured using oligonucleotide incision assays with
fluorescent-labeled oligonucleotides containing site-specific le-
sions, as described (Soltys et al., 2015). Oligonucleotides containing
uracil (U), tetrahydrofuran (abasic site analog) (AP), or a non-
modified base (Ctrl) at position 11 were used in this study. The
substrates were obtained commercially (U, Ctrl, and complemen-
tary strands from Invitrogen, Life Technologies, Carlsbad, CA, USA;
AP from Midland Certified Reagent Company, Midland, TX, USA).
Supplementary Fig. 1 shows the sequence of the oligonucleotides
and a schematic representation of the incision assay. In vitro assays
were performed as described in the study by Maynard et al., 2010,
using 50 fmoles of fluorescent-labeled substrate per reaction. Re-
combinant APE1 and UDG were purchased from New England
Biolabs (Ipswich, MA, USA) and used as positive controls. Incuba-
tion time and protein concentrations were determined experi-
mentally for each substrate and brain region. For uracil, reactions
containing 5 pg of CE nuclear or mitochondrial extracts were
incubated at 37 °C for 30 minutes (nuclear) or 1 hour
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(mitochondrial). For TC extracts, reactions contained 5 pg (nuclear)
or 10 pg (mitochondrial) of protein extracts. For AP, reactions con-
taining 10 ng of CE nuclear or mitochondrial extracts were incu-
bated for 5 minutes (nuclear) or 10 minutes (mitochondrial),
whereas 10 ng (nuclear) or 25 ng (mitochondrial) of TC protein
extracts were incubated at 37 °C for 10 minutes (nuclear) or
15 minutes (mitochondrial). The products were resolved under
denaturing conditions (23% acrilamida/bis-acrilamida 19:1, 7M
Urea, tris-borate-EDTA [Tris base 0.22M, Boric acid 0.18M, EDTA 5
mM] 1x), visualized in the laser scanner Typhoon Trio (GE
Healthcare Life Sciences, Buckinghamshire, UK) and quantified us-
ing ImageQuant (GE Healthcare Life Sciences).

2.5. Citrate synthase activity

Citrate synthase (CS) activity was measured in a 96-well
microplate following the procedure described by Oroboros In-
struments Company (Eigentler et al., 2015). For each reaction, 3 pg
of mitochondrial or whole-cell extracts was incubated with 0.1 M
Tris-HCl buffer (pH 7.1), 250 uM oxaloacetate, 100 uM DNTB, and
50 uM acetyl-coenzyme A. Absorbance at 412 nm was monitored
for 5 minutes at 30 °C, and the inclination of blank or sample-
containing reactions were calculated per minute. Enzyme activ-
ity, in international units (IU, mU/mL), was calculated using the
molar absorptivity coefficient of TNB (13.6 mM~! x cm~!) and
optical path length for the total volume of reaction (0.527 for
0.2 mL). The data were normalized to protein concentration, and
the results are presented in mU/mg of protein (nmols/min/mg of
protein).

2.6. DNA extraction

Total DNA was isolated from 10 mg of postmortem brain samples
using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.

The amount and quality of DNA were checked by spectropho-
tometry (NanoDrop, Thermo Scientific, Waltham, MA, USA) and by
quantitative polymerase chain reaction (PCR) (qPCR). On qPCR re-
actions, 1 pL of total DNA (diluted 10x in water) was amplified with
500 nM of primers for mtDNA (Walker’ primers, see Supplementary
Table 1). PCRs were performed in duplicate in 25 pL reactions with
GoTaq gPCR Master Mix (Promega, Fitchburg, WI, USA). Cycling and
reading were performed in the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using
standard thermal cycling conditions and annealing temperature of
65 °C.

