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Abstract.
Background: Pathological amyloid-� and �-synuclein are associated with a spectrum of related dementias, ranging from
Alzheimer’s disease (AD) and dementia with Lewy bodies (DLB) to Parkinson disease dementia (PDD). While these dis-
eases share clinical and pathological features, they also have unique patterns of pathology. However, epigenetic factors that
contribute to these pathological differences remain unknown.
Objective: In this preliminary study, we explore differences in DNA methylation and transcription in five neuropathologically
defined groups: cognitively unimpaired controls, AD, pure DLB, DLB with concomitant AD (DLBAD), and PDD.
Methods: We employed an Illumina Infinium 850k array and RNA-seq to quantify these differences in DNA methylation
and transcription, respectively. We then used Weighted Gene Co-Network Expression Analysis (WGCNA) to determine
transcriptional modules and correlated these with DNA methylation.
Results: We found that PDD was transcriptionally unique and correlated with an unexpected hypomethylation pattern
compared to the other dementias and controls. Surprisingly, differences between PDD and DLB were especially notable with
197 differentially methylated regions. WGCNA yielded numerous modules associated with controls and the four dementias:
one module was associated with transcriptional differences between controls and all the dementias as well as having significant
overlap with differentially methylated probes. Functional enrichment demonstrated that this module was associated with
responses to oxidative stress.
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Conclusion: Future work that extends these joint DNA methylation and transcription analyses will be critical to better
understanding of differences that contribute to varying clinical presentation across dementias.
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son’s disease, RNA-seq, transcriptome

INTRODUCTION

With the exception of vascular dementia, nearly
all of the neurodegenerative dementias are character-
ized by the effects of a few neurotoxic proteins, most
notably amyloid-� (A�), hyperphosphorylated tau
(p-tau), �-synuclein (�-syn), and TAR DNA-binding
protein 43 (TDP-43) [1, 2]. A� aggregation into
amyloid plaques is pathognomonic for Alzheimer’s
disease (AD) [3, 4], while �-syn aggregation into
Lewy bodies (LBs) is similarly characteristic for
dementia with Lewy bodies (DLB) and Parkinson’s
disease dementia (PDD) [5], representing the two
most frequent neurodegenerative processes resulting
in dementia [6]. While AD is the most common neu-
rodegenerative disease, LB disorders are the next
most common [6], and DLB in particular has higher
costs, faster mortality from disease onset, and greater
burden of neuropsychiatric symptoms than AD [7–9].

Despite the strong concordance of these patholog-
ical motifs with characteristic clinical syndromes,
there is significant neuropathological overlap that
makes it difficult to singly classify each clinical case
[10–14]. The most striking example of this is the
strong neuropathological overlap between DLB and
PDD [12–15]. Though PDD is distinguished clini-
cally from DLB by the presence of motor symptoms
preceding psychiatric and cognitive changes by at
least 1 year [5, 16], postmortem analyses focusing on
LB deposition without clinical data are notoriously
poor at differentiating the two syndromes, even when
the pattern of LB spread is considered [13, 17, 18].
This has led many to posit that these two disorders
are pathogenically similar and exist on the same spec-
trum, though some evidence to the contrary also exists
[12, 19]. For instance, despite the shared pathologi-
cal hallmark and similar core symptoms, there are
differences in duration of illness and frequency of
non-cognitive, neuropsychiatric symptoms between
the two disorders [9, 15, 20–22]. Furthermore, while
neuropsychiatric symptoms are frequently observed
in DLB, they are much less commonly present in PDD
[9].

In addition to the neuropathological similari-
ties between DLB and PDD, similar ambiguities

exist within the neuropathological classification of
DLB and AD based on the presence or absence of
amyloid plaques [10, 12, 19, 23]. Some patients
with DLB have considerable amyloid plaques and
neurofibrillary tangles that meet neuropathological
criteria for AD—hereafter referred to as DLB with
AD (DLBAD)—while others express substantial LB
pathology with low or no A� burden—hereafter
referred to as DLB. It remains unclear as to
whether DLBAD represents two neurodegenerative
processes, a single process whereby �-syn promotes
pathogenic changes in p-tau and A�, or a novel mech-
anism where an upstream factor promotes formation
of both aggregates independently [7, 14, 15].

Many researchers have begun to embrace a “multi-
hit” model of neurodegeneration, whereby genetic
background combines with earlier life events, pro-
moting epigenetic changes that ultimately lead to
the expression and aggregation of these pathogenic
proteins over a long latency period before clini-
cally apparent symptoms [24]. Processes like histone
modification and chromatin reorganization, prion-
like protein structure changes, DNA oxidation, and
DNA methylation are some of the epigenetic pro-
cesses that may lead to molecular conditions that
facilitate the latent period and subsequent conversion
to disease [25]. For instance, a general trend toward
DNA hypomethylation has been shown to be strongly
tied to aging [25, 26], the most consistent risk factor
for all neurodegenerative diseases.

The analyses of postmortem samples in individuals
with dementia cannot necessarily fully elucidate the
process of disease conversion or of a ten-to-twenty-
year disease progression, yet the strong influence
of these epigenetic mechanisms and the ambiguities
in overlap between pathogenic molecules suggests
a clear need for methylation studies in dementia.
And while individual studies of both AD and LB
spectrum dementias have been completed, very few
have investigated the overlap among A�- and LB-
associated diseases in terms of transcription and
DNA methylation [27]. In this preliminary study,
we characterized both the transcriptome and DNA
methylome in the prefrontal cortex (PFC) of multiple
dementias including AD, DLB, DLBAD, and PDD,
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comparing these dementias to each other and to oth-
erwise healthy, age-matched controls. We employed
the most advanced iteration of DNA methyla-
tion microarrays, the MethylationEPIC BeadChip
Infinium 850K, which captures a priori loci selected
for commercial purposes other than dementia but
nearly doubles the number of differentially methy-
lated sites used to evaluate these dementias compared
to previous studies [28]. In doing so, we uncov-
ered striking patterns of mRNA expression and DNA
methylation that either unite or differentiate these
four diseases.

MATERIALS AND METHODS

Subjects and diagnostic classifications

Subjects with dementia or cognitively unimpaired
controls, hereafter referred to as controls, were
enrolled in one of six AD centers (ADCs): Rush Uni-
versity Medical Center (12 controls, 19 AD, 12 DLB,
19 DLBAD); University of Pennsylvania (2 controls,
2 DLB, 18 PDD); Oregon Health and Science Univer-
sity (3 controls, 1 DLB); University of Kentucky (1
control, 2 DLB); University of Washington (1 con-
trol, 1 DLB, 1 PDD); and University of Pittsburgh
(1 DLB). In addition, cases were also drawn from
the Rush Memory and Aging Project (MAP). Expert
diagnosticians at the research centers reviewed sub-
ject clinical history, physical examinations, and
neuropsychological tests at a consensus diagnosis
conference. All individuals included in the demen-
tia group received a clinical diagnosis of “probable
AD,” “possible AD,” or “dementia, type unknown”
according to the National Institute of Neurological
and Communicative Disorders and Stroke and the AD
and Related Disorders Association criteria [29].

