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Abstract
The formation of 5-hydroxymethylcytosine (5hmC), a key intermediate of DNA demethylation, is
driven by the ten eleven translocation (TET) family of proteins that oxidize 5-methylcytosine
(5mC) to 5hmC. To determine whether methylation/demethylation status is altered during the
progression of Alzheimer’s disease (AD), levels of TET1, 5mC and subsequent intermediates,
including 5hmC, 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) were quantified in nuclear
DNA from the hippocampus/parahippocampal gyrus (HPG) and the cerebellum of 5 age-matched
normal controls, 5 subjects with preclinical AD (PCAD) and 7 late-stage AD (LAD) subjects by
immunochemistry. The results showed significantly (p < 0.05) increased levels of TET1, 5mC,
and 5hmC in the HPG of PCAD and LAD subjects. In contrast, levels of 5fC and 5caC were
significantly (p < 0.05) decreased in the HPG of PCAD and LAD subjects. Overall, the data
suggest altered methylation/demethylation patterns in vulnerable brain regions prior to the onset of
clinical symptoms in AD suggesting a role in the pathogenesis of the disease.
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1. Introduction
Methylation of cytosine residues at the 5′ position (5mC) by members of the DNA
methyltransferase (DNMT) family of proteins is the predominant and most widely
characterized epigenetic modification. Cytosine methylation plays an important role in
multiple cellular processes, including retrotransposon silencing, genomic imprinting, X-
chromosome inactivation, regulation of gene expression, and maintenance of epigenetic
memory (Bird, 2002). Regarded as a relatively stable epigenetic modification, DNA
methylation status is considered static following wide-spread and dynamic alterations in
methylation patterns during embryonic development (Hajkova et al., 2010; Iqbal et al.,
2011; Pastor et al., 2011; Wu et al., 2011), differentiation (Ficz et al., 2011; Pfaffeneder et
al., 2011; Tahiliani et al., 2009), and reprogramming of somatic cells (Bhutani et al., 2010;
Koh et al., 2011).

© 2013 Elsevier Ireland Ltd. All rights reserved.

Corresponding Author: Mark A. Lovell Tel: 859-257-1412 x 251; Fax: 859-323-2866; malove2@uky.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mech Ageing Dev. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
Mech Ageing Dev. 2013 October ; 134(10): . doi:10.1016/j.mad.2013.08.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Active demethylation of the Arabidopsis genome is achieved through a methylcytosine
specific DNA glycosylase, although no mammalian 5mC glycosylase has been identified to
date and a mechanistic role for active demethylation of the human genome remains unclear.
However, dynamic regulation of methylation patterns throughout the lifespan in the human
cortex (Bakulski et al., 2012; Siegmund et al., 2007) suggests demethylation occurs in the
absence of a human methylcytosine specific DNA glycosylase. Initially proposed by Iyer et
al. (Iyer et al., 2009), the enzymatic capacity of both human and mouse ten eleven
translocation 1 (TET1) proteins to catalyze the oxidation of 5mC to the sixth base, 5-
hydroxymethylcytosine (5hmC), in an iron (II) and α-ketoglutarate dependent manner, has
been demonstrated (Ito et al., 2010; Tahiliani et al., 2009). Not only does the oxidation of
5mC by the TET family of DNA hydroxylases represent a potential active demethylation
pathway, it also represents a method of epigenetic modification (Wu and Zhang, 2011).
Further studies indicate that subsequent oxidation of the sixth base yields multiple
derivatives including, 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (He et al.,
2011; Ito et al., 2011). 5mC derivatives including 5hmC, and 5fC represent possible
substrates for targeted removal through initiation of the base excision repair (BER) pathway
(He et al., 2011; Maiti and Drohat, 2011) (Figure 1 adapted from (Maiti and Drohat, 2011).
Conventional understanding of genomic methylation has largely been associated with gene
repression via recognition of the methyl-CpG binding domain of methyl-CpG binding
proteins and recruitment of co-repressors, whereas demethylation is associated with active
gene transcription (Suzuki and Bird, 2008).

Globisch et al. reported that 5hmC, the oxidation product of 5mC, is wide spread throughout
mouse tissue but it is significantly higher in the central nervous system (Globisch et al.,
2010) with the highest levels observed in the hippocampus and cortex (Munzel et al., 2010),
areas associated with memory and higher cognitive function. Tissue distribution of 5hmC
reported by Li et al. and Nestor et al. indicate levels of 5hmC are more pronounced in the
brain in human tissue as well (Li and Liu, 2011; Nestor et al., 2012).

Alzheimer’s disease (AD), an insidious and progressive neurodegenerative disease, is
characterized by cognitive decline, neuronal loss, and two hallmark pathological features,
neurofibrillary tangles and senile plaques. Previous studies show an age-dependent
hypomethylation of the promoter region (-224-101) of the amyloid precursor protein (APP)
(Tohgi et al., 1999) and hypomethylation of APP in the brain of a single late-stage AD
(LAD) subject but not in an age-matched normal control (NC) or diseased control subject
(West et al., 1995). Furthermore, in vitro hypomethylation of presenilin 1 (PS1) a
component of the γ-secretase complex led to increased cleavage of APP and increased
production of Aβ in a neuroblastoma cell line (Fuso et al., 2005). Collectively, these data
suggest alterations in the methylation status of the genome may contribute to the
pathogenesis of AD.

The current study was designed to evaluate both the potential and relative oxidation of 5mC
in relation to AD disease progression. Levels of 5hmC were initially quantified in nuclear
DNA (nDNA), RNA, and mitochondrial DNA (mtDNA) isolated from the superior and
middle temporal gyrus (SMTG) and cerebellum (CER) of LAD subjects and NC subjects.
Overall levels of 5hmC were the highest in nDNA, therefore subsequent studies of 5mC and
derivatives focused on nDNA. Levels of TET1 and thymine DNA glycosylase (TDG) were
quantified in the nuclear fraction by Western blot analysis. To allow comparison of
vulnerable and non-vulnerable brain regions during the progression of AD, nuclear protein
fractions and nDNA were prepared from the hippocampus/parahippocampal gyrus (HPG)
and the cerebellum (CER) of subjects with preclinical AD (PCAD), LAD, and NC subjects.
The sample size, 7 LAD subjects, 5 PCAD subjects, and 5 NC subjects are reflective of
limited tissue availability of the vulnerable HPG brain region.
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PCAD subjects were chosen for analysis because they represent a discrete stage of disease
progression allowing an investigation of potential for altered methylation status early in the
disease progression. While identification of PCAD subjects is difficult, those included in the
current study were characterized by normal ante-mortem neuropsychological test scores
with significant AD associated pathology at autopsy (Galvin et al., 2005; Schmitt, 2000).
Previous studies of AD progression indicate that multiple α, β-unsaturated aldehydes
derived during lipid peroxidation (Aluise et al., 2010; Bradley et al., 2010a; Bradley et al.,
2010b) and nucleic acid oxidation, and mRNA transcript levels of oxoguanine glycosylase 1
(Lovell et al., 2011) are significantly elevated in subjects with PCAD suggesting that
perturbations of cellular processes are present before significant cognitive deficits are
detected. It has been hypothesized that if subjects characterized as PCAD lived longer they
would have eventually developed clinical AD (Smith et al., 2008). In addition to PCAD
subjects, LAD subjects were included in the current study to determine if dynamic
alterations of methylation status were progressive in later stage of AD.

