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Abstract

Differentially methylated positions (DMPs) between persons with and without late-onset 

Alzheimer’s disease (LOAD) were observed at 477 of 769,190 loci in a plurality of genes. Of 

these, 17 were shared with DMPs identified using clinical LOAD markers analyzed independently 

as continuous variables comprising Rey Auditory Verbal Learning Test scores, cerebrospinal fluid 

total tau (t-tau) and phosphorylated tau 181 (p-tau181) levels, and t-tau/Aβ1–42 (Aβ42), p-tau181/

Aβ42, and Aβ42/Aβ1–40 (Aβ40) ratios. In patients with LOAD, 12 of the shared 17 DMPs were 

hypomethylated in B3GALT4 (Beta-1,3-galatcosyltransferase 4) (EC 2.4.1.62), and5 were 

hypomethylated in ZADH2 (Prostaglandin reductase 3) (EC 1.3.1.48).
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INTRODUCTION

Covalent addition of a methyl group at position 5 of the nucleotide cytosine generates 5-

methylcytosine (5mC) that is most often observed in the human genome adjacent to a 

guanine in a CpG dinucleotide. Cytosine methylation is less common in dense clusters of 

CpG dinucleotides referred to as CpG islands that participate in the regulation of gene 

transcription when located in promoter regions [1]. Fluctuations in 5mC levels across the 

genome are observed over the lifespan in association with cognitive aging in 

neurodegeneration, and with changes in learning and memory [2–4]. Variations in 5mC 

abundance have been identified in postmortem brain tissues of late-onset Alzheimer’s 

disease (LOAD) patients in genes that correlate with LOAD susceptibility. Recent 

epigenome-wide association studies (EWAS) report differential methylation in known and 

newly recognized LOAD genes, thereby underscoring the utility of EWAS in disclosing 

novel genes and pathways associated with LOAD pathogenesis [5–8]. As an alternative to 

the study of donor brain tissues, investigation of DNA methylation in accessible peripheral 

tissues may provide an opportunity to improve clinical diagnosis and estimates of prognosis, 

and to guide personalized treatment of LOAD [9]. To identify differences in the distribution 

of 5mC associated with LOAD, we extracted genomic DNA from the whole blood of 45 

LOAD patients and 39 matched controls, and used the Illumina HumanMethylationEPIC 

array platform to interrogate >850,000 methylated sites spanning the genome for the 

presence of differentially methylated positions (DMPs) that distinguish persons with and 

without LOAD.

MATERIALS AND METHODS

Participants

Inclusion of human participants in this study was approved by the University of Wisconsin-

Madison institutional review board, and all participants provided informed consent.

Participants were 45 patients with a clinical diagnosis of LOAD based on NIA-AA criteria, 

and 39 persons without cognitive impairment matched for age, sex, and education who are 

enrolled in the longitudinal Wisconsin Alzheimer’s Disease Research Center (WADRC) 

clinical core. Participants in the WADRC clinical core are evaluated annually with a panel of 

cognitive performance tests. Cognitive status is determined by a consensus conference panel 

based on National Institute on Aging-Alzheimer’s Association criteria [10, 11].

Neuropsychological assessment

Measures of learning and memory (Rey Auditory Verbal Learning Test (RAVLT), Total 

Trials and Delayed Recall), and executive function (Trail Making Test Part B (TMT-B)) 

were included based on prior meta-analyses indicating that these cognitive domains 

demonstrate significant decline and association with LOAD biomarkers [12–16].

Cerebrospinal fluid (CSF) amyloid and tau

CSF was collected in the morning after a minimum 12-h fast, as previously described [17]. 

Samples were sent to the Clinical Neurochemistry Laboratory at the Sahlgrenska Academy 
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of the University of Gothenburg, Sweden, and analyzed according to protocols approved by 

the Swedish Board of Accreditation and Conformity Assessment using one batch of reagents 

(intra-assay coefficients of variation <10%) for each of two batches. CSF samples were 

assayed for total tau (t-tau), phosphorylated tau 181 (p-tau181), Aβ1–42 (Aβ42), and Aβ1–40 

(Aβ40) using commercially available ELISA methods (INNOTEST assays, Fujirebio, Ghent, 

Belgium), and (Aβ42/Aβ40) ratios (Triplex assays, MSD Human Aβ[beta] Peptide Ultra-

Sensitive Kit, Meso Scale Discovery, Gaithersburg, MD). Batch-to-batch conversions were 

performed as previously described [17].

Blood genomic DNA methylation

Whole blood was collected into a 10 ml EDTA tube and mixed by rocking for 5 min. Blood 

was then aliquoted into 2 × 5 ml and frozen in a 20°C freezer overnight, then moved to a 

−80°C freezer. Samples were thawed and genomic DNA was extracted using the Gentra 

Puregene Blood kit, following the manufacturer’s protocol (Qiagen, Hilden, Germany). 