Subjects with PDD were enrolled in studies at the
University of Washington, Oregon Health Science
University, University of Pennsylvania, or Northwest
or Philadelphia Parkinson Disease Research, Educa-
tion, and Clinical Centers. All patients satisfied UK
PD Society Brain Bank Clinical diagnostic criteria for
PD [30], met criteria proposed by a Movement Disor-
ders Society Task Force for probable dementia asso-
ciated with PD [31], and had onset of parkinsonism
more than one year before the diagnosis of dementia.

Controls were elderly adults who were enrolled
in longitudinal studies of normal aging (Rush’s
Religious Orders Study/Memory and Aging Project)
and were cognitively normal at study entry, as
determined by a clinical consensus that considered

both clinical history and neuropsychological testing.
Controls remained free of cognitive impairment,
defined as Mini-Mental State Examination score >26
within three years of death and a Clinical Dementia
Rating score <1.

All autopsied cases underwent a standard his-
tologic evaluation using hematoxylin & eosin,
modified Bielschowsky, and thioflavin S methods.
Immunostaining for LB neuropathological changes
was also performed on all autopsied cases using
alpha-synuclein immunohistochemistry with anti-
body LB509 (1:50 to 1:400; Zymed, San Francisco,
CA), as previously described [32]. Cases with ques-
tionable LB509 immunoreactivity were evaluated
with a second antibody to nitrated alpha-synuclein
(syn 303, 1:1,000) [33]. A section from each of
the following 5 regions was assessed for LBD neu-
ropathological changes: medulla, substantia nigra,
amygdala, cingulate gyrus, and frontal cortex. The
only exception was that 3 regions (substantia nigra,
cingulate gyrus, and frontal cortex) rather than 5
regions were assessed for LBD neuropathological
changes in cases and controls from Rush University
Medical Center. Braak staging [34] for neurofibril-
lary tangles and Consortium to Establish a Registry
for AD (CERAD) plaque score [35] were determined
using modified Bielschowsky-stained sections, tau
immunohistochemistry (AT8, Endogen, 1:250), or
both. We did not have sufficient resources to system-
atically assess other pathologies (e.g., TDP-43).

All subjects with dementia underwent autopsy
and were neuropathologically classified as DLB,
DLBAD, AD, or PDD (n = 19 in each diagnosis
group) based on AD and LBD neuropathological
changes, as previously described [36, 37]. Briefly, AD
was defined by Braak stage IV, V, or VI and a CERAD
plaque score of “moderate” or “frequent” but no LBD
neuropathological changes. DLBAD was defined by
the presence of both high-level AD neuropathological
changes and limbic or neocortical stage LBD neu-
ropathological changes. DLB and PDD groups were
defined by the presence of limbic or neocortical stage
LBD and no or low levels of AD neuropathological
changes, and the two diagnoses were differentiated
further by clinical characteristics. The autopsied con-
trol group showed no evidence of LBs or high-level
AD neuropathological changes. All included subjects
were of European ancestry, as tissue samples from
other backgrounds were not available.

Given that we required frozen tissue to extract suf-
ficient DNA and RNA for the study procedures, we
limited inclusion to study subjects who had suffi-
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cient brain tissue extracted from the frontal cortex
using standard methods. Further, we required sub-
jects to have APOE genotyping, and due to a low
number of APOE �4/�4 controls, we did not include
this genotype in our final analysis.

Standard protocol approvals, registrations, and
patient consents were obtained. All study procedures
were approved by the institutional review boards at
each participating site. This study was done in accord
with the ethical standards of the Helsinki Declaration
of 1975.

APOE genotyping and nucleic acid purification

Qiagen AllPrep DNA/RNA Mini Kit (cat no
80284) was used to extract RNA and DNA accord-
ing to the manufacturer’s instructions; the tissue was
prepared from ∼30 mg of fresh frozen tissue. Nucleic
acid concentrations were measured by NanoPho-
tometer (Implen). The presence of APOE alleles was
determined by genotyping rs429358 and rs7412 by
TaqMan Assay (Applied Biosystems). In addition,
given that we had previously found methylation dif-
ferences by APOE genotypes [38], we limited the
study sample to those with APOE �3/�3 or �3/�4.

Methylated DNA assay

DNA was sent to the UW Northwest Genomics
Center, where the dsDNA concentration was con-
firmed with Quant-iT PicoGreen dsDNA kit (Invit-
rogen). Sex was confirmed using an ABI TaqMan
assay specific for X/Y regions. After quality con-
trol, assessment of methylated DNA was performed
using the Illumina Infinium MethylationEPIC array,
detecting the total methylation level of over 850,000
methylation sites throughout the human genome at
single nucleotide resolution. Briefly, upon bisulfite
treatment, unmethylated cytosines are converted to
uracils, while methylated cytosines (both 5mC and
5hmC) remain unchanged. Infinium HD array tech-
nology interrogates these differentiated loci using
site-specific probes, designed for the methylated and
unmethylated sites respectively. The level of total
methylation for the interrogated locus can be deter-
mined by calculating the ratio of the fluorescent sig-
nals from the methylated versus unmethylated sites.

Differentially methylated DNA analysis

IDAT files was loaded into R and underwent ini-
tial quality control using the package Minfi (v1.22.1)

[39]. Two outliers (1 control and 1 DLB) were iden-
tified using MDS plots and were removed from
analysis, leaving n = 18–19 for each of the 5 groups.
Detection P (detP) values via Minfi were <0.05. Sex
prediction was performed, and all samples were in
accordance with predictions. A scatter plot of median
methylated and unmethylated intensities showed no
outliers. Data were normalized for dye intensity bias
with ssNoob. Probes with detP >0.01 in one or
more samples, probes on sex chromosomes, probes
with SNPs at CpG sites, or probes that were identi-
fied previously as cross-reactive were removed from
analysis, yielding 764,186 probes for downstream
analysis.

To increase chances of detecting differences in
methylation, each group was compared to each other
without correction for multiple comparisons, as each
group comparison was pairwise and independent sta-
tistically. However, each individual methylation site
was appropriately tested with statistical approaches
to reduce false positive rates from multiple test-
ing. To increase the chances of detecting differences
in methylation, each group was compared to each
other without correction for multiple group compar-
isons, as each group comparison was pairwise and
independent statistically. However, each individual
methylation site was appropriately tested with statis-
tical approaches to reduce false positive rates from
multiple testing.

