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Abstract

5-hydroxymethylcytosine (5hmC), a novel modified cytosine, is oxidized from 5-methylcytosine
(5mC) by the ten-eleven translocation (Tet) protein family. The specific distribution of 5hmC in
mammalian brain and its roles in gene regulation suggest that 5hmC is important in brain
development. 5hmC may also contribute to the mechanisms underlying neurological diseases.
Here, we summarize the current knowledge of 5hmC, with an emphasis on its roles in
neurodevelopmental and neurodegenerative disorders.
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Introduction

“Epigenetics,” a term originally proposed by Conrad Waddington 75 years ago, is defined as
the mitotically and/or meiotically stable, heritable changes in gene expression that are
caused by mechanisms other than alterations in the genetic sequence (Berger et al., 2009;
Dupont et al., 2009; Waddington, 1939). There are three widely recognized primary
epigenetic marks: posttranslational modification of histones, cytosine modifications, and
non-coding RNAs, all of which play crucial roles in many aspects of mammalian
development, including stem cell self-renewal and differentiation and neurodevelopment
(Davis et al., 2008; Li, 2002; Li and Zhao, 2008; Smith and Meissner, 2013; Yao and Jin,
2014). Among these epigenetic marks, methylation of the fifth position of cytosine (5-
methylcytosine, 5mC), which exists symmetrically at CpG dinucleotides, is one of the best
characterized and is involved in the regulation of gene transcription (Smith and Meissner,
2013). Methylation to 5mC is catalyzed by the “writers,” DNA methyltransferases
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(DNMTSs), which either maintain cytosine methylation during DNA replication (e.g.,
DNMT1) or methylate DNA de novo during development (e.g., DNMT3A and DNMT3B).
5mC is then recognized by the “readers,” methyl-CpG binding protein 2 (MeCP2) and
methyl-CpG-binding domain proteins 1-4 (MBD1-4) (Bogdanovic and Veenstra, 2009;
Hendrich and Bird, 1998; Jones and Liang, 2009; Okano et al., 1999).

For decades, 5mC was thought to be the only epigenetic mark on DNA. Despite being
reported decades earlier in bacteria (Wyatt and Cohen, 1953) and mammals (Penn et al.,
1972), the importance of 5-hydroxymethylcytosine (5hmC), another modified DNA base,
went unrecognized until 2009, when two independent research teams demonstrated the
presence of 5hmC in mouse Purkinje neurons and embryonic stem cells (ESCs) (Kriaucionis
and Heintz, 2009; Tahiliani et al., 2009). Conversion of 5mC to 5hmC is catalyzed by the
5hmC “writers,” the novel ten-eleven translocation (Tet) protein family (Ito et al., 2011).
5hmC is also recognized by its own dynamic binding proteins (5hmC “readers”) (Spruijt et
al., 2013). 5hmC plays an essential role in DNA demethylation since it can be further
oxidized by Tet proteins to produce 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC),
which are quickly removed from the genome by thymine-DNA glycosylase (TDG) to
initiate base excision repair (BER) (He et al., 2011; Ito et al., 2011; Maiti and Drohat, 2011).

5hmC is highly enriched in the central neural system (CNS). For example, 5hmC levels in
the brain are approximately ten-fold higher than in ESCs (Globisch et al., 2010). Using the
5hmC-selective chemical-labeling approach, we and others have determined the unique,
conserved patterns of 5ShmC expression in the mouse cerebellum and hippocampus. We
found that 5hmC is depleted along the X chromosome, but accumulates at intragenic- and
exon-enriched loci, and that regulation of 5ShmC may play a role in neurological disorders
(Song et al., 2011; Szulwach et al., 2011). 5hmC is now recognized as an important
epigenetic mark in developmental and neurological disease and is the subject of many new
studies. Here, we summarize recent progress in 5hmC research and discuss the role of 5hmC
in neurodevelopmental and neurodegenerative disorders.

