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Abstract: Chemical modifications of DNA comprise
epigenetic mechanisms that contribute to the maintenance
of cellular activities and memory. Although the function
of 5-methylcytosine (5-mC) has been extensively studied,
little is known about the function(s) of relatively rarer
and underappreciated cytosine modifications including
5-hydroxymethylcytosine (5-hmC). The discovery that ten-
eleven translocation (Tet) proteins mediate conversion of
5-mC to 5-hmC, and other oxidation derivatives, sparked
renewed interest to understand the biological role of
5-hmC. Studies examining total 5-hmC levels revealed the
highly dynamic yet tissue-specific nature of this modifica-
tion, implicating a role in epigenetic regulation and devel-
opment. Intriguingly, 5-hmC levels are highest during
early development and in the brain where abnormal pat-
terns of 5-hmC have been observed in disease conditions.
Thus, 5-hmC adds to the growing list of epigenetic modi-
fications with potential utility in clinical applications and
warrants further investigation. This review discusses the
emerging functional roles of 5-hmC in normal and disease
states, focusing primarily on insights provided by recent
studies exploring the genome-wide distribution of this
modification in mammals.
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Introduction

Recent advances in DNA sequencing technologies have
enhanced our understanding of the functional roles of
epigenetic modifications in fundamental cellular pro-
cesses, including DNA repair (1, 2) and replication (3),
nucleosome assembly (4), gene transcription (5), and
pre-mRNA splicing (6). For studying DNA methylation, a
variety of strategies have been developed that allows for
extensive characterization of the genome-wide distribu-
tion of DNA methylation states at nucleosomal to single-
nucleotide resolution, enabling more detailed analyses of
its local activity at specific regions throughout the genome
(7-11). However, the dynamic nature of DNA methyla-
tion as well as previously underappreciated variants of
the modification offers additional levels of complexity
to chromatin organization and function that warrants
further investigation.

Although 5-methylcytosine (5-mC) is a well-described
modification of DNA (12, 13), variants of DNA methyla-
tion including 5-hydroxymethylation (5-hmC) have only
recently been appreciated. Nearly four decades after its
discovery in mammals (14), 5-hmC was found to exist
in relatively high abundance in neurons and embryonic
stem cells (ESCs) (15), and produced through 5-mC oxi-
dation catalyzed by the Tet family of proteins (16). Soon
after, it was demonstrated that Tet can further oxidize
5-hmC to 5-formylcytosine (5-fC) and 5-carboxylcytosine
(5-caC) (17, 18). More recent studies revealed proteins that
specifically bind these oxidized derivatives of methylcy-
tosine and evidence of their involvement in facilitating
DNA demethylation (19, 20). However, improvements in
examining the genome-wide distribution of 5-hmC (21-23)
and its reported cell- and tissue-specific dynamics (24-27)
provide clues that it may exhibit additional activities.

Further investigation into the functional role(s) of
5-hmC in the genome is of considerable importance, as
abnormalities in the levels and genomic distribution
of 5-hmC has been described in several disease condi-
tions (28). In this Review, we speculate on emerging
functional roles of 5-hmC in normal and disease states,
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focusing primarily on insights provided by recent studies
exploring the genome-wide distribution of this modifica-
tion. Although important, we do not discuss in detail the
principles and challenges of DNA methylation assays,
including methods for detection of 5-hmC, and analyz-
ing/interpreting DNA methylation data as extensively
described elsewhere (29-31).

DNA methylation: a component of
the epigenome

The epigenome is comprised of covalent modifications
of DNA, post-translational modifications of histones that
package the DNA into nucleosomal units, the dynamic
deposition of histone variants, and the positioning of
these nucleosomes into higher-order chromatin structure
(32-34). Here, we focus on an important component of the
epigenome, DNA methylation, and a renewed apprecia-
tion for its diversity.