Extracted genomic DNA was resolved on a 1% agarose gel to verify that the DNA was of 

high molecular weight, and was quantified using Qubit™ (Qiagen, Hilden, Germany). Five 

hundred nanograms of genomic DNA were sodium bisulfite-treated to convert unmethylated 

cytosines to uracils using the EZ DNA Methylation-Gold™ kit (Zymo Research, Irvine, CA, 

USA). The converted DNA was purified and prepared for analysis on the Illumina 

HumanMethylationEPIC BeadChips™ according to manufacturer protocols (Illumina, San 

Diego, CA, USA). In brief, the bisulfite-converted DNA was amplified, fragmented, and 

hybridized to the HumanMethylationEPIC pool of allele-differentiating oligonucleotides to 

ensure an equal and random placement of participants and controls on each beadchip. After 

serial extension, ligation, and cleanup reactions, the DNA was labeled with a fluorescent 

dye. The labeled DNA was then scanned using an Illumina iScan array scanner. Image 

analysis, and signal determinations were performed using the GenomeStudio software, 

Methylation Module (Illumina, San Diego, CA, USA).

Preprocessing HumanMethylationEPIC data

Raw intensity data files were imported into R package minfi to assess sample quality, to 

calculate the detection p-value of each tested probe, and to estimate blood cell counts for 

each sample [18]. Probes were background- and control-corrected, followed by subset-

quantile within array normalization to correct for probe-type bias [18–20]. Probes were 

removed from further analysis if: one sample or more exhibited a detection p-value >0.01; 

the probe contained a single nucleotide polymorphism (SNP); the probe reported 

methylation at a SNP; the probe was derived from a sex chromosome; the probe measured 

methylation at a cytosine followed by a nucleotide other than guanine; or the probe is a 

cross-reactive probe. With these filtration criteria, 97,647 probes were discarded and 

769,190 probes were available for further analysis.

Statistical analyses

Demographic characteristics from participants with and without LOAD were compared 

using T-tests with a significance level of p < 0.05 adopted for all comparisons. Table 1 

indicates those with significance. Methylation levels (i.e., beta-values) were calculated in 

minfi as the ratio of methylated to total signal (i.e., beta-value = methylated signal/
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(methylated signal + unmethylated signal +100)), where beta-values range from 0 (fully 

unmethylated) to 1 (fully methylated). Beta values were further converted to M-values (i.e., 

logit-transformed beta-values) for differential analysis to generate M-values appropriate for 

statistical testing. Linear regression for each tested CpG using a multivariate model was 

employed using R package limma [21] and all discrete (i.e., LOAD versus no-LOAD) and 

continuous variables were treated as the independent variable, while methylation level was 

the dependent variable. A model adjusted for LOAD versus no-LOAD, sex, age, 

identification number of the HumanMethylationEPIC array (N = 12), and white blood cell 

counts (i.e., granulocytes, monocytes, natural killer, B-cell, CD8T, and CD4T lymphocytes) 

was used for regression [18, 22]. To assess systematic bias of the linear regression model, 

the genomic inflation factor was calculated for the obtained p-values, yielding a genomic 

inflation factor of 1.01, thereby suggesting no bias in these methods [23]. All methylation 

data was subjected to surrogate variable analysis (R package sva). Because methylation 

levels of immediately flanking probes tested by array-based platforms may exhibit 

dependence upon one another, and because corrections for multiple testing such as the 

Benjamini-Hochberg false discovery rate may be inefficient under a varying dependence 

structure, the R package NHMMfdr was used to detect the adjusted local index of 

significance (aLIS), an extension of adjusted p-values, for each probe by first converting all 

p-values to z-scores, followed by using a nonparametric Gaussian mixture distribution with 

one mixture component, and all other parameters set to default [24]. An aLIS threshold of 

<0.05 was used to identify differentially methylated loci. The same multivariate model was 

used when testing the continuous variables of interest: RAVLT, Total Trials and Delayed 

Recall scores, and TMT-B scores (n = 38 LOAD, n = 39 no-LOAD), and CSF t-tau, p-tau181, 

Aβ42, Aβ40 levels and t-tau/Aβ42, p-tau/Aβ42, and Aβ42/Aβ40 ratios (n = 16 LOAD, n = 24 

no-LOAD).

RESULTS

Participant characteristics

Table 1 provides demographic characteristics of participants with and without LOAD. 

LOAD and no-LOAD participants did not differ in age and sex. Patients with LOAD had 2 

fewer years of educational attainment. As expected, CSF values differed between groups.

