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Abstract

The intricacies of Alzheimer’s disease pathogenesis are being increasingly illuminated

by the exploration of epigenetic mechanisms, particularly DNA methylation. This review
comprehensively surveys recent human-centered studies that investigate whole genome
DNA methylation in Alzheimer’s disease neuropathology. The examination of various brain
regions reveals distinctive DNA methylation patterns that associate with the Braak stage
and Alzheimer’s disease progression. The entorhinal cortex emerges as a focal point due
to its early histological alterations and subsequent impact on downstream regions like the
hippocampus. Notably, ANK1 hypermethylation, a protein implicated in neurofibrillary
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Alzheimer’s disease (AD) is an insidious neurodegenerative
disorder characterized by progressive cognitive and behavioral
decline, encompassing memory loss and impaired daily
functioning. As the most widespread form of dementia,
it accounts for the majority of dementia cases worldwide
(Zvétova, 2019), predominantly affecting the elderly
population, with the risk escalating significantly as individuals
age. Other risk factors include vascular pathology and
declining metabolism, all contributing to sporadic or late-
onset AD (> 90% of AD cases), and early-onset or inherited,
familial AD (Lau et al., 2023).

Given the intricate nature and devastating consequences
inherent to AD, a compelling and pressing mandate emerges
to delve deeper into the hypothesis that epigenomic
dysregulation constitutes a pivotal mechanism intricately
woven into the etiology and progression of AD neuropathology
(Gao et al., 2022). The burgeoning body of evidence has
unequivocally showcased the determining role ascribed
to DNA methylation (DNAm), a widely studied epigenetic

changes in the underlying DNA sequence, in the complex
AD panorama (Stoccoro and Coppede, 2018). It involves an
array of molecular mechanisms capable of influencing gene
dynamics and thereby intricately shaping an individual’s
susceptibility to disease (Zhang et al., 2020a).

Within the scope of this review, our primary focus revolved
around the examination of the influence wielded by DNAmM
upon AD, achieved through the prism of epigenome-wide
association studies (EWAS). We undertook the integration
of the available data from different brain regions, cognizant
of AD neuropathology progression sequence within these
territories, and more importantly, the heterogeneity of cell
types that populate the cerebral domains. We focused on
the top differentially methylated genes described in each
brain region and explored their potential relevance to AD
pathogenesis (Figure 1). Lastly, we address the limitations
identified within the spectrum of scrutinized studies,
considering their multifaceted implications for the trajectory
of subsequent research endeavors focused on AD.
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Search Strategy

To assemble a comprehensive body of evidence, we
conducted an exhaustive search within the PubMed database,
using the following search terms: “Alzheimer’s disease,
DNA methylation, EWAS, brain tissue, human”. Our scope
encompassed articles solely within the publication span from
2018 to August 2023. Nevertheless, exceptions were extended
to incorporate seminal and contextually significant literature
predating this interval.

DNA Methylation and Hydroxymethylation
DNAm is an intricate epigenetic mechanism that plays pivotal
roles in human biology, being particularly important in the
brain, where it regulates development, learning, memory, and
cell-type specification (Jeong et al., 2021).

DNAm refers to the attachment of a methyl group to the
DNA molecule, predominantly at cytosine residues within
CpG dinucleotides. This modification is accomplished by DNA
methyltransferase enzymes, which transfer the methyl group
from S-adenosyl methionine to the target cytosine, resulting in
5-methylcytosine (5mC). DNAm is often associated with gene
silencing, as it hinders the binding of transcription factors and
other regulatory proteins to DNA, impeding gene expression
(Cui and Xu, 2018). DNA hydroxymethylation, on the other
hand, involves the addition of a hydroxyl group to 5mC,
resulting in 5-hydroxymethylcytosine (5hmC). This process is
catalyzed by ten-eleven translocation (TET) enzymes, which
oxidize 5mC to generate 5hmC, 5-formylcytosine (5fC), and
5-carboxylcytosine (5caC). DNA repair enzyme thymine-DNA
glycosylase (TDG) can then excise 5fC and 5caC to unmodified
cytosines by the base excision repair pathway. This TET-TDG
pathway is known as the active DNA demethylation pathway
(Fetahu et al., 2019; He et al., 2021). Hydroxymethylation
is considered a dynamic and reversible modification that
can serve as an intermediate step in DNA demethylation,
potentially leading to gene regulation.

In AD, complex interplays between DNA methylation
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and hydroxymethylation, along with other epigenetic
modifications, orchestrate the dynamic regulation of
gene expression. These impact crucial processes such as
synaptic plasticity, neuroinflammation, and aberrant protein
aggregation (Chen et al., 2022; Kaur et al., 2022). Specifically,
hypermethylation of specific genomic regions, including gene
promoters and enhancers, leads to transcriptional silencing
and reduced expression of genes associated with neuronal
function and memory formation. Conversely, hypomethylation
at certain loci can unleash the expression of transposable
elements, leading to genomic instability and dysregulated
gene networks (Cui and Xu, 2018).

Mapping and Quantification of DNA Methylation
Advancements in epigenomic profiling technologies have
enabled comprehensive mapping and characterization of
the epigenomic landscape across multiple tissues, including
bisulfite-dependent analysis, protein-based discrimination
methods, bisulfite-free chemical labeling methods, and direct
sequencing of unamplified DNA.

Bisulfite sequencing (BS-seq) is considered the gold standard
for the genome-wide mapping of 5mC at single-base
resolution. In BS-seq, bisulfite treatment leads to deamination
of unmethylated cytosines (C) to Uracil (U), which after PCR
amplification are read as thymines (T), while both 5mC and
5hmC are resistant to deamination by bisulfite treatment and
are read as C (Ashapkin et al., 2020). Since BS-seq does not
differentiate 5hmC from 5mC, two modified BS-seq methods
have been developed.

Oxidative bisulfite sequencing (oxBS-seq) is based on the
specific chemical oxidation 5hmC to produce 5fC, using
potassium perruthenate (KRuO4), which can be converted
to U under bisulfite treatment. 5hmC is then read as T, but
5mC is read as C in DNA. Absolute 5hmC quantification is
performed by subtracting signals of oxBS-Seq from BS-Seq.
Therefore, deep sequencing depth is required to achieve high-
confidence 5hmC mapping for oxBS-Seq (Zhao et al., 2020; Dai
etal., 2021).
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TET-assisted bisulfite sequencing is based on the transfer of a
glycosyl group to 5hmC using B-glucosyltransferase (BGT) to
produce B-glucosyl-5-hydroxymethylcytosine (5gmC), which
is resistant to TET oxidation. TET proteins oxidize 5mC to 5fC
and 5caC, and therefore, after bisulfite sequencing, 5mC, 5fC,
and 5caC are read as T, whereas the remaining C signals come
from the glycosylated 5hmC (Zhao et al., 2020; Dai et al.,
2021).

Considering that bisulfite treatment reduces the sequence
complexity of template DNA, leading to low mapping rates,
uneven genome coverages, and inherent biases, two bisulfite-
free methods have been developed.

TET-assisted pyridine borane sequencing (TAPS) includes
the TET-mediated oxidation of 5mC and 5hmC to 5caC,
followed by reduction to dihydrouracil (DHU) using pyridine
borane. DHU will be read as T after PCR amplification, while
unmodified C will still be read as C, allowing 5mC and 5hmC to
be differentiated from C, but not from each other (Liu et al,,
2019, 2020). However, modification of TAPS by the addition of
BGT leads to 5hmC glycosylation to 5gmC, which is resistant to
TET oxidation and pyridine borane reduction. After PCR, 5hmC
is read as C, while 5mC is read as T, allowing the differentiation
of 5mC and 5hmC (TAPSB assay) (Liu et al., 2019).

Enzymatic methyl-sequencing relies on TET2 and BGT to
oxidize and glucosylate 5mC and 5hmC to 5gmC, therefore
providing protection from deamination by the AID/APOBEC
family DNA deaminase APOBEC3A in the next step while
unmodified C is deaminated to U (Sun et al., 2021). Similarly,
APOBEC-coupled epigenetic sequencing, uses BGT to protect
5hmC before deamination with AID/APOBEC. Unmodified C
and 5mC are converted to U, so after PCR amplification, these
are read as T but 5hmC remains as C (Schutsky et al., 2018).

Chemical-assistant C-to-T conversion of 5hmC sequencing
(hmC-CATCH) relies on EtONH2 protection of endogenous
5fC with the selective oxidation of 5ShmC to 5fC by potassium
ruthenate (K,RuO,). Subsequent chemical labeling with
1,3-Indandione (Al) of 5fC leads to a C-to-T transition during
PCR, without affecting unmodified C or 5mC (Zeng et al.,
2018).

Microarray hybridization techniques such as the Infinium Bead
Chip array by Illumina have been developed to facilitate DNA
methylomic profiling. In the Illumina Bead array, bisulfite-
treated genomic DNA is subjected to whole genome PCR
amplification, then fragmented enzymatically, precipitated,
and resuspended for hybridization onto a microarray. The
array consists of beads with long target-specific probes
designed to query individual CpG sites. The methylation
level at each CpG on the array is then measured using one
of two Infinium chemistries. Infinium | uses two beads per
CpG corresponding to methylated and unmethylated state,
whereas Infinium Il only uses one bead per CpG, and the
methylated state is determined at the single base extension
step after hybridization (Bibikova et al., 2011).

The instances provided are merely a selection from the
plethora of methodologies developed for the mapping and

quantification of DNAm. Each approach bears its own set of
merits and limitations. Hence, in the contemplation of the
optimal profiling technique, several pivotal facets warrant
attention, including conversion efficiency, scope of genome
coverage, preservation of DNA integrity, rate of successful
mapping, as well as the caliber and quantity of input DNA.

