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Abstract

DNA methylation is a class of epigenetic modification essential for coordinating gene expression timing and magnitude

throughout normal brain development and for proper brain function following development. Aberrant methylation changes

are associated with changes in chromatin architecture, transcriptional alterations and a host of neurological disorders and

diseases. This review highlights recent advances in our understanding of the methylome’s functionality and covers

potential new roles for DNA methylation, their readers, writers, and erasers. Additionally, we examine novel insights into

the relationship between the methylome, DNA–protein interactions, and their contribution to neurodegenerative diseases.

Lastly, we outline the gaps in our knowledge that will likely be filled through the widespread use of newer technologies that

provide greater resolution into how individual cell types are affected by disease and the contribution of each individual

modification site to disease pathogenicity.

Introduction

Epigenetic modifications are defined as heritable genomic

changes not due to alterations in DNA sequence. Although there

are many different classes of epigenetic modifications (e.g. DNA

modifications, histone modifications, RNA modifications, RNAi,

etc.), each class shares the similar functions of transcriptional

or post-transcriptional regulation to alter the prevalence of

protein products (1–5). The first methylated cytosine was

discovered shortly after 1948 (6), although the functions of

these modifications remained elusive until the mid-1970s and

80s (7,8). The discovery that 5-methylcytosine (5mC) functions

as a gene expression regulator and is important for cellular

differentiation and cell fate led to the first boom in DNA

modification studies. However, following this initial boom,

research in this field grew more gradually under the premise

that the high stability of DNA methylation meant that genomic

methylation profiles are relatively stable and the modification

irreversible. It was not until roughly 30 years later when the field

was reinvigorated with the discovery that 5mC is converted into

5-hydroxymethylcytosine (5hmC), indicating that DNAmethyla-

tion profiles are dynamic, vary in response to external influences

and thus serve as a bridge between environment, genotype,

and phenotype (4,9,10). The location and general function of

5mC and 5hmC have been well characterized; however, new

advances in the field have identified a novel DNA modification,

N6-methyladenine (6mA), in eukaryotes (11). This modification

appears to be enriched only in early developmental stages

and is responsive to various environmental stressors (12–16).

Together, the abundance and location of 5mC, 5hmC, and

6mA comprise the DNA methylome and play a critical role in

governing cell-type specific gene expression. In this review, we

will focus on recent advances made on characterizing the role of

DNA modifications and the proteins that recognize (read), place

(write), and remove (erase) them. We will discuss how these

interactions work to regulate gene expression, local chromatin

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
m

g
/a

rtic
le

/2
8
/R

2
/R

2
4
1
/5

5
3
8
9
0
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/


R242 Human Molecular Genetics, 2019, Vol. 28, No. R2

environment, and methylome variations in the molecular

pathogenesis of neurodegenerative disorders.

Cytosine Modifications (5mC, 5hmC,
5fC and 5caC)

Establishment, maintenance and function of 5mC

5mC is generated through the covalent addition of a methyl

group to the fifth carbon of a DNA cytosine by DNA methyl-

transferases (DNMTs) (17,18). 5mC is the most prevalent DNA

modification in humans and functions as a critical player in the

regulation of tissue and cell specific gene expression. DNMTs

catalyze the covalent addition of a methyl group to the fifth

carbon of cytosine (Fig. 1A). There are two classes of DMNTs: de

novo (DNMT3A, DNMT3B, DNMT3L) and maintenance (DNMT1).

Both work in concert to generate symmetrical cytosinemethyla-

tion profiles genome wide (19). DNMT3A, DNMT3B and cofactor

DNMT3L are de novoDNMTs thatmethylate DNA during embryo-

genesis and in differentiated cells and are highly expressed

in embryonic stem cells (20). Additionally, DNMT expression

is high in neural progenitor cells, post-mitotic and adult

neurons. DNMT1 and the accessory protein UHRF1 primarily

contribute to the maintenance of DNA methylation during

cellular replication and following DNA repair through the

recognition and binding of hemi-methylated DNA (21). To alter

gene expression, 5mC modifications employ several different

functions ranging from the recruitment of methyl-binding

proteins (MBPs) to the exclusion of transcription factors (TFs)

or chromatin remodeling complexes by altering the morphology

of canonical binding sites. The function of 5mC and the proteins

it interacts with is context dependent with the local chromatin

and TF environment, leveraging a substantial influence on the

role of 5mC (22–24). Neri et al. (25) showed that, for certain genes,

local repressive chromatin changes precede and facilitate 5mC

addition, and at other loci 5mC placement serves as the initial

step in creating a repressive chromatin environment. Research

from Castillo-Aguilera et al. has shown that, in the presence

of the H3K36me3 histone methylation mark in gene bodies,

DNMT3B is recruited to place gene body 5mC (26). In addition to

chromatin environment, genomic location plays a critical role

in determining 5mC function (Fig. 2). When located at enhancer

or promoter regions, 5mC is canonically repressive in nature

and functions through both the prohibition and recruitment

of TFs and MBPs (22). Gene body 5mC is reported to associate

with active transcription and functions to reduce spurious

transcription of Pol II (27), whereas reduction in gene body

5mC produced via DNMT3B knockdown increases aberrant

transcription of intragenic regions (25). Spurious transcription

products can contribute to disease state because they can be

properly post-transcriptionally modified and translated into

dysfunctional protein products by ribosomes (25,28). Mutations

lying primarily in the catalytic domain of DNMT3A have been

identified in a host of neurodevelopmental disorders including

epileptic encephalopathies, autism spectrum disorder (ASD) and

intellectual disability (29,30). Reduced DNMT functionality in

turn causes alterations in 5mC and the oxidized derivatives,

leading to differences in the genomic location of methylation

readers. The importance of DNMT3A is not exclusive to

development. The relationship between stress and anxiety-like

behavior was explored in mice. Following stressful events, there

is a reduction in the expression of DNMT3A, resulting in a drop

in global DNAmethylation in the prefrontal cortex of adult mice

(31). These experiments reinforce that the methylome dynamics

plays important roles in neuronal function and the capacity

for the methylome to function as a bridge between genotype,

environmental influences and phenotype.