2.7. Random mutation capture assay and mtDNA copy number

MtDNA mutation rate was analyzed using the random mutation
capture (RMC) assay, as described (Bielas and Loeb, 2005; Valente
et al., 2016; Wright et al., 2011). Total DNA (500 ng) was incu-
bated with 10 U of Taql enzyme (Fischer Scientific, Hampton, NH,
USA) in Taql buffer (1 x) for 1 hour at 65 °C, for 20 successive rounds
of digestion. The digested DNA was used in droplet digital PCR
(ddPCR) reactions on the QuantaLife Droplet Digital PCR system
(QuantalLife, Bio-Rad Laboratories), with mtDNA targets inside (Taql
1216 and 8006 sites) and outside (Walker) the Taql site. The
amplification of the region outside the Taql site was performed with
1 puL of diluted digested DNA (dilution of 500x to 2000x) and for
the Taql sites with 5 pL of nondiluted digested DNA. The digested
DNA, primers, and probes were mixed with ddPCR Master Mix (Bio-
Rad Laboratories) to a final reaction volume of 25 pL. Reaction
droplets were made by applying 20 pL of each reaction mixture to a
droplet generator DG8 cartridge in the QuantaLife Droplet

Generator (QuantalLife), and cycling was performed on the MyCy-
cler thermal cycler (Bio-Rad Laboratories) using standard condi-
tions and an annealing temperature of 65 °C. The thermally cycled
droplets were then analyzed by flow cytometry on a QuantalLife
Droplet Digital PCR system (QuantalLife). The number of positive
droplets was calculated automatically by the accompanying soft-
ware (QuantaSoft, Bio-Rad Laboratories) using Poisson statistics, as
described elsewhere (Hindson et al., 2011). mtDNA copy number
was measured as the relative amplification ratio between mito-
chondrial (Walker) and nuclear (RPP30) loci, using ddPCR assays
performed with Taql-digested DNA and the appropriate primers/
probe sets. Supplementary Table 1 shows sequence and targets for
primers/probe set.

2.8. Statistical analysis

All assays were performed in duplicate with at least two inde-
pendent experiments, and the results were plotted as mean +
standard deviation.

Data from each group were analyzed by Grubb'’s test for possible
outliers. Normality and the equality of variances were analyzed by
Shapiro-Wilk test and Levene’s test, respectively. For normal dis-
tribution data, the one-way ANOVA with Tukey’s post hoc test was
used. Otherwise, the Kruskal-Wallis with Mann-Whitney post hoc
test was used. All analyses were carried out by the Prism GraphPad
version 5.01 software (GraphPad Software, La Jolla, CA, EUA) and
SigmaStat version 3.5 (Systat Software, Chicago, IL, EUA). Differ-
ences between experimental groups were considered significant
when p<0.05.

3. Results
3.1. Characterization of experimental groups

The demographic, clinical, and pathological data of individuals
included in this study are presented in Table 2. Only samples with
postmortem interval inferior to 24 hours were used, as previous
results from our group showed that BER activities were preserved
in rat brains up to 24 hours after death (Soltys et al., 2015).

Variation in age and education between the groups were
analyzed by one-way ANOVA and Tukey’'s post hoc tests and
showed no significant differences between the three groups for
both parameters. Some individuals included in the hpC group dis-
played histopathological features not only of AD but also of other
dementia, such as Parkinson’s disease and vascular dementia, while
still preserving cognition, indicating that they are also protected
from the clinical outcomes of the neuropathological features char-
acteristic of these diseases.