DNA methylation, in particular 5-mC, was identified
as a minor base in DNA (13, 35). The origin of this modi-
fication remained unknown until specific DNA methyl-
transferases (DNMTs) were isolated in bacteria (36) and
then a few years later in mammals (37). Now considered
the ‘writers’ of DNA methylation, DNMTs catalyze the
methyl group transfer from a universal methyl donor
S-adenosyl-L-methionine (SAM) to cytosine residues. In
mammals, DNA methylation occurs almost exclusively
within  5’-cytosine-guanine-3’ dinucleotides (CpGs),
although non-CpG methylation has also been observed
albeit less frequently (38, 39). DNA methylation influences
gene expression by affecting the binding of methylation-
sensitive DNA binding proteins and/or by interacting with
various modifications of histone proteins that alter DNA
accessibility (40, 41) and is generally associated with gene
silencing. However, the dynamics of DNA methylation
states and its tissue/cell type-specific distribution suggest
additional functional roles.

Dynamics of DNA methylation

In mammals, DNA methylation is particularly dynamic
during embryogenesis. Following fertilization, active
demethylation occurs in the paternal pronucleus (42, 43),
while the maternal chromosomes undergo passive dem-
ethylation that eliminates most, but not all, DNA meth-
ylation marks inherited from the gametes (44-46). After
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implantation, embryonic DNA methylation patterns are
established through lineage-specific de novo methyla-
tion that begins in the inner cell mass of the blastocyst
(44, 45, 47).

The role of these dynamic demethylation and remeth-
ylation processes during early development is not fully
understood. However, it has been proposed that genome-
wide demethylation during pre-implantation develop-
ment may lead to chromatin decondensation and thus
transcriptional activation of the zygotic genes essential for
early development and/or may facilitate reprogramming
of the genome through interacting with histone modifi-
cations and chromatin remodeling. In contrast, remeth-
ylation may be necessary to repress retrotransposons and
establish a global gene silencing state required for embry-
onic development (48). Such activities appear essential as
studies investigating the molecular mechanisms involved
in nuclear reprogramming have suggested that correct
DNA methylation patterns are required for successfully
reprogramming differentiated adult cells into pluripotent
embryonic stem cell like cells (49, 50). Although passive
demethylation is a well-understood process, the mecha-
nism of active demethylation, highlighted also by studies
of post-mitotic neurons [reviewed in (51)], remained
unclear until recently.

Role of 5-hmC in demethylation

Much excitement has been generated over the discovery
that the ten-eleven translocation (TET1, TET2, and TET3)
proteins facilitate the conversion of 5-mC to 5-hmC (16),
as this process could potentially provide a mechanism to
explain active demethylation. Tet proteins thus appear
to act as ‘editors’ of DNA methylation states. Considered
oxoglutarate- and iron-dependent dioxygenases, Tet pro-
teins co-localize with 5-hmC in mouse embryonic stem
cells, mammalian brain, and liver, supporting their role
in converting 5-mC to 5-hmC (18). Further oxidation of
5-hmC to 5-fC and 5-caC (21, 52) have been observed and
are thought to provide a possible mechanism for active
removal of methyl groups from CpGs. In support of this,
5-hmC levels are increased concurrently with the loss of
5-mC in the paternal pronucleus, when global demeth-
ylation occurs actively (53). It is thought that the removal
of 5-hydroxymethylated cytosines is facilitated by glyco-
sylases (16). Indeed, mammalian glycosylases, such as
thymine DNA glycosylase (TDG) and methyl-CpG-binding
domain protein 4 (MBD4) exhibit strong activity on T:G
mismatches that can be created through deamination of
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5-mC by cytidine deaminases of the activation-induced
cytidine deaminase (AID)/apolipoprotein B mRNA editing
enzyme, catalytic polypeptide (APOBEC) family (54).
Taken together with the discovery of 5-mC oxidation medi-
ated by TET enzymes, these studies reveal that 5-hmC may
serve as an intermediate to active DNA demethylation by
a two-step process that involves deamination followed by
mismatch repair [reviewed in (55)]. Interestingly, 5-hmC
may also contribute to passive loss of DNA methylation
as conversion of 5-mC to 5-hmC during replication inhib-
ited DNMT1 activity (56). New data suggest a potential for
DNMT-3A and -3B to directly catalyze conversion of 5-hmC,
and 5-mC, to cytosine under specific conditions (57),
providing another mechanism for active demethylation.
Although 5-hmC may be critical to DNA demethylation,
recent reports reveal there are specific proteins that ‘read’
this modification and hints at additional roles.