2. Materials and methods
2.1 Brain sampling

Tissue specimens were obtained through the neuropathology core of the University of
Kentucky Alzheimer’s Disease Center (UK-ADC) under IRB approved protocols in
accordance with ethical standards in the 1964 Declaration of Helsinki. Tissue specimens of
short postmortem interval (PMI) autopsies from 7 LAD subjects (3 men [M]: 4 women
[W]), 5 PCAD subjects (0 M: 5 W), and 5 age-matched NC subjects (2 M: 3 W) were flash
frozen in liquid nitrogen and maintained at −80°C until processed for analysis.

All subjects were followed longitudinally in the UK-ADC research clinic and underwent
neuropsychological testing and physical and neurological examinations annually. All NC
subjects had neuropsychological test scores in the normal range and showed no evidence of
memory decline. Although there are not well defined criteria for the identification of PCAD,
the UK-ADC tentatively describes PCAD subjects as those with sufficient AD pathologic
alterations at autopsy to meet intermediate or high NIA-RI criteria, moderate or frequent
neuritic plaque scores according to the Consortium to Establish a Registry for AD (CERAD)
with Braak scores of III–IV, and ante-mortem psychometric test scores in the normal range
when corrected for age and education (Schmitt, 2000). LAD subjects met both the clinical
criteria for probable AD and standard histopathological criteria for the diagnosis of AD
(Hyman et al., 2012).

Neuropathological examination of multiple sections of neocortex, hippocampus, and CER
using the modified Bielschowsky stain, hematoxylin and eosin stain, and Aβ and α-
synuclein immunostains were performed for all subjects. Braak staging scores were
determined using the Gallyas stain on sections of entorhinal cortex, hippocampus, and
amygdala and the Bielschowsky stain on neocortex. Histopathological examination of NC
brains showed only age-associated changes and Braak staging scores of I–II. PCAD subjects
had moderate or frequent neuritic plaque scores with Braak staging scores in the range from
III–IV (Schmitt, 2000). AD subjects met accepted criteria for the histopathological diagnosis
of AD with Braak staging scores of VI. Demographic data for all subjects in the study are
shown in Table 1.

2.2 Tissue processing: nuclear protein fraction
Nuclear protein extracts were prepared as using EpiQuik™ Nuclear Extraction Kit I
(Epigentek, Farmingdale, NY, USA) as described by the manufacturer. Briefly, tissue
samples (~0.04 g) were homogenized in pre-extraction buffer containing DTT, incubated on
ice for 15 min and centrifuged at 12,000 rpm for 10 min at 4°C. Nuclear pellets were
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resuspended in extraction buffer containing protease inhibitor cocktail and DTT, incubated
on ice for 15 min, and centrifuged at 14,000 rpm for 10 min at 4°C. Nuclear fractions were
collected and stored at −80°C until used for analysis.

2.3 Tissue processing: nuclear deoxyribonucleic acid (nDNA)
Tissue samples were prepared as described by Timmons et al. (Timmons et al., 2011).
Briefly, brain specimens were homogenized on ice using a Teflon-coated Dounce
homogenizer (Wheaton Industries, Millville, NJ, USA) in isolation buffer (IB) containing 10
mM Tris, 0.32 M sucrose, and 0.25 mM EDTA (pH 7.4) for a final tissue to buffer ratio of
~0.1 g/ml. Homogenates were transferred to Nalgene brand polypropylene copolymer
centrifuge tubes with polypropylene screw caps (Thermo Fisher Scientific, Rochester, NY,
USA) and centrifuged at 2,000 xg for 3 min at 4°C in a fixed angle rotor. The resultant
supernatant was saved for mitochondrial isolation and the nuclear pellet was resuspended in
half the original IB volume, rehomogenized, and centrifuged at 2,000 xg for 3 min at 4°C.
The two supernatant fractions and two nuclear pellets were pooled. The method of Mecocci
et al. (Mecocci et al., 1993) with modification (Wang et al., 2006) was used to isolate
nDNA. The combined nuclear pellet was resuspended in 5 mL digestion buffer (DB)
containing 0.5%SDS, 0.05 M Tris, 0.1 M EDTA, CaCl2 (pH 7.5) with 0.5 mg/mL proteinase
K and incubated in water bath at 57°C overnight. NaCl (160 μL/10 mL, 5 M) was added and
the solution was extracted 3X with a Tris-buffered phenol containing 5.5 mM 8-
hydroxyquinoline and 3X with isoamyl alcohol/chloroform (4% [v/v]). 8-hyroxyquinoline
was used to minimize artifactual oxidation as previously described by Wang et al. (Wang et
al., 2006). The aqueous layer was collected, NaCl (800 μL/10 mL, 5 M) and an equal
volume of cold absolute ethanol were added, and the DNA precipitated overnight at −20°C.
Following centrifugation, the nDNA pellet was washed 3X with 60% ethanol and air-dried.
The isolated nDNA was dissolved in autoclaved distilled/deionized water and the
concentration and purity determined using a NanoDrop 1000 Spectrophotometer
(NanoDrop, Wilmington, DE, USA).