Generation, distribution and roles of 5hmC

Tet proteins generate 5hmC

The Tet protein family (the 5ShmC “writers”) consists of three proteins: Tetl, Tet2, and Tet3.
These are 2-oxoglutatate (20G)- and Fe(l1)-dependent dioxygenases that oxidize 5mC to
5hmC using alpha-ketoglutarate as a cosubstrate (Ito et al., 2010; Pastor et al., 2013;
Tahiliani et al., 2009). Tetl and Tet2 are highly expressed in ESCs, while Tet3 is present
mostly in oocytes (Gu et al., 2011; Koh et al., 2011; Moran-Crusio et al., 2011). The Tet
proteins share a conserved catalytic cysteine-rich domain in the C-terminus, while Tetl and
Tet3, but not Tet2, also contain a CXXC zinc finger domain in the N-terminus (Wu and
Zhang, 2011). Although CXXC domains in DNMT1 and MBD1 are known to bind to
unmethylated CpGs, the function of Tet CXXC domains is more complex (Frauer et al.,
2011; Xu et al., 2011; Zhang et al., 2010). The CXXC domain of Tet3 has been found to be
critical for targeting Tet3 to specific gene promoters, where Tet3 regulates the 5mC/5hmC
status (Xu et al., 2012). In contrast, due to a gene triplication and subsequent inversion, the
Tet2 gene has been split into two segments, such that the CXXC domain is encoded by a
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distinct gene, IDAX (also known as CXXC4) (lyer et al., 2011; lyer et al., 2009). In this
case, IDAX binds unmethylated CpGs and recruits Tet2 to DNA (Ko et al., 2013).

Cell- and tissue-specific levels of 5ShmC

In the initial studies of 5hmC in 2009, which used thin-layer chromatography and mass
spectrometry, the total amount of 5hmC was estimated to account for 0.6% of all nucleotides
in Purkinje neurons (40% of 5mC levels) and 0.03% in mouse ESCs (7% of 5mC levels)
(Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). Since then, several new approaches
for detecting 5ShmC have been developed, allowing our lab and others to investigate the
precise genome-wide distribution of 5ShmC (Pastor et al., 2011; Song et al., 2011; Wu et al.,
2011). These analyses have revealed that, unlike the relatively equal distribution of 5mC
between different cell types, the overall 5hmC level varies widely between cell types and
tissues (Nestor et al., 2012; Pastor et al., 2011). In addition, certain tissue-specific stem cells
dynamically acquire 5hmC and 5mC during differentiation. For example, 26,044
dynamically hydroxymethylated loci (DhMLs) and 16,123 dynamically methylated loci
(DMLs) were uncovered during the differentiation of human ESCs into neuronal progenitor
cells (NPCs) (Kim et al., 2014).

Genomic distribution of 5hmC

The distribution of 5hmC across the genome in mouse brain has been explored by our group
and others. It is particularly abundant in synaptic genes with a tissue-specific differential
distribution at exon-intron boundaries, pointing to a possible additional role for 5hmC in
RNA splicing in brain (Khare et al., 2012). In human and mouse ESCs, on the other hand,
5hmC is located mostly in gene bodies, promoters, and enhancers (Ficz et al., 2011; Wu et
al., 2011). Enrichment of 5ShmC in gene promoters is generally associated with high gene
expression, which may be due to the function of 5hmC in overcoming 5mC-mediated gene
silencing (Ficz et al., 2011). However, it has been pointed out that the 5hmC levels in gene
bodies of ESCs are not simply correlated with gene expression levels; for instance, some
genes (e.g., housekeeping genes) with very low 5hmC levels in promoters and gene bodies
are highly expressed (Xu et al., 2011). Base-resolution 5hmC profile methods (0xBS-Seq
and Tet-assisted bisulfite sequencing) have provided more detailed information about the
location of 5hmC in ESCs and shown that 5hmC is enriched around, but not within,
transcription factor consensus motifs (Booth et al., 2012; Yu et al., 2012). Moreover, 5hmC
is consistently found to be enriched at euchromatin in both mouse ESCs and neuronal cells,
while 5mC gradually accumulates in the heterochromatin (Chen et al., 2014; Ficz et al.,
2011; Szulwach et al., 2011). Finally, 5ShmC is preferentially distributed at cis-regulatory
elements, and its enrichment is more significant in human ESCs than in mouse ESCs (Pastor
etal., 2011; Szulwach et al., 2011; Wu et al., 2011).

