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Abstract

INTRODUCTION: DNA microarray-based studies report differentially methylated
positions (DMPs) in blood between late-onset dementia due to Alzheimer’s disease
(AD) and cognitively unimpaired individuals, but interrogate < 4% of the genome.
METHODS: We used whole genome methylation sequencing (WGMS) to quantify
DNA methylation levels at 25,409,826 CpG loci in 281 blood samples from 108 AD
and 173 cognitively unimpaired individuals.

RESULTS: WGMS identified 28,038 DMPs throughout the human methylome, includ-
ing 2707 differentially methylated genes (e.g., SORCS3, GABA, and PICALM) encoding
proteins in biological pathways relevant to AD such as synaptic membrane, cation
channel complex, and glutamatergic synapse. One hundred seventy-three differen-
tially methylated blood-specific enhancers interact with the promoters of 95 genes
that are differentially expressed in blood from persons with and without AD.
DISCUSSION: WGMS identifies differentially methylated CpGs in known and newly

detected genes and enhancers in blood from persons with and without AD.
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1 | BACKGROUND

Late-onset dementia due to Alzheimer’s disease (AD) is diagnosed
by signs and symptoms of dementia that occur at or after the age
of 65. While the etiology of AD remains uncertain, recent evidence
indicates that environmental influences increase the risk of AD in
part through interactions with the epigenome.? Covalent addition
of a methyl group at position 5 of the nucleotide cytosine gener-
ates 5-methylcytosine (5mC). 5mC participates in coordination of gene
expression in the human genome. Fluctuations in 5mC levels across the
genome are observed over the lifespan in association with cognitive
aging and neurodegenerative diseases.? Variations in 5mC abundance
and distribution have been identified in post mortem brain tissues of AD
patients in genes that co-segregate with AD susceptibility.*> Recent
DNA microarray-based epigenome-wide association studies (EWAS)
report differential methylation in known and newly recognized AD
genes in brain and blood samples,®~? thereby underscoring the value
of EWAS in disclosing novel genes and pathways associated with the
pathogenesis of AD. Prior single gene-targeted and microarray-based
studies used diverse DNA methylation detection platforms that query
preselected genes and genomic regions, and scan at most only 3.4% of
the potential methylated sites in the human genome.’%11 A shared lim-
itation of previous contributions is the use of DNA microarray-based
technologies that are limited by a priori, biased choice of targeted loci,
rather than use of unbiased, comprehensive methods of DNA methy-
lation analysis using whole genome methylation sequencing (WGMS).
As a preferred alternative to microarray-based methods, WGMS pro-
vides single base-pair resolution of all methylated sites in the linear
DNA sequence of bases along the 5’ to 3’ direction in which a cyto-
sine nucleotide is followed by a guanine nucleotide (CpG) in the human
genome. This balanced approach supports evaluation of blood DNA
methylation levels as potential molecular biomarkers of AD, and facili-

tates DNA methylation and multi-omic investigations with a pragmatic,
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* Whole genome DNA methylation levels were quantified in blood from persons with
and without Alzheimer’s disease (AD).
* Twenty-eight thousand thirty-eight differentially methylated positions (DMPs) were

* Two thousand seven hundred seven genes comprise DMPs.

* Forty-eight of 75 independent genetic risk loci for AD have DMPs.

* One thousand five hundred sixty-eight blood-specific enhancers comprise DMPs,
173 of which interact with the promoters of 95 genes that are differentially

expressed in blood from persons with and without AD.

translational opportunity to improve the diagnosis and individualized
treatment of AD.

2 | METHODS

2.1 | Study participants

The experimental protocol was approved by the institutional review
board (IRB) of the University of Wisconsin School of Medicine and
Public Health, Madison, WI. All participants signed an IRB-approved
informed consent.

2.1.1 | Wisconsin Alzheimer’s Disease Research
Center participants

The Wisconsin Alzheimer’s Disease Research Center (WADRC) inves-
tigates AD in middle-aged to older adults from cognitively unimpaired
to mild cognitive impairment (MCI) and AD. All participants are com-
munity dwelling and undergo serial examinations at the University of
Wisconsin-Madison Hospital and Clinics.12 WADRC Clinical Core par-
ticipants undergo blood sample collection and comprehensive cogni-
tive testing at annual or biennial intervals using the neuropsychological
battery of the Uniform Data Set (UDS) comprising measures of atten-
tion, processing speed, executive function, episodic memory, language,
and constructional ability.2® A multi-disciplinary consensus confer-
ence panel reviews cognitive test findings and supporting information
gathered at each study visit including medical history, depressive symp-
toms, self-reported memory functioning, social history, and informant
reports of cognitive and functional status. Participants are classi-
fied as cognitively unimpaired, or meeting criteria for MCI or AD
based on National Institute on Aging-Alzheimer’s Association (NIA-AA)

criteria.14-16



ws2 | Alzheimer’s &Dementia’

