
Research Article

For reprint orders, please contact: reprints@futuremedicine.com

DNA methylation analysis of candidate
genes associated with dementia in
peripheral blood

Peter D Fransquet1 , Paul Lacaze1 , Richard Saffery2 , James Phung1, Emily Parker1,

Raj C Shah3 , Anne Murray4, Robyn L Woods1 & Joanne Ryan*,1,5

1School of Public Health & Preventive Medicine, Monash University, Melbourne, 3004 Victoria, Australia
2Murdoch Children’s Research Institute & Department of Paediatrics, The University of Melbourne, Parkville, 3052 Victoria,
Australia
3Department of Family Medicine & Rush Alzheimer’s Disease Center, Rush University Medical Center, Chicago, IL, USA
4Berman Center for Outcomes & Clinical Research, Hennepin Healthcare Research Institute, Hennepin Healthcare; Division of
Geriatrics, Department of Medicine, University of Minnesota, Minneapolis, MN, USA
5PSNREC, University of Montpellier, INSERM, Montpellier, France
*Author for correspondence: joanne.ryan@monash.edu

Aim: To investigate whether genes implicated in dementia pathogenesis are differently methylated in
peripheral blood. Materials & methods: Participants included 160 cognitively healthy individuals aged
70+ years: 73 who were subsequently diagnosed with dementia and 87 controls matched on age, gender,
education, smoking and baseline cognition. A total of 49 participants also provided blood samples at
diagnosis. Blood DNA methylation of APOE, APP, BDNF, PIN1, SNCA and TOMM40 was examined. Results:
A total of 56 of 299 probes were differentially methylated in dementia compared with controls and 39
probes prior to diagnosis. The greatest effect size was in APP (cg19423170, �-8.32%, adjusted p = 0.009
at diagnosis; cg19933173, �-4.18%, adjusted p < 0.0001 prediagnosis). Conclusion: Genes implicated in
dementia pathogenesis show differential blood methylation in dementia, even prior to diagnosis.
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Late-onset dementia likely results from a complex interplay of genetic factors and gene–environment interactions,
potentially mediated by epigenetic mechanisms [1]. It is well known that the APOE gene ε4 allele is the single
strongest genetic risk factor [2]. APOE is involved in brain repair and amyloid-β (Aβ) metabolism. The build-up of
Aβ causes senile plaques in the brain, which is one of the primary pathologies of dementia, particularly the most
common cause, Alzheimer’s disease (AD) [3].

Other candidate genes implicated in dementia are the APP, encoding a signaling and intracellular transport
transmembrane protein, of which Aβ is a constituent [4] and TOMM40, responsible for the formation of pores for
translocation of proteins into the mitochondria [5]. TOMM40 lies in close genomic proximity to the APOE gene [6]

and dysregulation causes mitochondrial neurotoxicity and oxidative stress in AD [7].
PIN1 is a protein involved in the maintenance of neuronal health, the dysregulation of which is thought to lead to

over production of Aβ and tau [8] and is linked to genetic variation within the gene [9]. SNCA is a protein expressed
highly in neurons that is involved in synaptic transmission. SNCA protein aggregation is a primary pathology
of Parkinson’s disease as well as a major component of Lewy bodies involved in dementia with Lewy bodies [10].
Genetic variation within SNCA has been shown to be associated with increased risk of pathology associated with
dementia with Lewy bodies, as well as a risk factor for Parkinson’s disease [11].

Another well studied gene is BDNF, which incodes a neurotrophin that promotes the development of neurons,
involved in cognition and memory. In dementia, particularly AD, genetic variation of BDNF is associated with an
increased risk of depression and serum levels of BDNF have been found to be lower in later stages of dementia,
compared with those with mild cognitive impairment (MCI) [12,13].
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Figure 1. Participants included in candidate
gene analyses.

Some preliminary evidence exists that differential DNA methylation in these six genes in blood cells may be
associated with dementia or cognitive impairment (Table 1) [14–26]. However, due to the limited studies and a
lack of consistent findings, robust evidence that peripheral blood based differential methylation is associated with
dementia risk remains elusive. Currently reported findings are thus not appropriate for use as a biomarker for
preclinical detection or diagnosis of dementia.

Here, we measured DNA methylation changes across these six candidate genes in blood samples collected from
participants when they were cognitively healthy and who were then followed up to determine dementia status.
We assessed whether methylation changes across these genes were associated with dementia diagnosis and whether
methylation changes occur in blood cells prior to the manifestation of clinical dementia symptoms.

Materials & methods
Study sample
This study involved participants from the ASPirin in Reducing Events in the Elderly (ASPREE) cohort, a study
of low dose aspirin and its effect on disability-free survival in an older population [27]. Participants recruited
to ASPREE were relatively healthy and free from severe cognitive impairments (Modified Mini-Mental State
Examination [3MS] >77) and dementia diagnosis. Participants provided peripheral blood samples at recruitment
and most participants provided additional blood samples 3 years after inclusion.