3.2. Nuclear and mitochondrial UDG activities are reduced in AD
brains and inversely correlated with disease hallmarks

Mitochondrial and nuclear extracts from TC and CE from control,
hpC, and AD individuals were assayed for BER activities using an
in vitro oligonucleotide incision assay. We measured incision of a
fluorescent-labeled 30-mer oligonucleotide containing a deoxyur-
idine at position 12, and enzyme activity was calculated from the
ratio between the 18-mer product (arrow) and the uncleaved 30-
mer (Supplemental Fig. 1, Fig. 1A). Recombinant UDG was used as
the positive control. UDG is the main DNA glycosylase responsible
for removing uracil from DNA in the nucleus and in the mito-
chondria (Krokan et al., 2001), thus U-incision is referred to as UDG
activity. Nuclear UDG activity was significantly lower in both AD
brain regions when compared with control individuals, whereas no
statistically significant differences were detected in the hpC group
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Table 2
Demographic, clinical, and pathological data of the individuals included in the study

Experimental Subject Age Gender Education (y) Braak stage 1Q CDR CERAD PMI (h) Histopathology
groups
Control
1 79 M 4 0 3 0 A 14.38 Normal
2 80 M 4 2 3 0 0 15.38 Normal
3 84 F 4 1 3 0 0 11.38 Normal
4 89 F 8 2 3 0 0 5.38 Normal
5 75 M 4 2 3 0 A 17.05 Normal
6 74 F 0 2 3 0 A 16.28 Normal
7 73 F 12 0 3 0 0 8.66 Normal
8 64 F 0 2 3.04 0 0 12.18 Normal
9 68 M 8 2 3 0 A 13.8 Normal
10 82 M 2 2 3 0 A 14.08 Normal
Mean + SD 76.8 +£7.52 4.6 + 3.77
Alzheimer’s disease
1 82 M 2 6 5 3 C 15.33 AD
2 80 M 4 5 4.73 3 C 18.6 AD
3 83 F 2 6 4.92 3 B 12.05 AD
4 72 M 8 6 4.46 2 C 7.78 AD
5 81 F 1 4 5 3 B 13.66 AD
6 79 F 4 6 5 3 C 16 AD
7 94 F 0 6 48 3 C 12.31 AD
8 81 F 0 5 4.7 2 C 13.75 AD
9 93 F 4 6 5 3 C 104 AD
10 79 F 0 6 5 3 C 14.68 AD+PD
Mean + SD 824 +6.57 2.5+ 255
High-pathology control
1 82 M 1 4 3 0 B 2291 AD
2 87 F 12 5 3.04 0 C 8.66 AD + VD
3 83 F 8 4 3 0 B 20.66 AD + PD
4 73 M 15 4 3 0 C 8.16 AD
5 80 F 4 5 3 0 C 13.58 AD + VD
6 80 M 4 5 3 0 C 9.41 AD
7 95 F 4 3 3 0 B 13.41 AD
8 81 F 4 4 3 0 C 113 AD+VD
9 85 F 8 4 3 0 B 11.65 AD+PD
10 89 F 2 4 3 0 C 13.08 AD
Mean + SD 83.5 £ 5.96 6.2 +4.49

CDR scale and IQCODE—clinical functional assessments used for cognitive classification; CERAD criteria and Braak staging—neuropathological assessment of AD pathology.
Key: AD, Alzheimer’s disease; CDR, clinical dementia rating; IQCODE, informant questionnaire on cognitive decline in the elderly; PMI, postmortem interval; PD, Parkinson’s

disease; VD, vascular dementia.

(Fig. 1B and C). Interestingly, for all groups, nuclear UDG activity
was inversely correlated with CERAD score (Fig. 1D and F) and Braak
stages (Fig. 1E and G) in both regions.

To measure BER in the mitochondrial compartment, we prepared
highly purified brain mitochondria, as nuclear contamination could
mask differences among the groups due to higher activities of nu-
clear BER enzymes when compared with mitochondrial extracts
(Karahalil et al., 2002). Purity of mitochondrial fractions was tested
measuring the presence of Lamin B2, an exclusively nuclear protein,
in the extracts. COX4, an exclusively mitochondrial protein, was used
as the mitochondrial marker. A representative Western blot is shown
in Fig. 2A. All mitochondrial preparations used here showed less than
5% of nuclear contamination. To account for differential mitochon-
drial enrichment during isolation, we measured CS activity, a sur-
rogate for mitochondrial content (Holloszy et al., 1970), which was
used to normalize BER activities for each sample. CS activity did not
vary among the groups in both brain regions (Fig. 2B and C), indi-
cating similar mitochondrial enrichment during isolation.