Variation in the data was inspected with MDS
plots before differential methylation analysis was
performed with limma [40]. Beta-values were con-
verted to M-values before analysis. As a covariate in
the linear model, the number of NeuN-positive and
NeuN-negative cells was estimated with R package
FlowSorted.DLPFC.450K [41]. The experimental
design was modeled as 0 + diagnosis + age + sex
+ NeuN-positive + NeuN-negative. 10 pairwise data
comparisons between the 5 diagnoses were per-
formed: control versus AD, control versus DLB,
control versus DLBAD, control versus PDD, AD ver-
sus DLB, AD versus DLBAD, AD versus PDD, DLB
versus DLBAD, DLB versus PDD, and DLBAD ver-
sus PDD. Differentially methylated probes (DMPs)
were defined as p < 0.001 and logFC >0.2. The
gometh function from package missMethyl [42] was
used to perform functional enrichment analysis from
DMPs using a hypergeometric test that takes into
account the number of CpGs for each gene. The Gene
Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases were used for func-
tional enrichment analysis. Further identification of
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differentially methylated regions (DMRs) was com-
pleted via DMRcate [43].

RNA sequencing

RNA was sent to the UW Northwest Genomics
Center, who undertook multiple quality control steps
including RNA quantification with Qubit RNA assay
(Invitrogen) and RNA integrity number (RIN) analy-
sis using a fragment analyzer (Advanced Analytical).
Sixty-eight of the 95 potential samples had a RIN
>5 and were further processed. Total RNA was nor-
malized to 10 ng/�l in a total volume of 50 �l on
the Perkin Elmer Janus Workstation (Perkin Elmer,
Janus II). Poly-A selection and cDNA synthesis
were performed using the TruSeq Stranded mRNA
kit as outlined by the manufacturer (Illumina; cat
no RS-122-2103). All steps were automated on the
Perkin Elmer Sciclone NGSx Workstation to reduce
batch to batch variability and to increase sample
throughput. Final RNASeq libraries were quantified
using the Quant-it dsDNA high sensitivity assay, and
library insert size distribution was checked using
a fragment analyzer (Advanced Analytical; kit ID
DNF474). Technical controls (K562, Thermo Fisher
Scientific, cat# AM7832) were compared to expected
results to ensure that batch-to-batch variability is
minimized. Successful libraries are normalized to 10
nM for submission to sequencing. Barcoded libraries
were pooled using liquid handling robotics prior to
loading. Massively parallel sequencing-by-synthesis
with fluorescently labeled, reversibly terminating
nucleotides was carried out on the NovaSeq6000
sequencer (RTA 3.1.5)

Differentially expressed gene (DEG) analysis

Demultiplexed, unaligned BAM files produced by
Picard ExtractIlluminaBarcodes and IlluminaBase-
callsToSam were converted to FASTQ format using
SamTools bam2fq (v1.4). The FAST-X toolkit was
used to determine sequence quality. Sixty-seven
of 95 samples passed quality assurance and were
included in later transcriptome analysis. Further, sam-
ples with library sizes <15M were excluded, as
these samples were identified as outliers on PCA.
This led to removal of another 4 samples. Final
number of samples per group were as follows:
NControl = 16, NAD = 13, NDLB = 12, NDLBAD = 10,
NPDD = 8. STAR [44] was used to align and annotate
reads based on the reference transcriptome GEN-
CODE v26 (GRCH38.p10). RSEM [45] (v1.3.0) was

used to quantify reads. EdgeR [46] was used for
data-integrated meta-data and count data for later pre-
processing and data exploration. Only read fragments
that corresponded to protein-coding genes were quan-
tified. Library size normalization was achieved by
converting raw data to counts per million (CPM)
while composition bias normalization was achieved
by trimmed mean of M-values (TMM). Genes that
were expressed at very low levels were filtered out
using a threshold of <1 CPM in more than 10 samples;
13,212 genes were identified for analysis.

Limma was used to create linear models and
determine differential expression among 10 pairwise
comparisons: control versus AD, control versus DLB,
control versus DLBAD, control versus PDD, AD
versus DLB, AD versus DLBAD, AD versus PDD,
DLB versus DLBAD, DLB versus PDD, and DLBAD
versus PDD. First, as variance is not independent
of mean, raw counts were transformed and normal-
ized using voom. Models were adjusted for gender
and RIN. DEGs were identified using stringent and
liberal criteria of Benjamini-Hochberg-adjusted p-
value < 0.05 and unadjusted p-value < 0.05.

To reduce concerns of major differences in cell
populations, BRETIGEA [47] was used to estimate
relative cell abundance across 6 cell types: astrocytes,
endothelial cells, microglia, neurons, oligodendro-
cytes, and oligodendrocyte precursors. Fifty marker
genes per cell type were used for deconvolution. One-
way ANOVAs were completed for all six cell types
across the five diagnosis groups. To increase detec-
tion of potential differences in cell composition, we
did not correct for multiple comparisons and defined
significance as p < 0.05.

Weighted gene co-expression network analysis
(WGCNA)

The WGCNA package in R [48] was used to ana-
lyze the top 30% most variably expressed genes
and cluster these genes into individual transcriptional
modules based on high correlations in expression
between genes in a given module. Soft thresholding
based on scale-free topology criteria and a “signed”
analysis design was used to determine optimal �
(Supplementary Figure 1A), and visual inspection
suggested an optimal � = 14. The blockwiseMod-
ules() function was used to create a topological matrix
(TOM) and then a subsequent dissimilarity matrix
(1-TOM), followed by hierarchical clustering where
highly interconnected genes were assigned to the
same transcriptional modules. Parameters for this
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function were DeepSplit = 4, TOMType = “signed”,
minModuleSize = 20, and mergeCutHeight = 0.25.
This analysis led to 14 modules and 1 unsorted mod-
ule (grey); a subsequent cluster dendrogram showing
gene similarity and module membership was created
using function plotDendroAndColors() (Supplemen-
tary Figure 1B). Modules noted in the text were
given a short name based on their predominant func-
tional enrichment, while module color was randomly
assigned.

For clinical comparisons, a similar pairwise design
to DEG analysis were correlated with each module’s
eigengene. APOE status was also included as a clini-
cal trait. A significant correlation between eigengene
and clinical trait (p < 0.05) prompted calculation of
“gene significance” (GS) and “module membership”
(MM) for each gene, where MM is defined as the
degree of correlation between a given gene and the
module, and GS is defined as the correlation between
the individual gene expression and the clinical trait.
For both values, a score of 0 suggests no correlation
while a score of –1 or 1 suggests perfect correlation.
A hub gene for a particular module and clinical trait
was defined as genes with |GS| > 0.2 and |MM| >
0.8. When a module was correlated with more than
one clinical trait (for instance, the black module was
correlated with all 4 control comparisons, control ver-
sus AD, control versus DLB, control versus DLBAD,
and control versus PDD), a gene was considered as
a potential hub gene only when all GS >0.2 across
significant comparisons.