Neurocognitive assessments performed at baseline and over follow-up included the 3MS [28,29], Symbol Digit
Modalities Test (SDMT) [30], Controlled Oral Word Association Test (COWAT) [31] and the Hopkins Verbal
Learning Test Revised (HVLT-R) [32,33]. Baseline and follow-up cognitive scores are shown in Supplementary Table
1. When dementia was suspected, additional cognitive and functional assessment was administered. Dementia
diagnosis was adjudicated by the specialist panel of neuropsychologists, neurologists and geriatricians after com-
prehensive review of all available information, based on Diagnostic and Statistical Manual for Mental Disorders,
American Psychiatric Association (DSM-IV) criteria [34,35]. In addition to the cognitive and functional assessments,
information used included medical records, specialists’ reports, blood samples and neuroimaging (when available).

The current substudy used a case-control design to select dementia cases and cognitively healthy controls based
on their status at the 3-year follow-up. All participants self-identified as white Australians. DNA methylation
was measured in 160 participants, all of whom were cognitively normal at baseline and included 87 participants
who remained cognitively healthy at the 3-year follow-up, referred to as ‘controls’ (Figure 1). These controls were
matched on age, self-reported gender, education, smoking status and baseline cognitive function to 73 participants
who received an adjudicated dementia diagnosis at least 1 year after the baseline (referred to as ‘presymptomatic
dementia cases’). Of these 160 participants, we also analyzed blood samples from 24 controls at the 3-year follow-up
and 25 dementia cases (who provided blood samples within 9 months of their dementia diagnosis).

Candidate gene selection
Candidate genes were selected based on those that have been previously implicated in dementia and where significant
associations have been found between differential DNA methylation in peripheral blood in previous studies [36]

and where at least one methylation site lined up with Infinium MethylationEPIC BeadChip probes (Illumina, CA,
USA). Genes included APOE [14–17], APP [18,19], BDNF [20–22], PIN1 [18,23,24], SNCA [25,26] and TOMM40 [14,15].
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Table 2. Participant characteristics at baseline and 3-year follow-up.
Characteristic Baseline (n = 160) Follow-up (n = 49)†

Controls (n = 87) Presymptomatic‡

dementia (n = 73)
p-value Controls (n = 24) Dementia (n = 25) p-value

Age, mean (SD) 76.4 (4.6) 77.6 (5.1) 0.11 80.7 (4.7) 80.7 (4.7) 0.97

Gender n (% female) 50 (57.5) 42 (57.5) 0.99 15 (62.5) 17 (68.0) 0.67

n (%) n (%)

Smoking:

Current 2 (2.3) 0 (0) 0.42 0 (0) 0 (0) 0.91

Past 36 (41.4) 32 (43.8) 9 (37.5) 9 (36.0)

Never 49 (56.3) 41 (56.2) 15 (62.5) 16 (64.0)

Education:

≤12 years 60 (69) 43 (58.9) 0.19 19 (79.2) 10 (40) 0.005

�12 years 27 (31) 30 (41.1) 5 (20.8) 15 (60)

†All 49 participants also gave samples included in baseline analysis.
‡Presymptomatic dementia participants are defined as participants who gave blood samples when cognitively healthy, who received an adjudicated dementia diagnosis at least
1 year after the baseline.
SD: Standard deviation.

Regions and probes from each study were compared with EPIC annotation using the UCSC genome browser [37].
BiSearch was used where papers did not specify exact genomic location but instead reported bisulfite converted
primers [38]. Full details of previous studies that identified associations with these genes are given in Table 1.

Generation of DNA methylation data
DNA was extracted from peripheral blood (buffy coat) using Qiagen DNeasy Blood & Tissue Kits (Qiagen,
Hilden, Germany) [39]. DNA methylation was measured at the Australian Genome Research Facility (Melbourne,
Victoria) using Illumina Infinium MethylationEPIC BeadChips (EPIC) [40]. Where mentioned in text, probes
are labelled as EPIC probe name, followed by standardized methylation site nomenclature [41]. R version 3.5.1
was used to normalize EPIC data (subset quantile normalization method [42]) and standard quality control was
carried out [43]. A total of 299 probes were selected for analysis in this study, which were mapped to ‘hg19’
human genome assembly GRCh37. Methylation measures are derived from average DNA methylation at each
probe within a sample, as a measure between 0 and 100% methylated (known as β-values). Blood cell type
proportion estimation, originally proposed by Houseman et al. [44], was carried out using ‘estimateCellCounts2’, (R
package FlowSorted.Blood.EPIC) [45,46]. This was considered based on the premise that each cell type has its own
methylation profile [47] and blood contains varying proportions of different cell types but the exact composition
varies between individuals.