Epigenome-Wide Association Studies in

Alzheimer’s Disease

When charting the DNAm landscape in the context of AD,
the use of array-based technologies provides single-base
resolution with full genome coverage. Making use of this
technology, epigenome-wide association studies (EWAS)
have been carried out using brain tissue from AD and non-
demented/case-control cohorts (Table 1). Through these
investigations, it has become feasible to pinpoint loci
exhibiting alterations associated with Braak staging, thus
affording insights into AD neuropathology.

In light of the intricate diversity inherent in the human brain,
characterized by its manifold regions and the variegated
cell types encapsulated within each domain, the possibility
of divergent DNAm patterns spanning various brain regions
cannot be ruled out. Indeed, Wang et al. (2022), leveraging
six published databases encompassing different brain tissues
and different age cohorts, demonstrated that over 90% of
significantly correlated CpG pairs exhibited specificity either
to certain tissues or developmental stages. Furthermore,
de Witte et al. (2022) discerned that microglial cells possess
a methylation profile distinct from both bulk brain tissue
and neurons, using human primary microglia isolated from
fresh postmortem tissue across four different cerebral
regions (medial frontal gyrus, superior temporal gyrus,
subventricular zone, and thalamus). We therefore integrated
the available data stemming from EWAS, adopting a region-
specific approach that takes into account the trajectory of
AD neuropathology. Overall, these studies have identified
differentially methylated positions (DMPs) as well as
differentially methylated regions (DMRs) associated with the
Braak stage throughout the epigenome. Nonetheless, within
the scope of this review, only the most prevalent top 10 DMPs
or DMRs, as consistently reported across multiple studies and
delineated by brain region, have been compiled for scrutiny.

The entorhinal cortex (EC) is the brain region exhibiting the
earliest histological and functional alterations in the landscape
of AD, encompassing the formation of neurofibrillary tangles
and cell death, as well as impaired neuronal activity (Igarashi,
2023). All these alterations precede neurodegeneration,
rendering the EC a particularly interesting domain for
investigating DNAm as an early occurrence in AD pathogenesis.
A total of 5 EWAS studies centered their investigation on this
particular cerebral domain. Notably, the most commonly
identified modification was hypermethylation of ANKI, a
phenomenon observed at 2 distinct CpG sites located within
the gene’s body (as detailed in Table 2). Despite a subset
of studies delineating significantly hypomethylated CpGs in
specific genes, the prevailing trend, in a broader context, was
hypermethylation as the predominant epigenetic alteration.
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Table 1 | List of epigenome-wide association studies (EWAS) focused on Alzheimer’s disease brain tissue

Tissue bank (country) / dataset Brain region

DNAm profiling method

Reference

Religious Order Study (ROS); Memory and Aging Project Prefrontal cortex
(MAP); MRC London Neurodegenerative Disease Brain

Bank (UK)

MRC London Neurodegenerative Disease Brain Bank (UK) Entorhinal cortex
Mount Sinai Alzheimer’s Disease and Schizophrenia Superior temporal gyrus, prefrontal cortex
Brain Bank (USA)

Thomas Willis Oxford Brain Collection (UK)

Neurobiobank Munich (Germany)

Cerebellum

Frontal and temporal cortex — bulk tissue
Occipital cortex samples — neuronal and glial
nuclei populations

Neurological Tissue Bank of Navarra Biomed (Spain) Superior frontal gyrus

Mount Sinai Alzheimer’s Disease and Schizophrenia Prefrontal cortex

Brain Bank (USA) Superior temporal gyrus
MRC London Neurodegenerative Disease Brain Bank (UK) Entorhinal cortex, cerebellum
MRC London Neurodegenerative Disease Brain Bank (UK) Entorhinal cortex

Thomas Willis Oxford Brain Collection (UK)

Brain and Tissue Bank of the Banner Sun Health
Research Institute Brain (USA)
Navarrabiomed Brain Bank (Spain)

Middle temporal gyrus

Hippocampus

Prefrontal cortex
Hippocampus
Entorhinal cortex
Cerebellum

Not described

MRC London Neurodegenerative Diseases Brain Bank Prefrontal cortex

Banner Sun Health Research Institute (USA) Superior temporal gyrus
Inferior frontal gyrus

Navarrabiomed Brain Bank (Spain) Hippocampus

ROSMAP, Mt. Sinai, London and Gasparoni Cohorts Prefrontal cortex
GSE105109, GSE125895, GSE134379, GSE59685,
GSE66351, GSE76105, GSE80970, GSE109627
London-1 (GSE59685), London-2 (GSE105109),Mount
Sinai (GSE80970),Arizona-1 (GSE134379), Arizona-2
(GSE109627), Munich (GSE66351)

University of California, Irvine (USA)

cerebellum
Prefrontal cortex, superior temporal gyrus,
entorhinal cortex, cerebellum

nigra, locus coeruleus, cerebellum
Hippocampal subregions: CA1, dentate gyrus
Entorhinal cortex

Dorsolateral prefrontal cortex

Occipital cortex

Dorsolateral prefrontal cortex

Middle temporal gyrus

Brains for Dementia Research cohort (UK)

ROSMAP (USA)

Banner Sun Health Research Institute Brain and Body
Donation Program (USA)

Oxford Brain Bank (UK)

London-1 (GSE59685)

London 2 (GSE105109)

Rush University Medical Center; University of
Pennsylvania; Oregon Health and Science University;
University of Kentucky; University of Washington

Entorhinal cortex

Prefrontal cortex

Frontal cortex, temporal cortex, entorhinal cortex,

Middle frontal gyrus, cingulate gyrus, substantia

BS- Illumina’s Infinium
HumanMethylation450K microarray

BS- Illumina’s Infinium
HumanMethylation450K microarray

BS- Illumina’s Infinium
HumanMethylation450K microarray

BS- Illumina’s Infinium
HumanMethylation450K microarray
BS- lllumina’s Infinium
HumanMethylation450K microarray

OxBS and BS- Illlumina’s Infinium
HumanMethylation450K microarray
OxBS and BS-pyrosequencing

OxBS and BS- Illlumina’s Infinium
HumanMethylation450K microarray
BS- Illumina’s Infinium
HumanMethylation450K microarray
BS- Illumina’s Infinium
HumanMethylation450K microarray

BS- padlock probes
BS- lllumina’s Infinium MethylationEPIC array

BS- Illumina’s Infinium
HumanMethylation450K microarray
BS- Pyrosequencing

BS- Illumina’s Infinium
HumanMethylation450K microarray
OxBS and BS- Illlumina’s Infinium
HumanMethylation450K microarray
BS- Illumina’s Infinium
HumanMethylation450K microarray

BS- lllumina’s Infinium MethylationEPIC array

BS- lllumina’s Infinium MethylationEPIC array

BS-NGS (130 CpGs)

BS- Illumina’s Infinium
HumanMethylation450K microarray

BS- lllumina’s Infinium MethylationEPIC array

MethylationEPIC BeadChip Infinium 850K

De Jager et al., 2014

Lunnon et al., 2014

Gasparoni et al., 2018

Hernandez et al., 2018

Smith et al., 2018

Smith et al., 2019b

Lardenoije et al., 2019
Altuna et al., 2019

Semick et al., 2019

Lietal, 2019
Lietal, 2020

Blanco-Luquin et al., 2020

Zhang et al., 2020b
Pellegrini et al., 2021

Smith et al., 2021

Lang et al., 2022

Shireby et al., 2022

Palma-Gudiel et al., 2023
Piras et al., 2023

Sommerer et al., 2023

Fisher et al., 2023

BS: Bisulfite; MAP: memory and aging project; NGS: next generation sequencing; OxBS: oxidative bisulfite; ROS: religious order study; ROSMAP: religious order study and memory and

aging project.

The initial pathological changes that unfold within the EC
during the progression of AD subsequently disseminate
downstream to the hippocampus, a region intricately
interconnected with the EC. This cascade then gradually
extends to encompass various cortical regions (lgarashi,
2023). To date, only a limited number of investigations
have focused on this region, yielding varying outcomes
(summarized in Table 3). Altuna et al. (2019) and Blanco-
Luquin et al. (2020) conducted EWAS on a common Spanish
cohort and unveiled 8 DMPs associated with early stage AD.
Among these, a single CpG site exhibited hypomethylation,

2368

while the remaining 7 CpGs sites displayed hypermethylation.
Semick et al. (2019) identified only 4 DMRs, comprising one
CpG site exhibiting hypomethylation and the remaining 3
displaying hypermethylation. However, the findings took an
intriguing turn when Lang et al. (2022) undertook an EWAS
focused on the CA1 and dentate gyrus hippocampal regions
of aged participants from The 90+ Study. They unveiled
hypomethylation patterns at promoter regions linked to
established AD risk loci. Notably, this pattern correlated
with increasing amyloid plaque burden. Importantly, this
phenomenon was unique to and restricted within neurons
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Table 3 | Top 10 differentially methylated positions (DMPs) and differentially
methylated regions (DMRs) associated with the Braak stage in the hippocampus