Functional enrichment analyses

The functional enrichment analyses in this paper
determines whether DMPs, DMRs, or DEGs that
are associated with certain genes are associated with
pathways from curated databases at a higher rate than
would be expected by chance. With the exception
of DNA methylation enrichment analyses (see Dif-
ferentially Methylated DNA Analysis for details),
gProfiler2 [49] was used to determine functional
enrichments and g:GOSt was utilized, which applies
an overrepresentation analysis based on hypergeo-
metric tests, accounting for corrections for multiple
comparisons through the set counts and size (g:SCS)
method. Parameters were set as “homo sapiens”
and g:SCS significance threshold of adjusted p-
value < 0.1. Enrichment analysis queried numerous
databases including GO, KEGG, Reactome, miR-
TarBase, TRANSFAC, Human Protein Atlas (HPA),
CORUM, and Human Phenotype Ontology (HPO).

DMP and DEG overlap analysis

Overrepresentation of DMPs among DEGs or
genes in each WGCNA module was used to sug-
gest significant overlaps between methylation and
transcription data. The R package GeneOverlap [50],
which relies on a hypergeometric test similar to other
enrichment analyses, was used to detect significant
overlap, which was defined as a p < 0.05. Correspond-
ing odds ratios were also calculated and a heatmap of
results was created via GeneOverlap.

Statistics

For determining differences in demographic fea-
tures where the variable was continuous, a one-way
ANOVA with Tukey’s post-hoc test was employed.
For categorical variables, such as gender, chi-squared
tests were employed. Distributions of variables were
reviewed for normality by visually inspecting his-
tograms. Statistical computations were conducted in
R version 3.6.3. Statistics for most bioinformatic
methods are stated within their individual subheading
above.

Data availability

All raw data generated from this project are
available at the Parkinson’s Disease Biomarkers Pro-
gram’s website: https://pdbp.ninds.nih.gov.

RESULTS

Demographics

Demographics for the AD, DLB, DLBAD, PDD,
and control groups are shown in Table 1, including
APOE status. Though there were fewer APOE �3/�4
heterozygotes in the control group, there were iden-
tical numbers across each dementia group (53%).
There was a significant difference in age at death
among the groups (one-way ANOVA, F4,90 = 5.155,
p < 0.0001), where those with PDD were significantly
younger than those with AD (Tukey’s post-hoc,
p < 0.01) and DLBAD (Tukey’s post-hoc, p < 0.001).
Differences in other demographic variables were sim-
ilar (p > 0.05).

Methylomic patterns across dementias

To understand changes in the DNA methylome
associated with the four dementias and cognitively

https://pdbp.ninds.nih.gov
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Table 1
Demographics. Each dementia group and cognitively unimpaired controls with mean age with standard deviation, number of participants by

gender, and frequency of APOE �3/�3 and �3/�4 genotypes

Total Control DLB AD DLBAD PDD

Sample size 94 18 19 19 19 19
Age at death: mean (SD) 84.9 (7.3) 84 (9.1) 84.9 (7.8) 87.1 (3.6) 88.8 (4.4) 79.4 (7.3)
Gender: N male (% male) 48 (51%) 11 (61%) 9 (47%) 5 (26%) 7 (37%) 16 (84%)
APOE: N �3/�4 (% total) 47 (50%) 7 (39%) 10 (53%) 10 (53%) 10 (53%) 10 (53%)
RNAseq available: N 62 15 12 13 14 8

Fig. 1. Differentially methylated probes (DMPs). A) Total DMPs when comparing Control to all dementia types. B) Total DMPs when
comparing AD to Control and all dementia types. C) Total DMPs when comparing DLB to Control and all dementia types. D) Total DMPs
when comparing DLBAD to Control and all dementia types. E) Total DMPs when comparing PDD to Control and all dementia types

unimpaired controls, we used the MethylationEPIC
BeadChip Infinium 850K array to determine the
CpG methylation status at ∼760,000 individual sites
along the genome from the postmortem PFC tissue
of 95 different patients. Using a significance thresh-
old of p < 0.001 and fold change >0.20 to define
DMPs, we found 168 DMPs when comparing con-
trols versus AD, 513 for controls versus DLB, 546
for controls versus DLBAD, 1151 for controls ver-
sus PDD, 717 for AD versus DLB, 626 for AD
versus DLBAD, 674 for AD versus PDD, 877 for
DLB versus DLBAD, 5,505 for DLB versus PDD,
and 1,908 for DLBAD versus PDD (Fig. 1, Sup-
plementary Table 1, Supplementary Data 1). It is
particularly notable that the highest number of DMPs
were found when comparing PDD to the other two

Lewy body diseases, DLBAD and DLB, and controls,
as these were the only instances where there were
>1000 DMPs. In addition, while more modest bal-
ances of hyper- to hypo-methylation were seen for the
other dementia comparisons, ranging from 30–70%
of total DMPs being hypomethylated, there was a
strong pattern of hypomethylation when comparing
PDD to the other dementias and controls, ranging
from 62–83%. For instance, when comparing PDD to
controls, 82% of DMPs were hypomethylated, while
the other dementias compared to controls yielded
31–58% hypomethylated DMPs. While there were
very few shared DMPs when comparing the other
dementias to each other, yielding 0.1–2.0% shared
DMPs, there was a comparatively greater number of
DMPs in common for PDD versus the other demen-
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tias at 2.1–16.9%, despite the greater number of
DMPs identified (Supplementary Table 1).

A cluster of DMPs among a single genetic fea-
ture is known as a differentially methylated region
(DMR). Similar to the dramatic changes detected for
the DMPs in PDD comparisons, only two compar-
isons yielded DMRs: 197 DMRs for PDD versus
DLB and 1 DMR for PDD versus controls (Supple-
mentary Data 2). Interestingly, the single DMR in
the PDD versus controls analysis falls within one
of the DMRs in the DLB versus PDD comparison,
representing 3 CpGs and 10 CpGs in the promoter
region for OTX2 in the DLB and controls compar-
isons, respectively.

Functional enrichment analysis was performed for
the DMPs using the GO and KEGG databases, though
the number of enriched terms were generally low for
most comparisons, and 5 out of 10 comparisons had
no enriched terms (Supplementary Data 3). Specifi-
cally, the AD versus PDD, DLBAD versus control,
DLB versus PDD, and PDD versus control com-
parisons all shared pathways suggesting differences
in cell-cell adhesion. While other comparisons had
less than 5 enrichment terms, the DLB versus PDD
comparisons yielded noticeably more, likely a reflec-
tion of the increased number of DMPs discovered
for this comparison. Many of these further enriched
terms centered around immune function, actin, and
the synapse.