Candidate gene analysis
Methylation data were extracted for all probes lying within a region of interest, spanning the gene body, nearby
CpG islands (regions of the genome densely packed with CpGs) and probes within upstream/downstream proximal
regions (from 1 to 180 kbp depending on the size of the gene of interest). STATA 14 was used to compare average
DNA methylation across each gene, as well as DNA methylation at each probe, between individuals with and
without dementia using t-tests. To assess the correlation between probes within each gene, correlation matrices
were determined using Pearson’s method. Initial t-test analysis underwent Benjamini Hochberg (BH) adjustment
for multiple comparisons [48]. Non-BH adjusted significant probes were further investigated using two regression
models adjusting for possible confounding factors. Model 1 adjusted for age, gender and methylation assay batch.
Model 2 also adjusted for age, gender and methylation assay batch, as well as estimated blood cell proportions of
monocytes, neutrophils, natural killer cells, B cells, CD8+ T and CD4+ T cells. This analysis was also carried out
to compare DNA methylation between presymptomatic cases of dementia and controls.

Results
Participant characteristics
The characteristics of dementia cases (presymptomatic and at diagnosis) and controls are listed in Table 2. There
were more females and most participants had never smoked.
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Table 3. Candidate genes and findings of differential methylation identified in the current study.
Gene Genomic region n EPIC

probes†
Dementia (n = 25) versus
controls (n = 24)

Presymptomatic dementia
(n = 73) versus controls
(n = 87)

Dementia
versus controls

Presymptomatic
dementia versus
controls

Common probes
across two
analyses

Mean gene region methylation � (%) Number of differential probes‡ (%
of total)

APOE Chr19:45407810-
45412718

13 +0.43, SE: 0.29; p = 0.14 +0.41, SE: 0.14; p = 0.004 0 (0%) 2 (15.4%) 0

APP Chr21:27152684-
27736037

113 +0.01, SE: 0.22; p = 0.93 +0.21, SE: 0.13; p = 0.12 27 (23.9%) 16 (14.2%) 4

BDNF Chr11:27664568-
27754772

93 -0.20, SE: 0.16; p = 0.21 -0.08, SE: 0.10; p = 0.4 15 (16.1%) 10 (10.8%) 3

PIN1 Chr19:9942630-
9963080

24 +0.16, SE: 0.14; p = 0.25 -0.12, SE: 0.10; p = 0.25 0 (0%) 1 (0.42%) 0

SNCA Chr4:90627859-
90762694

40 -0.24, SE: 0.25; p = 0.34 -0.26, SE: 0.14; p = 0.06 12 (30%) 5 (12.5%) 3

TOMM40 Chr19:45392810-
45407809

16 +0.17, SE: 0.21; p = 0.41 +0.39, SE: 0.12; p = 002 2 (12.5%) 5 (31.3%) 0

Total – 299 – – 56 39 10

†Probes available from dataset after removal of cross-reactive probes, as well as probes that failed in more than one sample or were located at a known site for single nucleotide
polymorphism.
‡p � 0.05.
EPIC: Illumina MethylEPIC array; SE: Standard error.

Candidate gene DNA methylation in adjudicated dementia cases versus controls
Average methylation across each gene did not differ significantly between the dementia and control groups (Table 3).
Of the 299 probes (otherwise known as CpG dinucleotides) investigated across the six gene regions, 18.7% of
probes (n = 56) were found to be differentially methylated in association with dementia status at the 5% significance
level (Table 3). Results of probe wise methylation comparisons between dementia cases and controls can be seen
in Table 4. No probes passed adjustment for multiple comparisons (BH Adj.p < 0.05). The SNCA gene region
had the greatest proportion of differentially methylated probes (12/40, 30%), followed by APP (27/133, 23.9%).
The greatest methylation difference seen across the six gene regions was at cg19423170, CpG21:27472122 in the
APP gene. Average methylation at this probe was 8.31% lower in dementia cases (45.5%) compared with controls
(53.8%) (p = 0.009). There was no association between APOE or PIN1 region probe methylation and dementia
status.

Presymptomatic dementia cases versus controls
Average APOE (+0.41%, standard error [SE]: 0.14; p = 0.004) and TOMM40 (+0.39%, SE: 0.12; p = 0.002)
methylation differed between presymptomatic and control groups (Table 3). A lower number of differentially
methylated probes were identified in presymptomatic dementia cases compared with controls (n = 39, 13%;
Table 5). Two probes passed BH adjustment for multiple comparisons, one of which showed the largest effect
size, a 4.31% higher methylation at cg19933173, CpG21:27562920, approximately 20 kbp upstream of the APP
transcription site (65.04 vs 60.73%; p < 0.0001, BH Adj.p = 0.015), this was almost half the magnitude of the
largest effect size seen in the analysis of dementia cases and controls. The other BH Adj. significant probe was
also within APP, cg15407086, CpG21:27543045, also showing a higher methylation in presymptomatic dementia
(+2.09%, 17.08 vs 14.99%; p < 0.0001, BH Adj.p = 0.015). TOMM40 had the highest proportion of differential
probes (5/16, 31.3%), comparing presymptomatic cases and controls.