CpG Chr  Position Meth  Gene Reference CpG Chr  Position Meth Gene Reference
Entorhinal cortex Hippocampus
DMPs DMPs
cgl4761246 3 182968758 +++ MCF2L2, Pellegrini et al., 2021; cg17448336 3 147141589 +++ ZIC1 Altuna et al., 2019;
B3GNT5 Sommerer et al., 2023 Blanco-Luquin et al., 2020
cg05066959 8 41519308  +++  ANKI, MIR486 Lunnon etal., 2014; cg01566965 4 174447847 +++  HAND2/SCRG1 Altuna et al., 2019;
Pellegrini et al., 2021; Blanco-Luquin et al., 2020
Semick et al., 2019; g18121224 5 176559564 +++  NSDI Altuna et al., 2019;
Smith etal., 2021; Blanco-Luquin et al., 2020
sommereretal, 2023 16067657 6 11044877 44+ ELOVL2 Altuna et al., 2019;
cgl11823178 8 41519399  +++ Lunnor'w gt al., 2014; Blanco-Luquin et al., 2020
Pel!egr\nl etal, 2021; cg07816556 6 26017281 +++  HISTIHIA Altuna et al., 2019;
Smith et al., 2021 )
- Blanco-Luquin et al., 2020
cg07571519 10 73472315 +++ C100rf105, Pellegrini et al.,| 2021; 13836098 5 26225269 4+t HISTIH3E/ Altuna et al., 2019;
SLC29A3 sommerer etal., 2023 HISTIH3F  Blanco-Luquin et al., 2020
806653632 12 129281444 +++  SLC15A4 Lulr:non. et aI.,|2014, ' 10373801 13 52338758 DHRS12/ Altuna et al,, 2019;
:e _fﬁ”:' Tt 3(‘)’221021’ WDFY2 Blanco-Luquin et al., 2020
mithetal, g05877788 17 27899875 +++  GIT1/TP53113 Altuna et al,, 2019;
809001549 12 129281454 +++ Smith et al., 2021 !
Blanco-Luquin et al., 2020
cg03169557 16 89598950  +++ RPL13,SPG7  Pellegrini et al., 2021; DMRs
Smith et al., 2021;
mith etal, 2924 10 6  ND +++  DUSP22 Semick et al., 2019
Sommerer et al., 2023 11 18 ND ANKRD30B Semick et al., 2019
+++ .
g05030077 16 2255199  +++  ANKFYL, Pellegrini et al., 2021; emicketal,
Cv85D2 Sommerer etal, 2023 11 8 ND - R semick et al., 2015
22090150 17 4098227  +++  ABR Pellegrini et al., 2021; 12 8 ND T+ NAPRT Semick et al., 2019
Smith et al, 2021 8 2 ND BIN1 Lang et al., 2022
825018458 17 980014  +++  MYOIC Pellegrini et al., 2021; 10 4 ND CLNK Lang etal., 2022
Smith et al., 2021 12 16 ND PLCG2 Lang et al., 2022
cg05417607 17 1373605  +++  ALDHI16A1,  Fetahu etal, 2019; 13 8 ND c Lang etal., 2022
FLT3LG Lunnon et al., 2014; 13 2 ND - INPP5D Lang et al., 2022
Pellegrini et al., 2021; 15 11 ND -- SPI1 Lang et al., 2022
Smith et al.,, 2021; Chr- h - o it - i " it
Sommerer et al., 2023 r: Chromosome; Meth: methylation status; --- / +++: hypo/hypermethylation.
820618448 19 49962324 +++  MLSTS Lunnon et al., 2014;
Sommerer et al., 2023
DMRs affected in AD (Convit et al., 2000). DMRs within RHBDF2
8 19 10736006 - SLC44A2 Lunnon et al., 2014 stood out as the most frequently detected anomalies in the
3 10736449 Smith et al., 2021 ) q Y : )
5 17 74475050- +++  RHBDF2, Pellegrini et al., 2021 middle temporal gyrus, whereas progression to the superior
6 74480528 RHBDF2 Lunnon et al., 2014 temporal gyrus, revealed a distinct pattern characterized
1 18 14747661~ +++  ANKRD30B  Semicketal, 2019 by hypermethylation of ANKI, HOXA3, and RHBDF2 genes
11 14748440 Lunnon et al., 2014

Chr: Chromosome; Meth: methylation status; +++: hypermethylation.

of the dentate gyrus. There is absence of overlap in terms
of the DMPs/DMRs across the aforementioned studies. Yet,
the absence of concurrence can be attributed to various
potential confounding factors like age, the distinction between
the whole hippocampus and specific hippocampal regions,
as well as the stage of AD. These intricacies should be duly
considered, as they could contribute to the observed lack
of consistency between the studies. Interestingly, BINI was
found to be differentially hypomethylated in the dentate
gyrus, while conversely, in the dorsolateral prefrontal cortex,
hypermethylation of the same gene was correlated with the
Braak stage of AD.

Brain MRI staging of the structural progression in AD has
elucidated that, subsequent to the hippocampus, the middle
temporal gyrus emerges as the second most prominently
affected structure throughout AD. Sequentially, the entorhinal
cortex, parahippocampal cortex, and various other temporal
areas follow suit (Planche et al., 2022). In fact, a clinical trial
has provided evidence indicating that atrophy of the medial
occipitotemporal and the combined middle and inferior
temporal gyri may be the first temporal lobe neocortical sites

(Table 4).

The prefrontal cortex regions exhibit robust interconnections
with posterior structures, including the thalamus, amygdala,
and hippocampus. Consequently, within the framework of
AD progression, the degeneration of the prefrontal cortex
transpires as a consequence of the dwindling functional
connectivity stemming from the degeneration of these
posterior regions (Xu et al., 2019). Several studies have
focused on the frontal lobe domain, including the prefrontal
cortex, dorsolateral prefrontal cortex, and various segments
of the frontal gyrus, encompassing the superior, middle, and
inferior portions (Table 5). DMPs and DMRs within HOXA3
and RHBDF2 genes emerged as particularly prevalent within
various subregions. Intriguingly, the hypermethylation of these
two genes was also documented in the temporal gyrus.

The occipital cortex has also been implicated in AD progression
and is actually a region encompassed within the Thal phases
staging of AD neuropathological assessment. In the first
phase (Thal phase 1), sparse AR deposits are identified in
the occipital cortex, manifesting as focal or small clusters
(Koychev et al., 2020). Furthermore, the deposition of tau in
the occipital region has also been associated with subsequent
cortical atrophy (Vogel et al., 2021). Only two EWAS analyzed
this region without similarities in the differentially methylated
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Table 4 | Top 10 differentially methylated positions (DMPs) and differentially
methylated regions (DMRs) associated with the Braak stage in the temporal gyrus

CpG Chr  Position Meth Gene Reference
Superior temporal gyrus (DMPs)
cg25018458 17 980014 +++ ABR Lunnon et al., 2014;
Smith et al.,, 2021
cg05810363 17 74475270 +++ RHBDF2 Lunnon et al., 2014;
Smith et al., 2021
cg13076843 74475294 +++ Smith et al., 2021
cgl11823178 8 41519399 +++ ANK1; MIR486  Smith et al., 2021
cg05066959 41519308 +++
cgl6264004 13 113698431 +++ MCF2L Smith et al., 2021
€g26682407 113660246 +++
€g22962123 7 27153605 +++ HOXA3 Smith et al., 2018
Middle temporal gyrus (DMRs)
6 17 74475050— +++ RHBDF2 Piras et al., 2023
74475402
5 74475240—- Juc Lardenoije et al., 2019
74475403
8 17 76128522— Juc T™MC8 Lardenoije et al., 2019
76128907
10 20 3051954~ < 5mC  OXT
3052484
5 17 7348322 M 5hmC CHRNB1
7348439
17 7 150019955—~ Juc ACTR3C;
150020946 LRRC61
16 19 1465207— APC2, C190rf25 Piras etal., 2023
1468943
18 2 27529325- TRIM54, UCN
27531535
16 13 113698408 +++ MCF2L
113700027
12 7 1490631- MICALL2
1493153

Chr: Chromosome; Meth: methylation status; --- / +++: hypo/hypermethylation.

CpGs highlighted (Table 6). Interestingly, both studies
employed cell sorting methodologies to distinguish between
neuronal and non-neuronal cell populations. Nonetheless,
Gasparoni et al. (2018) sorted cells based solely on NeuN
reactivity, whereas Shireby et al. (2022) additionally sorted
for SOX10 reactivity, culminating in the distinction of three
distinct populations: neuronal-enriched, oligodendrocyte-
enriched, and microglia- and astrocyte-enriched. Moreover,
Shireby et al. (2022) employed the EPIC array, which affords
greater coverage, and also considered two additional
neuropathological features: the Braak Lewy body stage, which
traces the propagation of a-synuclein across the brain, and
the TDP-43 status, a binary marker for the presence of TDP-43
inclusions. Further elaboration on this subject can be found in
the “limitations” section.

In advanced stages of AD, degenerative changes also spread
to the cerebellum. Nonetheless, the precise nature of these
cerebellar modifications remains ambiguous, raising questions
as to whether they might signify a compensatory mechanism
addressing deficits linked to AD or merely mirror dysfunction
originating from other regions (Liang and Carlson, 2020).
In total, five EWAS studies tackled the complexities of this
particular cerebral region. Among them, only four studies
successfully pinpointed DMPs/DMRs, and intriguingly, no
overlapping genes were identified among the detected
modifications (Table 7). This array of differential methylation
included both hypomethylated and hypermethylated genes.
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Interestingly, none of the genes uncovered in this region
exhibited concurrence with those identified in other regions,
except for a unique instance in the study conducted by Semick
et al. (2019), which identified the same 4 DMRs across all
regions studied, spanning the prefrontal cortex, hippocampus,
entorhinal cortex, and cerebellum.

DNA Methylated loci in Alzheimer’s Disease

Pathology

ANKYRINI (ANK1) is a large gene responsible for encoding
ankyrin-R, a scaffolding protein originally identified in
erythrocytes, where it orchestrates their morphology and
function (Sharma et al., 2020a). In the central nervous
system, it attains pronounced expression within the soma and
proximal dendrites in a sparse neuronal subset. Ankyrin-R
was found to be expressed at the post-synaptic density of
glutamatergic neurons, where it could play a role in dendritic
spine functionality (Smith and Penzes, 2018). However, its
functions within the brain remain poorly understood, leaving
questions unanswered regarding its possible engagement
in presynaptic terminals, its roles across diverse neuronal
subtypes, and its collaborative interactions with other
ankyrins to uphold synaptic potency and actively partake in
synaptic plasticity. Interestingly, it has been implicated in a
range of neurological diseases. Research involving patients
afflicted with hereditary spherocytic anemia, stemming from
mutations in Ankyrin-R, has unveiled an array of neurological
disturbances, including cerebellar defects and spinal cord
disease. This convergence of evidence reinforces the notion
of ankyrin-R’s active involvement within the central nervous
system (Stevens and Rasband, 2021). Insights into the
function of ankyrin-R in neurons have emerged through
studies employing mouse models. Depletion of Ankyrin-R in
GABAergic forebrain neurons instigates modifications in the
intrinsic excitability and firing properties of parvalbumin-
positive fast-spiking interneurons. Additionally, Ankyrin-R’s
pivotal role becomes evident in the preservation of normal
expression and subcellular positioning of Kv3.1b potassium
channels and B1 spectrin. This suggests that Ankyrin-R
operates as a regulator of ion channel distribution and density,
fostering their linkage to the actin cytoskeleton, and thereby
regulating intrinsic excitability (Stevens et al., 2021). Within
the murine cerebellum, Ankyrin-R demonstrates pronounced
enrichment in cerebellar Purkinje neurons, granule cells,
and cerebellar nuclei. Notably, loss of Ankyrin-R yielded
manifestations of ataxia alongside a progressive degeneration
of Purkinje neurons, with a proclivity for the anterior zone of
the cerebellum. This phenomenon ensued from a diminished
functional output originating from the cerebellar nuclei
(Stevens et al., 2022).