Transcriptomic patterns across dementias

To better characterize the unique transcriptomic
changes associated with A�- and LB-driven diseases,
we analyzed patterns of mRNA expression in 66 of
the 95 postmortem PFC samples used for our methy-
lation experiments. For transcriptional analysis using
the more stringent criteria of p-adjusted < 0.05, when
compared to controls, there were 1,197 DEGs for AD,
163 for DLB, and 2,279 for DLBAD. There were no
DEGs detected at p-adjusted < 0.05 for the remaining
comparisons (Supplementary Data 4). When using
the more liberal criteria of unadjusted p < 0.05, there
were 3,680 DEGs for controls versus AD, 2,360
for controls versus DLB, 4,397 for controls versus
DLBAD, 1,059 for controls versus PDD, 97 for AD
versus DLB, 88 for AD versus DLBAD, 641 for AD
versus PDD, 432 for DLB versus DLBAD, 541 for
DLB versus PDD, and 793 for DLBAD versus PDD.
Notably, when each dementia was compared to con-
trols, there were 1000 s of DEGs that were identified
compared with tens or hundreds of DEGs when the

dementias were compared to each other, suggesting
greater changes in transcription when comparing con-
trols to those with cognitive impairment in contrast
to fewer differences in transcription depending on
dementia diagnosis. Similar to the DMP patterns, we
also saw greater numbers of DEGs when compar-
ing PDD to other dementias than when we compared
those dementias to each other (Fig. 2, Supplementary
Table 2, Supplementary Data 4).

In addition, there were 423 DEGs that were in
common when comparing all four dementia groups
with controls, representing 11.5%, 17.9%, 9.6%, and
39.9% of the total DEGs for AD, DLB, DLBAD,
and PDD, respectively (Supplementary Table 2). By
comparison, there were no genes in common differ-
entiating AD from the other dementias and controls,
0.1–2.1% overlapping genes in common when com-
paring DLB to the other dementias and controls,
0.1–3.4% in common when comparing DLBAD to
the other dementias and controls, and 3.1–6.1% when
comparing PDD to the other dementias and controls.
When this analysis was restricted only to compar-
isons between the dementias, excluding controls,
there were still no overlapping DEGs in common for
AD, 1.5–8.2% for DLB, and 0.6–5.7% for DLBAD,
which were still lower than the overlap seen when
comparing controls versus the other dementias. Sur-
prisingly, there were 27.6–40.5% overlapping DEGs
in common when comparing PDD to the other demen-
tias.

To determine what pathways may promote neu-
rodegeneration across dementias, functional enrich-
ment analysis was performed on the genes that were
found to be in common when comparing the con-
trols versus each dementia. Genes were enriched
for a number of pathways compared to chance,
and these include collagen binding and extracel-
lular matrix, regulation of transcription, regulation
of phosphorylation, response to lipids, vasculogen-
esis, focal adhesion, PI3K-Akt signaling, and IL-6
(Supplementary Data 5). In addition, some notable
genes in this group include immune mediators
CXCR4, IL4R, NFKBIA, JAK2, and STAT3; hypoxia
responsive factors HIF1A, HIF3A, and EGR1; neu-
rological disease-associated proteins SOD1, BACE1,
and MECP2; the plasminogen regulator SERPINE1;
and cholesterol metabolism genes LRP6, LRP10, and
ABCA1.

While the paucity of overlapping DEGs for AD,
DLB, and DLBAD precluded functional enrichment
analysis, a number of pathways were discovered
for the overlapping genes in common when com-



D.W. Fisher et al. / Methylome and Transcriptome Across Dementias 287

Fig. 2. Differentially expressed genes (DEGs). A) Total DEGs when comparing Control to all dementia types. B) Total DEGs when
comparing AD to Control and all dementia types. C) Total DEGs when comparing DLB to Control and all dementia types. D) Total DEGs
when comparing DLBAD to Control and all dementia types. E) Total DEGs when comparing PDD to Control and all dementia types

paring PDD to other dementias and include TGF-�
signaling, Hippo signaling, and BMP signaling (Sup-
plementary Data 6). Some interesting genes in the
group included ASCL1, NOTCH2, CREBBP, SLC13
(EAAT1), BCL2, EGFR, YY1, and TGFB2.

As differences in the abundances of different
cells may bias transcriptomic or methylomic results,
we used BRETIGEA [47] to estimate the rela-
tive abundance of 6 different cell types—astrocytes,
endothelial cells, microglia, neurons, oligodendro-
cytes, and oligodendrocyte precursor cells—among
the 5 different conditions. We found no differences
in any of the 6 cell abundances among controls, AD,
DLB, DLBAD, nor PDD (p > 0.05; Fig. 3).

Co-expression networks associated with each
dementia

Changes in transcription can be mediated by
many factors beyond the experimental variable being
studied, and co-expression networks can often be
identified, whereby genes that participate in similar
functions are also likely to be transcriptionally reg-
ulated in a similar manner [51]. In addition, genes
that are found to have a large effect on the expres-
sion of other genes in the co-expression module can
be identified as “hub genes,” whose perturbation may

have some of the largest effects on the overall cellular
function these genes facilitate.

Using weighted gene co-expression network anal-
ysis (WGCNA), we identified 14 co-expression
modules and a grey module with unclustered genes
from the top 30% most variably expressed genes
and then determined the correlation between each
eigengene with each of the 10 dementia compar-
isons as well as APOE status (Fig. 4, Supplementary
Figure 1). While only the protein localization
(red) module weakly correlated with APOE sta-
tus (p < 0.05, r = –0.25), other modules were more
strongly correlated with certain dementia compar-
isons. There were 56 potential hub genes (all hub
genes listed in Supplementary Data 7 and 8) iden-
tified in the protein localization module, which
included NR1H2 (LXRb), BAD, and CTSD (cathep-
sin D). Functional enrichment analysis suggested
genes belonged to pathways involved in protein
localization and endocytosis (all module enrichment
analyses in Supplementary Data 9).

Among the four control comparisons (controls
versus AD, controls versus DLB, controls versus
DLBAD, and controls versus PDD), the oxida-
tive phosphorylation (black) and extracellular matrix
(ECM; green-yellow) modules showed consistent
negative (p < 0.01; r = –0.34 to –0.40) and positive
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Fig. 3. Estimates of relative cell abundance. Using an algorithm to estimate relative cell abundance from transcription of key cell-marker
genes, there were no differences in A) astrocytes, B) endothelial Cells, C) microglia, D) neurons, E) oligodendrocytes, F) or oligodendrocyte
precursor cells (OPCs) between the 5 comparison groups.

(p < 0.05; r = 0.32 to 0.40) correlations with all four
comparisons, respectively (Fig. 4, Supplementary
Figure 2). When identifying hub genes in common
for the four comparisons, there were 73 and 21
potential hub genes for the oxidative phosphorylation
and ECM modules, respectively. For the oxidative
phosphorylation module, a number of antioxidant-
related proteins were considered hub genes, including
PRDX2, PRDX5, SOD1, PARK7, and TXN. In addi-
tion, numerous proteins in the electron transport
chain were implicated, including 4 subunits of NADH
ubiquinone oxidoreductase (complex I), 3 subunits
of cytochrome c reductase (complex III), 6 sub-
units of cytochrome c oxidase (complex IV), and 5
ATP synthase subunits. Functional enrichment anal-
ysis similarly suggested a role for mitochondria
and responses to oxidative stress. The ECM mod-
ule contained hub genes FN1, ITGA5, and ITGB1,
which together form a complex of integrin binding
to fibronectin. In conjunction, enrichment analysis
revealed pathways involved in ECM glycoproteins
and cellular adhesion.