2.4 Tissue processing: mitochondrial deoxyribonucleic acid (mtDNA)
The method of Sims and Anderson (Sims and Anderson, 2008) with modification by
Timmons et al. (Timmons et al., 2011) was used to prepare an enriched mitochondrial
fraction. Pooled supernatant collected during isolation of the nuclear fraction was
centrifuged at 20,000 xg for 10 min at 4°C. The resulting crude mitochondrial pellet was
resuspended in IB (10 mL) and centrifuged at 2,000 xg for 3 min at 4°C. The resulting
supernatant was centrifuged at 20,000xg for 20 min at 4°C. Crude free and synaptosomal
mitochondria were resuspended in 3 mL of Precoll (GE Healthcare Life Sciences,
Piscataway, NJ, USA): IB (19% [v/v]) and transferred to a polyallomer centrifuge tubes
(Beckman Coulter Inc., Brea, CA, USA) and centrifuged at 19,600 xg for 30 min at 4°C in
Beckman Coulter L-80 Ultracentrifuge equipped with a SW 55 Ti swinging bucket rotor.
The supernatant was discarded and the pellet containing purified free mitochondria and
synaptosomes was transferred to a 2.0 mL polypropylene microcentrifuge tube (Thermo
Fisher Scientific) and washed in 1 mL phosphate buffered saline (PBS) and centrifuged at
19,600 xg for 10 min at 4°C in a Thermo IEC Micromax 851 Centrifuge (Thermo Fisher
Scientific) with a fixed angle rotor. The supernatant was discarded and the pellet
resuspended in PBS containing digitonin (1% [w/v]) and placed on ice for 10 min. Percoll:
IB (3 mL, 28% [v/v]) was added to the digitonin treated sample and centrifuged at 19,600 xg
for 10 min at 4°C. The supernatant was discarded and the pellet containing free and synaptic
mitochondria was washed 3X in PBS. Purified mitochondria were resuspended in digestion
buffer (1 mL) containing 2% SDS, 0.1M EDTA, CaCl2 (pH 7.5) and 0.5 mg/mL proteinase
K for 4 hours in 37°C water bath. NaCl (160 μL/10mL, 5 M) was added and the solution
extracted 3X with tris-buffered phenol containing 8-hydroxyquinoline (5.5 mM) and 3X
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with isoamyl alcohol/chloroform (4% [v/v]). mtDNA was precipitated with sodium acetate
(800 μL/10 mL) and two volumes of cold absolute ethanol overnight at −20°C. Following
centrifugation at 14,000 xg for 20 min at 4°C the mtDNA pellet was washed 3X with 60%
ethanol, and air dried. The isolated mtDNA was dissolved in autoclaved distilled/deionized
water and the concentration and purity determined using a NanoDrop 1000
Spectrophotometer (Nanodrop).

2.5 Western blotting of nuclear, cytosolic, and mitochondrial fractions
To verify the purity of mitochondria isolated using our extraction protocol, Western blot
analysis was carried out on representative total homogenate, and nuclear, cytosolic, and
mitochondrial fractions on NuPAGE Novex 4–12% Bis Tris Midi Gel (Invitrogen, Green
Island, NY, USA) and transferred to nitrocellulose membranes. Membranes were blocked in
5% dry milk in Tris-buffered saline (TBS) containing 0.05% Tween 20 (TTBS) with 3.3%
goat serum (Invitrogen) for 1 h at room temperature and blots were probed with either rabbit
anti-lamin B at a 1:3750 dilution (nuclear marker; Santa Cruz Biotechnology; Santa Cruz,
CA, USA), mouse anti-MAP2 at a 1:3750 dilution (cytosolic marker; Abcam, Cambridge,
MA, USA), rabbit anti-porin at a 1:3750 dilution (mitochondrial marker; EMD Chemical,
Gibbstown, NJ, USA) overnight at 4°C. Blots were washed 3× 10 min each with TTBS at
room temperature and incubated with horseradish peroxidase conjugated goat anti-rabbit
secondary antibody for porin and lamin B and goat ant-mouse secondary antibody (Jackson
ImmunoResearch, West Grove, PA, USA) at a 1:7500 dilution for 2 h at room temperature.
Blots were washed 3× 10 min each in TTBS. Bands were visualized using enhanced
chemiluminescence per manufacturer’s instructions (Thermo Scientific) and intensities were
quantified using Scion Image Analysis Software (Scion, Fredrick, MD, USA).

2.6 Polymerase chain reaction of mitochondrial DNA and nuclear DNA
To verify mtDNA purity, PCR was performed with 500 ng mtDNA and nDNA using
primers for APOE, a nuclear coded protein and MT-ND2, mitochondrial encoded NADH
dehydrogenase 2, using GoTaw PCR Core System (Promega, Madison WI, USA). Primer
sequences were 5′GGCGCTCGGATGGCGCTGAG-3′ (sense primer) and 5′-
GCACGGCTGTCCAAGGAGCTGCAGGC-3′ (reverse primer) for APOE (Tsukamoto et
al., 1993); and 5′-CGTCACACAAGCAACAGCCTCAATT -3′ (sense primer) and 5′-
TGTGCAGTGGGATCCCTTGAGTTA-3′ for MT-ND2 (Dzitoyeva et al., 2012) (Integrated
Device Technology, Santa Clara, CA, USA). PCR products were separated on 2% low-melt
agarose gel containing ethidium bromide as previously described (Addya et al., 1997).

2.7 Tissue processing: ribonucleic acid (RNA)
Tissue samples were prepared as described by Chomczynski et al. (Chromczynski and
Sacchi, 1987). Briefly, tissue specimens (~100 mg) were homogenized in 1 ml of
TRIReagentR in a polypropylene microcentrifuge tube and incubated at room temperature
for 5 min. Chloroform (200 μL) was added, mixed by hand, incubated for 5 min at room
temperature, and centrifuged at 9,000 xg for 15 min at 4°C. Isopropyl alcohol (500 μL) was
added to the resulting clear aqueous phase containing RNA, incubated at room temperature
for 10 min and centrifuged at 9000xg for 10 min at 4°C. RNA pellets were washed in 75%
ethanol, air dried, and stored at −80°C until analysis. Samples were resuspended in
autoclaved distilled/deionized water and the concentration and purity determined using a
NanoDrop 1000 Spectrophotometer (Nanodrop). Representative RNA isolates were
submitted to the UK MircoArray Core Facility for electrophoretic analysis.
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2.8 Quantification of cytosine modifications by dot blot analysis
To verify the presence of 5hmC in representative samples of nDNA and RNA prepared from
the SMTG, samples (50 ng and 100 ng) were pretreated either with either DNase-1 free
RNase-1 or RNase-I free DNase-I (0.5 μg/μl PBS, Roche, Mannheim, Germany) for 2 h at
37°C. Levels of 5hmC were determined by dot blot immunochemistry using a Scheicher &
Schuell Dot-Blot apparatus as described by Saiki et al. (Saiki, 1986). Briefly, pretreated
nDNA and RNA were mixed with aqueous NaOH (0.05M) and boiled for 5 min in a total
volume of 60 μL. The samples were loaded in triplicate onto Hybond-N+ positively charged
nylon membrane (GE Healthcare Life Sciences) under vacuum. Following air-drying, blots
were blocked for 1 h at room temperature in 5% dry milk in TTBS and 3.3% goat serum
(Invitrogen). Blots were probed with anti-5hmC (1:10,000) (Active Motif, Carlsbad, CA,
USA) overnight at 4°C. Blots were washed 3× 10 min each with TTBS at room temperature
and incubated with horseradish peroxidase conjugated goat anti-rabbit secondary antibody
for 5hmC (1:20,000) (Jackson ImmunoResearch) for 2 h at room temperature. Blots were
washed 3× 10 min each in TTBS. Dots were visualized using enhanced chemiluminescence
per manufacturer’s instructions(Thermo Scientific) and intensities quantified using Scion
Image Analysis Software (Scion).