Beyond the EWAS reviewed here, altered ANK1 gene
methylation has also been associated with other
neurodegenerative diseases, including Huntington’s
disease and Parkinson’s disease. To elucidate further, ANK1
hypermethylation was observed within the entorhinal
cortex, but not in the striatum in Huntington’s disease or the
substantia nigra in Parkinson’s disease (Smith et al., 2019a).
This raises the question as to whether ANK1 hypermethylation
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Table 5 | Top 10 differentially methylated positions (DMPs) and differentially methylated regions (DMRs) associated with the Braak stage in the frontal lobe

CpG Chr  Position Meth Gene Reference

Prefrontal cortex (DMPs)

cgl7179568 22 46372742 WNT78B Fisher et al., 2023

cg06635946 46470016 +++ Zhang et al., 2020b

cg03672272 46470191 +++ Zhang et al., 2020b

€g22962123 7 27153605 +++ HOXA3 De Jager et al., 2014; Pellegrini et al., 2021; Smith et al., 2018, 2021; Zhang et al., 2020b
cg01301319 27153580 ++ Smith and Penzes, 2018; Smith et al., 2018, 2021; Zhang et al., 2020b
cg16406967 27155036 +++ Smith et al., 2018, 2021

cg07061298 27153847 +H+ Pellegrini et al., 2021; Smith et al., 2018, 2021; Zhang et al., 2020b
€g21806242 11 72532891 +++ ATG16L2 Pellegrini et al., 2021; Smith et al., 2018, 2021; Zhang et al., 2020b
€g23377551 12 58130154 +++ AGAP2 Pellegrini et al., 2021; Smith et al., 2018

cg09596958 58132105 +++ Zhang et al., 2020b

cgl11724984 12 121890864 +H+ KDM2B De Jager et al., 2014; Lunnon et al., 2014; Pellegrini et al., 2021
cg13076843 17 74475294 +H+ RHBDF2 De Jager et al., 2014; Pellegrini et al., 2021

cg12163800 74475355 +++ Pellegrini et al., 2021

cg05810363 74475270 +++ De Jager et al., 2014

cg04147621 21 47856020 +++ PCNT Lunnon et al., 2014

cg00621289 47855916 +++ De Jager et al., 2014

cg23968456 10 73521631 +++ CDH23; C100rf54 De Jager et al., 2014; Lunnon et al., 2014

Dorsolateral prefrontal cortex (DMRs)

3 2 127043010-127043089 +++ BIN1 Palma-Gudiel et al., 2023
10 6 291687-293285 +++ DUSP22 Semick et al., 2019

5 7 27155039-27153847 +++ HOXA3 Shireby et al., 2022

10 8 41661737-41661935 +++ ANK1 Palma-Gudiel et al., 2023
11 8 142670378-142670383 --- JRK Semick et al., 2019

12 8 143577713-143578602 +++ NAPRT Semick et al., 2019

11 16 89532504-89532607 4+ SPG7 Palma-Gudiel et al., 2023
6 17 76479159-76479216 4+ RHBDF2 Palma-Gudiel et al., 2023
11 18 14747889-14748440 +++ ANKRD30B Semick et al., 2019

6 21 46435987-46436057 +++ PCNT Palma-Gudiel et al., 2023
Inferior frontal gyrus (DMRs)

26 6 31695970-31696867 +++ DDAH2 Lietal., 2020

14 6 33048254-33048879 +++ HLA-DPA1

20 7 27143046-27150403 +++ HOXA2

23 7 27153580-27155548 +++ HOXA3

25 7 27183274-27184375 +++ HOXA5

17 13 113649513-113699016 +++ MCF2L

14 15 93616894-93617402 +++ RGMA

13 17 46607828-46608570 +++ HOXB1

7 17 74475050-74475726 +++ RHBDF2

9 17 80192161-80192794 +++ SLC16A3

Middle frontal gyrus (DMRs)

9 ND - JAKMIP1 Lang et al., 2022

7 ND +++ HOXB6

6 ND +++ HOXB3

11 ND +++ N4BP2L2

Superior frontal gyrus (DMRs)

3 2 233251770-233251881 +++ ECELIP2 Hernandez et al., 2018

9 7 27154845-27155548 +++ HOXA3

5 27153580-27153663 +++

6 11 128737300-128737467 --- KCNJ1

3 12 104351201-104351300 +++ C12orf73

10 12 85430025-85430336 - TSPAN19, LRRIQ1

3 14 103593503-103593520 +++ TNFAIP2

3 18 47815407-47815430 +++ CXXC1

7 19 10736006-10736355 +++ SLC44A2

3 2 233251770-233251881 +++ ECELIP2

Chr: Chromosome; Meth: methylation status; --- / +++: hypo/hypermethylation.

might be implicated in a broader neurodegenerative
mechanism that extends beyond the confines of AD.

BIN1 (bridging integrator 1), alternatively recognized as
amphiphysin-2, is a member of the Bin/amphiphysin/Rvs
family that regulates membrane dynamics and mediates
protein trafficking and endocytosis (Fu and Ip, 2023).
Interestingly, genome-wide association studies have discerned
BIN1 as a major susceptibility locus for late-onset AD. In a

comprehensive meta-analysis encompassing an expansive
case-control cohort, consisting of 20,464 clinically diagnosed
AD cases and 22,244 controls collated from 15 European
countries, 75 independent loci for AD were unveiled. Among
these findings, the variant rs6733839 within BIN1 surfaced
as a discernible genetic risk factor (Bellenguez et al., 2022).
This particular variant had previously been identified through
another meta-analysis conducted by (Kunkle et al., 2019), and
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Table 6 | Top 10 differentially methylated positions (DMPs) associated with the
Braak stage in the occipital cortex

CpG Chr Position Meth Closest gene Reference

Occipital cortex

cg18100976 8 22446737  +++ PDLIM2 Shireby et al., 2022
cg19048532 7 27148002  +++ HOXA3 Shireby et al., 2022
cg09221482 6 161557754 +++ AGPAT4 Shireby et al., 2022
cg21800196 3 48673931  +++ CELSR3; SLC26A6  Shireby et al., 2022
cg21610125 20 50146088  +++ NFATC2 Gasparoni et al., 2018
cg13989982 10 129860629 +++ PTPRE Gasparoni et al., 2018
cg04099036 17 80819208 +++ TBCD Gasparoni et al., 2018
cg19658522 12 132270218 +++ SFRS8 Gasparoni et al., 2018

Chr: Chromosome; Meth: methylation status; +++: hypermethylation.

Table 7 | Top 10 differentially methylated positions (DMPs) and differentially
methylated regions (DMRs) associated with the Braak stage in the cerebellum

CpG Chr Position Meth Closest gene Reference
Cerebellum
DMPs
cg00192882 17 19291120 MFAP4 Pellegrini et al., 2021
€g22570053 5 134210839 TXNDC15 Lunnon et al., 2014
cg00065957 53099352 FAM159A
cg21781422 6 37358794 RNF8
cg01339004 15 67038103 +++ SMAD6
cg18882687 1 228275828 ARF1
cg20767910 11 66108473 BRMS1
cg07869256 12 55247753 +++ MUCL1
DMRs
7 21 ND KRTAP11-1 Lang et al., 2022
5 22 ND - MICALL1
10 6 291687-293285 +++ DUSP22 Semick et al., 2019
11 18  14747889— +++ ANKRD30B
14748440
11 8 142670378- - JRK
142670383
12 8 143577713~ +++ NAPRT
143578602

Chr: Chromosome; Meth: methylation status; --- / +++: hypo/hypermethylation.

the variant rs4663105 was likewise disclosed through a meta-
analysis undertaken by (Jansen et al., 2019). Subsequently, a
slew of studies endeavored to unravel the intricacies of BIN1’s
engagement within AD pathophysiology. The BIN1 single
nucleotide polymorphisms (SNPs) rs6431223 and rs6733839
exhibited a notable positive correlation with increased levels
of pTaul81 in the cerebrospinal fluid. Intriguingly, there
was no discernible association between these BINI SNPs
and the extent of amyloid-PET tracer retention (Crotti et al.,
2019), which hints at a potential involvement of these SNPs
in the development of Tau-related pathology. Moreover,
in older individuals without dementia, BINI rs744373 SNP
demonstrated an association with increased levels of tau-PET
and impaired memory functions (Franzmeier et al., 2019).
Further evidence of BIN1 involvement in synaptic physiology
arouse from both in vitro and in vivo studies. In neuronal
cultures, loss of postsynaptic BIN1 yields a reduction in GIuAl
membrane expression, resulting in decreased amplitude of
miniature excitatory postsynaptic currents, whereas BIN1
overexpression leads to network hyperexcitability with
increased spontaneous excitatory and inhibitory synaptic
transmission. Interestingly, decreasing tau protein abolishes
these effects. Furthermore, BIN1 interacts with L-type voltage-
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gated calcium channels in a tau-dependent manner, suggesting
a role in modulating network activity through the regulation
of these channels trafficking (Voskobiynyk et al., 2020). In Bin1
conditional knockout mice, Bin1 was found to be prominently
expressed within excitatory presynaptic terminals, albeit at
lower levels within postsynaptic compartments. In excitatory
neurons of Binl conditional knockout mice, a deficit in
neurotransmitter release was evident, attributable to the
presence of disorganized clusters at the presynaptic terminals.
These clusters, pivotal for the fusion of synaptic vesicles, are
essential for efficient synaptic function. Functionally, Bin1
conditional knockout mice exhibit defects in spatial learning
and memory consolidation (De Rossi et al., 2020).