BREEN ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

2.1.2 | Wisconsin Registry for Alzheimer’s
Prevention participants

Established in 2001, the Wisconsin Registry for Alzheimer’s Pre-
vention (WRAP) is an ongoing longitudinal observational cohort of
initially dementia-free middle-aged participants who enroll at mid-life
(mean age 54 at baseline) that is enriched with risk for late-onset AD
due to parental history of AD dementia. Details of the study design
and methods used have been previously described.’” Participants
are followed at serial intervals with detailed in-person assessments,
questionnaires, and blood collection occurring at each study visit. The
first follow-up is 4 years after a baseline visit with visits thereafter
every 2 years. Participants remain in the study until they withdraw
or develop another illness that precludes participation or accurate
assessment of cognition. Each visit requires 5 hours and comprises
cognitive measurements, anthropometric measures, laboratory tests,
and questionnaire ratings completed by the participant and an infor-
mant including the Quick Dementia Rating System (QDRS) or Clinical
Dementia Rating (CDR). Reliability and consistency of cognitive testing
is established through regular review of aspects of testing procedures
at team meetings, biannual individual observations of test administra-
tion, adherence to a standardized manual of procedures, and blinded
rescoring by a separate rater (20% annually for each psychometrist). If
cognitive abnormalities are detected by algorithm on neuropsychologi-
cal tests, data from participant visits are brought to a consensus review
committee consisting of dementia-specialist physicians, neuropsy-
chologists, and nurse practitioners for in-depth review. Thresholds
for committee review include performance greater than 1.5 standard
deviation below robust internal norms adjusting for age, sex, and
literacy level;18-20 self-report or informant report of cognitive or func-
tional decline on the CDR, the QDRS, the Informant Questionnaire on
Cognitive Decline in the Elderly, or Instrumental Activities of Daily Liv-
ing; or threshold-specific absolute scores on key tests (e.g., Wechsler
Memory Scale-Revised Logical Memory-Il 17, Rey Auditory Verbal
Learning Test Delayed Recall < 5, or Mini-Mental State Examination
< 26). The consensus committee assesses cognitive performance at all
prior visits to detect intra-individual changes over time and analyzes
pertinent findings from neurologic and physical examinations; labo-
ratory values; medical and social histories; and self-survey of mood,
cognition, and functional status. Participants are classified as cogni-
tively unimpaired, or meeting criteria for MCl or AD based on NIA-AA

criteria.14-16

2.1.3 | Selection of participants

All participants from the WADRC and WRAP with a consensus
conference diagnosis of AD with available blood samples were
included (Figure 1). Participants whose clinical diagnosis changed
at a subsequent visit (e.g., reverted to cognitively unimpaired or
was diagnosed as a non-AD dementia) were excluded. Cognitively
unimpaired participants did not meet criteria for MCI or AD. Because

of the younger age and larger proportion of women in the cognitively

RESEARCH IN CONTEXT

1. Systematic review: Recent DNA array studies with
partial coverage reveal the association of methylome
changes in blood in persons with Alzheimer’s disease
(AD), but there is a lack of systematic study of the entire
human methylome.

2. Interpretation: We profiled whole genome-wide methy-
lome variations in 281 blood samples from 108 AD
and 173 cognitively unimpaired participants. We identi-
fied 28,038 differentially methylated positions (DMPs) in
persons with AD compared to persons without AD. Forty-
eight of 75 independent genetic risk loci for AD have one
or more DMPs. Genomic enhancer sites are enriched for
DMPs in persons with AD.

3. Future directions: In addition to investigation of samples
from 101 persons with mild cognitive impairment, DMPs
will be sought in archived longitudinal samples from the
same persons collected every 2 years over 20 years, and
in samples from persons with diverse ancestries.

unimpaired sample, cognitively unimpaired women under age 65 were
not included to closely match the MCI and AD cohorts for age and sex

distribution.

2.2 | DNA extraction and generation of whole
genome methylome data

Blood samples were acquired nearest to the date of AD diagnosis
and matched for age by sample visit number in the cognitively unim-
paired group. A 10 mL whole blood sample was anticoagulated in
ethylenediaminetetraacetic acid and stored at —20°C. Genomic DNA
was extracted using the Gentra Puregene Blood Core Kit C follow-
ing the manufacturer’s protocol (Catalog# 158389, Qiagen, Hilden,
Germany). Seven hundred nanograms of sample of high molecular
weight genomic DNA were forwarded to the University of lllinois
at Urbana-Champaign Roy J. Carver Biotechnology Center for DNA
sequence library construction using the NEBNext Enzymatic Methyl-
seq (EM-seq) kit,2! and whole genome sequencing on a next-generation
sequencer (Illumina NovaSeq6000). Image processing and sequence
extraction used the Illumina Pipeline. Raw fastg sequence files were
forwarded to Dr. Alisch’s laboratory via a secure website.