To determine relative levels of 5hmC in nDNA, RNA, or mtDNA, equal amounts of each
nucleic acid isolated from the SMTG and CER were determined as previously described.
Dots were visualized using enhanced chemiluminescence per manufacturer’s instructions
(ThermoScientific) and intensities quantified using Scion Image Analysis Software (Scion,
Fredrick, MD, USA). The immunostaining intensities of replicates were averaged and
average dot intensities for nDNA, RNA, and mtDNA samples were normalized to mean
nDNA levels for each blot.

Total levels of 5mC, 5hmC, 5fC, and 5caC in nDNA from the HPG and CER were
determined by dot blot immunochemistry as previously described. Blots were probed with
either: anti-5mC (1:1000), anti-5hmC (1:10,000), anti-5fC (1:1,000), or anti-5caC (1:1000)
antibodies (Active Motif) overnight at 4°C. Blots were washed 3× 10 min each with TTBS
at room temperature and incubated with horseradish peroxidase conjugated goat anti-mouse
secondary antibody for 5mC (1:2000), or goat anti-rabbit secondary antibody for 5hmC
(1:20,000), 5fC (1:2000), and 5caC from (1:2000) (Jackson ImmunoResearch) for 2 h at
room temperature. Blots were washed 3 × 10 min each in TTBS. Dots were visualized using
enhanced chemiluminescence per manufacturer’s instructions (Thermo Scientific) and
intensities were quantified using Scion Image Analysis Software (Scion). The
immunostaining intensities of replicates were averaged and average dot intensity for each
PCAD, LAD and NC subject was normalized to mean NC levels for each blot.

To verify the specificity of 5mC, 5hmC, 5fC, and 5caC antibodies used in this study, PCR
products of the APC gene promoter were amplified with either cytosine, 5mC, or 5hmC, and
a 38 bp DNA oligonucleotide containing twelve 5-carboxylcytosine residues (Active Motif)
were loaded in duplicate and subjected to dot blot analyses as described above. To determine
a linear response of 5mC, 5hmC, 5fC, and 5caC immunoreactivity, increasing amounts of
PCR products of the APC gene promoter amplified with either 5mC, or 5hmC, and a 38 bp
DNA oligonucleotide containing 12 5caC residues (Active Motif) were loaded in duplicate
and subjected to dot blot analyses as described above. To verify a linear response of 5mC,
5hmC, 5fC, and 5caC immunoreactivity increasing amounts of a representative nDNA
sample were loaded in duplicate and subjected to dot blot analyses as described above. To
verify a linear response of 5hmC immunoreactivity increasing amounts of a representative
RNA sample were loaded in duplicate and subjected to dot blot analyses as described above.
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2.9 Western Blotting of TET1 and TDG
Protein samples (15 μg) were separated on NuPAGE Novex 4–12% Bis Tris Midi Gel
(Invitrogen) and transferred to nitrocellulose membranes. The membranes were blocked for
1 h at room temperature in 5% dry milk in TTBS and 3.3% goat serum or rabbit serum
(Invitrogen) and incubated overnight with anti-TET1 (1:5000) (Active Motif) or anti-TDG
(1:500) (Epigentek) antibodies. Blots were washed 3× 10 min each with TTBS at room
temperature and incubated with horseradish peroxidase conjugated rabbit anti-goat
secondary antibody for TET1 (1:1000) or goat anti-mouse secondary antibody for TDG
(1:1000) (Jackson ImmunoResearch) for 2 h at room temperature. Blots were washed 3× 10
min each in TTBS and visualized using enhanced chemiluminescence per manufacturer’s
instructions (Thermo Scientific). After development, membranes were stripped and re-
probed with primary rabbit anti-lamin B (1:1000) (Santa Cruz Biotechnology) and
intensities were quantified using Scion Image Analysis Software. Optical densities of TET1
and TDG normalized to optical densities levels of lamin B.

2.10 Statistics
All data were tested for normality using the Wilkes-Shapiro test. Braak staging scores
demonstrated non-normal distributions and were analyzed using the Mann-Whitney U-test
and are reported as median values with range. All other data demonstrated a normal
distribution. Normalized dot blot values of 5-methylcytosine, 5-hydroxymethylcytosine, 5-
formylcytosine, and 5-carboxylcytosine, normalized values of TET1 and TDG, age, and
PMI were compared using ANOVA and are reported as mean ± standard error of mean
(SEM). All statistical comparisons were carried out using Sigma Plot. Statistical significance
was set at p ≤ 0.05.

3. Results
Subject demographic data are shown in Table 1. There were no significant differences in age
or PMI between NC and PCAD or LAD subjects. Median Braak staging scores were
significantly higher in PCAD subjects (IV) and LAD subjects (VI) compared to age-
matched NC subjects (I).

3.1 Antibody specificity
Antibodies used in the current study, particularly the 5-hmC antibody developed by Active
Motiff, have been used successfully for a variety of applications including cellular mapping
of mC derivatives (Globisch et al., 2010; Haffner et al., 2011), immunoprecipitation for
MeDIP and MeDIP-seq (Nestor et al., 2012; Stroud et al., 2011), and identification (Ito et
al., 2010) and relative quantification (Nestor et al., 2012) of oxidized 5mC. To assess
antibody specificity, APC gene promoter PCR products amplified with either cytosine, 5mC
or 5hmC or a 38 bp oligonucleotide with twelve 5caC residues were subjected to dot blot
analysis and probed with the 5mC, 5hmC, 5fC, and 5caC antibodies (Fig. 2). The 5mC
antibody recognized only the APC gene promoter PCR product amplified with 5mC.
Similarly the 5hmC antibody recognized only the APC gene promoter PCR product
amplified with 5hmC, and the 5caC antibody recognized only the 38 bp oligonucleotide
containing 12 5caC. In addition, the 5fC antibody showed no cross reactivity with DNA
standards containing cytosine, 5mC, 5-hmC, or 5caC residues. Significant positive linear
responses between immunostaining intensity and increasing amounts of DNA standards
were observed for the 5mC antibody (Fig. 3A) (r = 0.96, p < 0.05), the 5hmC antibody (Fig.
3B), and the 5caC antibody (Fig. 3C) (r = 0.95, p < 0.05). Significant positive linear
responses between immunostaining intensity and increasing amounts of representative DNA
isolated from the SMTG were observed for the 5mC antibody (Fig. 4A) (r= 0.99, p < 0.05),
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the 5hmC antibody (Fig. 4B) (r = 0.99, p < 0.005), the 5fC antibody (Fig. 4C) (r = 0.99, p <
0.05), and the 5caC antibody (Fig. 4D) (r = 0.99, p < 0.01).