Molecular functions of 5hmC: demethylation and recruitment of chromatin binding
proteins
Because 5ShmC is converted from 5mC and can subsequently be oxidized to 5fC and 5caC
by Tet proteins, 5hmC has been recognized as an intermediate in the process of
demethylation. 5ShmC mediates demethylation by three distinct mechanisms: passive
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demethylation, DNA repair-based demethylation, and DNMT3-mediated demethylation.
Passive demethylation is the result of poor binding between 5hmC and UHRF1 (ubiquitin-
like, containing PHD and RING finger domain 1). Together, DNMT1 and its partner,
UHRF1, are responsible for DNA methylation maintenance (Bostick et al., 2007; Sharif et
al., 2007). The presence of 5hmC interferes with the maintenance of DNA methylation
patterns due to the poor binding efficiency between 5hmC and UHRF1 relative to that
between 5mC and UHRF1; this may result in a failure of DNMTL1 recruitment (Frauer et al.,
2011; Hashimoto et al., 2012) (Fig. 1a). 5hmC is also a critical component of DNA repair-
based DNA demethylation. 5fC and 5caC, which are derived from 5hmC, can be excised by
TDG, triggering DNA base excision repair (BER) to generate an unmethylated cytosine (He
etal., 2011; Ito et al., 2011; Maiti and Drohat, 2011). Alternatively, 5hmC can be
deaminated to 5-hydroxyuracil (5hmU) by AID (activation-induced cytidine deaminase) and
APOBEC (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide), and
subsequently removed by SMUGL1 (single strand-selective monofunctional uracil DNA
glycosylase 1) or TDG-mediated BER (Fig. 1b) (Cortellino et al., 2011). Finally, a recent
study found that DNMT3A and DNMT3B have a dehydroxymethylation function in vitro
(Chen et al., 2012a). Whether this activity occurs in vivo and, if it does occur, how DNMT3-
mediated DNA demethylation affects gene regulation, are still unknown.

Given the fact that 5hmC is found at such high levels in brain and that dynamic 5hmC
readers have been identified, 5hmC is thought to be not merely an intermediate in DNA
demethylation. In support of this, it has been observed that once established, 5hmC in
mature neurons is maintained throughout adulthood (Chen et al., 2014). Data suggest that
5hmC plays an important role in the recruitment of chromatin-binding proteins and gene
expression. A key function of 5hmC in gene regulation is the modulation of the binding
between protein complexes and chromatin (Fig. 1c) (Spruijt et al., 2013). For example,
methyl-CpG-binding domain protein 3 (MBD3), which binds 5mC poorly, is reported to
bind 5ShmC-enriched regions in mouse ESCs (Yildirim et al., 2011). Binding of MBD3 to
chromatin is dependent on 5hmC; MBD3 appears to be important for the establishment or
maintenance of global 5hmC through an interaction with Tet proteins (Yildirim et al., 2011).