Genome-wide DNA methylation

Of 769,190 loci tested, 477 CpG positions were differentially methylated (Supplementary 

Table 1). Classification of the differentially methylated positions to the nearest gene revealed 

106 DMP-associated genes, including 21 hypermethylated loci and 97 hypomethylated loci. 

Twelve genes contained more than one DMP that were hypermethylated and 

hypomethylated at distinct genomic positions. The mean distance between adjacent 

hypermethylated and hypomethylated DMPs in the same gene was >500 kilobases. A 

proportion of DMP-associated genes and their products have been noted by others to 

participate in LOAD pathogenesis including B3GALT4, FLOT1, OXT, and DLG2 [7, 25–

27].
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Each comparison of 6 continuous variables comprising RAVLT scores, and CSF t-tau and p-

tau181 levels, or t-tau/Aβ42, p-tau181/Aβ42, or Aβ42/Aβ40 ratios yielded a unique set of 

DMPs. Of the 477 DMPs that distinguished participants with and without LOAD, 17 DMPs 

were also shared among the 6 continuous variables (Fig. 1). In LOAD patients, 12 of the 

shared 17 DMPs were hypomethylated in B3GALT4 (Beta-1,3-galatcosyltransferase 4) (EC 

2.4.1.62), and 5 were hypomethylated in ZADH2 (Prostaglandin reductase 3) (EC 1.3.1.48) 

(Fig. 2). Differential levels of DNA methylation at 7 of 7 DMPs at the B3GALT4 locus 

observed using the HumanMethylationEPIC array was confirmed by pyrosequencing, with a 

mean correlation coefficient of >0.9 for the 7 DMP sites. When analyzed as continuous 

variables, no DMPs associated with TMT-B scores and Aβ42 levels were observed that 

distinguish participants with and without LOAD, and that were shared between the other 6 

continuous variables. No surrogate variables were identified in the data, indicating that the 

variables used in the model (e.g., LOAD versus no-LOAD) accounted for the preponderance 

of the observed variance, and that latent confounders (e.g., education) were not a source of 

bias or noise.

DISCUSSION

Genome-wide DNA methylation analysis reveals that LOAD-related DMPs are located 

throughout the human genome in peripheral blood. In LOAD patients, 17 hypomethylated 

DMPs in B3GALT4 and ZADH2 are shared with DMPs associated with memory 

performance, and CSF levels of Aβ and tau. B3GALT4 encodes the enzyme Beta-1,3-

galactosyltransferase 4, a type II membrane-bound glycoprotein crucial for the biosynthesis 

of GM1. GM1 is a ganglioside on the surface of vertebrate cells that participates in the 

regulation of synaptic transmission in the brain [28–30]. GM1 and other components of the 

ganglioside biosynthesis pathway are associated with LOAD onset and progression, 

neuronal cell survival, and neurotoxicity [31–35]. A critical event leading to synaptic failure 

associated with LOAD is perturbation of neuronal cell membranes resulting from the 

generation of porelike structures that jeopardize cell integrity [36]. Synaptotoxicity arises at 

least in part from lipid raft aggregation of Aβ Aβ [36]. Gangliosides including GM1 are 

concentrated in lipid rafts and interact with Aβ, thereby supporting a role for GM1 and Aβ 
interactions in disruption of neuronal membrane integrity and dysregulation of GM1 

biosynthesis by aberrant B3GALT4 expression as contributors to LOAD pathogenesis [37, 

38]. A previous study of DNA methylation alterations in the superior temporal gyrus of 

postmortem LOAD brain samples reported 53 hypermethylated positions in B3GALT4 [7]. 

Twelve of the 53 were those hypomethylated in the present study suggesting an inverse 

cross-tissue (i.e., brain and blood) correlation with LOAD.

ZADH2 encodes the enzyme zinc binding alcohol dehydrogenase domain containing 2, also 

referred to as prostaglandin reductase 3 (PGR3). PGR3 is a member of the cyclooxygenase-

prostaglandin pathway with a high affinity for 15-keto-PGE2-α [39–41]. The 

cyclooxygenase-prostaglandin pathway is associated with LOAD risk, particularly PGE2 

[42]. Diverse members of the pathway promote pro-inflammatory and anti-inflammatory 

responses through cell-type-specific G-protein coupled receptors with inhibition of 

cyclooxygenases reported to decrease LOAD risk [43–46].
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Two online blood-brain DNA methylation comparison instruments were used to interrogate 

the 12 B3GALT4 DMPs that correlate with LOAD expression in our data. Lower levels of 

B3GALT4 DNA methylation in our samples of white blood cells from living patients with 

