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Abstract: DNA methylation is a major epigenetic regulatory mechanism for gene expression and cell differentiation. Until recently, it
was still unclear how unmethylated regions in mammalian genomes are protected from de novo methylation and whether or not active
demethylating activity is involved. Even the role of molecules and the mechanisms underlying the processes of active demethylation
itself is blurred. Emerging sequencing technologies have led to recent insights into the dynamic distribution of DNA methylation dur-
ing development and the role of this epigenetic mark within a distinct genome context, such as the promoters, exons, or imprinted
control regions. This review summarizes recent insights on the dynamic nature of DNA methylation and demethylation, as well as the
mechanisms regulating active DNA demethylation in mammalian cells, which have been fundamental research interests in the field of
epigenomics.
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Introduction
One of the most remarkable properties of complex
genomes is their capacity to generate a range of dif-
ferent cell types with a set of identical genome in a
highly ordered and reproducible manner. How this
happens has intrigued geneticists and developmental
biologists alike and has helped spur recent advances
in epigenomics/epigenetics.! Whereas the term epig-
enomics describes the analysis of epigenetic changes
across many genes in a cell or throughout an entire
organism, epigenetics centers on processes that regu-
late how and when specific genes are turned on and
turned off. The regulation of gene expression in many
biological processes involves several different types
of epigenetic mechanisms. These mechanisms, such
as DNA methylation and histone modification, have
been recognized for a long time and they are intri-
cately interconnected. Some of these processes, such
as the formation of microRNA, have only recently
been discovered. Genomic imprinting, gene silenc-
ing, X chromosome inactivation, position effects,
reprogramming, and the progress of carcinogenesis
are all known epigenetic processes. By definition,
RNA splicing, RNA editing, and prions also can be
included as epigenetic mechanisms for gene regulation.
These regulatory mechanisms for modulation of
gene function are multifaceted and complex. This com-
plexity is presented by the dynamic nature of chroma-
tin structure, and the nature of functional information
in the genome. Epigenomic remodeling modulates
the access to DNA by the functional elements of cells
such as transcription and DNA replication machinery
in response to different upstream signals. These epig-
enomic processes are critical for transcription and
other DNA-related processes such as DNA replica-
tion and repair. The intrinsic worth of epigenetic reg-
ulation of gene expression is twofold. First, this type
of regulation determines up- or down-regulation and
the scope of gene responses to the activation of dif-
ferent signaling pathways. Second, epigenetic mecha-
nisms contribute to stable, cell-type-specific patterns
of gene activities (silencing or activation).? Despite
the fact that ‘epigenomes’ of humans® and of other
species have been extensively studied, we still know
relatively little about how different gene expression
patterns initially segregate in the developing embryo
or how they are stably transmitted through cell divi-
sion. In particular, the molecular details of the template

mechanisms that duplicate epigenetic marks through
DNA replication remain uncertain.

DNA methylation is one of the most studied epi-
genetic modifications. Methylation of DNA at posi-
tion 5 of the cytosine ring (5-methylcytosine, SmC)
occurs at most CpG dinucleotides in the mammalian
genome. Approximately 70 to 80% of cytosine in
CpG dyads is methylated on both strands in human
somatic cells. The patterns of DNA methylation are
non-random, well regulated and tissue-specific. Epi-
genetic information encoded by 5-methylcytosine
(5mC) has an overwhelming impact on mammalian
development and human diseases.* The functional
importance of DNA methylation is consistent with the
pattern of DNA methylation.” Genome-wide analyses
of the relationship between development or cell func-
tions and epigenomic landscapes, as well as the inter-
actions among different epigenomic mechanisms,
have been exploring large volumes of new informa-
tion about the functional implications of epigenetic
processes. Emerging sequencing technologies have
led to recent insights into the dynamic distribution of
DNA methylation during development and the role
of this epigenetic mark within a distinct genome con-
text, such as the promoters, exons or imprinted control
regions. However, one of the most fundamental areas
of recent research interest is the active demethylation
of 5SmC in mammalian cells.