Notwithstanding the strides made in elucidating its roles, the
comprehensive understanding on BIN1’s function in the brain
remains incomplete. Consequently, the precise manner in
which hypermethylation of this gene might participate in AD
pathology remains shrouded in uncertainty.

HOXA3 belongs to the HOXA gene cluster, which
includes 12 genes encoding proteins responsible for
orchestrating the spatial and temporal control of embryonic
development. Therefore, HOX gene expression is mainly
restricted to embryonic stages and conventionally repressed
in adulthood. Notably, there is evidence indicating that HOX
gene expression in adults can be reactivated to facilitate
tissue repair and diverse homeostatic cellular processes.
This resurgence in expression underscores their pivotal roles
in these intricate physiological processes (Rux and Wellik,
2017). In the adult brain, upregulation of HOXA3 has been
documented in glioblastoma specimens and cells, in contrast
to normal counterparts. Remarkably, heightened HOXA3
expression correlated with unfavorable prognosis predictions
in affected patients (Yang et al., 2023). It is noteworthy that
HOXA3's profile has predominantly been associated with
cancer-related hallmarks, including activation of invasive
tendencies and metastatic processes (Brotto et al., 2020).
Interestingly, in aged human skeletal muscle and heterogenous
muscle-derived human primary cells, HOXA3 and other
HOX genes were significantly hypermethylated relative to
their counterparts in young adult tissue. Furthermore, a
noteworthy inverse correlation emerged between DNAmM
and the expression of HOXA3 (Turner et al., 2020). This
investigation suggests that HOXA3 hypermethylation might
constitute an age-related epigenetic phenomenon rather than
one inherently linked to neurodegeneration. Interestingly,
this gene displayed associations with the Braak stage across
multiple studies covering several brain regions, which include
the prefrontal cortex, dorsolateral prefrontal cortex, inferior
frontal gyrus, superior frontal gyrus, superior temporal gyrus,
and occipital cortex. Nonetheless, due to the limited existing
research on HOXA3 in AD thus far, the precise contribution
of this gene to AD pathology, as well as its engagement with
diverse cell types or brain regions, remains a subject that
requires further investigation.

RHBDF2 encodes for iRhom?2, a protein belonging to the
rhomboid protein superfamily. Notably, iRhom2 forms a
direct binding with ADAM17, but not its relative ADAM10 (Al-
Salihi and Lang, 2020). This acquires particular significance
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due to the identification of ADAMI10 as an AD risk gene
within meta-analyses of genome-wide association studies
(Jansen et al., 2019; Kunkle et al., 2019; Bellenguez et al.,
2022). Functionally, iRhom?2 regulates the efficient trafficking
of ADAM17 from the endoplasmic reticulum to the Golgi
apparatus, and the subsequent activation of ADAM17, thereby
enhancing its shedding activity. Henceforth, through its
interaction with ADAM17, iRhom?2 regulates several signaling
pathways, including EGFR, TNF, and Notch signaling (Al-Salihi
and Lang, 2020). The role of iRhom2 as an essential regulator
of EGFR signaling was illustrated by a study conducted in
mouse models, where loss-of-function mutations in Rhbdf2
markedly dampened the stimulated secretion of EGFR ligands,
whereas gain-of-function mutations stimulated enhanced
EGFR ligand secretion (Burzenski et al., 2021). Overall,
iRhom2’s involvement extends to innate immune functions,
thereby forging associations with an array of conditions,
including cancer (Al-Salihi and Lang, 2020). Despite multiple
endeavors aimed at understanding the role of iRhom2 in
immunity and its association with various diseases, the pursuit
of delineating the precise function of iRhom2 within the
context of AD remains notably uncharted. Notwithstanding,
one can hypothesize that altered RHBDD2 methylation might
regulate iRhom?2 expression, which in turn could precipitate
ADAM17-dependent release of pro-inflammatory mediators
such as TNF. This cascade could potentially contribute to
microglia activation and the subsequent establishment of an
inflammatory milieu within AD. Of note, a study conducted
on the ROS/MAP cohort unveiled the RHBDD2 variant
rs190871206 to be segregating with AD status. Specifically,
decreased RHBDD?2 levels were noted among individuals
with AD at the time of decease, which in turn correlated
with brain amyloid load (Tang et al., 2020). Furthermore, the
study observed a remarkable elevation in plasma extracellular
vesicle levels in AD patients — reaching a staggering 107-
fold increase compared to the control group. Within these
vesicles, an array of inflammatory effectors coexisted, along
with a-secretases including ADAM10/17 and mature TNF.
These observations suggest that pro-TNF cleavage by ADAM17
occurs either before or during vesicle secretion (Lee et al.,
2022).

Similar to HOXA3, RHBDD?2 exhibited an association with the
Braak stage across multiple studies spanning diverse brain
regions, which encompassed the entorhinal cortex, prefrontal
cortex, dorsolateral prefrontal cortex, inferior frontal gyrus,
superior frontal gyrus, and middle temporal gyrus. This
overarching distribution pattern could potentially lend added
support to the hypothesis that the methylation of this gene
might indeed be implicated in shaping the inflammatory
milieu characteristic of AD.

MCF2L encodes a guanine nucleotide exchange factor with
a distinct affinity for the GTP-bound form of Racl, thereby
actively participating in the orchestration of Rho/Rac signaling
pathways. Notably, in human neuronal cells, the signaling
cascades of Rho GTPases (comprising RhoA, Racl, and Cdc42)
intricately regulate actin and tubulin dynamics. Particularly,
Racl and Rac3 are instrumental in the assembly of dendritic
spines, thus assuming a pivotal role in the domains of

learning, memory, and synaptic plasticity. Furthermore, Racl
assumes an essential role in fostering axonal growth, providing
guidance cues, and ensuring neuronal survival across both the
central and peripheral nervous systems (Desale et al., 2021).
In the context of AD, Racl levels are significantly altered in
the frontal cortex and plasma of individuals at varying stages
of disease advancement (Borin et al., 2018), and elevated
Racl activity was notably observed in the hippocampus of AD
patients, in AD mouse models spanning diverse age ranges
(3—9 months), as well as within a fruit fly AD model (Wu et
al., 2019). In vitro studies using primary hippocampal neurons
have shown that Racl increases APP expression by controlling
the =233 to =41 bp positions within the promotor region of the
APP gene (Wang et al., 2009). Correspondingly, in vivo studies
employing the 3xTg-AD mouse model, have shown that the
presence of a constitutively active form of Racl increases APP
processing, culminating in a higher content of AB,_,, peptides.
Henceforth, the increase in AB levels prompted by Racl could
ostensibly result from both heightened APP expression and
an amplified degree of its processing (Borin et al., 2018). In
the wake of these discoveries, targeting Racl activation has
surfaced as a potential therapeutic avenue in the context
of AD. This proposition gains traction from the findings of
(Wang et al., 2023), where Racl activation, achieved through
RacGAP inhibition, enhances aversive learning in mice.
However, it remains incumbent upon further experiments,
particularly those conducted in AD models, to substantiate the
viability and efficacy of this approach within the realm of AD
therapeutics.

In the midst of the diverse array of studies underscoring the
involvement of Rho/Rac signaling within the brain, the precise
contribution of MCF2L, operating as a pivotal upstream
activator of these cascades, has thus far eluded comprehensive
elucidation. Notably, in addition to the research findings
expounded within this context, which highlight the correlation
between differential MCF2L methylation patterns and AD
Braak stages, MCF2L hypomethylation has also been described
within the cortex surrounding the epileptogenic zone. In
this study, a cohort of drug-resistant temporal lobe epilepsy
patients and non-epileptic controls was employed, and this
epigenetic mark was further validated by methylation-specific
gPCR. Interestingly, this specific mark was absent in the
hippocampus and amygdala regions (Sanchez-Jiménez et al.,
2023).

Limitations

Upon examination of the EWAS studies, several discrepancies
emerged, undoubtedly contributing to data dispersion.
Foremost among these discordances was the process of
cohort selection and its subsequent characterization. The
criteria employed for the selection of AD cases demonstrated
a lack of homogeneity across the studies. While certain
studies failed to disclose their selection criteria altogether,
others incorporated only the Braak staging system. In parallel,
certain studies integrated both Braak staging and the CERAD
scoring systems, or even extended their inclusion criteria to
encompass the Thal stage. Furthermore, a noticeable absence
of APOE genotyping was evident across the majority of studies.
This is a significant omission considering that APOE stands as

NEURAL REGENERATION RESEARCH | Vol 19 | No. 11 | November 2024 | 2373



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

the strongest genetic risk factor for late-onset AD (Jansen et
al., 2019; Kunkle et al., 2019). Also, conflicting information
surrounds the methylation status of APOE in postmortem
AD brain tissue. Lunnon et al. (2014) focused on the APOE
promoter region, unveiling a lack of statistically significant
differences in DNAm. In contrast, the findings of (Foraker et
al., 2015), facilitated by bisulfite pyrosequencing, uncovered
noteworthy reductions in DNAm levels in the hippocampus
and frontal lobe, while the cerebellum exhibited no such
variations. Furthermore, increased DNAm levels correlated
with the presence of the €4 allele in control subjects, while
absent in AD subjects. Substantial reinforcement for these
observations emerged from the work of Tulloch et al. (2018),
who found lower levels of APOE methylation in AD patients
relative to controls, a phenomenon primarily evident in the
frontal lobe as opposed to the cerebellar tissue. Intriguingly,
they found that glial cells in the AD brain were the main
contributors to this APOE hypomethylation. Nevertheless,
certain concomitant pathologies such as Lewy bodies, TDP-
43 pathology, and vascular dementia (King et al., 2020) were
mostly overlooked.