When comparing DLB to the other dementias, the
astrocytic end-foot (salmon) module demonstrated
consistent negative correlations (p < 0.005; r = –35
to –45), suggesting that this transcriptional mod-

ule could be downregulated in DLB specifically
(Fig. 4, Supplementary Figure 3). Across all three
comparisons of DLB versus the other dementias,
11 hub genes were in common, and, surprisingly,
every hub gene was expressed in astrocytes, many
primarily [52]. Among them, MLC1, TTYH1, and
GPR37L1 are functionally linked in their regula-
tion of volume-regulated anion channel activity and
binding to GliaCAM [53]. Further, CST3 encoding
cystatin C is downregulated in the cerebrospinal fluid
of patients with LB disorders and correlates with
lower MoCA scores in these patients [54]. In agree-
ment with these observations, functional enrichment
analysis revealed pathways related to astrocytic foot
processes, glial cells, and anion and acid transport.
APOE was also sorted into this module, though its
influence on the transcription of other genes was too
weak to be considered a hub gene.

PDD had two modules that demonstrated a cor-
relation between PDD and the other dementias, the
lipid metabolism (brown; p = 0.01, r = 0.31 to 0.32)
and mRNA regulation (yellow; p < 0.01 for PDD ver-
sus AD and PDD versus DLBAD, r = 0.35 to 0.41;
p = 0.09 for PDD versus DLB, r = 0.22). Interest-
ingly, these modules were also correlated with the
comparisons between AD, DLB, and DLBAD and
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Fig. 4. WGCNA Module-Trait Heatmap. Correlation of eigengenes for each module (top value) and p-value (bottom value in parenthesis)
for APOE status (�3/�4 heterozygosity) and all 10 comparisons. Positive associations are in red and negative associations are in blue. Bolded
boxes contain important associations discussed in the text.

controls (p < 0.01; r = 0.31 to 0.42) but not between
PDD and controls (p > 0.3, r = 0.08–0.14; Fig. 4, Sup-
plementary Figure 4). By identifying hub genes in
common for six comparisons between controls and
non-PDD dementias as well as PDD and the other
dementias, there were 84 and 58 potential hub genes
for the lipid metabolism and mRNA regulation mod-
ules, respectively. Some notable hub genes in the
lipid metabolism module were LRP1, NOTCH2, and
PPARA while some in the mRNA regulation mod-
ule were CREBBP, EP300, and YY1. Functional
enrichment analysis yielded many terms for the lipid
metabolism module but notably revealed enrichments
in the Hippo pathway, fatty acid metabolism, and
PPAR signaling, as well as receptor tyrosine kinase
binding such as VEGF. For the mRNA regulation
module, functionally enriched pathways were sim-
ilarly broad but included numerous terms related to
chromatin remodeling and mRNA processing.

Lastly, the myelination (blue) module was sig-
nificantly correlated with the difference between
AD and DLBAD (p = 8 × 10–4, r = 0.42; Fig. 4).

This large module had 200 potential hub genes
which included numerous genes involved in myeli-
nation including OLIG2, CNP, PLP1, PLLP, MOG,
SIRT2, and CNTN2. In addition, potential hub genes
also included 4 genes related to A�PP processing,
BACE1, PSEN1, BIN1, and APBB2. However, while
functional enrichment analysis revealed pathways
associated with myelination, oligodendroglial devel-
opment, actin binding, and Ras/Rho signaling, there
were no enriched pathways associated with amyloid
processing or A�PP.

Overlap between DNA methylation and
transcription

As DNA methylation can have significant impact
on transcription, we determined if there was signifi-
cant overlap between the DEGs and DMPs for each
of our comparisons. There was no significant enrich-
ment of DMPs in any of the DEG lists for any of
the 10 comparisons, suggesting a minimal effect of
DNA methylation on the transcriptional differences
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that differentiate each dementia overall. This may be
because most of the differences in methylation are
small and because there is only a subset of genes in
which transcription is greatly affected by changes in
methylation among these dementias.

As methylation may have more subtle effects on
transcription, and transcriptional modules may rep-
resent a number of genes with similar transcriptional
patterns, we ran a similar analysis to see if DMPs were
functionally enriched in any of the transcriptional
modules from WGCNA. We found two modules that
were enriched for DMPs, the oxidative phosphory-
lation module (p < 0.05 for controls versus DLBAD,
controls versus PDD, DLBAD versus PDD, DLB ver-
sus DLBAD, and AD versus DLB) and the synaptic
transmission (green) module (p < 0.05 for controls
versus DLB, controls versus DLBAD, AD versus
PDD, AD versus DLBAD, DLB versus DLBAD;
Supplementary Figure 5). The oxidative phospho-
rylation module, which was largely enriched for
mitochondrial genes activated in response to cellu-
lar stress, was associated with all of the dementias
when compared to controls. The synaptic trans-
mission module was negatively correlated with 3
dementias when compared to controls, AD, DLBAD,
and PDD (p < 0.01; r = –0.35 to –0.55) but not DLB
(p = 0.3; r = –0.13). The synaptic transmission mod-
ule had 61 potential hub genes and many were genes
encoding proteins vital to synaptic transmission,
including RAB3A, NRGN, and CHRM1. Functional
enrichment analysis similarly demonstrated numer-
ous terms related to synaptic transmission as well
as high enrichment of genes in both the pre- and
post-synaptic compartments.

DISCUSSION

Multiple neurodegenerative conditions that result
in dementia cause significant molecular alterations
to the PFC, and our data show that there are unique
transcriptional and DNA methylation patterns that
may either represent final common pathways regard-
less of neurodegenerative etiology or may distinguish
certain dementia types from one another. More
specifically, in this preliminary study, we compared
5 different conditions in a pairwise experimental
design: cognitively unimpaired controls, AD, DLB,
DLBAD, and PDD. We showed that PDD had more
DMPs in common when compared to controls or
the other dementias than when the other demen-
tias were compared against each other. Further, PDD

showed a pattern of predominantly hypomethylated
DMPs compared to the other dementias and con-
trols. Transcriptionally, we determined that there
were overall more DEGs when comparing controls to
any of the dementias than there were when compar-
ing each dementia to each other, and similarly there
was relatively high overlap in the DEGs found when
comparing each dementia to controls. We further
used a co-expression analysis, WGCNA, to show that
certain transcriptional modules were significantly
correlated across dementias compared to controls as
well as certain modules that defined certain demen-
tia types. Finally, we determined that while there was
not a significant overlap between DEGs and DMPs,
there was a significant enrichment of DMPs in two
of the transcriptional modules that were associated
with controls and all the dementias as a whole. In
total, despite our small sample size, this is neverthe-
less the largest study to date that differentiates A�–
and LB-associated dementias based on both DNA
methylation and RNA expression.