Passive and Active DNA

Demethylation

DNA demethylation can be achieved either pas-
sively, by simply not methylating the new DNA
strand after replication, or actively, by a replication-
independent process. Passive demethylation most
likely occurs during mammalian development and cell
differentiation, mainly in the maternal genome during
pre-implantation growth. In mice, remarkable repro-
gramming with waves of demethylation and then
remethylation occur in germ cells and early embryos.°
After fertilization, the maternal genome undergoes
passive, replication-dependent demethylation during
subsequent cleavage divisions, whereas most of the
paternal genome is rapidly demethylated before DNA
replication begins, signifying active enzymatic dem-
ethylation.” This active demethylation of the pater-
nal genome probably is associated with epigenetic
remodeling of sperm chromatin, so as to establish
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parent-specific developmental programs during early
embryogenesis.” After implantation, global de novo
methylation re-establishes the DNA methylation
patterns that will be maintained in somatic tissues.
In addition to these genome-wide changes, gene-
specific de novo methylation and demethylation also
take place during lineage-specific differentiation.® It
has been established that DNA methyltransferases 3A
(DNMT3A) and 3B (DNMT3B) are responsible for
de novo methylation in early development,” and once
a DNA methylation pattern is established, DNMT1
is responsible for faithful maintenance of the DNA
methylation pattern through cell divisions.’
Imprinted genes are one class of genes that criti-
cally depend upon epigenetic modifications for correct
expression, and many imprinted genes have roles in
controlling fetal growth as well as neonatal and adult
metabolism. Imprinted genes have been considered a
potential target or mediator of programming events.'*!!
Because epigenetic marks such as DNA methylation
or histone tail modifications could provide a persis-
tent memory of earlier nutritional states, it has been
intensively studied whether expression of imprinted
genes is altered in a paradigm of developmental pro-
gramming and whether this is associated with altered
methylation of their differentially methylated regions
(DMRs). Using an established mouse model of devel-
opmental programming that employs protein restric-
tion of maternal diets during gestation or lactation, one
study found that although changes in the expression
level of imprinted genes can be detected in the liv-
ers of offspring from dietary-restricted female mice,
DMR methylation appears to be robust.!” However, in
contrast, another study in sheep'? found that expression
analysis of 9 imprinted genes and 3 DNA methyltrans-
ferase (DNMTs) genes showed significant effects from
the different maternal diets on the expression of these
genes, as well as the methylation levels of CpG islands
of both IGF2R and H19 in fetuses of both males and
females. Apparently, the amount of methylation could
be caused by a combination of undermethylation of
DNA, or could be the result of highly dynamic and
sometimes opposing demethylation or de novo methy-
lation processes in parental genome.!* This de novo
DNA methylation and demethylation machinery is
tightly regulated in a dynamic manner. Once estab-
lished, the patterns of methylation can be maintained
in a stable manner over the lifetime of the organism.

However, during aging and as part of the disease
process, DNA methylation modulation can occur and
is tightly regulated using complex machinery.'*

Early studies indicated that demethylation is an
active event, which does not take place passively as
a result of DNA replication in the absence of methy-
lation maintenance. It was initially established that
DNA hypomethylation can arise without replica-
tion by analysis of methylation changes in the delta-
crystallin genes of the chicken lens. During embryonic
development, a large fraction of cells in the lens stops
dividing as part of the differentiation process. Shortly
after this stage, the delta-crystallin genes in samples
of the whole lens become hypomethylated, suggest-
ing the possibility that this process might be occur-
ring in the subset of cells that is no longer dividing.
Since hypomethylation of these genes does occur in
post-mitotic lens cells, this result implicated an exci-
sion mechanism in this tissue."” For many years, the
biochemical mechanism of active demethylation
was unknown. Only over the past few years has the
enzymology of demethylation has been clarified.
With all these developments, we have come to realize
that DNA methylation is a dynamic equilibrium of
methylation and demethylation and not just a stable
DNA mark.