Readers of DNA methylation states are comprised
of proteins that preferentially bind methylated DNA and
recruit other chromatin-associated protein complexes.
They include, but are not limited to, methyl-binding
domain proteins (MBD) such as MeCP2 and its family
members (MBD1-4). Much of the functional role for DNA
methylation and what reader it recruits depends on its
distribution within the genome. At promoters, DNA meth-
ylation generally precludes transcription by blocking the
binding of transcriptional activators directly or indirectly
through the recruitment of methyl-binding proteins and
co-repressor complexes containing histone deacetylases
that cooperatively facilitates the formation of heterochro-
matin (58). However, genome-wide studies have revealed
that DNA methylation within gene bodies is far more
frequent than at promoters (5, 59—-61), playing a role in
tissue-specific alternative promoter usage (5). Preferen-
tial positioning of DNA methylation over exons compared
with introns (62-65) prompted speculation for its poten-
tial role in pre-mRNA splicing, which has been confirmed
by further studies (6, 66, 67). Interestingly, readers of DNA
methylation including MeCP2 and methylation-sensitive
proteins such as CTCF play roles in exon recognition and
alternative splicing (6, 66).

In addition to proteins that associate with methyl-
cytosine, recent studies have shown a number of poten-
tial readers of oxidized derivatives of methylcytosine (19,
20). RPL26, PRP8 and the DNA mismatch repair protein
MHS6 seem to have a preference for 5-hmC, whereas tran-
scriptional regulators (FOXK1, FOXK2, FOXP1, FOXP4 and
FOXI3), DNA repair factors (TDG and MPG) and chromatin
regulators (EHMT1, L3MBTL2 and all components of the
NuRD complex) have a strong preference for 5-fC (19), a
stable modification with highest levels observed in brain
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(68). Furthermore, some of these interactions are dynamic
during differentiation including the binding of Uhrf2 to
5-hmC containing DNA (20). That the oxidized derivatives
of methylcytosine recruit distinct transcription regulators
as well as a large number of DNA repair proteins implicate
DNA damage response as a major player in active DNA
demethylation and chromatin remodeling.

Tissue specificity of 5-hmC

Studies examining the total chromatin abundance of
5-hmC across mammalian tissue/cell types revealed early
clues into its dynamics and potential role. One such study
observed that 5-hmC comprises 0.6% of total nucleotides
in cerebellar Purkinje cells and 0.2% in granule cells,
with 5-hmC being ~40% as abundant as 5-mC in Purkinje
cells (15). Following this discovery, quantification of bulk
levels of 5-hmC found that it is relatively rare, with levels
varying by tissue from <0.1% to 0.7% of all cytosines glob-
ally (70) (Figure 1). Additionally, 5-hmC levels appeared to
be dynamic: levels in embryonic stem (ES) cells decreased
by ~40% upon differentiation, while levels increased in
cerebellum and hippocampus tissues (16, 22). Localiza-
tion of 5-hmC in mature neuronal cells, but not imma-
ture neurons, was also reported (22). Further evidence
of the connection between 5-hmC and neurodevelop-
ment was discovered in autism cerebellum, where 5-hmC
DNA hypermethylation was associated with increased
engrailed-2 (EN-2) expression, a gene normally downreg-
ulated in Purkinje cell maturation (71). Taken together,
these findings indicate a crucial role of 5-hmC in devel-
opment, particularly in the central nervous system where
the modification is most concentrated (70). Although,
the precise molecular function of 5-hmC remains incom-
pletely understood, new technologies enabling the
genome-wide mapping of 5-hmC states offer insight into
the potential functional activities of 5-hmC in normal and
disease conditions beyond its role as an intermediate in
active demethylation.