3.2 Levels of 5hmC are significantly higher in nuclear DNA compared to RNA and
mitochondrial DNA in both LAD and NC subjects

Western blot analysis of representative samples of total homogenate, and nuclear, cytosolic,
and mitochondrial-fractions for lamin B, a nuclear protein, MAP2, a cytosolic protein, and
porin, a mitochondrial transport protein, showed no cross contamination of proteins between
the nuclear, cytosolic, and mitochondrial fractions (Fig. 5A, 5B, and 5C). PCR amplification
of APOE from a representative subject in each brain region studied was only observed for
nDNA fractions (Fig. 5D), whereas MT-ND2 amplification was detected only in mtDNA
fractions (Fig. 5E). Sharp peaks representing the eukaryotic 18S and 28S ribosomal
subunits, the absence of smaller well-defined peaks between the two ribosome subunits, and
RNI of 9.8 suggest high quality isolates (Fig. 5F).

Immunostaining intensity of 5hmC in a representative RNA sample pretreated with DNase-1
free RNase-1 was minimal compared to RNA pretreated with RNase-1 free DNase (Fig. 6).
Similarly, immunostaining of 5hmC in a representative nDNA sample pretreated with
RNase-1 free DNase-1 was minimal compared to nDNA pretreated with DNase-1 free
RNase-1 (Fig. 6). Mean levels of 5hmC were significantly lower (p < 0.001) in RNA (16.8 ±
6.8 % of nDNA) and mtDNA (16.1 ± 1.9 % of nDNA) compared to nDNA (100.0 ± 2.0 %
of nDNA) in the SMTG of NC subjects (Fig. 7A). Additionally, mean levels of 5hmC were
significantly lower (p < 0.001) in RNA (26.7 ± 7.2 % of nDNA) and mtDNA (18.7 ± 6.2 %
of nDNA) compared to nDNA (100.0 ± 0.8 % of nDNA) in the SMTG of LAD subjects
(Fig. 7A).

Similarly, mean levels of 5hmC were significantly lower (p ≤ 0.05) in RNA (20.9 ± 15.7 %
of nDNA) and mtDNA (40.5 ± 9.6 % of nDNA) compared to nDNA (100.0 ± 0.6 % of
nDNA) in the CER of NC subjects (Fig. 7B). Additionally, mean levels of 5hmC were
significantly lower (p < 0.001) in RNA (31.0 ± 11.6 % of nDNA) and mtDNA (18.7 ± 6.2 %
of nDNA) compared to nDNA (100.0 ± 3.6 % of nDNA) in the CER of LAD subjects (Fig.
7B).

Although, levels of 5hmC were significantly higher in nDNA, levels of 5hmC were
significantly higher (p < 0.05) in RNA and trended toward a significant increase (p < 0.1) in
mtDNA of LAD subjects compared to NC subjects in the SMTG. There were no significant
difference in the levels of 5hmC in mtDNA or RNA of the CER of LAD subjects compared
to NC.

3.3 Levels of 5mC and 5hmC are elevated whereas levels 5fC and 5caC are decreased in
the HPG of PCAD and LAD subjects

Mean levels of 5mC were significantly elevated in the HPG (p < 0.0005) of both PCAD
(106.1 ± 0.7 % of NC) and LAD subjects (105.2 ± 0.2 % of NC) compared to NC subjects
(100.0 ± .3 % of NC) (Fig. 8A). In contrast, no significant differences in levels of 5mC were
observed in the non-vulnerable CER of PCAD (99.2 ± 0.7 % of NC) or LAD subjects (101.0
± 1.3 % of NC) compared to NC subjects (100.0 ± 0.7 % of NC) (Fig. 8A). Similar to levels
of 5mC, levels of 5hmC were significantly elevated in the HPG but not the CER of PCAD
and LAD subjects. A more dramatic (p < 0.00005) elevation of 5hmC levels was detected in
the HPG of PCAD (119.8 ± 0.8 % of NC) and LAD subjects (116.3 ± 1.5 % of NC)
compared to NC subjects (100.0 ± 1.5 % of NC) (Fig. 8B). Levels of 5hmC in the CER were
not significantly altered in PCAD (97.1 ± 1.4 % of NC) or LAD subjects (104.0 ± 5.1 % of
NC) compared to NC subjects (100.0 ± 1.2 % of NC) (Fig. 8B).
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In contrast to levels of 5mC and 5hmC, levels of 5fC and 5caC showed a modest but
significant reduction in the HPG of both PCAD and LAD subjects. Mean global levels of
5fC were significantly (p < 0.05) decreased in the HPG of PCAD (99.3 ± 0.1 % of NC) and
LAD subjects (99.4 ± 0.09 % of NC) compared to age-matched NC subjects (100.0 ± 0.2 %
of NC) (Fig. 8C). Levels of 5fC in the CER of PCAD subjects (98.9 ± 0.09 % of NC) were
significantly (p < 0.05) reduced and trended toward a significant decrease (p < 0.10) in LAD
subjects (99.3 ± 0.1 % of NC) compared to NC subjects (100.0 ± 0.4 % of NC) (Fig, 8C). In
the HPG, mean levels of 5caC were significantly (p< 0.001) reduced in PCAD (91.4 ± 1.5 %
of NC) and LAD subjects (93.5 ± 1.0 % of NC) compared to NC subjects (100.0 ± 0.4 % of
NC) (Fig. 8D). In contrast, levels of 5caC were not significantly altered in the CER of
PCAD subjects (98.8 ± 0.4 % of NC) or LAD subjects (100.2 ± 0.9 % of NC) compared to
NC subjects (100.0 ± 0.2 % of NC) (Fig. 8D).