Mitochondrial UDG activity was assayed and resolved as
described, and a representative gel is shown in Fig. 2D. Mitochon-
drial UDG was significantly reduced in the AD group when compared
with controls in TC (Fig. 2F), but not in CE (Fig. 2E). UDG activity in
the hpC group was not statistically different from the control (p =
0.2716). TC mitochondrial UDG activity was also inversely correlated
with CERAD score (Fig. 2G) and Braak stage (Fig. 2H). Importantly,
mitochondrial UDG activity showed no correlation with postmortem

interval for the individuals included here (Supplementary Fig. 2), in
accordance with our previous results that BER activities are pre-
served up to 24 hours after death (Soltys et al., 2015).

As lower uracil incision activity was observed in AD nuclear and
mitochondrial extracts, we quantified UDG expression in whole-
brain extracts to ascertain whether UDG protein levels were
decreased. However, UDG expression was similar in all three
experimental groups (Supplementary Fig. 3).

3.3. Nuclear and mitochondrial APE1 activities are not altered in AD
subjects

APE1 is the major abasic site (AP) endonuclease in mammalian cells
and catalyzes the second enzymatic step in BER (Wilson et al., 1995).
APE1 activity was measured in nuclear (Fig. 3A) and mitochondrial
(Fig. 3D) extracts with a fluorescent-labeled 30-mer duplex containing
the abasic site analogue tetrahydrofuran at position 12 (AP duplex).
APE1 activity in nuclear (Fig. 3B and C, for CE and TC, respectively) or in
mitochondrial (Fig. 3E and F, for CE and TC, respectively) extracts was
similar in all three groups, indicating that AP-site incision is preserved
during the AD neurodegenerative process.

3.4. mtDNA mutation frequencies are not increased in AD

It has been proposed that accumulation of mtDNA mutations
and deletions drive AD pathology (Wallace, 2005). mtDNA
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Fig. 1. Nuclear UDG activity is reduced in AD cerebellum and temporal cortex. Nuclear extracts, prepared from postmortem brains, were incubated with a U-containing substrate (U
duplex) and resolved as described. A representative gel is presented in (A) and the migration of the product is indicated by an arrow; recombinant UDG (UDG+) was used as a
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significant. The incision values presented are mean =+ SD of two independent experiments, performed in duplicate (n = 10 per group). * p < 0.05. Abbreviations: AD, Alzheimer’s

disease; UDG, uracil DNA glycosylase.

mutation levels in AD brains have been measured previously, but
the results are conflicting. Thus, we measured the mtDNA mutation
rate and spectrum in the three experimental groups using the RMC
assay, a highly sensitive method that discriminates wild-type from
mutated DNA based on the cleavage at a specific restriction site
(Taql) composed of all four canonical nucleotide (5" TCGA3’) (Bielas
and Loeb, 2005). This technique allows detection of rare mutations,
with the lower detection limit of one mutation per 10° bases (Bielas
and Loeb, 2005), providing a broader and more complete spectrum
of mutations in the samples analyzed.

mtDNA mutation frequency was measured in two different Taql
sites in the human mtDNA genome, at nucleotide positions 1216
and 8006, located at the 12S ribosomal RNA and the MT-COII genes,
respectively. The RMC analyses showed that mtDNA mutation fre-
quencies were similar for all three groups, in both brain regions
(CE—Fig. 4A; and TC—Fig. 4B). Furthermore, both Taql sites showed
comparable mutation frequencies of around 10-20 mutations per
108 base pairs. Similar mutation frequencies have been observed in
other studies (Ericson et al., 2012).