Genomic localization of 5-hmC and
potential functional roles

Prior challenges in distinguishing 5-hmC from 5-mC have
prevented fully elucidating its function. In particular,
widely used methods to probe 5-mC, such as bisulfite
sequencing and methylation-sensitive restriction diges-
tion, cannot discriminate between 5-hmCand 5-mC (72, 73).
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Figure 1: 5-Hydroxymethylcytosine levels relative to brain tissue.
Fold-change was calculated by dividing tissue total percent 5-hmC
by brain total percent 5-hmC.

HCT116 (a colon cancer cell line) showed ~9-fold decrease in 5-hmC
levels compared to normal colon tissue healthy colon. Data adapted
from Ref. (69).

Emerging approaches have largely overcome such
challenges [reviewed in Ref. (74)]. In addition, advances in
next generation sequencing (NGS) platforms have made
genomic sequencing affordable and applicable, even
leading to the first FDA approved NGS applications for the
clinic in 2013 (75). Coupled with NGS, data derived from
such innovative methods allow further insight into 5-hmcC.
While there are other methods of measuring 5-hmC, here
we focus only on those studies that apply NGS to spe-
cifically and directly examine the distribution of 5-hmC
genome-wide (Table 1).

The distribution of 5-hmC throughout the genome
appears specific. Although the studies listed here examine
different tissue/cell types and samples, a few common
features of the distribution of 5-hmC can be observed
that suggest that this modification may play a struc-
tural role in the organization of the genome. Studies in
mouse ES cells reported 5-hmC enrichment in gene-rich
regions, especially in and near transcriptional start and
end sites, gene bodies, and distal regions (31, 81, 82). Wu
et al. reported a majority of 5-hmC in intragenic and distal
intergenic regions (58% and 30%, respectively) (82), and
in the same year Song et al. reported concentrated 5-hmC
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in intragenic regions linked to neurodegenerative disease
(31). Additionally, L1 long interspersed nuclear element
(LINE1) subgroup displayed enriched levels of 5-hmC,
whereas intracisternal A-particle (IAP) regions returned
low amounts of hydroxymethylation (83). Booth et al.
posited that LINE1 and IAP trends could implicate 5-hmC
in the demethylation process of specific repeat classes, as
LINE1 elements are reprogrammed during preimplanta-
tion and IAPs remain unchanged (83). Genetic localization
in these elements and recent studies of 5-hmC patterns in
neuronal development support the notion that this modifi-
cation plays a structural role in vivo (26, 84). Indeed, it was
recently observed that 5-hmC concentrated at exon-intron
boundaries (85). We observed a similar pattern (Figure 2).
Related to its role in genome organization, a recent study
reported the enrichment of 5-hmC at bivalent domains, a
specific chromatin configuration thought to regulate gene
activity (86), implicating this epigenetic mark in gene reg-
ulation by potentially inducing ‘poised’ chromatin states
that dynamically modulate the levels and timing of gene
expression (87).

Given the general chromatin landscape of 5-hmC, we
speculate additional potentially novel functional roles for
the modification. In particular, the abundance of 5-hmC
at transcription end sites (TES) is substantially higher
than neighboring regions within genes (67). MeDIP-Seq
results of 5-hmC levels in brain tissue from our lab clearly
show depletion of the mark in transcription start sites
(TSS) and enrichment precisely over exons (Figure 2),
similarly to 5-mC distribution (5, 6). As has been described
for 5-mC (6), such exonic patterns of 5-hmC appears to be
a common observation (84, 85) and suggest it may play
a role in pre-mRNA splicing. In contrast to 5-mC where
depletion is typically observed (5, 29, 67), 5-hmC appears
significantly enriched at TES regions (67, 81-83) (Figure 2).
Although the functional role of 5-hmC at TES has not been
explicitly examined, integrating this distribution with
studies of RNA revealing tissue-specific transcription ini-
tiation near TES (88, 89) and novel post-transcriptional

Table 1: Genome-wide sequencing methods targeting 5-hmC modifications.