3.4 Increased expression of TET1 in both vulnerable and non-vulnerable brain regions
In contrast to levels of cytosine base modifications, mean levels of TET1 were significantly
increased in both the HPG and CER in AD. Mean levels of TET1 were significantly
elevated in the HPG of PCAD (p < 0.01) (157.8 ± 9.6 % of NC) and LAD subjects (p <
0.005) (202.7 ± 12.5 % of NC) compared to NC subjects (100.0 ± 13.5 % of NC) (Fig. 9A).
Similarly, levels of TET1 were significantly higher in the CER of LAD subjects (p < 0.005)
(113.3 ± 0.8 % of NC) compared to NC subjects (100.0 ± 2.7 % of NC) (Fig. 9A). Although
levels of TET1 in the CER of PCAD subjects (107.0 ± 1.4 % of NC) were not significantly
increased, they trended toward significance (p < 0.1) compared to NC subjects (Fig. 9A).

3.5 Expression of TDG
In contrast to expression levels of TET1, levels of TDG were comparable throughout disease
progression in both vulnerable and non-vulnerable brain regions. Mean levels of TDG were
not significantly altered in the HPG of PCAD subject (101.4 ± 3.1 % of NC) but trended
toward significance in the HPG of LAD subjects (p < 0.1) (111.3 ± 4.3 % of NC) compared
to NC subjects (100.00 ± 4.2 % of NC) (Fig. 9B). Mean levels of TDG detected in the CER
of PCAD subjects (97.3 ± 3.7 % of NC) or LAD subjects (102.5 ± 4.0 % of NC) were not
significantly different compared to NC subjects (100.00 ± 1.3 % of NC) (Fig. 9B).

4. Discussion
While earlier studies of DNA modifications have focused on changes in brain in LAD
patients, more recent studies suggest cellular alterations may occur early in the pathogenesis
of AD and may represent the best hope for therapeutic interventions. To this end, PCAD
subjects represent an intermediate stage between normal aging and LAD. PCAD subjects in
the current study were asymptomatic from a clinical perspective but did have significant AD
associated pathology. Multiple studies have demonstrated that pronounced oxidative damage
is associated with the earliest pathologically detectable stage of AD progression including
the generation of reactive α, β-unsaturated aldehydes during lipid peroxidation and nucleic
acid oxidation (Bradley et al., 2010a; Bradley et al., 2010b; Lovell et al., 2011). The current
study includes tissue samples from longitudinally followed, well characterized NC, PCAD,
and LAD subjects with short postmortem intervals. While this preliminary study was
designed to investigate potential alterations in relative levels of 5mC and subsequent
derivatives during AD pathogenesis, future studies are needed to quantify absolute levels of
oxidized 5mC derivatives by LC/MS in a larger sample size.

Primordial germ cell reprogramming is associated with wide-spread active demethylation
during chromatin remodeling (Hajkova et al., 2008; Hajkova et al., 2002). Multiple initiation
pathways for removal of the stable methylation modification have been proposed including
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direct deamination of 5mC by activation-induced cytidine deaminase (AID) yielding a G:T
mismatch followed by TDG-activated BER (Bhutani et al., 2010); direct deamination of
5hmC by AID to 5-hydroxymethyluracil (5hmU) yielding at G:U mismatch followed by
TDG and the single-stranded mono-functional uracil DNA N-glycosylase –activated BER
(Boorstein et al., 2001); or further derivatization of 5hmC yielding 5fC and 5caC (Ito et al.,
2011; Pfaffeneder et al., 2011) that are both recognized by TDG initiating the BER pathway
(He et al., 2011; Maiti and Drohat, 2011). Both 5fC and 5caC have been detected in mouse
embryonic stem (mES) cells during wide-spread remodeling (He et al., 2011; Ito et al.,
2011). Depletion of TDG in mES cells led to a marked increase in genomic accumulation of
5caC (He et al., 2011). Collectively these studies suggest that TET mediated oxidation of
5mC and subsequent removal of derivatives by the TDG-initiated BER pathway is a valid
and active demethylation pathway. In the current study, global levels of 5mC, 5hmC, 5fC,
and 5caC, and levels of TET and TDG proteins were quantified relative to age-matched NC
subjects throughout the progression of AD.

Although 5hmC was detected in the nDNA, RNA and mtDNA, mean levels were higher in
nDNA compared to mtDNA and RNA in the SMTG and CER. Thus, due to limited tissue
specimens from the HPG, further analyses were carried out using nDNA, although the
possibility that levels of 5mC oxidation derivatives are altered in the mtDNA or RNA during
the progression of AD cannot be eliminated. Indeed we observed a significant increase in
levels of 5hmC in the RNA and a trend toward a significant increase in the mtDNA.
However, Nunomura et al. reported no significant difference in RNA immunostaining
intensities of 8-hydroxyguanine (8OHG), a prominent marker of nucleic acid oxidation
(Nunomura et al., 2012). In contrast, Dzitoyeva et al. (Dzitoyeva et al., 2012) demonstrated
that levels of 5hmC in the frontal cortex of aged mice were significantly decreased in
mtDNA and coincided with increased levels of mRNA transcripts for NADH dehydrogenase
subunits.

Significantly higher levels of 5hmC, the product of TET mediated 5mC oxidation, were
observed in the HPG of PCAD and LAD subjects suggesting initiation of active
demethylation in the HPG is an early in disease progression. Levels of TET1 were
dramatically increased in the HPG of both PCAD and LAD subjects suggesting increased
expression may account for the marked increase of 5mC oxidation. The catalytic activity of
nuclear isolated TET proteins remains to be determined in the HPG and CER of the current
study subjects. However, the data illustrate a pronounced disconnect between levels of
TET1 protein and levels of 5hmC, suggesting the activity of the nuclear located TET
proteins may be compromised.

In contrast to levels of 5hmC, the formyl and carboxyl derivatives were modestly decreased
in the HPG of PCAD and LAD subjects. The modest decrease of 5fC and 5caC may be a
function of extremely low levels (20 and 3 residues per 106C, respectively) (Ito et al., 2011).
In the absence of a removal mechanism, it was expected that levels of formyl and carboxyl
derivatives would accumulate in the genomic DNA, although to a lesser extent than 5hmC,
as a result of decreased TET activity toward the 5hmC and 5fC derivatives (Ito et al., 2011).
However, the decreased substrates of the TDG-activated BER pathway may be the result of
quick turnover (Globisch et al., 2010; He et al., 2011) as suggested by increasing values of
kmax by factors of ~50,000x for G:5fC mismatch and ~12,000 x for G:5caC relative to G:T
mismatch (Maiti and Drohat, 2011). Yet, increased levels of TDG only trended toward
significance in the HPG of LAD subjects, but total levels may not be the contributing factor
given the increased efficiency toward derivative guanine mismatch pairs. Although the
current study was carried out in bulk tissue, Iwamoto et al. (Iwamoto et al., 2011) reported
that hypomethylation was primarily associated with NeuN+ population of nuclei from
human frontal cortex and was distinctively distinguishable from bulk tissue methylation
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profiles. Additionally, immunostaining of 5hmC was primarily localized in the nuclei of
fully differentiated neurons of the dentate gyrus (Globisch et al., 2010) and 5mC
immunostaining was primarily localized in the nuclei of cortical (Mastroeni et al., 2009) and
NFT bearing neurons (Mastroeni et al., 2010).