5mC is read by a variety of MBPs that orchestrate gene

expression through TF regulation and modification of chro-

matin architecture. MBP proteins contain a methyl-CpG-binding

domain that enables them to bind unmethylated and methy-

lated DNA (32). One of the most widely studied MBPs is the

chromatin modifying protein, MeCP2. MeCP2 is ubiquitously

expressed with elevated levels in the brain, especially in the

cortex and cerebellum (33,34). The predominant function of

MeCP2 in the brain is to maintain synaptic connections between

neurons, enabling proper communication. De novo mutations in

MeCP2 are commonly found in individualswith Rett syndrome, a

severe neurological disorder with symptoms consisting of men-

tal retardation, repetitive behaviors, and learning disabilities

(35). Additionally, increased methylation at the MeCP2 locus is

associated with reduced MeCP2 expression (36). Through 5mC

recognition,MeCP2 is involved in the regulation of transcription,

chromatin structure, and RNA splicing, and variation in methy-

lation states alters MeCP2 binding (33,37,38). MeCP2 functions as

both a transcriptional activator and repressor depending on the

gene and additional protein factors it is associated with. When

functioning as transcriptional repressor, MeCP2 can complex

with histone deacetylases such as SIN3a to alter chromatin

structure (34). To function as a transcriptional activator, MeCP2

can associate with activating TFs or can reduce the expression of

genes whose protein products repress transcription, leading to

increased gene expression of downstream target genes (37,39).

Methyl-CpG-binding domain 1 (MBD1), another MBP, is critical

for maintaining the stemness properties of neuronal stem cells

through the direct binding of MBD1 to genes responsible for cell

differentiation (40). In mice, loss of MBD1 in the hippocampus

led to increased expression of genes associated with cellular

differentiation and was associated with altered neurogenesis,

impaired learning, and autism-like behaviors (40,41). In previous

studies, mutations in MBD1 were observed in individuals with

ASD (42). Another MBP, SETDB1 is recruited to 5mC by MBD1 and

can methylate histone H3 lysine 9 (H3K9) (43,44). The location

of SETDB1 in neural development genes overlapped with that

of polycomb repressive complex 2 (PRC2) and two proteins,

JARID2 and MTF2, that complex with PRC2 (43). The interaction

of these proteins indicates that 5mC readers play a significant

role in determining gene expression and in regulating cell fate

throughout neuronal development.

Establishment, maintenance, and function of 5hmC
derivatives (5hmC, 5fC, and 5caC)

The DNA methylation pathway is cyclical: the methyl group

in 5mC can be oxidized to 5hmC by ten-eleven translocation

(TET) enzymes through the recognition of methylated residues

by Tet CXXC DNA binding domains (Fig. 1A). TET enzymatic

function requires oxygen, iron (Fe (II)), and α-ketogluterate to

oxidize 5mC into 5hmC. The presence of 5hmC is indicative of

active demethylation as TET enzymes provide the only mech-

anism known to produce this modification. Succeeding 5mC

conversion, TET enzymes can catalyze the subsequent oxida-

tion of 5hmC into 5-flurocytosine (5fC) and 5-carboxylcytosine

(5CaC) which are rare, thought to be intermediates in the cyto-

sine methylation pathway, and confer minimal function (9,10)

(Fig. 1A). Following 5hmC oxidation, 5fC and 5CaC can be excised

by thymineDNAglycosylase (TDG), and the abasic site is repaired

via the canonical base-excision repair pathway.
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Figure 1. Generation of DNA modifications. (A) Mechanisms of cytosine methylation and demethylation. Cytosine (C) is converted to 5mC by DNMT enzymes. TET

enzymes further catalyze the oxidization of 5mC to 5hmC, 5fC and 5CaC. (B) Potential mechanisms of DNA 6mA methylation and demethylation. 6mA is potentially

catalyzed by DNA N6-methyl methyltransferase (DAMT1) in worm. N(6) adenine-specific DNA methyltransferase 1 (N6AMT1) and methyltransferase-like protein 4

(METTL4) have been found to catalyze 6mA deposition in mammals. DNA N6-methyl adenine demethylase (NMAD1) has been shown to have 6mA demethylation

activity in worm, and 6mA demethylase (DMAD) was identified as a 6mA demethylase in fly. Alpha-ketogluterate-dependent dioxygenase AlkB homolog 1 (ALKBH1)

and 4 (ALKBH4) were found to mediate 6mA removal in mammals.

Figure 2. DNA modifications associated with active and repressed transcriptional states. Generally, the enhancer regions of actively transcribed genes contain

unmethylated cytosine and hydroxymethylated cytosine residues spanning the enhancer region. The regions flanking the TSS contain both methylated and

hydroxymethylated cytosines. In the immediate vicinity of the TSS, the CpG sites are unmethylated. 5hmC and 5mC are dispersed throughout the gene body, with

an enrichment of 5hmC at the splice sites of exons to be incorporated in the mRNA transcript. Repressed genes typically contain 5mC at the enhancer, TSS, and

throughout the gene body and a depletion of 5hmC.