2.3 | Data processing
Data processing was performed with the ENCODE gemBS-based
processing pipeline.?2 Raw WGMS data were analyzed with FastQC to

ensure that all samples met quality control thresholds for sequencing
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* EM-seq whole-genome methylation sequencing (WGMS) J

» Annotation to genomic structures (e.g., promoters, exons, and introns)

* Principal Component analysis and cell-type deconvolution
« Adjustment for confounders (e.g., batch, age, and sex (DSS?5)
* Integration with published RNA sequencing & Promoter Capture Hi-C J

BREEN ET AL.
* WADRC / WRAP cohorts
* Psychometric testing
* Fluid biomarkers and neuro-imaging
Sample « Expert consensus AD and cognitively unimpaired diagnosis
Collection
* Quality control (fastQC)
L « Alignment to hg38 reference genome (gemBS22)
DEERLSFIEUEUE . Quality control (trim galore, cutadapt?3)
& Processing
« Calibration of P-value for over dispersion
Statistical * IFDR calculation (fdrtool; correction for multiple testing26)
Modeling * Identification of differentially methylated positions (DMPs)
« Identification of differentially methylated genes and enhancers
Data data
SLLELEEUELRY . visualization (UCSC Genome Browser)
Integration
FIGURE 1

Flowchart depicting whole genome methylation sequencing (WGMS) data acquisition and analysis. AD, late-onset dementia due to

Alzheimer’s disease; LFDR, local false discovery rate; UCSC, University of California Santa Cruz; WADRC, Wisconsin Alzheimer’s Disease

Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention.

reads, and with Trim Galore to remove adapter content and to trim
sequence reads.?® DNA sequencing reads were aligned to GRCh38.14
(hg38) with gemBS?2 in pair-ended mode with default settings.
Alignment with a “methylation-aware” sequence aligner provides
counts for the number of reads supporting methylation and absence
of methylation for each CpG locus. Methylated and unmethylated
sequence read counts were merged across the two DNA strands of
each sample. CpG loci were filtered to have median coverage of five
or greater with 50% or less missing values among all participants.
CpGs on sex chromosomes were removed from analysis. A total of
25,409,826 of 27,853,174 CpGs were retained after filtering and
used in subsequent analyses. Missing values were imputed using
diagnostic group averages (i.e., AD vs. cognitively unimpaired) at a spe-
cific CpG locus after merging across strands (Figure S1 in supporting

information).

2.4 | Statistical analysis

24.1 | Cell-type deconvolution

Blood samples comprise a composite of different white blood cell
types, each with a distinct methylomic signature. To adjust for
leukocyte heterogeneity, we used reference-free deconvolution of
subpopulations existing in methylation data (DXM)24 to estimate
the constituent fraction of each of the white blood cell types. To
ensure the accuracy of these estimates, we then compared DXM cell
type proportion estimates from the WGMS data to cell type propor-
tion estimates in our published lllumina Infinium MethylationEPIC
BeadChip Microarray (EPIC microarray) data® providing a shared
subset of 83 participants with both WGMS and EPIC microarray
data.
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2.4.2 | Differential methylation analysis

Principal components (PC) were computed on the 5% of CpGs with
greatest DNA methylation variability of each chromosome to assess
potential batch effects between the WADRC and WRAP cohorts, age,
and sex. Dispersion shrinkage for sequencing (DSS)2° was used to
fit a beta-binomial model for each CpG locus adjusted for estimated
white blood cell proportions, the first two PCs, age, sex, and body mass
index. An AD effect on methylation for each CpG was assessed with a
Wald test of the corresponding regression coefficient. The empirical
distribution of the 25,409,826 P-values resulting from the theoretical
null (standard normal distribution) for the Wald test statistics of
the CpGs deviated from the expected uniform distribution with an
enrichment around small P-values. Accordingly, under-dispersed
theoretical null test statistics (Agc = 0.8; Figure S2 in supporting infor-
mation) were used to model the empirical null and calculate local false
discovery rates (LFDRs) with fdrtool.2¢ LFDRs were used to account
for multiple testing and to aid interpretability. A CpG locus with a
LFDR < 0.05 was identified as a differentially methylated position
(DMP).

2.4.3 | Gene annotation, gene ontology analysis, and
gene structure identification

5’ to 3’ genomic coordinates were obtained from ENSEMBL (v86).2”
Genes were defined as sequences spanning 3 kilobases (kb) 5 of a tran-
scription start site (TSS) to 200 base pairs (bp) 3’ of a transcription
termination site (TTS). Gene promoters were identified within 5 kb 5’
of a TSS and 200 bp 3’ of a TSS. Two criteria were used to identify
differential methylation in genes and promoters. First, each gene or
promoter must comprise a gene-wide or promoter-wide LFDR < 0.01.
To calculate gene-wide or promoter-wide LFDRs, P-values of each CpG
within the gene or promoter are aggregated into a harmonic mean P-
value.28 The harmonic mean P-value controls the family-wise error rate
of multiple statistical tests and does not assume independence among
tests. The harmonic mean P-value thereby provides a preferred frame-
work for aggregating P-values to correct for gene size (i.e., number
of CpGs) and for highly correlated methylation levels of neighboring
CpGs. This step is repeated for each gene and promoter yielding a sin-
gle P-value for the entire gene or promoter. LFDRs are then calculated
from the P-values to provide gene-wide and promoter-wide false dis-
covery rates. The second criterion to test for differential methylation of
genes and promoters requires at least one DMP defined as a CpG with
an LFDR < 0.05 within the gene or promoter. Accordingly, genes and
promoters with an LFDR < 0.01 and at least one DMP are identified as
differentially methylated. Of note, this annotation may assign a DMP
to more than a single gene with 936 of the 27,889 DMPs we observed
annotated to two or more gene bodies. Gene Ontology (GO) analyses
were performed with clusterProfiler (version 4.6.0),2% which conducts
an over-representation test.2830 False discovery rates are computed

from P-values to account for multiple testing.