To better discern the differences between PDD and
DLB, we not only compared these diseases to each
other but also included comparisons to DLBAD to
reduce concerns about the influence of concomitant
AD pathology leading to a wider separation between
the disorders. By doing this, we hypothesized that we
would see the smallest difference in DNA methyla-
tion between our PDD and DLB groups. Therefore,
we were surprised to find that the opposite was
true, that there were the largest differences in DMPs
between PDD and DLB with the difference between
PDD versus DLBAD and PDD versus controls not far
behind. However, similar to the observations of neu-
ropsychiatric frequency being more similar between
PDD and AD than DLB [9], we noticed many fewer
DMP differentiating PDD and AD. Even more strik-
ing was the pattern of predominantly hypomethylated
DMPs that were associated with PDD that was not
seen in the other dementia comparisons. Though it
is possible that differences in ages played a factor,
age is generally associated with greater hypomethy-
lation, and the PDD group trended younger than other
groups, making an explanation based on aging alone
tenuous. Again, this suggested that the pattern of
DNA methylation may be a unique feature of PDD,
suggesting epigenomic differences between PDD,
DLB, and DLBAD. Similarly, with the exception of
one DMR comparing PDD to controls, we found 197
DMRs when comparing PDD to DLB but no DMRs in
any of the other comparisons. While the greatest dif-
ferences in transcription were found between controls
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and the dementias, the second largest group of differ-
ences were also for PDD versus the other dementias.
Taken together, the large differences in DNA methy-
lation and transcription in the PDD comparisons may
suggest that this dementia is more etiologically dis-
tinct than previously suggested, at least in terms of
how it affects the PFC. Indeed, there was a relatively
higher percentage of DEGs and DMPs in common
when comparing PDD to the other dementias than
with any other comparison, suggesting a core group of
differentially methylated and transcribed genes that
could be a unique hallmark of PDD pathogenesis.

The single DMR shared when comparing PDD ver-
sus controls and PDD versus DLB involved CpGs
upstream of the homeobox protein OTX2, a gene that
is involved in dopaminergic neuron development as
well as parvalbumin-positive (PV+) neuron involve-
ment in critical period plasticity [55–58]. While
OTX2 is often thought of as a marker of ventral
tegmental area neurons, ectopic overexpression in
the substantia nigra is associated with protection of
dopaminergic neurons to MPTP, a common neuro-
toxin used to model PD in rodents [58, 59]. Similarly,
some evidence exists that PV+ interneurons are sig-
nificantly affected by �-syn [60, 61]. Finally, while
some evidence exists for OTX2 to influence psychi-
atric symptoms in humans and mouse models of
certain affective disorders [62–64], a clear role in
PDD is yet unknown. However, it is notable that dur-
ing a recent analysis of OTX2 binding, binding sites
were enriched for numerous neurodegenerative disor-
der genes as well as oxidative stress [56]. Therefore, it
is possible that OTX2 methylation plays a unique role
in susceptibility of certain dopaminergic and PV+
neuron populations in PDD.

Beyond the differential methylation associated
with PDD, there were also a surprisingly high num-
ber of DEGs that were uniquely associated with PDD
compared to the other dementias. Similarly, there
were two transcriptional modules that were associ-
ated with PDD compared to the other dementias,
the lipid metabolism and mRNA regulation modules.
When functional enrichment analysis was performed,
there was a convergence of increased representa-
tion of genes associated with the Hippo pathway
in both the DEGs that were common to PDD and
the lipid metabolism module. When DNA methy-
lation of dorsal motor nucleus tissue was studied
in PD patients, they also found an enrichment of
DMRs associated with genes from the Hippo path-
way [65]. The Hippo pathway can influence many
cellular processes, including cell proliferation, cell

differentiation, and innate immunity, but the Hippo
pathway is most often implicated in neurodegener-
ation through its regulation of apoptosis [66, 67].
Interestingly, while numerous lines of evidence tie
it to AD, Huntington’s disease, and amyotrophic lat-
eral sclerosis, there are far fewer studies that have
examined it in PD, PDD, or DLB. One group found
that netrin-1 deficiency in PD leads to downstream
activation of the Hippo pathway and elevated apop-
tosis, but it is unclear what brain region was tested,
the cognitive status of these patients, and if there was
concomitant A� pathology [68].

One consideration for the strong differences
between PDD and the dementias in our study could be
due to incomplete degeneration of PFC tissue in PDD.
Though limbic and cortical involvement are observed
in PDD, there is evidence for differences in cortical
atrophy and p-tau burden when compared to DLB
or AD [15, 69–71]. In addition, some have hypothe-
sized that LB pathology may begin and spread in the
brain via two separate routes: one starting from the
periphery, gaining access to the brainstem through
the vagus nerve, and another entering more directly
into the CNS, starting in the olfactory bulb [72–74].
It is possible that the different sites of entry could
lead to different patterns of spread, and these dissem-
ination patterns could dictate if PD—and subsequent
PDD—or DLB develops. Given these differences, if
the PFC was affected later and less severely in PDD,
the differences observed in this study could be a sign
of these different pathways.

There was a relatively large number of shared
genes differentiating controls from the dementias,
and the largest amount of DEGs were seen when
comparing each dementia group to controls as com-
pared to when comparing the dementia subtypes to
each other. This suggests that there could be com-
mon aberrant pathways associated with dementia that
are independent of specific type. Similarly, our study
also identified numerous transcriptional pathways
that were commonly perturbed across all demen-
tias and implicated many pathways by enrichment
analysis. Specifically, two transcriptional modules
were identified from WGCNA, oxidative phospho-
rylation, and ECM modules. While there was not
significant overlap between DMPs and DEGs over-
all, there was a significant overlap of DMPs and
genes in the oxidative phosphorylation module. This
module was highly enriched for genes involved in
antioxidant and mitochondrial pathways, and oxida-
tive stress has long been proposed as a major driver
of almost every age-related, neurodegenerative con-
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dition [75–78]. Further, the greatest risk factors for
dementias is advancing age, and reductions in cellu-
lar ability to regulate oxidative stress with advancing
age is well-described [77]. Though speculative, there
is also some evidence that mitochondrial function,
oxidative stress, and DNA methylation have mecha-
nisms for cross-talk in response to changing condition
[78, 79], and this could influence the differences in
both transcription and DNA methylation observed in
the oxidative phosphorylation module. In total, this
module could represent a common pathway influ-
enced by aging that when dysfunctional leads to
increased risk of neurodegenerative dementias.