Of the three Tet enzymes in mammals (TET1/2/3), there is

variation in the expression, prevailing function, and location

of each variant. However, there is overlap between functional

regions of the TET enzymes. TET1 is predominantly located at

promoter regions. TET1 interacts with both repressive and active

histone modifications and can be repressive or active in nature

depending on the location and factors to which it binds (19)

Throughout neurodevelopment, the expression of TET enzymes

remains relatively constant, suggesting that TET activity could

be modified post-transcriptionally or through additional cofac-

tors (45). Further studies support the model of TET working

with additional cofactors to modulate TET function. One way

that TET1 functions in an active manner is through complexing

with histone acetyltransferases (HATs) (e.g. MOF, identified via

cooccupancy and co-IP (46)) and modulating H4K16ac, an acety-

lation mark known to facilitate both gene expression and DNA

repair. TET2 is more versatile and located at diverse genomic

regions such as enhancers and with the predominant function

of oxidation of 5hmC residues into intermediates (5fC and 5caC).

Gene body 5hmCplays a role in genomic stability,whereas loss of

TET2 and a resulting increase in gene body 5hmC are associated

with reduced genomic stability and an increase in mutagenesis
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(47). This reduction in TET2/5hmC stabilization and increased

mutagenesis could explain a portion of genetic mosaicism seen

throughout psychiatric disease (48). The mechanism responsi-

ble for these observed changes has yet to be elucidated, and

it is unknown whether the oxidation and removal of 5hmC

mark by TET2 enzymes increases genomic stability or if the

presence TET2 and the proteins it associates with are respon-

sible. TET3 is highly expressed in brain, throughout embryonic

development, and in epigenetic reprogramming in oocytes (49).

TET3 is a critical player driving the activation of neuronal genes

and the proper development of neurons and synapses (50). In

adult mice, TET3 expression is high in dorsal root ganglion and

is associated with increased axon regeneration (51). TET3 is

largely located at transcriptional start sites where it catalyzes

the conversion of 5hmC to 5fC and 5caC before facilitating

the removal of 5caC via TDG-mediated base excision repair

(BER) (52).

In concordancewith the cell-specific expression and regional

functional specificity of TET enzymes, the function of the

5mC derivatives is also closely tied to genomic context.

Although 5hmC is present in most tissues and cell types, it

is significantly enriched in the brain and in human embryos

(53–56). Actively transcribed tissue-specific genes are enriched

in 5hmCmodifications relative to non-tissue specific genes that

have lower expression or housekeeping genes that are highly

expressed (57,58). 5hmC has been found in diverse regions,

such enhancers, promoters, transcription start sites (TSSs), gene

bodies, 3′ UTRs and intragenic regions. However, 5hmC appears

to be predominantly enriched near TSSs and in gene bodies

associated with increased transcription (55,59–62). Additionally,

5hmC modifications located in enhancer and intergenic regions

can be associated with actively transcribed genes (63); however,

this is not always true as shown by the identification of genomic

regions enriched in 5hmC that are associated with reduced tran-

scriptional activity (56). Lin et al. (55) and Gross et al. (63) found

that genes with greater levels of 5hmC within their gene body

are expressed at a greater level. Relative to the other cytosine

modifications, 5hmC appears to have the greatest contribution

to neurological disorders and is linked with many disorders

spanning neurodevelopment through neurodegeneration (64–

68). Throughout neurodevelopment, 5hmC is dynamic with the

majority ofmethylation changes occurring in proximity to genes

involved in neurodevelopment. In the actively expressed genes,

5hmC is generally enriched in gene bodies, in proximity to the

TSS, and in regions flaking CpG islands (69). The signal encoded

for by 5hmC, as highlighted above, is read by TET enzymes

but can also be read by enzymes distinct from TET binding

and function. UHRF2 is a 5hmC binding protein expressed

in brain and is involved in proper neuronal function but is

not required for development. UHRF2 knockout in mice is

associated with impaired spatial memory learning and recall.

Chen et al. (24) provided evidence that binding of UHRF2 to

5hmC does not alter the function of TET1 enzymatic activity.

The exact function of UHRF2 has yet to be elucidated but

is hypothesized to be a failsafe for UHRF1 function. UHRF1

is a 5mC and 5hmC reader and is critical for development:

knockout of UHRF1 results in embryonic lethality (70). UHRF1

aids in the recruitment of DNMT3A to its binding sites. As the

knockout of UHRF1 is lethal, but DNMT3A knockout mice are

viable, it is likely that UHRF1 has additional regulatory functions

that have yet to be discovered. An additional example of the

contribution of 5hmC writers to neuronal development is the

function ofMeCP2,which binds both 5mCand 5hmCwith similar

affinity. When bound to 5hmC in active gene bodies, MeCP2

facilitates the recruitment of chromatin remodelers to create

a more accessible environment. Loss of MeCP2 is associated

with lower levels of 5hmC at DhMRs linked with postnatal

neurodevelopment and aging (54). Our current understanding

on what defines the function of the different TET enzymes and

MBPs is still limited. Deciphering the mechanisms that provide

specificity for the function of methylation readers, writers,

and erasers is critical for understanding how the methylome

is regulated and how deviations may contribute to disease

progression.