Differently methylated probes in both diagnosed dementia & presymptomatic cases
Differential methylation at ten probes were associated with both pre-symptomatic and diagnosed dementia, across
APP (n = 4), BDNF (n = 3) and SNCA (n = 3) (Table 6). In all cases, there was concordance in the direction of
methylation difference, in other words, either higher or lower methylation at both timepoints at a particular probe.
All had a greater effect size in dementia cases compared with presymptomatic cases.
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Table 4. Differentially methylated probes between dementia cases and cognitively healthy controls.
Gene Probe Hg19 location Case mean Control mean � 95% CI p-value

APP cg23311364 chr21:27163832 81.85% 80.18% 1.66% 0.18–3.14% 0.03

cg13823477 chr21:27217655 73.52% 70.39% 3.12% 0.80–5.45% 0.01

cg17555382 chr21:27259976 83.17% 81.46% 1.71% 0.26–3.17% 0.02

cg23877117 chr21:27298484 22.09% 25.28% -3.19% -0.16 to -6.22% 0.04

cg25306719 chr21:27298698 29.00% 32.80% -3.80% -0.67 to -6.91% 0.02

cg08542030 chr21:27306498 77.75% 75.36% 2.39% 0.51–4.26% 0.01

cg01825010 chr21:27335716 79.01% 75.33% 3.68% 1.12–6.24% 0.01

cg19013695 chr21:27340093 5.11% 5.85% -0.75% -0.05 to -1.44% 0.04

cg12827812 chr21:27352541 77.19% 76.09% 1.11% 0.01–2.21% 0.05

cg25314245 chr21:27354743 73.88% 71.55% 2.33% 0.12–4.45% 0.04

cg17478810 chr21:27370617 88.44% 87.42% 1.03% 0.20–1.86% 0.02

cg17092246 chr21:27374319 79.31% 80.90% -1.59% -0.40 to -2.78% 0.01

cg17728373 chr21:27404776 60.92% 57.07% 3.86% 0.95–6.76% 0.01

cg06085525 chr21:27414888 76.78% 74.18% 2.59% 0.14–5.05% 0.04

cg19423170 chr21:27472122 45.50% 53.81% -8.31% -2.20 to -14.43% 0.009

cg22592725 chr21:27484586 73.90% 71.09% 2.80% 0.24–5.37% 0.03

cg22552084 chr21:27497496 63.84% 61.16% 2.68% 0.30–5.05% 0.03

cg24675442 chr21:27509220 6.41% 7.99% -1.58% -0.17 to -2.99% 0.03

cg03881418 chr21:27512686 28.21% 32.01% -3.80% -1.01 to -6.59% 0.004

cg27160886 chr21:27520639 63.67% 59.49% 4.18% 1.39–6.96% 0.004

cg14414154 chr21:27538021 33.38% 39.68% -6.30% -1.61 to -10.99% 0.01

cg01286133 chr21:27540106 75.03% 77.56% -2.53% -0.08 to -4.99% 0.04

cg27372898 chr21:27543410 7.29% 9.10% -1.81% -0.33 to -3.29% 0.02

cg15835366 chr21:27543683 9.68% 10.86% -1.18% -0.32 to -2.04% 0.008

cg08164005 chr21:27544052 67.54% 64.04% 3.51% 0.54–6.47% 0.02

cg03015479 chr21:27544797 69.96% 66.64% 3.32% 0.94–5.70% 0.007

cg07195338 chr21:27562500 59.91% 57.79% 2.12% 0.24–4.00% 0.03

BDNF cg02386994 chr11:27679976 63.15% 60.71% 2.44% 0.27–4.62% 0.03

cg12296752 chr11:27681211 75.06% 71.24% 3.82% 0.97–6.67% 0.01

cg08760147 chr11:27685307 67.68% 64.99% 2.69% 0.22–5.15% 0.03

cg18595174 chr11:27701991 63.71% 58.31% 5.40% 0.96–9.84% 0.02

cg27193031 chr11:27721088 16.37% 18.25% -1.88% -0.17 to - 3.57% 0.03

cg09505801 chr11:27722009 5.68% 6.73% -1.06% -0.07 to -2.04% 0.04

cg17882499 chr11:27722048 6.11% 8.24% -2.13% -0.06 to -4.19% 0.04

cg24377657 chr11:27723245 8.98% 10.86% -1.88% -0.09 to -3.67% 0.04

cg26949694 chr11:27742060 16.69% 19.00% -2.30% -0.29 to -4.34% 0.03

cg01225698 chr11:27742355 10.47% 12.29% -1.83% -0.27 to -3.40% 0.02

cg10635145 chr11:27742435 35.40% 41.28% -5.88% -0.43 to -11.34% 0.04

cg27351358 chr11:27743258 6.94% 8.33% -1.39% -0.32 to -2.46% 0.01

cg03167496 chr11:27743619 7.43% 8.55% -1.12% -0.15 to -2.08% 0.02

cg11718030 chr11:27744363 11.02% 12.39% -1.37% -0.003 to -2.74% 0.05

cg06046431 chr11:27744675 5.88% 6.92% -1.04% -0.03 to -2.04% 0.04

SNCA cg06176111 chr4:90674837 64.34% 61.87% 2.48% 0.18–4.77% 0.04

cg06632027 chr4:90757378 12.37% 16.19% -3.81% -0.54 to -7.09% 0.02

cg00193021 chr4:90758120 6.87% 8.17% -1.30% -0.27 to -2.33% 0.01

cg17045024 chr4:90758207 16.36% 19.72% -3.36% -0.33 to -6.39% 0.03

cg08708229 chr4:90758216 13.10% 17.37% -4.28% -1.63 to -6.92% 0.002

cg02192967 chr4:90758406 12.27% 14.95% -2.68% -0.41 to -4.94% 0.02

cg00119181 chr4:90758537 7.20% 9.53% -2.34% -0.40 to -4.27% 0.02

cg23396644 chr4:90758777 4.99% 5.57% -0.58% -0.01 to -1.14% 0.05

APOE and PIN1 not present in table as no significant results were found.
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Table 4. Differentially methylated probes between dementia cases and cognitively healthy controls (cont.).
Gene Probe Hg19 location Case mean Control mean � 95% CI p-value

cg20776829 chr4:90758797 5.08% 7.59% -2.51% -0.80 to -4.22% 0.005

cg00869039 chr4:90759188 4.75% 5.43% -0.68% -0.05 to -1.30% 0.03

cg12030690 chr4:90759203 7.09% 8.25% -1.16% -0.37 to -1.95% 0.005

cg14372885 chr4:90760483 73.73% 69.02% 4.71% 1.56–7.86% 0.004

TOMM40 cg25093158 chr19:45394327 4.68% 4.44% 0.26% 0.04–0.48% 0.02

cg12271581 chr19:45394330 6.40% 5.94% 0.45% 0.08–0.82% 0.02

APOE and PIN1 not present in table as no significant results were found.

Table 5. Differentially methylated probes in pre-symptomatic dementia versus controls at baseline.
Gene Probe Hg19 location Case mean Control mean � 95% CI p-value