Oxidation of nucleic acids is a well-documented phenomenon associated with both normal
aging and neurodegeneration, including AD pathogenesis (Gabbita et al., 1998; Loft et al.,
2008; Lovell et al., 1999; Lovell et al., 2011; Moreira et al., 2008; Nunomura et al., 2012;
Wang et al., 2006). Therefore, non-enzymatic oxidation of 5mC to 5hmC by the hydroxyl
radical may interfere with quantification of active demethylation products (Castro et al.,
1996). Indeed, Müzel et al. reported increased levels of 5hmC in 90-day old mice compared
to 1-day old mice (Munzel et al., 2010). In addition, a series of knockout experiments in
mES cells showed levels of 5hmC were dependent on existing levels of 5mC (Ficz et al.,
2011) and increased levels of both 5mC and 5hmC in aged mouse brains in the absence of
increased guanine oxidation (Munzel et al., 2010). Furthermore, multiple studies of
oxidative damage to nucleic acids have failed to demonstrate a significant increase in the
oxidized cytosine product, 5-hydroxycytosine, during AD disease progression (Gabbita et
al., 1998; Wang et al., 2006). Rather, the age-specific epigenetic drift observed by Müzel et
al. is a common phenomenon in human brain but is more pronounced in the brains of LAD
subjects (Wang et al., 2008). Furthermore, significant derivations in the methylation patterns
of monozygotic twins suggest that age-specific epigenetic drift is influenced by both internal
and external factors (Fraga et al., 2005).

Decreased gene expression due to the presence of 5mC in the promoter region is mediated
through the recognition of 5mC by the methyl-CpG binding domain of methyl-CpG binding
proteins, which recruits histone modifying enzymes. Oxidation products of both guanine and
5mC inhibit binding of the methyl-CpG binding domain of methyl-CpG binding protein 2
(Valinluck et al., 2004). Similarly, the presence of 8OHG in oligonucleotides results in
decreased methylation suggesting that its presence also interferes with the activity of the
DNMT family of proteins (Weitzman et al., 1994). It has been proposed that occurrence of
genome wide oxidation of methyl cytosine may potentially alter expression. While studies
are limited, a few have suggested possible roles for altered methylation/demethylation in the
amyloidgenic processing of APP. For example, hypomethylation of the APP gene from the
frontal cortex was reported in a subject with LAD but not an age-matched NC subject or
diseased control subject with Pick’s disease (West et al., 1995). Additionally, alteration of s-
adenosylmethionine/homocysteine cycle has been suggested as a possible risk factor for AD
(Seshadri et al., 2002) through modulation of PS1 expression (Fuso et al., 2005; Scarpa et
al., 2003). In vitro hypomethylation of the γ-secretase, presenilin 1 (PS1) led to increased
cleavage of APP and increased production of Aβ in neuroblastoma cell lines under reduced
S-adenosylmethionione availability in folate and vitamin B12 deficient medium (Fuso et al.,
2005). In contrast, administration of s-adenosylmethionine and subsequent methylation of
PS1 resulted in down-regulation of PS1 gene expression followed by reduced Aβ production
(Scarpa et al., 2003). However, measurements of s–adenosylmethionine and s-
adenosylhomocyosteine in the cerebrospinal fluid of LAD subjects were not significantly
different from those quantified in age-matched NC subjects (Mulder et al., 2005).

While the current study demonstrates increased oxidation of 5mC during the progression of
AD, it fails to identify where within the genome the oxidation is occurring. Genomic
mapping of immunoprecipitated 5hmC DNA from the frontal lobe demonstrated an
enrichment in both the promoter and intragenic regions (Jin et al., 2011). The presence of
5mC in promoter regions is associated with decreased gene expression (Jin et al., 2011) and
transcripts (Robertson et al., 2011), whereas enrichment of 5hmC in the intragenic regions is
associated with significantly higher expression levels (Jin et al., 2011). These data suggest
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that the outcome of 5mC oxidation with respect to transcription and expression is dependent
on genomic location but clustered in the promoter and intragenic regions (Nestor et al.,
2012). Gene ontology pathway analysis found significant enrichment of 5hmC in pathways
associated with neurodegenerative orders and hypoxic response (Song et al., 2011).

Multiple studies have documented altered genetic profiles (Dunckley et al., 2006; Liang et
al., 2008; Wang et al., 2008) and protein expression in LAD subjects (Liang et al., 2008).
Although an earlier study demonstrated no significant differences in the percentage of
methylation in CCGG sites in LAD subjects (Schwob et al., 1990), several more recent
studies report significant alterations of cytosine methylation. Studies by Mastroeni et al.
(Mastroeni et al., 2010; Mastroeni et al., 2009)quantified lower levels of methylation in the
entorhinal cortex and the neocortex in LAD (Mastroeni et al., 2010; Mastroeni et al., 2009).
Additionally, decreased methylation in a monozygotic twin with LAD suggests alterations
of the methylome may prove to play a key role in AD (Mastroeni et al., 2009). While studies
from Mastroeni et al. demonstrated global decreases in methylation, identification of
differentially methylated CpG sites across multiple genes in LAD suggest that the
phenomenon is bidirectional (Bakulski et al., 2012).

Other studies suggest altered methylation may play an active role in the memory formation.
Miller et al. (Miller et al., 2010)demonstrated that during contextual fear conditioning,
methylation was increased in the anterior cingulate cortex of rats up to 30 days post
conditioning (Miller et al., 2010). Whereas rapid demethylation and de novo methylation of
in low CpG density regions of genes related to neuronal plasticity in the dentate granule
cells of adult mice following electroconvulsive stimulation (Guo et al., 2011),
pharmacological disruption of methylation resulted in the loss of remote memory
implicating a role for methylation in the preservation of long-term memory (Levenson et al.,
2006; Miller et al., 2010). However, both active and rapid methylation of the memory
suppressor gene protein phosphatase 1 (PP1) by the DNMT family of proteins (Feng et al.,
2010) and demethylation of the synaptic plasticity gene reelin and brain derived
neurotrophic factor (BDNF) (Lubin et al., 2008) occurred during contextual fear
conditioning suggesting that both processes are essential for memory formation (Miller and
Sweatt, 2007).