3.5. Significant decrease in the mtDNA copy number in TC of AD
individuals

As damage accumulation can lead to mtDNA degradation
(Shokolenko et al., 2013), we measure mtDNA levels to ascertain
whether mtDNA might be a preferential target to degradation in
AD. To address this question, ddPCR assays were performed with
Taql-digested DNA and with primers/probe sets targeting mito-
chondrial (Walker) and nuclear (RPP30) loci (see Supplementary
Table 1). For this assay, short amplicons were chosen to make
sure that mtDNA damage accumulation would not interfere with
amplification during the ddPCR.

Although no variation in mtDNA copy number among the three
groups was observed in CE (Fig. 5A), significant mtDNA depletion
was observed in TC from AD subjects when compared to controls
and hpC (Fig. 5B). Lower mtDNA content in AD subjects was not
due to decreased mitochondrial mass, as CS activity and COX4
protein expression levels in whole-brain extracts were similar for
all groups (Fig. 5C—E). These results suggest that targeted mtDNA



166 D.T. Soltys et al. / Neurobiology of Aging 73 (2019) 161—170

Temporal Cortex w o
i Lo O 2001 : 2001
Nu C5 C6 AD5 AD6 AD7 hpC5 hpCé hpC7 hpC7 £ £_
) 2T 2E
Lamin B2 —> | s £5 150 33 1501
23 2
s% 5 °
S <5 <s
w“
&5 1001 § S 100
£@ £ g’ —1
£35 £35
AE 5 'i‘ AE 509
T ———— , =
= 0 T T T = [} . + r
(8] [ hpC AD &) c hpC AD
80 f = {
£ ) 400
- = )
= - =
g & , 8 60 =z
w .
o 8 c AD hpC oy 08 300
£ °
== s E £ >
5Ea = E 200
38 3
— ———— — — — — —— 2% 3 o
= E 20 g 2
=& = E 100
: g =
- S I S é

T —
Cc hpC AD C hpC AD
r=-0.5709

e 400+ r=-0.5283 Q 400+ P=0.0055
= P=0.0115 s _
0 O 300 t 0 3004
=R 0O

) F o
£ c© b
B 9 £ 5 2004
5 200 SE
2% o = 4
g % g 3 100 ry . é
S g 100 Ll . £2 .
zE » =& o
g - e . 8 1 2 3 4 5 6

vO /'\ -é é S _100- Braak stage
CERAD

Fig. 2. Lower mitochondrial UDG activity in the AD temporal cortex. Mitochondrial extracts prepared from postmortem brains were checked for nuclear contamination by Western
blotting against nuclear (Lamin B2) and mitochondrial (COX4) proteins (A). Mitochondrial content in each sample was measured by Citrate Synthase (CS) activity (panels B and C, for
CE and TC, respectively). Uracil incision activity was measured as described, and a representative incision gel is presented in (D), using recombinant UDG (UDG+) as a positive
control; the migration of the product is indicated by an arrow. Uracil incision was measured in mitochondrial extracts from cerebellum (E) or temporal cortex (F) and normalized to
CS activity. Uracil incision activity in TC for each individual was plotted against CERAD score (G) or Braak stage (H). R values represent the Pearson’s coefficient and p values <0.05
are considered statistically significant. The incision values presented are mean + SD of two independent experiments, performed in duplicate (n = 10 per group). * p < 0.05.

Abbreviations: AD, Alzheimer's disease; UDG, uracil DNA glycosylase.
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Fig. 3. Nuclear and mitochondrial APE1 activity is not affected in AD. AP-site incision was measured as described and representative incision gels are presented in (A and D), using
recombinant APE1 (APE1+) as a positive control. AP incision was measured in CE (B and E) or TC (C and F) nuclear (B and C) and mitochondrial (C and F) extracts. Mitochondrial AP-
site incision activity was normalized to CS activity (Fig. 2). The incision values presented are mean + SD of two independent experiments, performed in duplicate (n = 10 per group).