2.4.4 | Comparison to lllumina Infinium
MethylationEpic BeadChip Microarray data

Of the 281 participants with WGMS data, 83 were included in a pre-
vious study that used the EPIC microarray to quantify methylation
levels across > 850,000 CpGs spanning the human genome.® Methy-
lation values from the EPIC microarray platform were lifted to hg38
and matched to WGMS data. A total of 799,629 loci were quantified
with both technologies for all 83 shared samples. A Pearson correlation
coefficient was calculated to test for concordance between the EPIC
microarray and WGMS assays.

2.4.5 | Differential methylation analysis of blood
promoter-enhancer interactions

To identify differential methylation in gene promoter and enhancer
regions, promoter-enhancer interactions in white blood cells were
examined using Promoter Capture Hi-C (PCHi-C) data.?! An inter-
action was considered significant if the minimum CHiCAGO score
across all blood cell types was > 5.31 Interactions were filtered to
have a median CHICAGO score > 5 across all blood cell types to
ensure adequate signal. After removal of false positive (e.g., bait-bait)
and sex chromosome interactions, remaining promoter/enhancer
interactions were lifted over to the human genome version GRCh38
with the UCSC liftOver tool.32 This approach retained 104,554
promoter-enhancer interactions comprising 9631 distinct promoters
and 58,654 distinct enhancers for comparison to WGMS data. Pro-
moters and enhancers were considered differentially methylated if
they contained one or more DMPs. Over- or under-representation
of DMPs in enhancer regions were tested against a null distribution
generated by random sampling of a set of 28,038 simulated DMPs
from the 25,409,826 CpGs. The empirical null distribution quantified
the proportion of DMPs located within a blood enhancer based on
10,000 random Monte Carlo samplings. A two-tailed test statistic
was calculated to ascertain the number of DMPs occurring within
an enhancer by chance alone. The same simulation procedure was
also used to identify under- or over-representation of DMPs in

promoters.

2.4.6 | Comparison of differential methylation and
differential expression in AD

To evaluate whether genes defined as above with one or more DMPs
in one or more promoter-enhancer interactions were differentially
expressed between AD versus cognitively unimpaired persons, we
compared WGMS data to published transcriptome data that identified
846 differentially expressed genes in blood associated with AD.33
After removal of differentially expressed genes on sex chromosomes,
790 were retained for subsequent analyses. Differentially expressed

genes were then correlated with differentially methylated genes,
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TABLE 1 Meansand (standard deviations) for cognitively
unimpaired and AD demographic variables. t statistics and
corresponding P-values are reported for two-group comparisons.

Phenotype CU 173 AD 108 Statistical test
No APOE ¢4 129 40 x> =45.61;p< 1077
Heterozygous APOEe4 39 47
Homozygous APOE ¢4 4 20
Age (years) 69.8(7.5) 73.3(9.8) t=-3.11;p<0.01
Education (years) 16.7 (2.6) 15(2.8) t=5.1;p<10°¢
Body mass index (kg/m?) 28.7(5.2) 26.7(4.8) t=3.28;p<0.01
WADRC 127 103 p<10-°
WRAP 46 5
American Indian or 1 0 p=0.74

Alaska Native
Black or African 7 6

American
White 165 102
Female 90 47 22 =160;p=021
Male 83 61

Note: A chi-squared test statistic was used to test independence for APOE
heterozygote and homozygote status. Two study participants were not
genotyped and are not included in statistical test for APOE status. Fisher
exact test was used to test independence for self-identified ancestry with
zero counts in some groups.

Abbreviations: AD, late-onset dementia due to Alzheimer’s disease;
APOE, apolipoprotein E; CU, cognitively unimpaired; WADRC, Wiscon-
sin Alzheimer’s Disease Research Center; WRAP, Wisconsin Registry for
Alzheimer’s Prevention.

differentially methylated enhancer genes, and differentially

methylated promoter genes by gene symbol.

2.4.7 | Software for statistical analysis and data
visualization

All statistical analyses were conducted in R (4.2.2). Figures were

)’34 )’35 ).36

generated with ggplot2 (3.4.0),°* ggsci (2.9),> and cowplot (1.1.1

3 | RESULTS

3.1 | Study participants

A total of 281 WADRC and WRAP participants comprising 108 AD and
173 cognitively unimpaired participants were included in the present
analysis. Forty-four percent of participants with AD were female com-
pared to 52% female participants without AD (Table 1). Participants
with AD were about 3 years older than the participants without
AD, with approximately 2 fewer years of education and two lower
body mass points. All but 14 participants reported European ances-
try. Twenty-two participants with AD were apolipoprotein E (APOE)

¢4 homozygotes compared to four cognitively unimpaired individu-
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als. Forty-seven participants with AD were APOE ¢4 heterozygotes
compared to 39 cognitively unimpaired.