APOE cg16471933 chr19:45411802 69.18% 67.14% 2.04% 0.51–3.57% 0.009

cg18799241 chr19:45412599 80.15% 79.21% 0.91% 0.12–1.70% 0.02

APP cg11278459 chr21:27210355 52.43% 56.18% 3.75% 1.53–5.98% 0.001

cg17660372 chr21:27305727 83.42% 82.38% 1.04% 0.22–1.86% 0.01

cg04424048 chr21:27306084 68.42% 66.97% 1.44% 0.12–2.77% 0.03

cg08542030 chr21:27306498 78.07% 76.66% 1.41% 0.21–2.61% 0.02

cg07896369 chr21:27326987 83.77% 84.51% -0.75% -0.02 to -1.47% 0.04

cg17728373 chr21:27404776 60.51% 58.34% 2.16% 0.23–4.10% 0.03

cg23830184 chr21:27425841 77.84% 78.93% -1.09% -0.09 to 2.09% 0.03

cg22552084 chr21:27497496 63.69% 61.80% 1.90% 0.25–3.55% 0.03

cg19591392 chr21:27513218 64.04% 66.42% -2.38% -0.16 to -4.59% 0.04

cg15407086 chr21:27543045 17.08% 14.99% 2.09% 1.05–3.12% 0.0001

cg27158854 chr21:27543469 8.77% 8.34% 0.43% 0.15–0.71% 0.003

cg08866780 chr21:27543523 11.80% 10.65% 1.15% 0.26–2.05% 0.01

cg01148198 chr21:27544373 75.19% 74.33% 0.87% 0.09–1.68% 0.03

cg03015479 chr21:27544797 69.91% 68.09% 1.82% 0.10–3.53% 0.04

cg23393368 chr21:27561643 69.52% 67.75% 1.77% 0.26–3.28% 0.02

cg19933173 chr21:27562920 65.04% 60.73% 4.31% 2.28–6.33% �0.0001

BDNF cg23330212 chr11:27672697 57.91% 56.07% 1.83% 0.05–3.62% 0.04

cg14291693 chr11:27683959 64.07% 61.92% 2.15% 0.48–3.81% 0.01

cg08362738 chr11:27722636 5.53% 6.03% -0.49% -0.07 to -0.91% 0.02

cg25328597 chr11:27722638 5.80% 6.19% -0.39% -0.00001 to -0.78% 0.05

cg04672351 chr11:27722889 5.81% 5.53% 0.28% 0.03–0.54% 0.03

cg05733135 chr11:27740876 24.75% 27.37% -2.62% -0.31 to -4.92% 0.03

cg22043168 chr11:27741077 28.96% 30.27% -1.31% -0.25 to -2.37% 0.02

cg26949694 chr11:27742060 16.82% 17.86% -1.05% -0.12 to -1.97% 0.03

cg01225698 chr11:27742355 10.66% 11.70% -1.05% -0.14 to -1.96% 0.02

cg27351358 chr11:27743258 7.21% 8.13% -0.92% -0.13 to -1.71% 0.02

PIN1 cg06539622 chr19:9945676 4.85% 5.29% -0.43% -0.06 to -0.81% 0.03

SNCA cg01681236 chr4:90647041 79.33% 77.96% 1.37% 0.33–2.41% 0.01

cg06176111 chr4:90674837 63.72% 62.15% 1.57% 0.03–3.11% 0.05

cg17045024 chr4:90758207 17.00% 18.89% -1.89% -0.14 to -3.64% 0.04

cg01035160 chr4:90758529 5.46% 6.10% -0.62% -0.12 to -1.11% 0.01

cg00119181 chr4:90758537 7.21% 8.40% -1.20% -0.01 to -2.38% 0.05

TOMM40 cg08267701 chr19:45393621 5.19% 4.94% 0.24% 0.02–0.47% 0.04

cg22024783 chr19:45393916 17.89% 16.36% 1.53% 0.53–2.53% 0.003

cg27534894 chr19:45393925 13.11% 11.77% 1.34% 0.48–2.20% 0.002

cg21549639 chr19:45394156 6.81% 6.40% 0.43% 0.13–0.72% 0.004

cg27443666 chr19:45394427 2.85% 3.00% -0.15% -0.002 to -0.29% 0.05
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Table 6. Significant probes common between diagnosed and presymptomatic dementia groups.
Probe Probe Location Timepoint Status Mean (%) � Case versus controls p-value

APP cg08542030 chr21:27306498 Baseline Control 76.66% 1.41% 0.02

Presymptomatic 78.07%

Follow-up Control 75.36% 2.39% 0.01

Dementia 77.75%

cg17728373 chr21:27404776 Baseline Control 58.34% 2.16% 0.03

Presymptomatic 60.51%