The astrocytic end-foot module was correlated
with DLB when compared to the other demen-
tias, and the preponderance of genes in this module
were expressed in astroglia. The influence of �-
syn on astrocytopathy in LB disorders has yielded
impairments in mitochondrial processes, calcium
homeostasis, glutamate homeostasis, and neuroin-
flammation [80, 81]. However, unlike AD, reactive
astrogliosis is mild in LB disorders [82], suggesting
that a more subtle pathological mechanism may be
at play when A� is absent. Functional enrichment
analysis applied to the astrocytic end-foot module
also revealed numerous genes associated with anion
transport, with carboxylic acid transport being among
the most significant enrichments. Based on this, one
could speculate that uptake of fatty acids and/or glu-
tamate is impaired by DLB pathology, as one study
showed altered transport of fatty acids with �-syn
depletion in astrocytes [83]. Still, how astrocytes are
affected in DLB versus PDD in the PFC has yet to be
studied.

Though some studies have attempted to compare
the differences in transcriptome, proteome, or DNA
methylome in blood or brain tissue among some of the
dementias reflected in our studies [65, 84–93], only
one other study has compared the methylomes in the
PFC between AD, DLB, and PD but not PDD patients
[27]. In that study, Sanchez-Mut et al. used whole-
genome bisulfite sequencing with an n = 1 design for
AD, DLB, PD, and Down syndrome followed by a
comparison of n = 5 with an Illumina 450K Methy-
lome array and comparisons of n = 5–32 for pyrose-
quencing validation of specific promotor regions.
They further used an RNA expression microarray
to look at the overlap between DMRs and associ-
ated DEGs. Though this study found hundreds of
DMRs associated with changes in gene expression, it
is worth noting that the n = 5 design makes it challeng-
ing to interpret how many of these were due to neu-

rodegeneration and how many were related to other
differences between the individuals of the tissue’s ori-
gin, such as gender and age, as well as other variables
that were not assessed here, including participant
ancestry, medication status, and clinical course (e.g.,
age of onset, comorbidity, and cause of death). Still,
it was surprising to find significant enrichments of
their DMRs for the Hippo pathway and TGF-� sig-
naling which were similar to our enrichment of these
pathways of PDD versus the other dementias. Simi-
larly, we found DMP enrichment in cell-cell adhesion
for certain comparisons that may be similar to the
enrichment of DMRs in the adherens junction path-
way discovered by Sanchez-Mut et al. [27]. In all,
we believe our current study builds on this previous
work in a few key ways: 1) We have used more sub-
jects to increase our statistical power and therefore
our confidence that our findings are specific to the
disease designations, 2) All tested groups had clini-
cal designations of dementia, whereas Sanchez-Mut
et al. [27] included PD patients without this desig-
nation, 3) We compared PDD, DLB, and DLBAD,
which should allow some differentiation of changes
due to isolated LB and combined LB + A� pathol-
ogy, 4) We were able to use the most updated 850K
array, which is an improvement on the 450K array
used previously, and 5) Our WGCNA allowed for
determination of transcriptionally linked genes that
might be heavily influenced by DNA methylation
and represent a conserved pathogenic pathway across
dementias.

Although our study is the largest study to determine
differences in DNA methylation and transcription
between LB– and A�-driven dementias—as well as
the only study to specifically determine differences
in DLB, DLBAD, and PDD—there are some limita-
tions that should be noted. First, despite compiling the
largest study of its kind, our work should be viewed as
a preliminary foundation for future efforts. The work
is based on a convenience sample that was not initially
collected for the purposes of methylome and tran-
scriptome analyses, and the sample was too small to
account for other covariates that may have influenced
our results (e.g., medication status, burden of neu-
ropsychiatric symptoms, and tissue availability), and
thus our findings highlight associations rather than
addressing specific hypotheses. We also cannot com-
pletely rule out the potential effects of institutions
of origin (e.g., differences related to varied neu-
ropathological protocols) or individual samples (e.g.,
the possibility that sample orientations or boundaries
varied). However, quality control and inspection of
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data for outliers was performed, and cellular decon-
volution from mRNA did not suggest differences in
cell type composition, though this does not exclude
more subtle differences in cell survival across demen-
tias. Second, we noticed little overlap between our
DMPs and DEGs, which is likely explained by the
small absolute differences in DNA methylation being
compensated for by other transcription regulation
mechanisms. In a similar combined analysis between
age-matched controls and PD patients, a similarly
very low level of overlap between DNA methyla-
tion and transcription was observed across three brain
regions [65]. Third, our analysis relied on bulk tissue,
and so more subtle differences in DNA methylation
and transcription within different cell types such as
neurons, astrocytes, microglia, and oligodendrocytes
could not be determined. Fourth, our analysis did
not take into account varying levels of p-tau across
diseases, which could have influenced the DNA
methylome or transcriptome. In addition, we were
unable to account for smaller vascular events like
microinfarcts and degree of atherosclerosis, though
our classification scheme would have excluded any
participants with severe vascular pathology. Fifth, we
were unable to confirm our methylated DNA results
by another method, such as pyrosequencing or whole-
genome methylome sequencing, nor with a validation
cohort or with a cohort with PD but no dementia.
Finally, our analysis demonstrated patterns in a sin-
gle brain region without differentiation between the
dorsolateral and ventrolateral prefrontal cortex, and it
is very possible that other brain regions demonstrate
different patterns of transcription and DNA methy-
lation among these dementias, especially for various
subcortical regions.

Overall, this study demonstrated that DNA methy-
lation may drive a common transcriptional model
across dementias that facilitates responses to oxida-
tive stress. In addition, we showed that PDD has a
strong divergence in DNA methylation and transcrip-
tion within the PFC compared to the other dementias,
which suggests that it may be more separable from
DLB than previously thought, even when A� pathol-
ogy is taken into account. We also demonstrated
evidence that astrocytes could play a large role in
facilitating pure DLB. We believe that future work in
larger studies could be directed at expanding this joint
DNA methylation and transcription analysis to other
brain regions, as well as correlating these changes
with neuropsychiatric symptoms to better understand
how these processes influence symptom presentation
across dementias.
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RL, Murphy EJ (2005) Fatty acid incorporation is decreased
in astrocytes cultured from alpha-synuclein gene-ablated
mice. J Neurochem 94, 839-849.



D.W. Fisher et al. / Methylome and Transcriptome Across Dementias 297

[84] Nasamran CA, Sachan ANS, Mott J, Kuras YI, Scherzer
CR, Study HB, Ricciardelli E, Jepsen K, Edland SD, Fisch
KM, Desplats P (2021) Differential blood DNA methylation
across Lewy body dementias. Alzheimers Dement (Amst) 13,
e12156.

[85] Santpere G, Garcia-Esparcia P, Andres-Benito P, Lorente-
Galdos B, Navarro A, Ferrer I (2018) Transcriptional
network analysis in frontal cortex in Lewy body diseases
with focus on dementia with Lewy bodies. Brain Pathol 28,
315-333.

[86] Bereczki E, Branca RM, Francis PT, Pereira JB, Baek J-H,
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