LOAD were observed in comparison to samples of postmortem brain tissues from patients 

who died from LOAD that were used to generate the online instruments [47,48]. Other 

investigators similarly report discordant DNA methylation profiles between blood and brain 

tissues associated with other neurological disorders [49–51]. With regard to the ZADH2 
locus, 4 of the 5 DMPs that we report were compared with data from the 450 K array used to 

generate the BECon analysis and the Blood Brain DNA Methylation Comparison Tool [47, 

48]. The 4 DMPs show similar levels of DNA methylation between blood and tissue from 

diverse brain regions. The 5th ZADH2 DMP that we report to be differentially methylated 

between patients with LOAD and participants without LOAD is a novel probe on the 850K 

array, and is not interrogated by two online tools. The interpretation and implications of 

these findings remain to be elucidated. Chouliaras et al. have recently described DMPs in 

HLA-DPA1/HLA-DPB1, DRC1, PRKAA2, CACLB, CDH2, RTBDN, ZNF256, and 

SHANK2 genes in the blood of participants with mild cognitive impairment (MCI) based on 

Montreal Cognitive Assessment (MoCA) scores in comparison to sex-matched cognitively 

normal participants [52]. No DMPs in blood are shared between these observations in 

participants with MCI and the results of the present investigation of participants with LOAD, 

suggesting that progression to LOAD exhibits distinct DMP patterns not associated with 

MCI. Taken together, these data reinforce the use of blood as an accessible tissue of value in 

the identification of DMPs associated with dementia onset and progression. Our data lend 

further support to the role of enzymes in ganglioside and prostaglandin metabolism in the 

pathogenesis of AD, and may provide novel diagnostic, prognostic and modifiable 

therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Differentially methylated positions (DMPs) in white blood cell DNA between LOAD 

patients and matched no-LOAD persons. The Venn diagram depicts differentially methylated 

CpG sites within each of 7 comparison groups (LOAD versus non-LOAD (red), Rey 

Auditory Verbal Learning Test (RAVLT) scores (orange), h-tau (yellow), and p-tau181 

(green) levels, and t-tau/Aβ42(blue), p-tau/Aβ42 (purple), and Aβ42/Aβ40 (pink) ratios. 

Numerical values within each oval are the number of DMPs identified for each variable. 

Seventeen DMPs were shared between all comparisons.
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Fig. 2. 
Relative positions of LOAD versus no-LOAD differentially methylated positions (DMPs) at 

B3GALT4 and ZADH2 loci. A) (Upper panel) Schematic of B3GALT4 and its neighboring 

gene RSP18. The relative positions of probes measuring methylation levels of CpG sites 

annotated to B3GALT4 with their genomic 5’−3’ positions are provided (inset panel; x-axis) 

versus the -log10 of the adjusted local index of significant (aLIS) p-value (y-axis). All probes 

were tested for hypermethylation (black dots) and hypomethylation (red dots). Levels of 

aLIS p-values <0.05 (dashed blue line) and <0.01 (continuous blue line) are displayed. In the 

LOAD versus. no-LOAD comparison, 13 hypomethylated probes (n =13 exonic probes) 

exhibit an aLIS p-value <0.05. Their relative locations are highlighted by a red bracket and 

asterisk. The CpG IDs of the 12 probes with DMPs in B3GALT4 in all 7 comparisons are: 

cg03127244, cg22878489, cg03721978, cg09349343, cg17103217, cg23950233, 
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cg21618521, cg19882268, cg00052772, cg27147350, cg06362282, cg24605046. The 

LOAD versus no-LOAD CpG DMP site cg26055446 was not shared between the 7 

comparisons (hollow red dot). B) (Lower panel) Schematic of ZADH2 and its neighboring 

gene TSHZ1. The relative positions of probes measuring methylation levels of CpG sites 

annotated to ZADH2 with their genomic 5’−3’ positions are provided (inset panel; x-axis) 

versus the –log10 of the aLIS p-value (y-axis). All probes were tested for hypermethylation 

(black dots) and hypomethylation (red dots). Levels of aLIS p-values <0.05 (dashed blue 

line) and <0.01 (continuous blue line) are displayed. In the LOAD versus no-LOAD 

comparison, 8 hypomethylated probes (n = 5 intronic, n = 3 exonic) exhibit an aLIS p-value 

<0.05. Their relative locations are highlighted by a red bracket and an asterisk. The CpG IDs 

of the 5 probes with DMPs in ZADH2 in all 7 comparisons are: cg02750262, cg18449964, 

cg03972071, cg07889413, cg22088248. The LOAD versus no-LOAD CpG DMP sites 

cg21786191, cg21330207, and cg11568697 were not shared between the 7 comparisons 

(hollow red dots).
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