3.2 | Whole genome DNA methylation detection in
persons with and without AD

After filtering for quality assurance, EM-seq generated an average of
558 million paired-end sequence reads for each sample. An average of
554 million sequence reads uniquely mapped to the human genome
(GRCh38.14 [hg38]) providing an average genomic coverage of 56.6x,
with a mean of 38.7x and a median 38.4x effective coverage after merg-
ing across strands for interrogation of 25,409,826 CpGs (Figure S1).
We previously reported the DNA methylation levels of a subset of the
present participants (N = 83) using the EPIC microarray.® DNA methy-
lation levels at 799,629 CpGs shared between the WGMS data and
microarray data were highly correlated (Pearson correlation coeffi-
cient =0.97; P-value < 0.001), indicating that the two platforms detect
nearly identical DNA methylation levels spanning the genome.

To identify DMPs between persons with and without AD, each CpG
locus was modeled with a generalized linear model using the DSS
software, an implementation of the beta-binomial model designed for
DNA methylation analysis.2> Cell-type proportions for each sample
estimated with DXM were highly correlated with microarray-based
data (Figure S3 in supporting information).®” Batch effects in WGMS
data tested using the first two PCs accounted for 4% and 2% of
total variability, respectively. No batch effects for cohort (WADRC
or WRAP), diagnosis (AD or cognitively unimpaired), sex, or self-
identified ancestry covariates were observed (Figure S4 in supporting
information).

3.3 | Extensive differential DNA methylation
across the AD genome

DNA methylation levels in blood that differ between persons with
and without AD are observed at > 0.1% (28,038) of all CpG loci that
comprise the human methylome (27,853,174; Figure 2). DMPs are
distributed in all genomic regions with 60.5% residing within a gene
intron. Fewer than 3% of DMPs are located within 1 kb 5’ of the TSS.
More than 90% of DMPs are located > 4 kilobases away from a CpG
island. A total of 1333 DMPs have an absolute mean difference in DNA
methylation greater than 5% between persons with and without AD
(Table S1 in supporting information). Eighty-four percent of AD DMPs
are hypomethylated. Sixty-four percent (48/75) of AD genomic risk loci
recently reported in a large genome-wide association study (GWAS)38

comprise DMPs (Table S2 in supporting information).
3.4 | Differential DNA methylation in recognized
AD genes

To test whether DNA methylation levels in blood differ in genes highly
correlated with the onset and progression of early-onset AD, we
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(D) N = 28,038 DMPs
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Identification of 5’-cytosoine-phosphate-guanine-3’ (CpG) loci that comprise differentially methylated positions (DMPs) in blood

from participants with and without Alzheimer’s disease (AD). (A) Volcano plot of 25,409,826 WGMS CpG loci depicting the difference in mean
methylation percent (x-axis) and the significance (y-axis, local false discovery rate [LFDR]). Each point corresponds to a single CpG locus. Yellow
points indicate hypomethylated DMPs. Blue points indicate hypermethylated DMPs. Gray points indicate CpG loci that are not differentially
methylated between persons with and without AD. The string of yellow and blue points across the top of the plot have reached the minimum LFDR
as computed by fdrtool.2¢ (B) Pie chart depicting the percentage of hypomethylated (86%) and hypermethylated (14%) AD-associated DMPs. (C)
Pie chart depicting the locations of DMPs relative to CpG islands, CpG island shores 0-2 kb from CpG island edges, CpG island shelves 2-4 kb from
CpGisland edges, and open seas 4 kb or more from an CpG island edge. (D) Sankey plot depicting the locations of 28,038 AD-associated DMPs
relative to genomic structures comprising 1-5 kilobases (kb) upstream of the transcription start site (TSS; “1-5 kb”), up to 1 kb upstream of the TSS
(“promoter”), the 5" untranslated region (“5’ UTR”), the 3" untranslated region (“3’ UTR”), and 5 kb or more from any gene structure (“Other”).

quantified differential DNA methylation in a panel of AD loci.
To bracket 5 and 3’ untranslated regions (UTRs) and promoter
sequences, we examined each gene 3 kilobases 5’ from its TSS and
200 base pairs 3’ from its TTS. AD-associated genes including translo-
case of outer mitochondrial membrane 40 (TOMM40),3? presenilin 1
(PSEN1),%° amyloid beta precursor protein (APP),*° and microtubule
associate protein tau (MAPT)*! comprise 1, 1, 2, and 4 DMPs, respec-
tively (Figure 3). No DMPs were observed in presenilin 2 (PSEN2)*° or
APOE*? genes.