Follow-up Control 57.07% 3.86% 0.01

Dementia 60.92%

cg22552084 chr21:27497496 Baseline Control 61.80% 1.90% 0.03

Presymptomatic 63.69%

Follow-up Control 61.16% 2.68% 0.03

Dementia 63.84%

cg03015479 chr21:27544797 Baseline Control 68.09% 1.82% 0.04

Presymptomatic 69.91%

Follow-up Control 66.64% 3.32% 0.007

Dementia 69.96%

BDNF cg26949694 chr11:27742060 Baseline Control 17.86% -1.05% 0.03

Presymptomatic 16.82%

Follow-up Control 19.00% -2.30% 0.03

Dementia 16.69%

cg01225698 chr11:27742355 Baseline Control 11.70% -1.05% 0.02

Presymptomatic 10.66%

Follow-up Control 12.29% -1.83% 0.02

Dementia 10.47%

cg27351358 chr11:27743258 Baseline Control 8.13% -0.92% 0.02

Presymptomatic 7.21%

Follow-up Control 8.33% -1.39% 0.01

Dementia 6.94%

SNCA cg06176111 chr4:90674837 Baseline Control 62.15% 1.57% 0.05

Presymptomatic 63.72%

Follow-up Control 61.87% 2.48% 0.04

Dementia 64.34%

cg17045024 chr4:90758207 Baseline Control 18.89% -1.89% 0.04

Presymptomatic 17.00%

Follow-up Control 19.72% -3.36% 0.03

Dementia 16.36%

cg00119181 chr4:90758537 Baseline Control 8.40% -1.20% 0.05

Presymptomatic 7.21%

Follow-up Control 9.53% -2.34% 0.02

Dementia 7.20%

Intragenic Pearson’s correlation between probes
DNA methylation at individual probes within each of the genes showed weak to no correlation with each other
(r <0.5), with only a few showing moderate to strong correlations (r >0.5) (Supplementary Files 1 & 2). In
pre-symptomatic dementia analysis, the APP probe cg19933173 was moderately correlated (r = 0.5 to 0.7) with
21% of all probes in the region, but was otherwise largely independent from the other probes. Further the APP
probe cg15407086 showed little to no correlation with any other probe in the region and is only weakly correlated
with APP cg19933173.
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Linear regression of significant observations
Probes with significant differences between dementia cases versus controls or pre-symptomatic dementia cases versus
controls were investigated further in linear regression analysis to consider the potential influence of covariates such
as age, self-reported gender and batch effects, as well as estimated blood-cell proportions. Evidence for all but four
of the associations remained after adjustment for age, gender and assay batch (Model 1, Supplementary Tables 2
& 3). Those that were no longer significant at the 5% level (p > 0.05 but all with <0.10) were APP cg01286133
and BDNF cg24377657 in dementia cases versus controls and APP cg08866780 and SNCA cg00119181 in
presymptomatic analysis. After further adjustment for cell type proportions of B cells, CD8+ T and CD4+ T
cells, monocytes, neutrophils and natural killer cells, only two associations remained significant in association with
diagnosed dementia (Model 2, Supplementary Table 4); however, for presymptomatic dementia, 15 of the original
39 probes remained significant after further adjustment (p < 0.05) (Model 2, Supplementary Table 4).