N6-methyladenine

6mA refers to the methylation of adenosine at its nitrogen-6

position. DNA 6mA was previously considered to be absent in

eukaryotes but is the most predominant DNA modifications in

prokaryotes. With the technological advances in quantifying

base modification using immunoblot, ultra-high performance

liquid chromatography tandem mass spectrometry (UHPLC-

MS/MS) and single molecule real-time sequencing, 6mA has

been found in several metazoans including worm (11), fruit flies

(12,71), frog (72), zebrafish and pig (73), aswell asmouse (72,74,75)

and in humans (16,72,76). Genomic distribution of 6mA differs

among species and is dynamically regulated during different

developmental stages and under varying environmental con-

ditions. For instance, during early embryogenesis in zebrafish,

6mA peaks are widely distributed across the genome with slight

enrichment following TSS and found to be enriched at exons

(73). However, 6mA shows exon depletion in the genome of

frog (72). 6mA peaks in mouse embryonic stem cells (ESCs)

are accumulated in intergenic regions (74) and excluded from

gene-coding regions in gDNA from mouse tissues (72). Further

analysis showed that 6mA is abundant on X chromosomes

and strongly deposited on the unique 5’ UTR and ORF1

regions of young LINE-1 elements (74). Substantial depletion

of 6mA at TSS region has been found in mouse prefrontal

cortices (PFCs) upon environmental stress (75). In contrast

to mice, Xiao et al. (76) observed low 6mA density on the X

chromosome but high in mitochondria using human blood

samples. Various genomic distributions of 6mA indicate its

potentially diverse biological functions and mechanisms

across species. However, detection of 6mA modification using

more sensitive and accurate methods is required to precisely

characterize its genomic distribution and the deposition at

specific genomic regions.

Currently, methyltransferases and demethylases for 6mA

addition/removal in genomic DNA have only been discovered

in limited species. DAMT-1, a member of the MT-A70 family

of methyltransferases, can potentially mediate DNA 6mA

methylation in worm (11). In vivo knock down of DAMT-1

leads to decreased 6mA level in WT and spr-5(by101) mutant

worms, and the potential methylation activity is restricted

to DAMT-1 (11). The human methyltransferase is N6AMT-1

(76), which has regions of sequence similarity with M.TaqI-

like 6mA DNMT in bacteria restriction–modification systems

(77). However, replication of N-6 methylation activity of this

gene in human glioblastoma cells was unsuccessful (16).

One just published research shows that mouse METTL4,

belonging to subclade of MT-A70 adenine methyltransferases,

has methyltransferases activity for 6mA deposition (78). For

identification of demethylases, in vitro biochemical and genetic

studies indicate that ALKBH1 and ALKBH4, as homolog of

prokaryotic AlkB α-ketogluterate-dependent dioxygenase, are

responsible for DNA 6mA erasure in mammals (16,74,76,78).
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Fly DMAD, the only αKG-dependent dioxygenase homolog

in the TET family, was identified as a 6 mA demethylase in

germline cells, early development and subsequently confirmed

in neurogenesis (12,71). The precise molecular functions of

DNA 6mA methyltransferases or demethylases need to be

further defined.

Unlike the rapid progress made in understanding 5mC

and 5hmC, epigenetic roles of 6mA remain poorly understood

and characterized in eukaryotes. 6mA has been shown to

dynamically respond to different forms of environmental stress,

such as pre-frontal cortex stress (75), hypoxia (16), extinction

learning (13) and mitochondrial stress (14). The tightly regulated

6mA could serve as a new “emergency responder” in adult brain

in dealing with stress. Several findings suggest that 6mA plays a

role in shaping transcription. Fly DMAD can remove 6mAprimar-

ily from transposon regions,which is associatedwith transposon

repression in ovaries (71). In mouse ESCs, 6mA is enriched on

the X chromosome and acts mainly as a repressive mark to

silence LINE transposon expression (74). One biochemical and

structural experiment found that the deposition of 6mA in the

TSS can cause specific pol II pausing/stalling (79). Importantly,

the molecular studies in fly established the potential role of

6mA in regulating development and neuronal function. 6mA

level is tightly regulated by DMAD during embryogenesis (71).

6mA-formed epigenetic marks can be read by jumu to mediate

maternal-to-zygotic transition through regulating expression

of the zelda gene (80). Dynamic changes of 6mA could be

also important for fly neuronal functions. DMAD depletion in

fly neurons leads to impaired neurodevelopment as well as

behavioral abnormalities (12,81–84). 6mA accumulation caused

by DMAD depletion can recruit Polycomb proteins to regulate

transcriptional repression in fly neurons (12). It is interesting

that Kweon et al. (78) identified an adversarial 6mA-sensor

network through 6mA-deposition-coupled proteolysis mech-

anism to regulate Polycomb gene silencing in HEK293T cells,

providing insight into that the cooperation between 6mA and

Polycomb proteins could also play roles in mammalian neurons.

Importantly, epigenetic roles of 6mA in brain function have

also been indicated in mice. Genes containing stress-induced

6mA alternations overlap with neuropsychiatric disorders-

linked loci, which indicates the participation of 6mA in the

pre-frontal cortex’s stress-associated pathway (12). Upon fear

extinction, 6mA deposits along promoters and coding sequences

in activating cortical neurons of mice highlight the role of 6mA

in adult brain function (13). Therefore, like 5mC and 5hmC in

mammals, 6mA could serve as a DNA anchor for regulatory

protein binding. Such coordination could then implement

various downstream pathways, alter chromatin landscapes,

and regulate gene expression (12,13,72). Further investigations

are required to identify epigenetic modifiers of 6mA and

potential 6mA-interacting proteins in different cell types, tissues

and species.

It is worth noting that very recently O’Brown et al. (85) showed

that the use of high performance liquid chromatography (HPLC)

analysis to detect 6mA in genomic DNA could overestimate

6mA abundance, which could be due to the potential bacterial

DNA contamination of enzyme preparations used to digest DNA

in HPLC analysis. After minimizing and subtracting artifacts,

the study indicated that 6mA is present at fold lower levels

in metazoan DNA than previously published 6mA studies (85).