These concurrent pathologies can jeopardize the accurate
evaluation of the significance of AB burden or Tau pathology
within the context of DNAm assessments. Only Blanco-Lugin
et al. (2020) excluded patients with a-synuclein deposits and
Shireby et al. (2022) used five variables for neuropathological
assessment: Braak NFT stage, Thal phase, CERAD score, and
Braak LB stage as continuous variables and TDP-43 status
as a binary variable. Moreover, it is notable that only one
study undertook comparisons with other neurodegenerative
diseases, rather than exclusively relying on non-demented
controls. Fisher et al. (2023) defined five neuropathologically
groups: cognitively unimpaired controls, AD, pure dementia
with Lewy bodies (DLB), DLB with concomitant AD, and
Parkinson’s disease. The inclusion of patients afflicted with
other neurodegenerative diseases as comparison cohorts
could have illuminated the landscape of shared versus
distinctive DNAm patterns. Furthermore, most EWAS failed to
account for environmental factors, such as dietary habits and
lifestyle choices. Given the burden that AD causes on patients,
potential nutritional deficiencies, exposure to environmental
toxins, chronic stressors, and the level of physical activity,
could be influencing epigenetic processes. Indeed, it has been
demonstrated and reviewed elsewhere (Sharma et al., 2020b;
Allison et al., 2021) that the interplay of diet and lifestyle
intricately influences epigenetic phenomena relevant to AD.

When evaluating the technical aspects of DNAmM assessment
and mapping, we have to consider that over the years, the
array coverage has increased such as seen in 450k and EPIC
arrays, and therefore it remains conceivable that certain CpGs
may have eluded detection in preceding studies. Also, the
bisulfite conversion approach in several investigations lacks
the capacity to discern between 5mC and 5hmC, potentially
leading to an obscuring of the true abundance of 5mC at
specific loci due to the presence of 5hmC. Finally, the majority
of studies lacked more comprehensive integrative analyses.
For instance, correlating methylation differences with mRNA
expression is a step that could unveil the functional roles
played by these methylation discrepancies.
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Conclusions

Understanding the dynamic processes of DNAm and
hydroxymethylation and their implications for gene regulation
and disease pathogenesis represents a promising frontier
in unraveling the intricate mechanisms underlying AD.
The dynamic nature of epigenetic modifications offers
opportunities for developing innovative diagnostic tools,
therapeutic strategies, and preventive interventions. As
our comprehension of epigenetics continues to expand, it
holds immense potential for revolutionizing AD research
and enhancing patient outcomes. Further interdisciplinary
collaborations and technological advancements are essential
for fully harnessing the potential of epigenetics in the battle
against AD. Primarily, it provides invaluable insights into the
molecular processes underpinning disease development and
progression. Epigenetic modifications have been implicated
in various facets of AD pathology, including the formation of
amyloid plaques and neurofibrillary tangles (Li et al., 2019),
which serve as cardinal hallmarks of the disease. Delving into
these mechanisms assists in unraveling the intricate web of
events contributing to AD and potentially identifying novel
targets for intervention. Secondly, scrutinizing epigenetic
changes in AD can shed light on potential biomarkers for
early detection and diagnosis. Identifying specific epigenetic
signatures associated with AD could pave the way for the
development of non-invasive diagnostic tools, enabling
timely interventions and personalized treatment strategies.
Furthermore, the investigation of epigenetic mechanisms
in AD offers valuable insights into the dynamic interplay
between genetic predispositions and environmental factors.
Epigenetic modifications can be influenced by various factors,
including lifestyle choices, dietary habits, and exposure to
environmental toxins. Understanding how these factors
interact with genetic predispositions can help unravel the
complex etiology of AD and inform strategies for prevention
and intervention.

Author contributions: Manuscript conception: VCA and JFS; manuscript
writing, reviewing, and approval of the final version of the manuscript: VCA,
EC, and JFS.

Conflicts of interest: The authors declare no conflicts of interest.

Data availability statement: Not applicable.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License, which allows others
to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

References

Allison J, Kaliszewska A, Uceda S, Reiriz M, Arias N (2021) Targeting DNA
methylation in the adult brain through diet. Nutrients 13:3979.

Al-Salihi MA, Lang PA (2020) iRhom2: an emerging adaptor regulating immunity
and disease. Int J Mol Sci 21:6570.

Altuna M, Urdanoz-Casado A, Sanchez-Ruiz de Gordoa J, Zelaya MV, Labarga
A, Lepesant JMJ, Roldan M, Blanco-Luquin |, Perdones A, Larumbe R, Jericd
|, Echavarri C, Méndez-Lépez |, Di Stefano L, Mendioroz M (2019) DNA
methylation signature of human hippocampus in Alzheimer’s disease is linked to
neurogenesis. Clin Epigenetics 11:91.

Ashapkin VV, Kutueva LI, Vanyushin BF (2020) Quantitative analysis of DNA
methylation by bisulfite sequencing. Methods Mol Biol 2138:297-312.

| NEURAL REGENERATION RESEARCH | Vol 19 | No. 11 | November 2024



Review

Bellenguez C, Kiiglkali F, Jansen IE, Kleineidam L, Moreno-Grau S, Amin N, Naj AC,
Campos-Martin R, Grenier-Boley B, Andrade V, Holmans PA, Boland A, Damotte V,
van der Lee SJ, Costa MR, Kuulasmaa T, Yang Q, de Rojas |, Bis JC, Yaqub A, et al.
(2022) New insights into the genetic etiology of Alzheimer’s disease and related
dementias. Nat Genet 54:412-436.

Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, Delano D, Zhang L, Schroth GP,
Gunderson KL, Fan JB, Shen R (2011) High density DNA methylation array with
single CpG site resolution. Genomics 98:288-295.

Blanco-Luquin I, Acha B, Urddnoz-Casado A, Sénchez-Ruiz de Gordoa J, Vicufia-
Urriza J, Roldan M, Labarga A, Zelaya MV, Cabello C, Méndez-Lépez |, Mendioroz
M (2020) Early epigenetic changes of Alzheimer’s disease in the human
hippocampus. Epigenetics 15:1083-1092.

Borin M, Saraceno C, Catania M, Lorenzetto E, Pontelli V, Paterlini A, Fostinelli
S, Avesani A, Di Fede G, Zanusso G, Benussi L, Binetti G, Zorzan S, Ghidoni R,
Buffelli M, Bolognin S (2018) Rac1 activation links tau hyperphosphorylation and
AB dysmetabolism in Alzheimer’s disease. Acta Neuropathol Commun 6:61.

Brotto DB, Siena ADD, Barros Il de, Da Carvalho SCES, Muys BR, Goedert L, Cardoso
C, Plagca JR, Raméo A, Squire JA, Araujo LF, Da Silva WA (2020) Contributions
of HOX genes to cancer hallmarks: enrichment pathway analysis and review.
Tumour Biol 42:1010428320918050.

Burzenski LM, Low BE, Kohar V, Shultz LD, Wiles MV, Hosur V (2021) Inactive
rhomboid proteins RHBDF1 and RHBDF2 (iRhoms): a decade of research in
murine models. Mamm Genome 32:415-426.

Chen Z, Wu M, Lai Q, Zhou W, Wen X, Yin X (2022) Epigenetic regulation of synaptic
disorder in Alzheimer’s disease. Front Neurosci 16:888014.

Convit A, Asis J de, Leon MJ de, Tarshish CY, Santi S de, Rusinek H (2000) Atrophy
of the medial occipitotemporal, inferior, and middle temporal gyri in non-
demented elderly predict decline to Alzheimer’s disease. Neurobiol Aging 21:19-
26.

Crotti A, Sait HR, McAvoy KM, Estrada K, Ergun A, Szak S, Marsh G, Jandreski L,
Peterson M, Reynolds TL, Dalkilic-Liddle I, Cameron A, Cahir-McFarland E,
Ransohoff RM (2019) BIN1 favors the spreading of Tau via extracellular vesicles.
Sci Rep 9:9477.

Cui D, Xu X (2018) DNA methyltransferases, DNA methylation, and age-associated
cognitive function. Int J Mol Sci 19:1315.

Dai Y, Yuan BF, Feng YQ (2021) Quantification and mapping of DNA modifications.
RSC Chem Biol 2:1096-1114.

De Jager PL, Srivastava G, Lunnon K, Burgess J, Schalkwyk LC, Yu L, Eaton ML,
Keenan BT, Ernst J, McCabe C, Tang A, Raj T, Replogle J, Brodeur W, Gabriel S,
Chai HS, Younkin C, Younkin SG, Zou F, Szyf M, et al. (2014) Alzheimer’s disease:
early alterations in brain DNA methylation at ANK1, BIN1, RHBDF2 and other
loci. Nat Neurosci 17:1156-1163.

De Rossi P, Nomura T, Andrew RJ, Masse NY, Sampathkumar V, Musial TF, Sudwarts
A, Recupero AJ, Le Metayer T, Hansen MT, Shim H-N, Krause SV, Freedman
DJ, Bindokas VP, Kasthuri N, Nicholson DA, Contractor A, Thinakaran G (2020)
Neuronal BIN1 regulates presynaptic neurotransmitter release and memory
consolidation. Cell Rep 30:3520-3535.

de Witte LD, Wang Z, Snijders GLIL, Mendelev N, Liu Q, Sneeboer MAM, Boks
MPM, Ge Y, Haghighi F (2022) Contribution of age, brain region, mood disorder
pathology, and interindividual factors on the methylome of human microglia.
Biol Psychiatry 91:572-581.