5. Conclusions
Overall, the current study suggests altered methylation status of genomic DNA is detectable
not only in LAD, but also early during the pathogenesis of AD (PCAD). Furthermore,
accumulation of both methylated and oxidized methyl substrates occur in an area associated
with memory and higher cognitive functioning, the HPG. Although this study is limited to
relative quantification in bulk tissue, it warrants further investigation. The detection of
altered methylation/demethylation status in a brain region vulnerable to AD pathology
before the onset of clinical symptoms in PCAD subjects and a sustained phenomenon in
LAD suggest a role in the pathogenesis of neurodegeneration in AD.
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Highlights

• 5hmC is more pronounced in nDNA than mtDNA or RNA

• Levels of 5mC and 5hmC are increased in PCAD and LAD HPG compared to
NC HPG

• Levels of 5fC and 5caC are decreased in PCAD and LAD HPG compared to NC
HPG

• Levels of TET1 are increased in PCAD and LAD HPG compared to NC HPG
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Fig. 1.
Potential mechanism for active DNA methylation involving TET-mediated oxidation of
5mC, followed by TDG initiated BER pathway via recognition of 5hmC and 5fC (AP is an
abasic site) (adapted from (Maiti and Drohat, 2011)).
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Fig. 2.
Specificity of monoclonal antibodies against 5-methylcytosine, 5-hydroxymethylcytosine, 5-
forymylcytosine, and 5-carboxylcytosine. The APC gene promoter PCR product amplified
with 5-methylcytosine loaded in duplicate in columns 1–2, the APC gene promoter PCR
product amplified with 5-hydroxymethylcytosine loaded in duplicate in columns 3–4, a 38
bp oligonucleotide containing 12 5-carboxylcytosine residues loaded in duplicates in
columns 5–6, and the APC gene promoter PCR product amplified with cytosine loaded in
duplicates in columns 7–8 and incubated with either monoclonal mouse anti-5-
methylcytosine (A), monoclonal rabbit anti-5-hydroxymethylcytosine (B), monoclonal
rabbit anti-5-formylcytosine (C), and monoclonal rabbit anti-5-carboxylcytosine (D).
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Fig. 3.
Evaluation of concentration dependent monoclonal antibody responses. 5-methylcytosine (r
= 0.96, p < 0.05) (A), 5-hydroxymethylcytosine (r = 0.98, p < 0.05) (B), and 5-
carboxylcytosine (r = 0.95, p < 0.05) (C) showed a significant positive linear response
between immunostaining and increasing amounts of DNA standards.
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Fig. 4.
Evaluation of concentration dependent monoclonal antibody responses. A representative
SMGT nDNA 5-methylcytosine (r = 0.99, p < 0.05) (A), 5-hydroxymethylcytosine (r =
0.99, p < 0.005) (B), 5-forymylcytosine (r = 0.99, p < 0.05) (C), and 5-carboxylcytosine (r =
0.99, p < 0.01) (D) showed a significant positive linear response between immunostaining
and increasing amounts of DNA.
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Fig. 5.
Purity of nDNA and mtDNA. Representative Western blot analysis of total homogenate
(TH; Row 1), nuclear- (NF; Row 2), cytosolic- (CF; Row 3), and mitochondrial-fractions
(NF; Row 4) probed for lamin B a nuclear envelope protein (A), MAP2 a microtubular
associated protein (B), and Porin a voltage dependent anion channel found on the outer
membrane of the mitochondria (C). Representative PCR amplification product of APOE (D)
and MT-ND2 (E) of mtDNA (Lane 1) and nDNA (Lane 2) from SMTG and mtDNA (Lane
5) and nDNA (Lane 6) from CER. Representative RNA electropherogram (F).
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Fig. 6.
Immunostaining intensity of RNA and DNA pretreated with either DNase-1 free RNase-1 or
RNase-I free DNase-I.
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Fig. 7.
Levels of 5-hydroxymethylcytosine expressed as mean ± standard error of the mean (SEM)
(% nDNA) in normal control (NC) subjects and late-stage Alzheimer’s disease (LAD).
Levels of 5-hydroxymethylcytosine were significantly (P < 0.001) lower in the RNA and
mitochondrial DNA (mtDNA) compared to the nuclear DNA (nDNA) in the superior and
middle temporal gyrus (SMTG) of NC and LAD subjects (A). Levels of 5-
hydroxymethylcytosine were significantly (p ≤ 0.05) lower the RNA and mitochondrial
DNA (mtDNA) compared to the nuclear DNA (nDNA) in the cerebellum (CER) of NC and
LAD subjects (B).
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Fig. 8.
Levels of 5-methylcytosine and subsequent derivatives expressed as mean ± standard error
of the mean (SEM) (% of normal control [NC]) in the hippocampus/parahippocampal gyrus
(HPG) of NC, preclinical Alzheimer’s disease (PCAD), and late-stage Alzheimer’s disease
(LAD). Levels of 5-methylcytosine were significantly (p < 0.0005) increased in the HPG of
PCAD and LAD subjects compared with NC subjects (A), 5-hydroxymethylcytosine levels
were significantly (p < 0.00005) increased in the HPG of PCAD and LAD subjects
compared with NC subjects (B), 5–formylcytosine levels were significantly decreased in the
HPG of PCAD and LAD subjects compared with NC subjects (C), and 5-carboxylcytosine
levels were significantly decreased in (P < 0.001) in the HPG of PCAD and LAD subjects
compared with NC subjects (D).
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Fig. 9.
Levels of protein expression expressed as mean ± standard error of the mean (SEM) (% of
normal control [NC]) in the hippocampus/parahippocampal gyri (HPG) of NC, preclinical
Alzheimer’s disease (PCAD), and late-stage Alzheimer’s disease (LAD). Levels of TET1
normalized to lamin-B were significantly (p < 0.01) increased in the HPG of PCAD and
LAD subjects compared with NC subjects (A), thymine DNA glycosylase (TDG)
normalized to lamin B were trending toward significance (p< 0.1) increased in the HPG of
LAD subjects compared with NC subjects (B).
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Table 1

Subject Demographics

Group Mean ± SEM
Age (y)

Sex Mean ± SEM
PMI (h)

Median Braak Score

NC 84.6 ± 4.1 N=5; 2 M; 3W 2.7 ± 0.4 I

PCAD 89.4 ± 3.1 N=5; 0M; 5W 2.9 ± 0.2 IV*

LAD 77.4 ± 2.5 N=7; 3 M; 4W 3.25 ± 0.2 VI*

*
P < 0.05 compared to NC subjects

NC = age-matched normal control; PCAD = preclinical Alzheimer’s disease; PMI = postmortem interval; SEM = standard error of the mean
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