Dynamics of DNA Demethylation and
the DNA Demethylation Pathway

Although earlier studies implicated a rapid and active
mechanism independent of cell division in the dem-
ethylation of DNA,"'¢ the mechanism(s) that underlie
the active removal of methylation remain unidenti-
fied. The discovery of cytosine hydroxymethylation
(5hmC) suggested a simple means of demethylating
DNA.!"18 However, detailed DNA demethylation path-
ways indicate otherwise. Recent evidence'***?' has
lead to the postulation that DNA methylation and
demethylation can go in 2 directions, and it was sug-
gested that ShmC may serve as an intermediate for the
removal of methylated cytosines. 3 enzyme families
have been implicated in active DNA demethylation
via DNA repair pathways.”? The 10-11 transloca-
tion (TET) family, the activation-induced cytidine
deaminase (AID)/apolipoprotein B mRNA-editing
catalytic polypeptides (APOBEC) family and base
excision repair (BER) family have been identified as
having roles in active DNA demethylation.
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The ten-eleven translocation
(TET, TED dioxygenases) family

TET proteins were initially discovered through their
involvement in myeloid leukemia in which the TET]
gene, located on chromosome 10, can translocate with
the H3K4 histone methyltransferase MLL gene on
chromosome 11.2 TET enzymes are members of the
TET/J-bindingprotein (JBP) family of o-ketoglutarate-
and iron (IT)-dependent dioxygenases, closely related
to the JBP1 and JBP2 proteins found in kinetoplastids
such as trypanosomes and leishmanias. In mammals,
the TET/JBP family is composed of the founding
member TETI along with TET2 and TET3. These
3 genes encode proteins sharing a double-stranded
B-helix-fold and a cysteine-rich region within the cat-
alytic domain.** The involvement of TETs in active
DNA demethylation was overlooked until recently.
It was first reported in 2009 that TET1 catalyzes
the conversion of SmC to 5-hydroxymethylcytosine
(5hmC) in cultured cells and in vitro and suggested
that 5-hmC might be an intermediate in the pathway
to unmodified cytosine.'® Later, it was demonstrated
that TET proteins (TET1, TET2 and TET3), in addi-
tion to ShmC, can generate 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) from SmC in an enzy-
matic activity-dependent manner. Thus, 2 previously
unknown cytosine derivatives in genomic DNA were
identified as the products of TET proteins.*

One development related to the TET protein is
TET-assisted bisulfite sequencing (TAB-Seq), based
on the findings that TET proteins not only oxi-
dize SmC to ShmC but also further oxidize ShmC
to 5caC, and that 5caC exhibits behavior similar to
that of unmodified cytosine after bisulfite treatment.
The study of 5-hydroxylmethylcytosines (ShmC) has
been hampered by the lack of a method to map it at a
single-base resolution on a genome-wide scale. Affin-
ity purification-based methods cannot precisely locate
5hmC nor accurately determine its relative abundance
at each modified site. A genome-wide approach, TET-
assisted bisulfite sequencing (TAB-Seq) combined
with traditional bisulfite sequencing can be used for
mapping ShmC at base resolution and quantifying the
relative abundance of ShmC as well as 5SmC.?%%’

The AID/APOBEC family
The AID/APOBEC proteins are found in vertebrates
and share the ability to insert mutations in DNA and

RNA by deaminating cytidine to uridine. The first
family member to be identified and characterized was
the apolipoprotein B editing complex 1 (APOBEC1),a
protein involved in the editing of the apolipoprotein B
(ApoB) pre-mRNA .?*?° Further members were identi-
fied as DNA mutators. Activation-induced deaminase
(AID) was revealed to be essential for the antigen-
driven diversification of already rearranged immu-
noglobulin genes in the vertebrate adaptive immune
system.*® The pioneering work in plants provides
strong evidence for a set of glycosylase/lyase enzymes
(Demeter, ROS, DML2, DML3) in the removal of the
5-meC in various biological contexts.’! The activation
induced deaminase/apolipoprotein B RNA-editing
catalytic component-1 (AID/APOBEC-1) family
of RNA cytidine deaminases was reported to have
5-meC deaminase activities. If these deaminases are
tightly and efficiently coupled to G/T mismatch repair
systems, their activity could lead to DNA demethy-
lation. However, this mechanism was only one of
many proposed but unproven mechanisms for DNA
demethylation in vertebrates until a recent study sug-
gests that global active demethylation in zebrafish
embryos can be achieved by the coupled action of
AID and MBD4.* One of the important findings of
this study is that overexpression of AID/APOBEC
along with hMbd4, but not either alone, caused sig-
nificant demethylation, providing evidence for a cou-
pled mechanism of 5-meC demethylation, whereby
AID deaminates 5-meC, followed by thymine base
excision repair by Mbd4. Since then, more evidence
has found that AID/APOBEC has a role in DNA
demethylation.'?2033