Desale SE, Chidambaram H, Chinnathambi S (2021) G-protein coupled receptor,
PI3K and Rho signaling pathways regulate the cascades of Tau and amyloid- in
Alzheimer’s disease. Mol Biomed 2:17.

Fetahu IS, Ma D, Rabidou K, Argueta C, Smith M, Liu H, Wu F, Shi YG (2019)
Epigenetic signatures of methylated DNA cytosine in Alzheimer’s disease. Sci
Adv 5:eaaw2880.

Fisher DW, Tulloch J, Yu CE, Tsuang D (2023) A preliminary comparison of the
methylome and transcriptome from the prefrontal cortex across Alzheimer’s
disease and Lewy body dementia. J Alzheimers Dis Rep 7:279-297.

Foraker J, Millard SP, Leong L, Thomson Z, Chen S, Keene CD, Bekris LM, Yu CE (2015)
The APOE gene is differentially methylated in Alzheimer’s disease. J Alzheimers
Dis 48:745-755.

Franzmeier N, Rubinski A, Neitzel J, Ewers M (2019) The BIN1 rs744373 SNP is
associated with increased tau-PET levels and impaired memory. Nat Commun
10:1766.

Fu WY, Ip NY (2023) The role of genetic risk factors of Alzheimer’s disease in
synaptic dysfunction. Semin Cell Dev Biol 139:3-12.

Gao X, Chen Q, Yao H, Tan J, Liu Z, Zhou Y, Zou Z (2022) Epigenetics in Alzheimer’s
disease. Front Aging Neurosci 14:911635.

NEURAL REGENERATION RES.EARCH @
www.nrronline.org %‘umf

Gasparoni G, Bultmann S, Lutsik P, Kraus TFJ, Sordon S, Vicek J, Dietinger
V, Steinmaurer M, Haider M, Mulholland CB, Arzberger T, Roeber S,
Riemenschneider M, Kretzschmar HA, Giese A, Leonhardt H, Walter J (2018) DNA
methylation analysis on purified neurons and glia dissects age and Alzheimer’s
disease-specific changes in the human cortex. Epigenetics Chromatin 11:41.

He B, Zhang C, Zhang X, Fan Y, Zeng H, Liu J, Meng H, Bai D, Peng J, Zhang Q, Tao
W, Yi C (2021) Tissue-specific 5-hydroxymethylcytosine landscape of the human
genome. Nat Commun 12:4249.

Hernandez HG, Sandoval-Hernandez AG, Garrido-Gil P, Labandeira-Garcia JL,
Zelaya MV, Bayon GF, Fernandez AF, Fraga MF, Arboleda G, Arboleda H (2018)
Alzheimer’s disease DNA methylome of pyramidal layers in frontal cortex: laser-
assisted microdissection study. Epigenomics 10:1365-1382.

Igarashi KM (2023) Entorhinal cortex dysfunction in Alzheimer’s disease. Trends
Neurosci 46:124-136.

Jansen IE, Savage JE, Watanabe K, Bryois J, Williams DM, Steinberg S, Sealock
J, Karlsson IK, Hagg S, Athanasiu L, et al. (2019) Genome-wide meta-analysis
identifies new loci and functional pathways influencing Alzheimer’s disease risk.
Nat Genet 51:404-413.

Jeong H, Mendizabal |, Berto S, Chatterjee P, Layman T, Usui N, Toriumi K, Douglas
C, Singh D, Huh I, Preuss TM, Konopka G, Yi SV (2021) Evolution of DNA
methylation in the human brain. Nat Commun 12:2021.

Kaur G, Rathod SSS, Ghoneim MM, Alshehri S, Ahmad J, Mishra A, Alhakamy NA
(2022) DNA methylation: a promising approach in management of Alzheimer’s
disease and other neurodegenerative disorders. Biology (Basel) 11:90.

King A, Bodi |, Troakes C (2020) The neuropathological diagnosis of Alzheimer’s
disease-the challenges of pathological mimics and concomitant pathology. Brain
Sci 10:479.

Koychev I, Hofer M, Friedman N (2020) Correlation of Alzheimer disease
neuropathologic staging with amyloid and tau scintigraphic imaging biomarkers.
J Nucl Med 61:1413-1418.

Kunkle BW, Grenier-Boley B, Sims R, Bis JC, Damotte V, Naj AC, Boland A, Vronskaya
M, van der Lee SJ, Amlie-Wolf A, Bellenguez C, Frizatti A, Chouraki V, Martin ER,
Sleegers K, Badarinarayan N, Jakobsdottir J, Hamilton-Nelson KL, Moreno-Grau
S, Olaso R, et al. (2019) Genetic meta-analysis of diagnosed Alzheimer’s disease
identifies new risk loci and implicates AB, tau, immunity and lipid processing.
Nat Genet 51:414-430.

Lang AL, Eulalio T, Fox E, Yakabi K, Bukhari SA, Kawas CH, Corrada MM, Montgomery
SB, Heppner FL, Capper D, Nachun D, Montine TJ (2022) Methylation differences
in Alzheimer’s disease neuropathologic change in the aged human brain. Acta
Neuropathol Commun 10:174.

Lardenoije R, Roubroeks JAY, Pishva E, Leber M, Wagner H, latrou A, Smith AR,
Smith RG, Eijssen LMT, Kleineidam L, Kawalia A, Hoffmann P, Luck T, Riedel-
Heller S, Jessen F, Maier W, Wagner M, Hurlemann R, Kenis G, Ali M, et al. (2019)
Alzheimer’s disease-associated (hydroxy)methylomic changes in the brain and
blood. Clin Epigenetics 11:164.

Lau V, Ramer L, Tremblay ME (2023) An aging, pathology burden, and glial
senescence build-up hypothesis for late onset Alzheimer’s disease. Nat Commun
14:1670.

Lee JH, Ostalecki C, Oberstein T, Schierer S, Zinser E, Eberhardt M, Blume K,
Plosnita B, Stich L, Bruns H, Coras R, Vera-Gonzales J, Maler M, Baur AS (2022)
Alzheimer’s disease protease-containing plasma extracellular vesicles transfer to
the hippocampus via the choroid plexus. EBioMedicine 77:103903.

Li P, Marshall L, Oh G, Jakubowski JL, Groot D, He Y, Wang T, Petronis A, Labrie V
(2019) Epigenetic dysregulation of enhancers in neurons is associated with
Alzheimer’s disease pathology and cognitive symptoms. Nat Commun 10:2246.

Li @S, Sun Y, Wang T (2020) Epigenome-wide association study of Alzheimer’s
disease replicates 22 differentially methylated positions and 30 differentially
methylated regions. Clin Epigenetics 12:149.

Liang KJ, Carlson ES (2020) Resistance, vulnerability and resilience: a review of the
cognitive cerebellum in aging and neurodegenerative diseases. Neurobiol Learn
Mem 170:106981.

Liu Y, Siejka-Zielinska P, Velikova G, Bi Y, Yuan F, Tomkova M, Bai C, Chen L, Schuster-
Bockler B, Song CX (2019) Bisulfite-free direct detection of 5-methylcytosine and
5-hydroxymethylcytosine at base resolution. Nat Biotechnol 37:424-429.

Liu Y, Cheng J, Siejka-Zieliriska P, Weldon C, Roberts H, Lopopolo M, Magri A,
D’Arienzo V, Harris JM, McKeating JA, Song CX (2020) Accurate targeted long-
read DNA methylation and hydroxymethylation sequencing with TAPS. Genome
Biol 21:54.

NEURAL REGENERATION RESEARCH | Vol 19 | No. 11 | November 2024 | 2375



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

Lunnon K, Smith R, Hannon E, De Jager PL, Srivastava G, Volta M, Troakes C, Al-
Sarraj S, Burrage J, Macdonald R, Condliffe D, Harries LW, Katsel P, Haroutunian
V, Kaminsky Z, Joachim C, Powell J, Lovestone S, Bennett DA, Schalkwyk LC,
et al. (2014) Methylomic profiling implicates cortical deregulation of ANK1 in
Alzheimer’s disease. Nat Neurosci 17:1164-1170.

Palma-Gudiel H, Yu L, Huo Z, Yang J, Wang Y, Gu T, Gao C, Jager PL de, Jin P, Bennett
DA, Zhao J (2023) Fine-mapping and replication of EWAS loci harboring putative
epigenetic alterations associated with AD neuropathology in a large collection of
human brain tissue samples. Alzheimers Dement 19:1216-1226.

Pellegrini C, Pirazzini C, Sala C, Sambati L, Yusipov |, Kalyakulina A, Ravaioli F,
Kwiatkowska KM, Durso DF, Ivanchenko M, Monti D, Lodi R, Franceschi C, Cortelli
P, Garagnani P, Bacalini MG (2021) A meta-analysis of brain DNA methylation
across sex, age, and Alzheimer’s disease points for accelerated epigenetic aging
in neurodegeneration. Front Aging Neurosci 13:639428.

Piras IS, Brokaw D, Kong Y, Weisenberger DJ, Krate J, Delvaux E, Mahurkar S,

Blattler A, Siegmund KD, Sue L, Serrano GE, Beach TG, Laird PW, Huentelman
MJ, Coleman PD (2023) Integrated DNA methylation/RNA profiling in middle
temporal gyrus of Alzheimer’s disease. Cell Mol Neurobiol 43:2289-2307.

Planche V, Manjon JV, Mansencal B, Lanuza E, Tourdias T, Catheline G, Coupé P
(2022) Structural progression of Alzheimer’s disease over decades: the MRI
staging scheme. Brain Commun 4:fcac109.

Rux DR, Wellik DM (2017) Hox genes in the adult skeleton: Novel functions beyond
embryonic development. Dev Dyn 246:310-317.