Abbreviations: AD, Alzheimer’s disease; hpC, high-pathology control.
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Fig. 4. mtDNA mutation frequency is similar in control, hpC, and AD individuals. Total
DNA was isolated from the cerebellum (A) and temporal cortex (B) from all samples
(Table 1) and mutation frequency at mtDNA Taql sites 1216 (clear bars) and 8006
(dotted bars) was analyzed by RMC, as described. The graphs show the mean + SD of
two independent experiments, performed in duplicate (n = 10 per group). Abbrevia-

tions: AD, Alzheimer’s disease; hpC, high-pathology control; RMC, random mutation
capture.

degradation rather than widespread mitophagy may be respon-
sible for this effect. In fact, LC3I/II ratio, an indicative of autophagic
flux, was similar in extracts from all three groups (Supplementary
Fig. 4).

4. Discussion

Despite great advance in understanding AD pathology, it is still
unclear how some of the molecular features of the disease arise and
whether they contribute to the pathology. In this regard, it has been
postulated that accumulation of mtDNA damage leads to mtDNA
mutagenesis and contribute to mitochondrial dysfunction and the
clinical outcome (Wallace, 2005). Although the observation that
DNA repair activities are impaired in AD brains (Canugovi et al.,
2014; lida et al., 2002; Lovell et al., 2000; Weissman et al., 2007)
provided mechanistic support to that, conflicting results regarding
mtDNA mutation accumulation in AD have hindered the interpre-
tation of the biological significance of such findings.

Using two different brain regions, an early (TC) and a late (CE)
affected region during AD progression, we show that UDG activity is
decreased in nuclear and mitochondrial extracts from AD subjects.
Interestingly, UDG activity is preserved in hpCs and inversely
correlated with both CERAD score and Braak stage, suggesting that
it may be a susceptibility factor for disease outcome. Decreased
UDG activity and protein levels were found in whole-cell extracts
from inferior parietal lobule from AD brains (Weissman et al.,
2007). In that study, the authors also observed an inverse correla-
tion between UDG activity and NFTs in brains of amnestic MCI
patients, although no correlation was found with AB distribution
(Weissman et al., 2007). In our samples, however, no changes in
UDG protein levels were detected in whole-cell extracts, indicating
that other mechanisms might account for decreased UDG activity.
UNG2, the nuclear isoform of UDG, has multiple phosphorylation
sites within its N-terminal regulatory domain (Hagen et al., 2008;
Lu et al., 2004), with the phosphorylated forms displaying higher
incision activity on uracil-containing substrates. Moreover, the
sequential phosphorylation regulates UNG2 interaction with
replication protein A and modulates its activity and turnover
(Hagen et al., 2008). One of these phosphorylation sites, Thr®, is a
target of the glycogen synthase kinase 3—GSK3 (Baehr et al., 2016),
which can be activated by A and in turn promotes Af production
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Fig. 5. Lower mtDNA content in AD temporal cortex. mtDNA copy number was measured in total DNA from CE (A) and TC (B) as the ratio of ddPCR amplification of a mitochondrial
(Walker site) and a nuclear (RPP30) target. Mitochondrial content in TC whole-cell extract was evaluated by measuring citrate synthase activity (C), as described and COX4 protein
levels by Western blotting. A representative blot is presented in panel D; COX4 protein expression was normalized to B-actin expression and quantifications are expressed relative to
the control group (E). The values represent the mean + SD of two independent experiments, performed in duplicate (n = 10 per group). * p < 0.05; **** p < 0.0001. Abbreviations:

AD, Alzheimer’s disease; CE, cerebellum; ddPCR, droplet digital PCR; TC, temporal cortex.
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(Jope and Johnson, 2004), and is one of the main kinases involved in
tau hyperphosphorylation (Ishiguro et al., 1993; Yamaguchi et al.,
1996). In addition, Cd(Il) ions were shown to inhibit human UDG
by displacing catalytic water in the binding pocket, preventing
uracil excision (Gokey et al., 2016), and high concentration of this
metal ion in blood is associated with AD mortality (Min and Min,
2016) and negatively correlated with tangles in AD subjects
(Panayi et al., 2002).