The role of 5hmC in neuronal development

As has previously been reviewed, 5mC plays an essential role in neurogenesis in both
developing and adult brains (Hirabayashi and Gotoh, 2010; Ma et al., 2010). However, less
is known about the functions of 5ShmC. The very high 5hmC levels in brain suggest that
5hmC is essential for proper neurodevelopment and that disruption of this system could play
arole in neurological diseases. Indeed, we previously reported the marked acquisition of
5hmC in mouse neuronal cells from postnatal neurodevelopment through adulthood
(Szulwach et al., 2011). The subsequent genome-wide analyses of 5ShmC distribution in
human cerebellum further revealed conserved characteristics of 5hmC in mammals
(Szulwach et al., 2011). Furthermore, we identified fetus-specific and adult-specific DhMLs
in the human cerebellum, which were enriched within exons and 5" UTR regions;
interestingly, fetus-specific DhMLs associated more strongly with TSSs than the adult-
specific DhMLs (Wang et al., 2012). Specifically, we found that during development,
DhMLs were highly enriched in genes encoding mRNAs that are regulated by fragile X
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mental retardation protein (FMRP), a RNA-binding protein that can inhibit mMRNA
translation and is associated with fragile X syndrome (FSX) and autism spectrum disorder
(ASD). We have also reported an enrichment of intragenic 5hmC and an age-dependent
acquisition of this modification in genes linked to neurodegenerative disease (Song et al.,
2011; Szulwach et al., 2011). In addition, a recent study found that the distribution and
localization of 5mC and 5hmC within chromatin, as well as interactions with 5mC- and
5hmC-binding proteins, changed throughout development and that these changes parallel
neuronal differentiation and development (Chen et al., 2014). Consistent with the idea that
5hmC contributes to neuronal differentiation, a subset of 5hmC-binding proteins are
specifically expressed in NPCs or brain, suggesting that 5ShmC-mediated effects on gene
regulation may be cell type- and tissue-specific (Spruijt et al., 2013). Taken together, these
data suggest that the patterns of 5hmC acquired throughout development are critical for
normal neurodevelopment and neurological function in the adult brain and that
dysregulation of 5hmC may contribute to neurodevelopmental disorders or
neurodegenerative diseases. In the sections below, we summarize and discuss the roles of
5hmC in selected neurodevelopmental and neurodegenerative disorders.

Roles of 5hmC in neurodevelopmental disorders

Rett syndrome

Rett syndrome (RTT) is a progressive neurodevelopmental disorder that causes mental
retardation that affects females almost exclusively, with an incidence of 1/10,000 to
1/15,000 (Amir et al., 1999). In 1999, mutation of the gene MeCP2, which encodes X-linked
methyl-CpG binding protein 2 (MeCP2), was revealed to be the primary cause of RTT.
Because this is X-linked, mutation of MeCP2 in males is usually lethal (Amir et al., 1999).
RTT was once thought to be an irreversible neurodevelopmental disease; however,
activation of MeCP2 expression has successfully rescued the RTT phenotype in mice,
suggesting that this is a feasible therapeutic target for the treatment of RTT in people (Castro
et al., 2013; Giacometti et al., 2007; Guy et al., 2007).

As its name implies, MeCP2 binds 5mC (Lewis et al., 1992); interestingly, MeCP2 also
binds 5hmC (Mellen et al., 2012). Mutation of MeCP2 interferes with normal regulation of
5mC and 5hmC. For example, our lab has previously found that the gene dosage of MeCP2
in mouse cerebellum is negatively correlated with the amount of global 5hmC and that
complete loss of MeCP2 increased intragenic and transposable element—associated 5hmC
(Szulwach et al., 2011). However, loss of MeCP2 leads to a specific reduction of 5hmC at
DhMLs, pointing to different MeCP2 mechanisms at epigenetically dynamic and stable
regions (Szulwach et al., 2011). Mellen et al. (2012) proposed a new MeCP2-5hmC-
mediated model of cell-specific regulation of chromatin structure and gene expression. This
model requires a high 5hmC:5mC ratio within the bodies of the expressed genes and
occupation of 5hmC-binding sites by MeCP2 (Table 1). The specific contribution of these
factors varyies between cell types, indicating MeCP2-5hmC-mediated gene regulation could
be cell- and tissue-specific. These observations clearly indicate there is an interaction
between MeCP2 and 5hmC that likely plays an important role in Rett syndrome.
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Further study is required to answer questions raised by this MeCP2-5hmC model of RTT.
First, RTT patients carrying different mutations in MeCP2 present with a varying severity of
a subset of symptoms. For example, RTT patients with mutation R133C, which
preferentially impairs the binding between MeCP2 and 5hmC, present with a milder form
characterized by delayed onset of regression, milder speech and motor deficits, and less
severe feeding difficulties compared to patients with other mutations (Bebbington et al.,
2008). It is not clear how the functional differences caused by these mutations result in these
varied clinical features. Second, the binding of MeCP2 to 5hmcC is recognized as an
important step in decoding 5hmC in the CNS (Mellen et al., 2012). MeCP2 interacts with
both 5mC and 5hmC, and it is still unclear how these two pathways interact to affect gene
regulation. Analyzing the relationships between MeCP2, 5mC, and 5hmC in glial cells,
which were recently found to play important roles in mouse models of RTT (Derecki et al.,
2012; Lioy et al., 2011), may help to clarify the mechanism.