Sénchez-Jiménez P, Elizalde-Horcada M, Sanz-Garcia A, Granero-Cremades |, Toledo
M de, Pulido P, Navas M, Gago-Veiga AB, Alonso-Guirado L, Alonso-Cerezo MC,
Nava-Cedefio D, Abad-Santos F, Torres-Diaz CV, Ovejero-Benito MC (2023) DNA
methylation description of hippocampus, cortex, amygdala, and blood of drug-
resistant temporal lobe epilepsy. Mol Neurobiol 60:2070-2085.

Schutsky EK, DeNizio JE, Hu P, Liu MY, Nabel CS, Fabyanic EB, Hwang Y, Bushman
FD, Wu H, Kohli RM (2018) Nondestructive, base-resolution sequencing of
5-hydroxymethylcytosine using a DNA deaminase. Nat Biotechnol doi: 10.1038/
nbt.4204.

Semick SA, Bharadwaj RA, Collado-Torres L, Tao R, Shin JH, Deep-Soboslay A, Weiss
JR, Weinberger DR, Hyde TM, Kleinman JE, Jaffe AE, Mattay VS (2019) Integrated
DNA methylation and gene expression profiling across multiple brain regions
implicate novel genes in Alzheimer’s disease. Acta Neuropathol 137:557-569.

Sharma N, Bham K, Senapati S (2020a) Human ankyrins and their contribution to
disease biology: an update. J Biosci 45:146.

Sharma VK, Mehta V, Singh TG (2020b) Alzheimer’s disorder: epigenetic connection
and associated risk factors. Curr Neuropharmacol 18:740-753.

Shireby G, Dempster EL, Policicchio S, Smith RG, Pishva E, Chioza B, Davies JP,
Burrage J, Lunnon K, Seiler Vellame D, Love S, Thomas A, Brookes K, Morgan K,
Francis P, Hannon E, Mill J (2022) DNA methylation signatures of Alzheimer’s
disease neuropathology in the cortex are primarily driven by variation in non-
neuronal cell-types. Nat Commun 13:5620.

Smith AR, Smith RG, Burrage J, Troakes C, Al-Sarraj S, Kalaria RN, Sloan C,

Robinson AC, Mill J, Lunnon K (2019a) A cross-brain regions study of ANK1 DNA
methylation in different neurodegenerative diseases. Neurobiol Aging 74:70-76.

Smith AR, Smith RG, Pishva E, Hannon E, Roubroeks JAY, Burrage J, Troakes C, Al-
Sarraj S, Sloan C, Mill J, van den Hove DL, Lunnon K (2019b) Parallel profiling of
DNA methylation and hydroxymethylation highlights neuropathology-associated
epigenetic variation in Alzheimer’s disease. Clin Epigenetics 11:52.

Smith KR, Penzes P (2018) Ankyrins: roles in synaptic biology and pathology. Mol
Cell Neurosci 91:131-139.

Smith RG, Hannon E, Jager PL de, Chibnik L, Lott SJ, Condliffe D, Smith AR,
Haroutunian V, Troakes C, Al-Sarraj S, Bennett DA, Powell J, Lovestone S,
Schalkwyk L, Mill J, Lunnon K (2018) Elevated DNA methylation across a 48-kb
region spanning the HOXA gene cluster is associated with Alzheimer’s disease
neuropathology. Alzheimers Dement 14:1580-1588.

Smith RG, Pishva E, Shireby G, Smith AR, Roubroeks JAY, Hannon E, Wheildon G,
Mastroeni D, Gasparoni G, Riemenschneider M, Giese A, Sharp AJ, Schalkwyk L,
Haroutunian V, Viechtbauer W, van den Hove DLA, Weedon M, Brokaw D, Francis
PT, Thomas AJ, et al. (2021) A meta-analysis of epigenome-wide association
studies in Alzheimer’s disease highlights novel differentially methylated loci
across cortex. Nat Commun 12:3517.

Sommerer Y, Dobricic V, Schilling M, Ohlei O, Sabet SS, Wesse T, FuR J, Franzenburg
S, Franke A, Parkkinen L, Lill CM, Bertram L (2023) Entorhinal cortex epigenome-
wide association study highlights four novel loci showing differential methylation
in Alzheimer’s disease. Alzheimers Res Ther 15:92.

2376

Stevens SR, Longley CM, Ogawa Y, Teliska LH, Arumanayagam AS, Nair S, Oses-
Prieto JA, Burlingame AL, Cykowski MD, Xue M, Rasband MN (2021) Ankyrin-R
regulates fast-spiking interneuron excitability through perineuronal nets and
Kv3.1b K+ channels. Elife 10:e66491.

Stevens SR, Rasband MN (2021) Ankyrins and neurological disease. Curr Opin
Neurobiol 69:51-57.

Stevens SR, van der Heijden ME, Ogawa Y, Lin T, Sillitoe RV, Rasband MN (2022)
Ankyrin-R links Kv3.3 to the Spectrin cytoskeleton and is required for Purkinje
neuron survival. J Neurosci 42:2-15.

Stoccoro A, Coppedeé F (2018) Role of epigenetics in Alzheimer’s disease
pathogenesis. Neurodegener Dis Manag 8:181-193.

Sun Z, Vaisvila R, Hussong LM, Yan B, Baum C, Saleh L, Samaranayake M, Guan S, Dai
N, Corréa IR, Pradhan S, Davis TB, Evans TC, Ettwiller LM (2021) Nondestructive
enzymatic deamination enables single-molecule long-read amplicon sequencing
for the determination of 5-methylcytosine and 5-hydroxymethylcytosine at
single-base resolution. Genome Res 31:291-300.

Tang M, Alaniz ME, Felsky D, Vardarajan B, Reyes-Dumeyer D, Lantigua R,

Medrano M, Bennett DA, Jager PL de, Mayeux R, Santa-Maria I, Reitz C (2020)
Synonymous variants associated with Alzheimer disease in multiplex families.
Neurol Genet 6:e450.

Tulloch J, Leong L, Thomson Z, Chen S, Lee EG, Keene CD, Millard SP, Yu CE (2018)
Glia-specific APOE epigenetic changes in the Alzheimer’s disease brain. Brain
Res 1698:179-186.

Turner DC, Gorski PP, Maasar MF, Seaborne RA, Baumert P, Brown AD, Kitchen MO,
Erskine RM, Dos-Remedios I, Voisin S, Eynon N, Sultanov RI, Borisov OV, Larin
AK, Semenova EA, Popov DV, Generozov EV, Stewart CE, Drust B, Owens DJ, et
al. (2020) DNA methylation across the genome in aged human skeletal muscle
tissue and muscle-derived cells: the role of HOX genes and physical activity. Sci
Rep 10:15360.

Vogel JW, Young AL, Oxtoby NP, Smith R, Ossenkoppele R, Strandberg OT, La
Joie R, Aksman LM, Grothe MJ, Iturria-Medina Y, Pontecorvo MJ, Devous MD,
Rabinovici GD, Alexander DC, Lyoo CH, Evans AC, Hansson O (2021) Four distinct
trajectories of tau deposition identified in Alzheimer’s disease. Nat Med 27:871-
881.

Voskobiynyk Y, Roth JR, Cochran JN, Rush T, Carullo NV, Mesina JS, Waqgas M,
Vollmer RM, Day JJ, McMahon LL, Roberson ED (2020) Alzheimer’s disease risk
gene BIN1 induces Tau-dependent network hyperexcitability. Elife 9:e57354.

Wang H, Yamahashi Y, Riedl M, Amano M, Kaibuchi K (2023) The evaluation of Racl
signaling as a potential therapeutic target of Alzheimer’s disease. Int J Mol Sci
24:11880.

Wang K, Dai R, Xia Y, Tian J, Jiao C, Mikhailova T, Zhang C, Chen C, Liu C (2022)
Spatiotemporal specificity of correlated DNA methylation and gene expression
pairs across different human tissues and stages of brain development.
Epigenetics 17:1110-1127.

Wang PL, Niidome T, Akaike A, Kihara T, Sugimoto H (2009) Rac1 inhibition
negatively regulates transcriptional activity of the amyloid precursor protein
gene. J Neurosci Res 87:2105-2114.

Wu W, Du 'S, Shi W, Liu Y, Hu Y, Xie Z, Yao X, Liu Z, Ma W, Xu L, Ma C, Zhong Y (2019)
Inhibition of Racl-dependent forgetting alleviates memory deficits in animal
models of Alzheimer’s disease. Protein Cell 10:745-759.

Xu P, Chen A, Li Y, Xing X, Lu H (2019) Medial prefrontal cortex in neurological
diseases. Physiol Genomics 51:432-442.

Yang R, Zhang G, Dong Z, Wang S, Li Y, Lian F, Liu X, Li H, Wei X, Cui H (2023)
Homeobox A3 and KDM6A cooperate in transcriptional control of aerobic
glycolysis and glioblastoma progression. Neuro Oncol 25:635-647.

Zeng H, He B, Xia B, Bai D, Lu X, Cai J, Chen L, Zhou A, Zhu C, Meng H, Gao
Y, Guo H, He C, Dai Q, Yi C (2018) Bisulfite-free, nanoscale analysis of
5-hydroxymethylcytosine at single base resolution. J Am Chem Soc 140:13190-
13194.

Zhang L, Lu Q, Chang C (2020a) Epigenetics in health and disease. Adv Exp Med
Biol 1253:3-55.

Zhang L, Silva TC, Young JI, Gomez L, Schmidt MA, Hamilton-Nelson KL, Kunkle
BW, Chen X, Martin ER, Wang L (2020b) Epigenome-wide meta-analysis of DNA
methylation differences in prefrontal cortex implicates the immune processes in
Alzheimer’s disease. Nat Commun 11:6114.

Zhao LY, Song J, Liu Y, Song CX, Yi C (2020) Mapping the epigenetic modifications of
DNA and RNA. Protein Cell 11:792-808.

Zvérova M (2019) Clinical aspects of Alzheimer’s disease. Clin Biochem 72:3-6.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y

| NEURAL REGENERATION RESEARCH | Vol 19 | No. 11 | November 2024