UDG plays a pivotal role in neuronal survival and in the cellular
responses to oxidative damage. Lack of UDG induces p53-
dependent apoptosis in embryonic rat hippocampal neurons;
however, the molecular mechanism remains unclear (Kruman et al.,
2004). Folic acid deficiency and high plasma homocysteine have
been linked to increased risk of AD (Ravaglia et al., 2005; Seshadri
et al., 2002). Impaired one-carbon metabolism, due to low folic
acid, leads to uracil misincorporation (Fenech, 2010; Hinterberger
and Fischer, 2013) and increased sensitivity to AP peptide toxicity
(Kruman et al., 2002). Moreover, hippocampal neurons from APP
mutant mice became more vulnerable to excitotoxicity and DNA
damage when maintained in low folic acid conditions, suggesting
that DNA damage accumulation is a determinant for neuronal death
(Kruman et al., 2002). Lack of UDG exacerbated the effect of a folic
acid—deficient diet in the neurodegenerative process (Kronenberg
et al, 2008), indicating a causal relationship between uracil
removal and the pathophysiology of the disease.

hpC individuals did not show a significant decrease in UDG ac-
tivity when compared to controls. This group was first described by
Katzman et al., 1988 based on neuropathological and cognitive
criteria. A recent study comparing four different groups (controls,
nondemented with intermediate probability of AD, nondemented
with high probability of AD, and AD) reported that AD individuals
had a significant reduction in the number of temporal neurons
when compared with controls, whereas no significant neuronal loss
was observed in intermediate and high probability of AD (Perez-
Nievas et al., 2013). Moreover, AD subjects, but not nondemented
subjects with high probability of AD, showed a significant decrease
in a component of postsynaptic density (PSD-95) and in a compo-
nent of presynaptic vesicles (synaptophysin) when compared with
controls. The authors suggested that this represents an early syn-
aptic compensatory mechanism that may prevent the cognitive
decline (Perez-Nievas et al., 2013).

Although the molecular mechanisms that promote synaptic
plasticity are still poorly understood, the mitochondria play a
pivotal role in this process. As synaptic transmission requires high
levels of ATP and regulation of calcium dynamics, an increased
transport of mitochondria to synaptic terminals is required to
supply these needs (Mattson and Liu, 2002; Reddy and Beal, 2008).
However, intraneuronal accumulation of oligomeric AB leads to
dysfunctional mitochondrial dynamics and impaired mitochondria
anterograde transport, resulting in decreased synaptic function
(Calkins et al., 2011). In addition, hippocampal cultured neurons
show impaired mitochondrial transport and fragmentation upon
exposure to AP oligomers (Rui and Zheng, 2016). Thus, the
compensatory and protective mechanisms associated with pre-
served cognitive function in hpC individuals may be related to the
functional and morphological integrity of the mitochondria and to
its crucial role it plays in synaptic transmission and plasticity.

In line with that, we found that mitochondrial UDG activity was
significantly decreased in AD when compared with controls only in
TC but not in CE. Our results suggest that mitochondrial UDG may
be important in protecting temporal neurons from A toxicity. In
fact, HeLa cells exposed to hydrogen peroxide showed a 2.2-fold
increase in mitochondrial UDG expression (Akbari et al., 2007),
and overexpression of mitochondrial UDG in A549 cells protected
from hydrogen peroxide and gossypol toxicity and reduced 8-OHdG

levels, indicating that mitochondrial UDG also protects mtDNA
from oxidative damage (Liu et al., 2016).