Autism spectrum disorders

Autism spectrum disorders (ASDs) comprise a clinically heterogeneous group of disorders
that share the common features of impaired social relationships, impaired language and
communication, and a limited range of interests and behavior (Kelleher and Bear, 2008).
Although there is significant overlap between autism and other developmental disorders, the
deficient social relationships distinguish ASDs from other developmental disorders (Rapin
and Tuchman, 2008).

Only a few studies have explored the role of 5hmC in autism. Our lab examined 5hmC
levels in the developing human cerebellum and found that overall 5hmC levels increased
during development (Wang et al., 2012). Comparisons of 5hmC enrichment on all UCSC
RefSeq genes, fragile X mental retardation protein (FMRP) target genes, and autism
candidate genes revealed that, during development, DhMLs are highly enriched in genes
regulated by FMRP or disrupted in autism, demonstrating that genes involved in autism are
normally regulated by 5ShmC (Wang et al., 2012). In addition, a recent study reported
evidence of a MeCP2-5hmC-mediated pathway in ASD (Zhubi et al., 2014). This study
found enrichment of 5ShmC and increased recruitment of MeCP2 at the promoters but not the
gene bodies of GAD67 (glutamic acid decarboxylase 67) and RELN (reelin), two genes
downregulated in ASD, resulting in downregulation of these two genes in human cerebellar
samples (Table 1). These findings support a MeCP2-5hmC-mediated pathway in ASD and
underscore the importance of 5hmC in neurodevelopmental disorders.

Schizophrenia and psychotic disorders

Schizophrenia affects about 1% of the population; symptoms include psychosis, loss of drive
and volition, and neurocognitive deficits and the precise diagnosis (schizophrenia or
psychatic disorders) depends on the combination of symptoms present (van Os and Kapur,
2009). Diagnosis typically occurs in the 20s, with males presenting with diagnostic
symptoms about five years earlier than females (Lewis and Levitt, 2002; van Os and Kapur,
2009). While many environmental and genetic factors have been identified, the specific
causes of this disorder remain unknown. Recently, schizophrenia has been recognized as a
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neurodevelopmental disorder that begins earlier than the presentation of diagnosable clinical
symptoms (Lewis and Levitt, 2002).