Thus, improved sample preparation and sequencing sensitivity

are necessary to accurately characterize genomic features of

6mA and reveal its biological functions. However, before con-

cluding that 6mA is not present in eukaryotic genomes, several

factors need to be considered. First,many published studies have

conducted 6mA-IP-seq to identify differentially expressed 6mA

regions between experimental conditions. Directly comparing

control and genetic depletion or stressed samples could define

6mA in eukaryotic DNA with elimination of any bacterial con-

tamination or IgG nonspecific binding. Analyses of differential

6mA signals between DMAD knockout and control fly neuronal

cells revealed the alterations of 6mA at distinct genomic loci,

and the cells were free of bacterial contamination as determined

by bacterial 16S quantitative PCR (12). Therefore, it would be

difficult to imagine that all these differential signals were due to

bacterial contamination. In addition, 6mA reads from prokary-

otic origin can be controlled for by sequencing alignment (86).

Second, theHPLCmethod used byO’Brown et al. (85) as described

in the article might not be fully optimized. Offline enrichment,

specifically of 6mA, before liquid chromatography tandemmass

spectrometry (LC-MS/MS) acquisition will reduce the likelihood

of 6mA experiencing signal suppression due to isobaric interfer-

ence (15). Third, 6mA abundance should differ among various

cell types, tissues, developmental stages and environmental

circumstances.O’Brown et al. (85) looked at static tissues and cell

types, such as human HEK293 and HeLa cells, which have very

low levels of 6mA as reported previously. Detectable 6mA signal

could be diluted using HPLC analysis of whole brain (15,84).

Last but not the least, unlike what has been portrayed in public

discussions, O’Brown et al. (85) found rare (0.9–3.7 ppm) 6mA sig-

nals above background in DNA samples from gnotobiotic mouse

tissues (85), which are non-treated and non-stressed samples.

Like 5fC, steady low levels of DNA modification could still play

critical roles in specific circumstances. Low levels of 6mA in the

adult brain of fly (12) andmice (13,75) are important for neuronal

function. Targeting 6mAmodification can significantly decrease

cancer cell growth and extend survival of tumor-bearing mice

(16). Again, these rare DNA modifications could have critical

biological functions, such as marking genes or regulation ele-

ments and recruiting specific “reader” protein to render their

biological functions in a more dynamic manner that may be

under-appreciated.

DNA Modifications in Neurodegenerative
Disorders

Genetic studies in the past 30 years have made a great con-

tribution to our understanding of numerous neurodegenerative

disorders and have identified many genetic loci associated with

disease. As the identified genetic variants have not been able to

explain the entirety of disease pathology, epigenetics has been

gaining favor as one of the key regulators for pathogenesis and

progression of several neurodegenerative disorders: aberrant

cytosine modifications located at the promoter, surrounding

regions of causal genes, flanking regions of causal repeats, and

genome-wide level are often linked with disease state. Emerging

epigenome association studies have identified many dynami-

cally regulated DNA modification sites, providing novel insights

into the diseases. Further functional studies using epigenomic

editing are required to reveal the exact epigenetic roles for candi-

date DNA modification sites. The association of 6mA with brain

disorders has yet to be explored and is a strong candidate for

identifying novel molecular mechanisms that contribute to neu-

rological disorders. In this section, we present current evidence

of DNA modification changes in representative neurodegenera-

tive disorders for highlighting the diseases-associated epigenetic

modifications.
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Alzheimer’s disease

Alzheimer’s disease (AD) is caused by the gradual decay of neu-

ronal connections and eventual death of neurons. There are two

hallmark pathologies in AD: neurofibrillary tangles and amyloid

plaques, both of which contribute to neuronal dysfunction and

loss. Sequencing-based studies have identified mutations in

many genes that contribute to AD susceptibility, the strongest

of which directly contribute to the tangle or plaque pathology

(APP, PSEN1, PSEN2, and MAPT) and are often seen in familial AD

cases (87,88). In addition to identifying genetic variants, previous

work has implicated the methylome as a strong contributor to

AD pathology with methylation changes occurring in proximity

or in genes with altered expression in AD (e.g. ABCA7, ANK1,

BIN1, CELF1, BZRAP1, RHBDF2, and MINK1) (89–91). Strikingly, De

Jager et al. (89) found that genetic variants associated with AD

explained 13.9% of neuritic plaque burden, whereas the 71 CpGs

identified explained 28.7% of amyloid plaque pathology.

In AD, 5mC profiles between brain cell types are relatively

similar; however, differences in the location of methylation are

present. More strikingly, a difference in both the location and

global presence in 5hmC is seen in AD.As AD progresses, a global

increase in 5hmC is observed, with differential methylation

and gene expression cooccurring in pathways involved in

neuronal projection development and neurogenesis (neuro-

genesis, enzyme-linked receptor protein signaling, synapse

organization, regulation of vesicle-mediated transport, and

small GTPase-mediated signal transduction) (91). Differentially

hydroxymethylated loci associated with gene expression

changes were primarily located in intragenic regions. In AD

mouse models, the same trend is seen, with an increase in

gene body 5hmC associated with increased gene expression

of signaling and metabolic pathways implicated in AD (67).