AD individuals harbor more mtDNA lesions than age-matched,
cognitively normal individuals (Krishnan et al., 2012; Wang et al.,
2005). The higher levels of DNA lesions observed in the mtDNA
from AD brains have been attributed to increased oxidative stress
(Wang et al., 2014) and lower DNA repair capacity, as shown here
and by others (Canugovi et al., 2014; Weissman et al., 2007). DNA
lesions can impair mtDNA replication and transcription, whereas
lesion bypass by DNA polymerases may result in point mutations,
and it has been proposed that increased mtDNA mutagenesis con-
tributes to mitochondrial dysfunction in AD. Previous studies have
analyzed the mtDNA mutation spectrum in AD brains (Chang et al.,
2000; Chinnery et al., 2001; Coskun et al., 2004; Hoekstra et al.,
2016; Lin et al., 2002) but report divergent results as to whether
there is a higher mtDNA mutation frequency in AD brains. Using the
highly sensitive RMC assay, which can detect even rare and low
frequency mutations (Bielas and Loeb, 2005), we found no
increased mtDNA mutation frequency in AD brains. A recent study
showed that mtDNA point mutation frequency in the hippocampus
depends on the disease stage, being significantly elevated in early
stage and lower in confirmed AD individuals. The authors suggest
that mutated mtDNA may be lost by neuron death during disease
progression (Hoekstra et al., 2016). In that study, the group classi-
fied as early stage AD had no cognitive decline, Braak stage Il or IV,
and CERAD score moderate or frequent (Hoekstra et al., 2016),
whereas the hpC group used here included only individuals with
Braak stages IV or V. Despite the similarities between classification
criteria of the groups, some factors may account for the difference
in the results, including sample size, the techniques used to quan-
tify the mtDNA mutations, and Braak stage.

Nonetheless, the lower mtDNA copy number detected in AD TC,
when compared with hpC and controls, supports the hypothesis
that mutated and/or damaged mtDNA may be lost during AD pro-
gression. mtDNA depletion could not be attributed to selective
mitophagy, as CS activity and COX4 protein levels in whole-brain
extracts were similar for all groups. Lower mtDNA copy number
was previously reported in Parkinson’s (Pyle et al., 2015), Hun-
tington’s (Petersen et al., 2014), and also AD (Rice et al., 2014). As
proposed by Malik and Czajka, 2013, the mtDNA/nDNA ratio could
be taken as a biomarker of mitochondrial dysfunction, as a
decreased ratio is observed in several conditions associated with
oxidative stress. As mitochondrial content is a consequence of the
balance between biogenesis and degradation by mitophagy (Ploumi
et al, 2017), similar mitochondrial content is an indicative of
normal mitochondrial dynamics and suggests that damaged ge-
nomes might be preferentially degraded in AD subjects, rendering
mitochondria less efficient and more susceptible to Af toxicity.

5. Conclusion

The activity of BER enzyme UDG was significantly decreased in
mitochondrial and nuclear extracts of AD TC. Moreover, U-incision
inversely correlated with neuropathological hallmarks of AD, sug-
gesting that lower UDG activity is a feature of AD neuropathology
and could be a potential biomarker of the development of the
disease. Nonetheless, AD individuals did not accumulate more
mutations in mtDNA but rather showed lower mtDNA copy number
in TC, a region which is subjected to higher NFTs and A stress and
therefore should accumulate more DNA damage. Altogether, our
results suggest that decreased UDG and BER activity in AD subjects
may contribute to DNA damage accumulation, which in turn could
lead to degradation of damaged genomes, decreased mtDNA/nDNA
ratio and, consequently, mitochondrial dysfunction. As mitochon-
drial dysfunction was shown to be an early event in several
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neurodegenerative disorders (Lin and Beal, 2006), these results
provide a better understanding of the molecular mechanism
involved in AD neuropathology, establishing factors that may affect
the susceptibility and progression of the disease.
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