In recent years, a role of epigenetic modifications in schizophrenia has been recognized
(Grayson and Guidotti, 2013; Labrie et al., 2012). Recently, Dong et al. (2012) observed an
increase of Tetl (but not Tet2 or Tet3) mMRNA and protein in the parietal cortices of
psychatic patients (schizophrenia and bipolar disorder), which accompanied an increase in
genome-wide 5hmC and in the promoters of GAD67 and BDNF (brain-derived neurotrophic
factor), two genes known to be downregulated in schizophrenia (Table 1). They also
reported decreased expression of APOBEC3A and APOBEC3C in the cortex of psychotic
patients, suggesting that the impairment of the demethylation pathway may cause the
observed increase in genome-wide 5hmC in schizophrenia (Dong et al., 2012).
Dysregulation of the demethylation pathways is supported by the finding that GADD45b,
which is thought to coordinate the demethylation process by recruiting deaminases and
glycosylases to promoters, is increased in the parietal cortex of psychotic subjects (Barreto
et al., 2007; Cortellino et al., 2011; Gavin et al., 2012; Rai et al., 2008; Schmitz et al., 2009).
These studies highlight a previously unrecognized role for hydroxymethylation and the
demethylation pathway in the etiology of schizophrenia and psychotic disorders. Further
study is needed to expand on these findings.

Fetal alcohol spectrum disorder

Maternal consumption of alcohol during pregnancy severely affects the developing fetus,
leading to various degrees of developmental deficits and growth retardation, including but
not limited to fetal alcohol syndrome (FAS). The prevalence of FAS is between 0.5 and 2
per 1,000 live births worldwide (May and Gossage, 2001). Children with FAS suffer from a
range of neurodevelopmental deficits, including memory impairment, learning deficits, and
affective disorders (Kodituwakku, 2009). Recently, FAS has been re-categorized into a
broader class, termed fetal alcohol spectrum disorders (FASD) (Kodituwakku, 2009).

Alcohol directly influences DNA methylation by inhibiting synthesis of methionine,
resulting in the decreased production of SAM (S-adenosylmethionine), the cosubstrate for
DNMT-mediated methylation of cytosine (Bonsch et al., 2006; Resendiz et al., 2013). A
recent immunocytochemistry-based study of the normal pattern of DNA methylation and
hydroxymethlation throughout development found that alcohol exposure can delay the
acquisition of proper patterns of these DNA modifications (Chen et al., 2013) (Table 1).
Alteration of these DNA methylation programs by alcohol interferes with hippocampal
neuronal differentiation and maturation and these changes are correlated with developmental
retardation (Chen et al., 2013). Together, these results indicate that alcohol affects 5mC and
5hmC during neuronal differentiation, although further studies are required to investigate the
mechanism by which alcohol affects these DNA methylation programs in FASD.

Roles of 5hmC in neurodegenerative disorders

Alzheimer's disease

Alzheimer's disease (AD), a neurodegenerative disease characterized by a progressive
decline in cognitive functions, is the most common neurodegenerative disease, with more
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than 15 million people affected worldwide (Blennow et al., 2006). Loss of neurons and
synapses is typically observed in the cerebral cortex and certain subcortical regions in AD
patient brains, and this loss results in severe atrophy of the affected regions, including
degeneration in the temporal/parietal lobe, and parts of the frontal cortex and cingulate gyrus
(Wenk, 2003). More than 90% of AD is late onset, with an age of onset of 60-65 years or
older, and most of these cases are sporadic (Bekris et al., 2010). Early-onset AD begins
before the age of 60, and most early-onset AD cases are familial (Bekris et al., 2010). The
exact causes of sporadic AD are unknown, but it has been suggested that alterations in
epigenetic processes caused by environmental risk factors could be involved in its
pathophysiology (Bihagi et al., 2012; Irier and Jin, 2012).