3.5 | Differentially methylated genes in blood
between persons with and without AD

Genomic annotation of differential methylation between persons with
and without AD identifies 2707 differentially methylated genes, that
is, 14% of human genes,*> with many genes having multiple DMPs
including signal-regulatory protein beta-1 (SIRPB1; 18 DMPs), NIPA
magnesium transporter 2 (NIPA2; 22 DMPs), and thymine DNA glyco-
sylase (TDG; 18 DMPs; P-value < 0.01, Figure 4, Table S3 in supporting
information). Whereas a single DMP is present in many recognized
AD-associated genes (e.g., sortilin related VPS10 domain containing

receptor 3 [SORCS3]),** other genes comprise one or more clusters

of DMPs (e.g., TDG) and dopamine receptor-regulating factor/Kruppel-
like factor 16 (KLF16).°> Differential DNA methylation also occurs as
clusters of DMPs in contiguous gene groups (Figure 4), that is, hetero-
geneous nuclear ribonucleotide protein C (HNRNPC), retinitis pigmen-
tosa GTPase regulator interacting protein (RPGRIP1), SPT16 homolog,
facilitates chromatin remodeling subunit (SUPT16H), chromodomain
helicase DNA binding protein 8 (CHD8), Ras-associated protein 2B
(RAB2B), and tox high mobility group box family member 4 (TOX4).

To examine the potential biological significance of the 28,038 AD-
associated differentially methylated genes, we performed a pathway
enrichment analysis. Multiple terms with biological relevance to AD
were identified including synaptic membrane, cation channel complex,
glutamatergic synapse, and postsynaptic membrane (Figure 5; Table
S4 in supporting information). Multiple differentially methylated genes
discovered in these pathways have previously recognized links to AD,
including PICALM, GABA, and SORCS3.4446.47

3.6 | AD-related DMPs reside within interactions
between blood-specific enhancers and promoters

To test the hypothesis that DMPs located > 5 kb outside of a
gene boundary and its putative promoter (i.e., 31.3% of DMPs) may
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FIGURE 3 Differentially methylated positions (DMPs) in Alzheimer’s disease (AD)-related genes. University of California Santa Cruz (UCSC)
Genome Browser views of the methylome landscapes of representative AD-associated genes. (A-F) Sense strands are depicted with gene name
abbreviations above each panel. (Please see Section 3.4 for gene nomenclature.) The 5’ to 3’ genome window for the schematic diagrams spans 3
kilobases (kb) 5’ of the transcription start site (TSS) to 200 base pairs (bp) 3’ of the transcription termination site (TTS). Alignment to human
reference genome (hg38) coordinates are in bp. The scales of x-axis linear sequences in kb of each gene region are indicated at the top of each
panel. Significance is indicated by local false discovery rate (LFDR) on the y-axis, with longer stems and large light blue circles to indicate
hypermethylation. A corrected significance level of LFDR < 0.05 was adopted for all comparisons. One in 25 non-significant
5’-cytosoine-phosphate-guanine-3’ (CpGs) in each region are depicted as small stems and small gray circles. Dark blue rectangles indicate coding
(taller rectangle) and non-coding (shorter rectangle) exons. The direction of gene transcription and introns are depicted by small dark blue arrows
on the x-axis. CpG islands > 300 bp in length are indicated by dark green rectangles and CpG islands < 300 bp are indicated by light green
rectangles beneath each panel. The number of CpGs in each island is shown to the left of each green rectangle. * indicates three overlapping DMPs

in MAPT.

contribute to gene expression, we examined 58,654 published blood-
specific enhancer-promoter interactions*® for DMP enrichment in
enhancers and promoters. We observed 1568 and 647 differentially
methylated enhancers and promoters, respectively (P-value < 0.001,
Tables S5 and Sé in supporting information), including a significant
number (307) of promoter-enhancer interactions with DMPs in both
the enhancer and promoter (chi-square test of independence P-
value < 0.001). Comparison of these data with published differential
RNA expression datain blood from persons with and without AD shows
that 173 of the 1568 DMP-containing enhancers have long-range
interactions with 95 promoters of genes known to be differentially
expressed in blood of AD patients, including B4GALT1 (Figure 6, Tables
S5 and S6 in supporting information).334? Differentially methylated
enhancers interact with the promoters of 13 out of 75 AD genetic
risk loci,%® including 7 AD genes not otherwise found to be differen-
tially methylated in our analysis (Section 3.3). Accordingly, either the
gene bodies or the enhancers of 55 of 75 AD genetic risk loci are

differentially methylated in blood.