In support of the involvement of the methylome in AD pro-

gression, recent studies utilizing deep sequencing reinforced the

role of abnormal methylation changes in AD pathology with the

identification of DNMT3A and TET2 loss of function variants in

individuals with AD (92). Reduced expression of DNMT3A has

previously been characterized in aging brains and is associated

with memory impairment. Memory impairment can be rescued

through the overexpression of DNMT3A2 (93,94). Additionally,

the effect of neuronal activity on methylation patterns is dis-

rupted with the injection of DNMT inhibitors in mice which

prevent the conversion of short-term memory into long term

memories (95). TET2 has been functionally studied in the context

of AD. The knockout and knockdown of TET2 resulted in reduced

genome-wide levels of 5hmC and increased AD severity (67). In

WT aging mice, overexpression of TET2 rescued age-related cog-

nitive decline (96). In addition to TET’s role as a hydroxymethyla-

tion writer, TET proteins exhibit additional functions. TET1 was

shown to complexwith lysine acetyltransferase 8 (KAT8 orMOF),

a HAT responsible for placing H4K16ac. Nativio et al. (97) showed

that, in TET1 knockout MEF cells, there is a significant loss of

H4K16ac proximal to genes linked to AD. Loss of H4K16ac is

associated with increased genomic instability and DNA damage,

highlighting the importance of TET1 in maintaining genomic

stability (46). The importance of DNA hydroxymethylation in

maintaining genomic stability is beginning to be understood;

however, the mechanistic underpinnings of how 5hmC protects

against instability have yet to be determined.

Recent advancements have enabled the isolation and profil-

ing of individual cell types in AD. Gasparoni et al. (98) isolated

specific neuronal and glial cell types from mouse brain. Their

studies found variations in methylation profiles between cell

types in the brain and corresponding differences in gene expres-

sion changes. This study also identified differential methylation

in ADAM17 and APP, two well-known AD-associated disease

genes. APP encodes for the amyloid precursor protein respon-

sible for the hallmark amyloid plaque pathology. Further studies

could help explain how plaque pathology contributes to the

neurodegenerative cascade seen in AD and provide insight into

the dynamics of the methylome in each cell type affected in AD

which is critical for understanding how AD progresses and for

the discovery of AD therapeutics.

Parkinson’s disease

The second most common neurodegenerative disorder in the

elderly is Parkinson’s disease (PD), affecting 1%–2% of the pop-

ulation over 65 years and rising to nearly 5% in the population

over the age of 85 (99). Several studies have shed light on the

epigenetic machinery in modulating progression of PD, but the

role of DNA methylation and its link to PD pathogenesis are still

unclear. SNCA, a gene encoding the aplha-synuclein protein, is

one of the most important risk genes for PD and is regulated by

DNA methylation. Hypomethylation of CpG islands at intron 1

of SNCA can lead to overexpression of α-synuclein in PD and

related disorders. Methylation level of SNCA shows a negative

correlationwith its expression (100,101).The alteredmethylation

level in PD could be mediated by the association of DNMT1 with

α-syn, which may sequester DNMT1 in the cytoplasm leading to

the global DNA methylation seen in postmortem brains of PD

(102). Using DNA from peripheral blood leukocytes, methylation

in CpG-2 sites in the SNCA promoter was shown to be signif-

icantly decreased in PD patients compared to controls, impli-

cating DNA methylation levels in peripheral blood leukocytes

as a potential noninvasive biomarker for PD (103). Moreover,

epigenome-association studies identified many other differen-

tially methylated genes or sites in PD that need further valida-

tion, such as differentially methylated CpG in the FANCC and

TNKS2 genes (104) and 82 altered CpG sites (105). Differential

expression levels of total 5mC and 5hmC across different brain

regions have been seen for PD. Cortical sections from PD patients

contains extensive 5mC while 5hmC is significantly accumu-

lated in cerebellar white matter (106), highlighting the impor-

tance of cytosine modification in PD. More extensive studies are

still needed in order to better understand the role of 5mC and

5hmC in PD.

Ataxia-related disorders

Friedreich ataxia. Friedreich ataxia (FRDA), the most common

heritable ataxia, is an autosomal recessive neurodegenerative

disorder predominantly caused by a homozygous GAA repeat

expansion mutation within intron 1 of the FXN gene (107).

Patients with FRDA usually have at least one allele of FXN

gene containing >90 GAA repeats (the majority have 600 to

900 repeats), while normal alleles have repeats between 8 and

33 (108). Impaired DNA replication, recombination and repair

have all been considered as possible mechanisms to trigger

this disorder. More recently, FRDA repeats leading to aberrant

epigenetic modifications have been appreciated. Histone

modifications are known to affect flanking regions of GAA

repeats, while the influence of DNA modifications are largely

unknown. Bisulfite mapping shows that the upstream region

adjacent to the repeat ismethylatedmore extensively in patients

than in normal individuals (109–111), while downstream of

the expansion showed decreased methylation levels (110). A
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direct correlation between CpG methylation levels and triplet

expansion size has been found, suggesting that evaluation of

the methylation status of specific CpG sites in FRDA patients

could be a convenient biomarker (111). One methylated residue

in FRDA patients is located within an E-box site which is

important in promoter activity in reporter assays (110). In

addition, methylation level of GAA expansion upstream can

predict the age of disease onset (111,112). Therefore, it is possible

that DNAmethylation can affect the progression of this disorder

and the epigenetic profiles could be dynamically regulated. It

is of note that Al-Mahdawi et al. (110) found that the increased

DNA methylation level at the GAA region of FXN is caused by

5hmC in FRDA cerebellum, demonstrating the importance of

5hmC in FRDA and the need for further investigation.

Spinocerebellar ataxias. Spinocerebellar ataxias (SCAs) are a

large complex group of autosomal dominant degenerative

disorders characterized by cerebellar degeneration with variable

involvement of the brain stem and spinal cord (113). Until now,

more than 40 different types of SCAs have been discovered.

The clinical hallmark for all SCAs is a progressive loss of

balance accompanied by slurred speech and reduced life span

(114). Genetic causal variants have been identified for over 30

different types of SCAs (115). Many SCAs, including SCA1, 2,

3, 6, 7, 12 and 17 are caused by dynamic repeat mutations,

which contains trinucleotide CAG expansions in the coding

region of genes leading to poly-Q expanded proteins (114).