As discussed above, we have reported a potential role for 5hmC in age-related disease (Song
etal., 2011; Szulwach et al., 2011). Interestingly, despite the fact that many changes in the
brain associated with aging are due to oxidative stress, the aging-associated increase of
hippocampal 5hmC in mice appears to be independent of oxidative stress and may be caused
by changes in the activity, but not expression levels, of Tet proteins (Chen et al., 2012b). An
earlier study suggested that a variety of epigenetic marks, including 5mC, and DNMT1 are
reduced in AD brains (Mastroeni et al., 2010). However, more recently, Coppieters et al.
(2013) found a significant increase in 5mC and 5hmC in the middle frontal gyrus and middle
temporal gyrus of AD brains (Table 1). In addition, these increased global levels of 5mC and
5hmC were positively correlated with each other and with markers of AD, including
amyloid beta, tau, and ubiquitin load. Furthermore, a recent study ascertained epigenetic
changes during AD progression by analyzing the hippocampus and parahippocampal gyrus
of preclinical AD and late-stage AD patients and found significantly increased levels of
Tetl, 5mC, and 5hmC, but decreased 5fC and 5caC levels (Bradley-Whitman and Lovell,
2013). The reasons for the differences among these studies are not clear. One potential
explanation is that different brain regions were used in these studies and the levels of 5mC
and 5hmC could vary between brain regions. These altered patterns of methylation in
vulnerable brain regions prior to the onset of clinical symptoms lend further support to a role
for DNA methylation in general, and 5hmC specifically, in the pathogenesis of AD.

Fragile X-associated tremor/ataxia syndrome

Clinically distinct from fragile X syndrome (FXS), fragile X-associated tremor/ataxia
syndrome (FXTAS) is a late-onset (50-70 years old) neurodegenerative disorder associated
with deficits in movement, memory, and the autonomic nervous system (Hagerman et al.,
2004; Hagerman et al., 2001). Individuals with premutation alleles of the fragile X mental
retardation-1 (FMR1) gene (55-200 CGG repeats) do not develop fragile X syndrome;
however, a subset of male carriers develops FXTAS (Hagerman et al., 2004; Jacquemont et
al., 2004).

Much of our current understanding of epigenetic mechanisms in FXTAS comes from the
rCGG mouse model; these mice overexpress human rCGG repeats in the 5 UTR of the
FMRL gene in Purkinje cells, causing intranuclear inclusions in Purkinje cells, Purkinje
neuron cell death, and associated behavioral deficits (Hashem et al., 2009). Our lab recently
investigated genome-wide 5hmC in this mouse model (Yao et al., 2014). Our analysis
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revealed that rCGG mice at 16 weeks of age showed an overall reduction in genome-wide
5hmC levels compared with age-matched wild-type littermates. In contrast, we identified
regions enriched for 5hmC in these mice, specifically in cerebellum-specific, but not
general, enhancers (Table 1). Furthermore, the DhMLs identified were highly correlated
with genes and transcription factors important in neuronal development and neuronal
function, including XBP1, AhR, and USF1/2 (Chen et al., 2003; Hayashi et al., 2007;
Williamson et al., 2005). Accordingly, it seems that the presence or absence of 5hmC
contributes to FXTAS pathogenesis by directly affecting these transcription factor binding
sites. However, we still do not know the precise mechanism by which specific genes gain or
lose 5hmC, and further research is needed to uncover these mechanisms.

Huntington's disease

Huntington's disease (HD) is an autosomal dominant, progressive neurodegenerative
disorder characterized by chorea and dystonia, loss of coordination, cognitive decline, and
behavioral problems, with a typical onset in middle age (Walker, 2007). The disease is
caused by an expanded trinucleotide (CAG) repeat in the huntingtin gene that encodes a
polyglutamine tract in the N-terminus of the huntingtin protein, resulting in a toxic gain of
function that leads to HD (Tobin and Signer, 2000). Studies have explored epigenetic
mechanisms in HD in the ADORA2A gene. ADORAZ2A encodes the adenosine A, receptor
(AoaR), a G-protein-coupled receptor that is highly expressed in basal ganglia; expression
levels of AyaR are severely reduced in HD (Glass et al., 2000). A recent study found that
reduced expression of the A;aR receptor in the putamen of HD patients was associated with
reduced 5hmC levels, but increased 5mC levels, in the 5’UTR region of ADORA2A (Villar-
Menendez et al., 2013) (Table 1). The same study found slightly different results in the R6
mouse model of HD, which is transgenic for the 5' end of the huntingtin gene, with
approximately 120 +/- 5 repeat expansions (Mangiarini et al., 1996). In these mice, the
striatal expression of A,aR receptor was also reduced; there was no change in 5mC or
5hmC in the 5’UTR region of ADORA2A in old mice, but 5hmC was reduced in younger
mice. Reductions in 5hmC were also noted in exon m2. This location spans an exon-intron
boundary, suggesting that 5ShmC changes may be affecting ApaAR mMRNA splicing, leading to
reduced expression (Khare et al., 2012).