‘Seq’-assays DNA amount (ng) Enrichment Resolution Sequencing platform References
OxBS-Seq 100-1000 No 1bp Illumina (76)
TAB-Seq 500 No 1bp Illumina @7
JBP1-Seq 50 Yes 36-50 bp Illumina (78)
MeDIP-Seq 4000 Yes 200-400 bp Illumina (79)
MeDIP-Seq 5000 Yes 100 bp Illumina (80)
MeDIP-Seq 1000 Yes 50 bp lon Torrent 67)
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Figure 2: Genic and exonic distribution of 5-hmC in brain.
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Using antibodies specific for 5-hmC combined with a MeDIP-Seq method optimized for lon Torrent sequencing, we measured the distribution
of 5-hmCin postmortem human brain tissue. Reads from the sequenced library were mapped to the hg19 reference genome and read count
(per million mapped reads) is displayed +2 kb over TSS, gene bodies, and TES (left panel) and over canonical exons (right panel). Arrow

highlights area of 5-hmC enrichment at TES. Adapted from Ref. (67).

RNA methylation at 3’-UTRs (90) implicate additional
roles for 5-hmC in transcription and RNA methylation,
respectively. Additional biochemical and genetic assays
targeting 5-hmC and other variants are needed to substan-
tiate these potential roles.

Implications of 5-hmC in disease

Although the role of 5-hmC remains poorly understood,
alterations to the epigenome have been well studied in
the progression of cancer with the focus on 5-mC modi-
fications. Global DNA demethylation (loss of 5-mC or
‘hypomethylation’) is a hallmark of most cancer types (91,
92). DNA hypomethylation affects chromosome stability,
promoting translocations and deletions (93). Another
characteristic of cancer is DNA ‘hypermethylation’, typi-
cally occurring at tumor suppressor genes and is generally
associated with gene silencing (94). Over 700 mutations in
writers, editors, and readers of DNA methylation, histone
modifications, and chromatin remodeling were found
across multiple tumor types, highlighting the disturbance
of the epigenetic machinery in cancer (95). The advances
in sequencing technologies coupled with new methods to
examine different variants of DNA methylation genome-
wide has revealed insights into potential consequences to
changes in 5-hmC in cancer. Global 5-hmC levels were first
observed to be significantly decreased in solid tumors of
the colon and rectum (69) (compare colon with HCT116,
a colon cancer cell line in Figure 1). Later, this phenom-
enon was also observed in melanomas and myeloid leu-
kemia as a result of TET2 mutations (96, 97). Significantly,
expression of active TET2 in animal models re-establishes
5-hmC landscapes and suppresses melanoma growth in
animal models (96). The consequences of such extensive

changes in 5-hmC levels remain largely unknown, though
dysregulation of gene expression and genome stability are
suspected (24). Genome-wide methods are just beginning
to reveal that 5-hmC is redistributed in cancer, including
its aberrant enrichment at oncogenic promoters such as
GATAG6 (98), warranting further studies.