DNA methylation within the promoter region of repeats or

close to the repeats has been identified for many SCAs, but

the role of epigenetic regulation remains unknown. Close to the

CAG repeats in ATXN7, DNA methylation at the CTCF binding

elements could promote repeat instability (116). Emmel et al.

(117) proposed that epigenetic control, such as DNAmethylation

of the ATXN3 promoter region, could contribute to the age of

onset in SCA3. Wang et al. (118) found higher methylation in

the ATXN3 promoter region in SCA3 patients, which further

identified that the first CpG island of the promoter could serve

as main regulation region of DNAmethylation. CpGmethylation

of the ATXN2 gene promoter in human shows correlation

with pathogenic CAG expansions in spinocerebellar ataxia

type 2 (SCA2) cases (119). One recent study found global 5mC

level significantly elevated in the patients of SCA1 and SCA2,

when compared with age- and sex-matched healthy controls,

pointing to a role of cytosine modification in SCAs (120). If

epigenetic events indeed cause the SCAs phenotypes, specific

regulation factors might incorporate with DNA modifications

to trigger downstream pathways, which is worth further study.

These methylation sites could be clinical biomarkers for SCAs

prediction, diagnostics and therapies.

Fragile X-associated tremor/ataxia syndrome. Fragile X-associated

tremor/ataxia syndrome (FXTAS) is a late onset (>50 years)

neurodegenerative disorder caused by a premutation (50–200

CGG-repeat expansion) in the fragile X mental retardation

1 (FMR1) gene located in Xq27.3 (121,122). The disorder is

characterized by intention tremor, cerebella ataxia, parkinson-

ism, and cognitive decline, as well as peripheral neuropathy

(122). However, no abnormal methylation has been found

surrounding CpG island and promoter of the repeats in FXTAS

(123). In comparison, FMR1 full mutations, with over ∼ 200

CGG repeats, are associated with aberrant CpG methylation

of the repeat, neighboring CpG island, and gene promoter,

leading to silencing of FMR1 and fragile X syndrome (FXS) (124).

Such differences indicate distinct molecular mechanisms of

pathogenesis between FXTAS and FXS, even though they are

both developed from the expanded CGG repeat at 5’ UTR of FMR1.

In mouse models, CGG repeats can be specifically expressed

in Purkinje neurons, and this is sufficient to induce a FXTAS

phenotype (125). Considering the high levels of 5hmC seen in

Purkinje cells,we determined genome-wide 5hmC profiles using

cerebellum from FXTAS (rCGG) mice and wide-type littermates

(66). Overall, a global reduction of 5hmC was seen in the rCGG

mice. DhMRs are highly associated with genes and TFs that

are important for neurogenesis and neurological activities,

suggesting that 5hmC-mediated epigenetic modulation plays

a role in the onset of FXTAS. In addition, differentially regulated

5hmC has been found mainly on the gene body including

FMR1 gene, further highlighting the involvement of 5hmC in

early FXTAS pathogenesis. Alternatively, the globally decreased

5hmC in rCGG mice could indicate increased levels of 5mC,

which could lead to gene silencing. Genome-wide or locus-

specific fine mapping of 5mC in a cell-type specific manner

should be applied to reveal dysregulation of 5mC in FXTAS

and identify the 5mC cofactors for the pathogenesis and

progression.

Possible New Roles of DNA Modifications

Modulators of dynamic TF and DNA interaction

Recent advances in the field of DNA modifications have shed

light on the role of DNA modifications and their readers,

writers, and erasers in gene expression regulation and in

shaping the local chromatin environment (23,126,127). We are

just now scratching the surface on understanding how the two

most studied DNA modifications (5mC and 5hmC) and their

association with three different TET enzymes govern lineage-

specific gene expression for roughly 400 different cell types. As

previously mentioned, the genomic location and prevalence of

DNA methylation varies widely with respect to tissue and cell

type (128,129). DNA hydroxymethylation is especially enriched

in brain (129,130). 5hmC heterogeneity is observed both in

distinct brain regions as well as the individual cell types

that inhabit them (129,131,132). The methylation profiles for

three major cell types within the prefrontal cortex (GABAergic

neurons (inhibitory), glutamatergic neurons (excitatory), and

oligodendrocytes were examined and correlated with gene

expression profiles. The methylome and gene expression varied

between the inhibitory neurons and the excitatory neurons and

oligodendrocytes. Most importantly, risk loci associated with

neuropsychiatric disease were differentially modified between

excitatory and inhibitory neurons. In excitatory neurons, risk

loci were enriched in 5hmC-depleted regions, and in inhibitory

neurons, risk loci were enriched in 5mC depleted regions (132).

These findings indicate that previous studies using whole

brain or isolated brain regions to characterize the role of the

methylome in disease development did not have the resolution

required to identify all differentially methylated regions and

differentially hydroxymethylated regions involved in disease

pathogenicity. Even further, single-cell studies show that cell

types within the same region display significant differences

in methylation profiles that are associated with different gene

expression patterns (133). The methylation signatures for many

cell types are unique enough to justify using new techniques that

involve cell-type deconvolution to determine the proportion of

cell types in a population-based DNA modification signature at

specific loci (134).
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Figure 3. A potential epigenetic role for TET proteins and DNA repair machinery in regulating neurodegeneration. TET proteins play important roles in DNA repair

processes, which could be required to active DNA demethylation at neighboring DNA damage sites. Normally, TET proteins could recruit DNA repair proteins at damage

sites to promote genome integrity and stability. However, TET loss of function could lead to impaired DNA repair and increased somatic mutation in brain, resulting in

neurodegeneration.