Wang et al. (2013) also reported a genome-wide loss of 5hmC in striatum and cortex of the
YAC128 (yeast artificial chromosome transgene with 128 CAG repeats) HD mouse model.
The authors speculated that significant downregulation of the 5ShmC writers, Tet2 and Tet3,
and upregulation of the 5hmC reader, MeCP2, could be responsible for this loss of 5hmC.
Significant loss of these proteins was seen in striatum, but not cortex, pointing to tissue-
specific mechanisms of 5ShmC reduction. A possible alternative mechanism is suggested by
the decreased Tetl expression in both striatum and cortex. Further, the expanded huntingtin
protein is known to bind DNA directly (Benn et al., 2008), raising the possibility that it can
act directly in the epigenetic modification process. Together, these data from mouse and
humans implicate 5hmC in HD, but further research is required to determine the
mechanisms behind this relationship.
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Conclusions and outlook

Rapid advances in techniques for the detection of 5hmC have enabled us and others to
determine its precise global distribution, providing essential information for analysis of the
biological functions of 5hmC. These techniques have uncovered strong evidence for the
critical function of 5hmC in brain development and related neurological disorders. Not only
does 5hmC act as an intermediate in the DNA demethylation process, 5hmC-mediated
pathways are critical for gene regulation. Many studies have begun to investigate the role of
5hmC in neurodevelopmental and neurodegenerative disorders; however, mechanistic
studies of 5hmC-mediated processes are necessary. Moreover, there are other common
neurodevelopmental and neurodegenerative disorders, such as Down's syndrome and
Parkinson's disease, in which 5hmC has not been studied to date. Clearly, these ongoing and
future studies have great potential to improve our understanding of these
neurodevelopmental and neurodegenerative disorders.
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Figure 1. Biological roles of 5hmC in DNA demethylation and gene regulation
(a) The presence of 5hmC prevents the binding of UHRF1, inhibiting the recruitment of

DNMTs, and eventually leading to passive demethylation. (b) 5hmC can be further oxidized
or deaminated in the process of active demethylation with the help of 5ShmC-mediated
demethylation related proteins (5ShmC-MDRPs). (c) The levels of 5mC and 5hmC affect
which readers bind to DNA. 5mC-binding proteins (5mC-BPs) usually impair gene
transcription, while enriched 5hmC improves gene expression by modulating the binding
between 5hmC-binding proteins (5hmC-BPs) and chromatin.
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Table 1
Roles of 5hmC in neurodevelopmental and neurodegenerative disorders

Disease Epigenetic effect
Rett syndrome Disruption of MeCP2-5hmC binding (Mellen et al., 2012)
Autism spectrum disorders Altered 5hmC in and downregulation of GAD67 and RELN (Zhubi et al., 2014)
Schizophrenia Increased genome-wide 5hmC and downregulation of GAD67 and BDNF (Dong et al., 2012)
Fetal alcohol spectrum disorders Delayed acquisition of 5hmC and 5mC during development in the hippocampus (Chen et al., 2013)
Alzheimer's disease (AD) Increased 5ShmC in AD brains (Coppieters et al., 2013)
Fragile X-associated tremor/ataxia Enrichment of 5hmC specifically at cerebellar-specific enhancers (Yao et al., 2014)
syndrome
Huntington's disease Reduced 5hmC in 5’UTR of ADORA2A, possibly effecting splicing (Villar-Menendez et al., 2013);

downregulation of Tet proteins (Wang et al., 2013)
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