Discussion
This study identified compelling evidence of differential methylation of several genes implicated in dementia
pathology in the blood of both those diagnosed with dementia and presymptomatic cases. Of particular note is
the differential DNA methylation observed in dementia cases compared with controls for the SNCA and APP gene
regions, with over 20% of measured probes being significantly differentially methylated between the sample groups
in each gene region. Differential DNA methylation at almost a third of measured probes in TOMM40 was seen in
cases of pre-symptomatic dementia.

Several of these differentially methylated probes were identified at both timepoints to have the same direction of
effect compared with controls, also having a greater effect size in diagnosed dementia in contrast to presymptomatic
dementia. This could suggest that methylation at these probes may be involved in the progression of disease
pathology, as well as having utility as an early biomarker of disease. APP is possibly the best candidate gene for
a methylation-based dementia biomarker in peripheral blood. Not only did APP contain the greatest number of
probes significant at both time points, but it also showed the greatest effect size in any one probe across common
probes, as well as in both individual analyses. Further, methylation at cg19933173 and cg15407086, which were
associated with presymptomatic dementia, passed BH adjustment and were largely independent from methylation
of all other probes in the region. This suggests that these two probes may be possible standalone early biomarkers
of the disease. All common probes in APP were increased compared with controls at both time points, suggesting
that increasing DNA methylation at these probes could be associated with disease progression.

From the 299 probes examined in this study, direct comparisons could be made with 32 identical CpGs from
previous studies (Supplementary Table 5). This includes ten probes within APOE, four within APP, one within
BDNF, nine within PIN1, two within SNCA and six within TOMM40.

When comparing probes within APOE, only one within our dataset (cg18799241) showed a small increased
methylation in presymptomatic dementia compared with controls (+0.91%; p = 0.0243). A previous study
(n = 67) had shown differential methylation in a group combining both MCI and AD participants, compared with
controls, although the effect size (and direction) were not given [15]. The three other studies to examine APOE
methylation [14,16,17] found higher methylation across the region assessed, which aligns with the small but significant
higher methylation across the APOE gene region that we observed in presymptomatic dementia (+0.41; p = 0.004).

For two APP probes identified in our study (cg27158854, +0.43%; p = 0.0027 and cg08866780, +1.15; p =
0.012, where higher methylation was observed in dementia cases) findings were similar to a previous study of AD
(n = 2) [18]; however, they only reported average higher methylation over four CpG’s (+0.5%). The same study
reported AD was associated with an average lower methylation in PIN1. Of the six CpG in common with our
study, we found one was negatively associated with presymptomatic dementia (cg06539622, -0.44%; p = 0.025).

The findings of our study that higher methylation at cg22024783 in TOMM40 was found in presymptomatic
cases compared with controls (+1.53; p = 0.0029), aligns with the two previous studies that included this probe.
One study of 289 individuals found higher methylation was associated with lower delayed recall score [14] and
the other study of 67 individuals reported a significant difference in methylation between grouped AD/MCI
and controls [15]. Impairments in delayed recall is often a feature of pre-symptomatic dementia. Additionally, a
small increase in cg12271581 methylation in TOMM40 was associated with diagnosed dementia in our study
(+0.46%; p = 0.0178). Methylation of this probe was previously found to be higher in individuals with lower
delayed recall scores (n = 289) [14] and significantly different between MCI and AD (n = 67) [15]. We also observed
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an average higher methylation of TOMM40 in presymptomatic dementia (+0.41; p = 0.004); however, neither of
the aforementioned studies reported on average methylation across the region.

Previously reported findings concerning BDNF (only one CpG in common) and SNCA (two CpGs) could not
be replicated. The primary factors limiting exact replication of findings are the differing methods used to measure
methylation and the poor reporting of genomic regions assayed. For example, previous studies used multiple
methods of measuring DNA methylation, including methylation specific PCR, pyrosequencing and epigenome
wide array-based measures such as the Illumina 450K [49]. Further, often studies reported regions based on different
human genome assembly builds, or did not report specific regions at all, thus, insufficient information was provided
to ascertain the exact gene region. Another limitation is that in some cases when associations were reported, the effect
size or degree of methylation difference between cases and controls was not reported and surprisingly, sometimes
even the direction of association (higher or lower methylation) was not given. Finally, discordant results between
ours and previous findings could be due in part to a lack of power in previous studies, with most having a smaller
sample size in comparison (eight out of 13 studies) and several studies failing to account for multiple comparisons
(six out of 13 studies), which would have increased the risk of false positive findings. These variations and lack of
accurate reporting of results make it difficult to directly compare methylation findings, resulting in a lack of clear
replication and discordant findings across some reported genes. Our study has used the most recently available
technology for measuring genome-wide methylation changes and provided clear genomic locations for each of the
CpGs.