Base-pair resolution of DNA methylation is critical for

deciphering the nuances in the methylome. EGR1 is a three-

finger-binding DNA protein whose expression is upregulated in

response to environmental signals encompassing hormones,

growth factors, and neurotransmitters (135). WT1 is a TF

that contains four zinc-finger DNA binding domains and is

responsible for regulating cell differentiation and cell survival

(136). The binding domains of EGR1 and WT1 both recognize

the 5’-GCG(T/G)GGGCG-3’ sequence motif that contains two

CpG sites with the capacity to be methylated and oxidized.

Surprisingly, the methylation status (unmodified cytosine or

5mC) does not change the binding of EGR1 or WT1; however,

the oxidation state does (5hmC, 5fC or 5caC). The presence of

5caC, created by TET enzymes, alters the binding kinetics and

prevents the binding of EGR1 but not of WT1 (137). The observed

differential recognition of cytosine intermediates suggests a

potential biological significance of these modifications that

could expand beyond serving as a marker for TDG-mediated

excision and BER.

TET enzymes are known to interact with TFs, splicing factors,

DNA repair enzymes, histone modifiers, and chromatin remod-

eling complexes (23,62,91). At intron–exon boundaries, 5mC and

5hmC are recognized by protein complexes containing CTCF,

MeCP2 and HP1 that regulate alternative splicing (62). In neuro

stem cells (NSCs), TET2 directly binds to Foxo3a to regulate the

expression of genes involved in NSC proliferation (127). These

studies highlight the importance of TET proteins and indicates

that additional efforts should be placed on identifying protein–

protein and protein–DNA interactions facilitated by DNA mod-

ifications and the genomic context of these interactions. The

importance of TET enzyme location lies in the alternate func-

tions associated with methylation variant location. Additionally,

as previous studies have largely focused on 5mC and 5hmC

modifications, novel insight on the function of an additional

DNA modification, 6mA, may further explain how chromatin

environments are regulated and increase our understanding of

the specificity of DNAmodifications in determining cell-specific

gene expression.

Brain genomic mosaicism

Impaired DNA repair might play a fundamental role in develop-

ment of age-related neurodegeneration, but the exact molecular

mechanism is unclear (138–141). Defects in cellular DNA repair

processes have been linked to genomehypermutation and insta-

bility, as well as premature aging syndromes (138). Upon ultra-

high depth sequencing (>5000×) with a mathematical model of

neurodevelopment, Keogh et al. (92) revealed that human brains

are likely to harbor zones of cells containing somatic mutations,

including mutations in genes critical for neurodegenerative dis-

eases. The advent of single-cell deep sequencing revealed rapid

accumulation of somatic mutation in PFC neurons from patients

with progeroid neurodegeneration, while the accumulation of

somatic mutations with age in normal human neurons is slow

but inexorable (142). The high somatic mutation burden in PFC

neurons elucidates defective DNA damage repair and chromo-

somal instability, and the molecular mechanism is important to

identify.

Studies have shown that loss of TET enzymes and 5hmC

depletion can contribute to genome instability and inaccurate

chromosome segregation. 5hmC could be as an epigenetic

marker of DNA damage (143). For example, TET1-deficient

cells contained more DNA strand breaks, as well as in cells

without exogenous DNA damaging agents (144). In Purkinje
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cells of Atm−/− mice, TET1-mediated 5hmC production is linked

to the DNA damage process (145). Pan et al. (47) found that

TET2 loss can lead to hypermutagenicity in hematopoietic

stem/progenitor cells. The increased mutation burden was

found to be particularly high at genomic sites that gained 5hmC,

where TET2 normally binds (47). In HeLa cells, TET2 was found

to be necessary for the production of 5hmC foci at endogenous

DNA damage sites (143). In addition, TET3-mediated conversion

of 5mC to 5hmC can elevate ATR-dependent DNA damage

response and regulate DNA repair, suggesting that TET enzymes

and active DNA demethylation could play direct role in DNA

repair (146). Therefore, a far-reaching epigenetic role for covalent

5hmC by TET enzymes could be promoting DNA repair and

genome stability in neurodegeneration (Fig. 3). Integrated

analysis using deep sequencing for single neuronal cells and

in situ study for somatic mutations could identify critical loci,

cells types and brains regions for neurodegenerative disorders

in the future (147).

Summary

In this review, we discussed how DNA methylation lies at the

core of lineage-specific gene expression by establishing an epi-

genetic code that is dynamically read and regulated by DNA-

binding proteins. There is a diverse set of protein–DNA inter-

actions that temporally modulates gene expression by altering

the chromatin environment through recruitment of chromatin

remodelers, negative and positive TF binding, and splicing com-

plexes. The extent of protein–DNA interactions and a full list

of 5mC and 5hmC readers has yet to be discovered. Even less

is known about the more recently discovered 6mA modification

and the enzymes that read, write, and erase it. The majority of

our 6mA understanding comes from association-based studies

that highlight the dynamic nature of 6mA in disease and stress

response.

Previous technological and cost-preventative limitations are

now being addressedwith newer studies utilizing single-cell and

single base-pair resolution methods rather than capture-based

techniques on tissues that contain heterogenous cell popula-

tions. We anticipate that the greater resolution provided by sin-

gle cell studies in combination with assays that provide single-

base pair resolution will greatly enhance our understanding

on how neurological disorders progress and the individual cell

types and methylation changes that drive their progression.

As these studies will be largely association-based, functional

studies leveraging novel technique such as dCas9 tethered to

DNMTs or TET enzymes to target DNA modifications could

be very powerful tools for defining the biological significance

of methylation and hydroxymethylation changes at individual

methylation sites.
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