4 | DISCUSSION

Multiple investigations report the association of differential DNA
methylation in blood with the diagnosis of AD in independent

cohorts.? Using single nucleotide resolution whole genome methyla-
tion sequencing, we conducted the first comprehensive investigation
of differential DNA methylation levels in blood from participants
with and without AD (Figure 1). We identified significant correla-
tions of DNA methylation levels with the diagnosis of AD at 28,038
DMPs comprising 0.1% of 25,409,826 CpG candidates for differen-
tial methylation in the human genome after adjusting for technical
and demographic variables (Table 1), and correction for multiple test-
ing (Table S1). In keeping with global hypomethylation and regional
hypermethylation of the human methylome with age, 86% of AD-
associated DMPs were hypomethylated, suggesting advanced aging in
AD patients (Figure 2A).%° Finding that > 90% of AD-related DMPs are
found further than 4 kb away from a CpG island underscores the impor-
tance of differential DNA methylation detection with WGMS rather
than with microarray-based platforms that target CpG islands.
Genomic annotation of differential methylation in blood from per-
sons with and without AD identifies 2707 differentially methylated
genes, that is, 14% of genes in the human genome.*3 Gene products
of specific genes that comprise newly discovered AD-associated DMPs
are reported to participate in pathways with previously recognized
links to AD, including KLF16, which regulates dopamine receptors.*>
Other genes have no prior established links to AD pathogenesis, such
as TDG, CHD8, RAB2B, and TOX4. Of note, certain genes compris-
ing DMPs that lack presently recognized links to AD pathogenesis
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FIGURE 4 Genes with 5’-cytosoine-phosphate-guanine-3’ (CpGs) that are differentially methylated (DMPs) between persons with and
without late-onset dementia due to Alzheimer’s disease (AD). University of California Santa Cruz (UCSC) Genome Browser views of the
methylome landscapes of representative AD-associated genes (A-F) are depicted with gene name abbreviations above each panel. (Please see
Section 3.5 for gene nomenclature.) The 5’ to 3’ genome window for (A) SORCS3 (sense strand) and (C) TDG (sense strand) spans three kilobases
(kb) 5’0of the transcription start site (TSS) to 200 base pairs (bp) 3’ of the transcription termination site (TTS). Note that the genomic window for (B)
KLF16 (anti-sense strand) spans 3 kb 5’ of the TSS to 500 bp 3’ of the TTS to comprise a DMP cluster. (D) shows a six-gene region comprising
HNRNPC, RPGRIP1, SUPT16H, CHD8, RAB2B, and TOX4 that spans 200 bp downstream of the HNRNPC TTS to 200 base pairs (bp) 3’ of the TOX4
TTS. (E) depicts an expanded region of TDG comprising a plurality of DMPs in exon 1. (F) depicts an expanded region of TOX4 comprising a plurality
of DMPs. Alignment to human reference genome (hg38) coordinates are in in bp, and the scales of x-axis linear sequences in kb of each gene region
are indicated at the top of each panel. Significant differences in local false discovery rates (LFDR) adjusted DNA methylation P-values are provided
on the y-axis, with longer stems and large light blue circles to indicate hypermethylation, and large yellow circles to indicate hypomethylation. A
corrected significance level of LFDR < 0.05 was adopted for all comparisons. One in 25 non-significant DMPs in each region are depicted as small
stems and small gray circles. Dark blue rectangles indicate exons. The direction of gene transcription and introns are depicted by small dark blue
arrows on the x-axis. CpG islands > 300 bp are indicated by dark green rectangles and CpG islands < 300 bp by light green rectangles beneath each

panel. The number of CpGs in each island is shown to the left of each green rectangle.

directly participate in methylation (e.g, CHD8)>! and de-methylation
(e.g., TDG)°? pathways. Together, these results suggest that differential
DNA methylation levels in blood may be molecular biomarkers of AD
susceptibility and expression.

Ontological pathway enrichment analysis of the 2707 AD-
associated differentially methylated genes identified pathways
with previously recognized links to AD, including SORCS3, which is
differentially expressed in post mortem AD brain and is involved in APP
processing with important roles in memory formation and synaptic
plasticity,** GABA with impaired expression in AD brain tissue (e.g.,
hippocampus, subiculum, entorhinal cortex, and superior temporal
gyrus*®), and PICALM, a clathrin-adaptor protein that plays critical
roles in clathrin-mediated endocytosis and in autophagy, and that
modulates brain amyloid beta (AB) pathology and tau accumulation.*”

Enhancers are cis- and trans-acting regions of the human genome
that coordinate cell-type-specific gene expression by looping long dis-
tances to reach physical proximity with the promoters of their target
genes.*® Differential methylation in enhancers corresponds to disease
status in a diversity of clinical settings.”®~°° Finding 1568 differentially

31

methylated blood-specific enhancers®* comprising 173 that interact

with the promoters of 95 genes linked to differential RNA expression33

in blood samples from participants with AD suggests that differential
DNA methylation levels influence long-range gene expression related
to AD pathogenesis. Further investigation is required to resolve the
mechanistic interplay between cell-type-specific DNA methylation,
long-range enhancer-mediated gene expression, and AD. For example,
single-cell transcriptomics including scMT-seq® simultaneously mea-
sure gene expression and differential DNA methylation of gene bodies,
enhancers, and promoters. As well, differential DNA methylation of
gene bodies, enhancers, and promoters in serial longitudinal samples as
participants progress along cognitive trajectories will serve to identify
which interactions are of greatest functional importance. In particu-
lar, cross-tissue and cross cell-type comparisons using WGMS in blood
and post mortem brain samples from the same participants will fur-
ther identify long-range interactions with diagnostic and prognostic
utility.>”