In addition to cancer (95), the role of 5-hmC in gene
regulation and neurodevelopment has led to the modifica-
tion being implicated in a wide range of diseases including
Rett syndrome and Fragile X syndrome (28), among others
(Table 2). Investigators have also observed epigenetic per-
turbations in neurodegenerative diseases such as Hunting-
ton’s and amyotrophic lateral sclerosis (ALS) [reviewed
in Ref. (109)] and neurodevelopmental diseases such as
autism (99). Given that 5-hmC is enriched and dynamic
in neural tissue, abnormal differential hydroxymethyla-
tion in neurological diseases is perhaps not surprising.
Indeed, abnormal hydroxymethylation and Tet! expres-
sion was also observed in genes related to drug addiction
after cocaine use in mouse nucleus accumbens tissue,
implicating epigenetic mechanisms involving 5-hmC in
related pathologies (110). In support of this, a recent study
observed a link between increased levels of 5-hmC at the
EN-2 promoter and autism in postnatal cerebellum (71).
EN-2 expression represses transcription during fetal and
early postnatal development, while EN-2 downregulation
in later development is central to normal brain structure
(71). James et al. also reported increased TETI and TET3
expression coupled with decreased MeCP2 binding. The
investigators hypothesized decreased binding of repres-
sive MeCP2, presumably facilitated by increased 5-hmC,
contributed to EN-2 overexpression and abnormal devel-
opment. Recently, we reported that a mutation affecting
the activity of TetI on establishing 5-hmC resulted in dys-
regulation of genes involved in neural tube closure and
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Table 2: Human diseases and observed aberrant 5-hydroxymethylcytosine levels.?

Disease Observation References
Autism spectrum disorders Enrichment in autism related genes in cerebellar cortex (84, 99, 100)
Fragile X syndrome (FXS) Enrichment in FXS related genes in cortex (84)
Alzheimer’s disease Decrease or increase in the genome in hippocampus, cerebellum and cortex (101-105)
Huntington’s disease Decrease in 5" UTR region of ADORA2A in putamen (103, 106)
Amyotrophic lateral sclerosis Globalincrease in spinal cord (107)
Friedreich’s ataxia Increase in 5" GAA repeat region of FXN in cerebellum and heart (108)

2Adapted from Refs. (28) and (109).

contributed to craniofacial malformations in tuft mice
(111). Altogether, these studies implicate a role for 5-hmC
in disease and suggest that 5-hmC may be a useful clinical
marker of diseases depending on its genomic localization.
We anticipate further, more precise mechanistic insight
into the role of 5-hmC as improvements in evaluating
DNA methylation states genome-wide are currently being
investigated (112).

Conclusion

Relative to 5-mC, the 5-hmC variant of DNA methylation
remains poorly understood. To date, studies have indi-
cated that 5-hmC not only serves as a DNA demethylation
intermediate but functions as a stable epigenetic mark that
is read by specific chromatin-associated proteins. Indeed,
5-hmC, as well as other oxidative derivatives of 5-mC, can
be stable (68). The enrichment of 5-hmC over gene bodies,
certain promoters, and transcription factor binding sites
integrated with transcriptomic data offer suggestive, mul-
tiple roles for 5-hmC in regulating gene expression poten-
tially via influencing transcription initiation, pre-mRNA
splicing, and/or RNA methylation. As current evidence
reveal correlative relationships, the precise mechanism
by which 5-hmC may play a role in these critical cellular
activities remains under investigation. Meanwhile, abnor-
malities in the levels and distribution of 5-hmC in the
context of disease conditions are only now being recog-
nized and described, briefly reviewed here. Although we
have speculated on a few potential roles, we have yet to
understand the consequences of perturbations to 5-hmC
in the genome. We anticipate more precise mechanistic
insight into the role(s) of 5-hmC as single-cell analysis of
DNA methylation states genome-wide advance. Single-
cell genome sequencing has been reviewed recently (113),
with the promise of new knowledge informing future
diagnostic and therapeutic strategies of epigenetic-based
diseases.
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List of abbreviations

5-hmC  5-hydroxymethylcytosine
5-mC 5-methylcytosine
5fC 5-formylcytosine

5caC 5-carboxylcytosine

TET ten-eleven translocation methylcytosine dioxygenase
DNMT  DNA methyltransferase

SAM S-adenosyl-L-methionine

NGS next generation sequencing

CpG cytosine-phosphate-guanine
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