Strengths & limitations
The main strength of this study was the ability to analyze methylation across previously implicated genes in those
with a dementia diagnosis and to investigate differential methylation at these same genes in presymptomatic cases.
Differential methylation at specific probes in the presymptomatic group increased in effect size and in the same
direction when compared with the analysis of diagnosed dementia. A limitation of the study is the moderate
sample size; however, this is comparable to other studies published in this field to date (ranging from two to
458 participants) and the inclusion of presymptomatic dementia cases is a strength over previous studies. Given
this, only two probes within our analysis passed adjustment for multiple testing. There is thus a possibility of
an increased risk of type 1 error and that some of the other reported findings could be false positives. However,
particularly in the dementia versus controls analysis, there are more significant findings in this study than we would
expect based on chance alone. Another limitation is that we only attempted to replicate genes where significant
findings had already been identified from prior studies in the field. While this was a conservative approach, focusing
on strong a priori genes, it also means that there may be other important genes that have not been considered
here. For example, Mise et al. measured methylation over the TOMM40 gene region and found no differences
in methylation between dementia and controls [50]. When comparing probe locations, we were able to directly
compare cg06632829, chr19:45,394,476, which in our study also showed no association between methylation
and dementia. The measurements of the Illumina Infinium MethylationEPIC BeadChip used in this study have
been shown to have high reproducibility when using biological and technical replicates [51]. Regardless, before
any findings progress further for true biomarker development, technical validation by using separate methylation
measurement methods, such as pyrosequencing would be required [52].

Conclusion
Findings in this study were partially concordant with previous methylation studies of candidate genes in dementia.
Further, we found good evidence that differential methylation at some novel sites within these genes were associated
with dementia and that some of these could be detected prior to the appearance of clinical dementia symptoms.
Methylation at several sites within the APP gene have the potential to be a biomarker of presymptomatic dementia,
dementia diagnosis and of the progression of the disease. Further studies of APP, SNCA and TOMM40, including a
focus on presymptomatic dementia, that include genotype and gene expression analysis, are required to strengthen
this evidence.

Future perspective
Genetic variation within the genes assessed in this study has been associated with dementia risk. Genetic variation
is also known to influence DNA methylation [53,54], but it remains unknown to which degree the genetic variation
of dementia risk genotypes influences DNA methylation. Linking DNA methylation data to genotypic data in the
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same gene region should be investigated further. It has the potential to help identify novel dementia risk related
SNPs, but also to determine how changes in genotype may influence methylation associated with the disease. It
also remains unclear whether the differential methylation observed here is functionally relevant. Not only could
methylation at these genes have utility as a biomarker for the disease, but differential methylation may lead to
differential gene expression and thus could contribute to dementia pathology.

Blood is a heterogeneous mix of multiple cell types and differing cell types have different methylation pro-
files [55]. Here we adjusted for estimated blood–cell proportions, which was shown to affect the association between
methylation and pre-diagnosed/dementia status. It should be noted that cell type estimation of epigenome data
may introduce a source of unwanted variation to the study and differing cell types may be a result of the disease
itself, as has been seen previously in Alzheimer’s disease [56]. Should an easy to obtain biomarker for dementia be
found using DNA methylation measurable in blood, it should be detectable regardless of cell composition. That
said, a greater understanding of the relationship between dementia and blood-based methylation could come from
specific cell type analyses in blood. Thus, future studies may consider using methylation profiles built off specific
blood cell types, rather than whole blood which gives an average methylation value across all blood cell types.

Finally, direct comparisons between studies and the pooling of data for meta-analyses, imperative to advance the
field, requires the proper reporting of gene regions including genome build, array probe name and exact genomic
locations as well as the full reporting of results, including the direction and magnitude of effect size.

Summary points

• Blood DNA methylation could be a useful biomarker – which may aid in diagnosis and could predict future risk of
disease.

• Candidate genes targeted in this study are those that have been previously implicated in dementia pathology,
including APOE, APP, BDNF, PIN1, SNCA and TOMM40.

• DNA methylation was measured in the peripheral blood of 160 cognitively healthy individuals, 73
(presymptomatic for dementia) who were subsequently diagnosed and 87 controls matched for age gender,
education, smoking and baseline cognition.

• DNA methylation was also measured in 49 of these participants at follow-up, including 24 with diagnosed
dementia and 25 who remained cognitively healthy.

• Analysis included comparisons of average methylation across each of the six genes and at 299 specific
methylation probes across the genes, between cases (presymptomatic and diagnosed dementia) and controls.

• Linear regression models were used to adjust for age, sex and assay batch, as well as estimated blood cell
proportions.

• A total of 56 probes were found to be differentially methylated between diagnosed dementia participants and
matched controls in adjusted analysis, though none passed Benjamini-Hochberg adjustment.

• A total of 39 probes were associated with presymptomatic dementia, two of which also passed
Benjamini-Hochberg adjustment.

• cg19933173, CpG21:27562920 upstream of the APP transcription site (+4.31% in presymptomatic dementia; p <

0.0001, BH Adj.p = 0.015) and cg15407086, CpG21:27543045, within the APP gene, (+2.09%; p < 0.0001, BH Adj.p
= 0.015).

• We found good evidence of differential methylation of several genes implicated in dementia and that some of
these can be detected prior to the appearance of clinical dementia symptoms.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:

www.futuremedicine.com/doi/suppl/10.2217/epi-2020-0236
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