Our data indicate that many more loci of the human methylome are
responsive to and may participate in AD expression than indicated by
earlier reports using circumscribed microarray-based DNA platforms
that query < 4% of CpGs that are eligible for differential methylation.?
While DNA methylation levels alone cannot suffice to conclusively test

for mechanisms of AD pathophysiology, our data provide an essential
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FIGURE 5 Ontological pathway analysis of genes comprising differential DNA methylation levels (DMPs) between persons with and without
late-onset dementia due to Alzheimer’s disease (AD). The top 25 terms (y-axis) by significance (local false discovery rate [LFDR] < 0.05) are
depicted and arranged by gene set size found following annotation of DMP-associated genes (x-axis) to ontological pathways. BP, biological
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FIGURE 6 Long-range interactions with B4GALT1 (anti-sense strand), a gene that is differentially expressed in the blood of persons with
late-onset dementia due to Alzheimer’s disease.3® The relative scale (in kilobases [kb]) and genomic coordinates (in base pairs [bp]) of the region
are provided at the top of panel, and the relative location of B4GALT1 is shown at the bottom of panel. The black line with arrowheads shows the
transcription direction. Significant differences in local false discovery rate (LFDR) adjusted DNA methylation P-values are provided on the y-axis,
with longer stems and large light blue circles to indicate hypermethylation, and large yellow circles to indicate hypomethylation. A corrected
significance level of P < 0.05 was adopted for all comparisons. One in 25 non-significant DMPs in each region is depicted as small stems and small
gray circles. Enhancers (E and E’) interact with the B4GALT1 promoter (P), while specific enhancers (E*) interact with other enhancers.

chr = chromosome.

substrate for future combined methylomic, genomic, transcriptomic, translation to clinical and research applications using targeted, rapid,
proteomic, and metabolomic investigations with potential to disclose minimally invasive, and cost efficient DMP detection platforms.

etiologic contributors and to discern personalized AD trajectories at Our study has multiple strengths. AD and cognitively unimpaired
high levels of resolution.”® As well, panels of validated whole methy- phenotypes in WRAP and WADRC are assigned based on shared, strin-

lome DMP molecular biomarkers of AD in blood may be configured for gent, well-validated, and consensual clinical and psychometric criteria.
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WGMS performed with enzyme conversion of unmethylated cytosines
rather than harsher sodium bisulfite treatment?! generated excep-
tional genomic coverage of 56.6x (Figure $1).°? WGMS supports com-
prehensive resolution of whole methylome CpGs using sequencing-
by-synthesis compared to partial coverage of hybridization-based
microarray methods with loci and probes selected for commercial
utility.? Rigorous statistical approaches confirmed consistent cell type
proportion estimates and the absence of batch effects (Figures S3, S4).
As well, we used LFDRs from aggregated P-values as preferred and
conservative inferential analytics. Finally, our sample sizes are substan-
tial, and our adjustments for known confounders and corrections for
multiple comparisons are robust.

Our study also has limitations. Although circulating monocytes
and macrophages have recently been shown to participate in blood-

60-62 associations

brain barrier disruption and AD cellular pathology,
between DNA methylation in blood leukocytes and brain neurons
and glia must only be drawn with great care and strong experimen-
tal support. Despite highly significant correlation of DNA methylation
levels between our published microarray data and the present WGMS
data in 83 participants, only 13 of 106 differentially methylated
genes observed using the EPIC microarray platform were also iden-
tified using WGMS.® While this finding may be accounted for by
differences in experimental methods including sample sizes, detec-
tion technologies, and statistical models, it suggests that comparisons
between DNA methylation microarray and sequence data warrant
close scrutiny. Importantly, it is not possible to distinguish the causal
role of DNA methylation alterations in blood samples from persons
with AD. Although our data show that 14% of coding genes are dif-
ferentially methylated in persons with AD perhaps in keeping with the
profound years-long and body-wide devastation of the disease, it is not
possible to resolve changes that are causal from those that are com-
pensatory or consequential based on cross-sectional DNA methylation
data standing alone. Parallel investigations of differential DNA methy-
lation in persons with AD from diverse ethnicities is a high priority for
future studies.

In summary, WGMS revealed 28,038 CpG loci that are differen-
tially methylated between AD and cognitively unimpaired individuals
using conservative diagnostic clinical and psychometric thresholds and
protected inferential statistical methods. These data provide the first
analysis of differences in DNA methylation in blood between partici-
pants with and without AD using single nucleotide resolution WGMS.
If replicated by others, our WGMS data offer the potential to guide and
coordinate AD gene expression research at a new level of resolution
interposed between the static genome and the dynamic environment.
Inturn, panels of AD-associated DMPs hold promise to serve as individ-
ualized molecular biomarkers of AD susceptibility, onset, progression,

and response to targeted interventions.

5 | CONCLUSIONS

Single nucleotide resolution whole genome methylation sequencing
in blood identifies far-reaching differential DNA methylation in late-

onset dementia due to AD and underscores the use of unbiased
investigations of the human genome. These findings provide the foun-
dation for integration of multi-omic data for the development of prag-
matic, translational tools toward improved diagnosis and individualized
treatment of AD.
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