The BER glycosylase family

Base excision repair (BER) corrects DNA damage
from oxidation, deamination and alkylation. Such
base lesions cause little distortion to the DNA helix
structure. BER is initiated by a DNA glycosylase that
recognizes and removes the damaged base, leaving
a basic site that is further processed by short-patch
repair or long-patch repair that largely uses differ-
ent proteins to complete BER. At least 11 distinct
mammalian DNA glycosylases are known, each
recognizing a few related lesions, frequently with
some overlap in specificities.* The accumulation
data from the TED and AID/APPOBEC studies sug-
gest that active demethylation involves cytosine
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replacement via DNA repair. In plants, active
DNA demethylation is a well-characterized pro-
cess. BER glycosylases mediate the first step in the
repair pathway by removing the methylated cyto-
sine and creating a basic site, which is then further
processed by other enzymes.* At the time, it was
indicated from several intriguing experiments that
DNA repair is also a plausible mechanism for ani-
mal demethylation. Glycosylase-dependent DNA
demethylation was first proposed in animals.?¢3"8
The 5-methylcytosine glycosylase activity was ini-
tially detected in chicken embryo extracts, which
contain thymine-DNA glycosylase (TDG). How-
ever, the glycosylase activity of TDG is much lower
against 5-methylcytosine than against mismatched
thymine,*” indicating that TDG might require some
other proteins to activate DNA demethylation path-
ways. Recently, it was demonstrated that either
knockout or catalytic inactivation of the DNA repair
enzyme thymine DNA glycosylase (TDG) leads to
embryonic lethality in mice. It was also indicated
that TDG is necessary for recruiting the transcription
activator p300 to retinoic acid (RA)-regulated pro-
moters, protection of CpG islands from hypermeth-
ylation, and active demethylation of tissue-specific
developmentally and hormonally regulated promot-
ers and enhancers.* It was also demonstrated that
TDG interacts with the deaminase AID and the dam-
age response protein GADD45a, suggesting a 2-step
mechanism for DNA demethylation in mammals,
whereby 5-methylcytosine and 5-hydroxymethylcy-
tosine are first deaminated by AID to thymine and
5-hydroxymethyluracil, respectively, followed by
TDG-mediated thymine and 5-hydroxymethyluracil
excision repair.** Direct evidence was also reported
that human cells possess a robust demethylating
activity toward ShmC-containing DNA, which is
DNA replication independent and requires an intact
BER pathway. Furthermore, AID/APOBEC cytidine
deaminases promote ShmC demethylation both in
cultured human cells and in the adult mouse brain.
Similar to deamination, ShmC demethylation is pro-
cessive, transcription dependent, and strand biased.*
These studies demonstrated that 5-methylcytosine
(5mC) hydroxylase TET1, by converting 5SmCs to
5-hydroxymethylcytosines (ShmCs), promotes DNA
demethylation in mammalian cells through a process
that requires the base excision repair pathway.

The 2 most recent research reports exposed much
of the details of active demethylation pathways and
highlighted the dynamics of active DNA demethyla-
tion. These 2 new studies show that the reprogram-
ming of 5-methylcytosine via TET- and TDG-family
enzymes is both extensive throughout the genome
and functionally significant. First, the final oxida-
tion product of methylated cytosine was identified
by enrichment and sequencing and reveals that DNA
demethylation is common throughout the genome.
TET proteins can further oxidize 5-hmC to 5-fC
(5-formylcytosine) and 5-caC (5-carboxylcytosine).*
The low abundance of these modifications of cytosine
makes profiling their location in the genome difficult.
Even though these modifications present in low abun-
dance, they have been named as the 5th, 6th, 7th and
8th DNA bases (5SmC, 5ShmC, 5fC and 5caC).* More-
over, with genetic enrichment, Zhong’s laboratory
also confirmed that thymine-DNA glycosylase (TDG)
replaces 5-fC and 5-caC with unmodified cytosine
via base excision repair. In cells depleted of TDG, the
accumulation of 5-fC and 5-caC showed the dynamic
nature of demethylation in nonrepetitive and regu-
latory elements, indicating a role for active cycling
in regulating gene expression. A DNA methylation-
demethylation cycle run by DNA methylase, TET and
TDG seems a very apropos name for this event.

The second report’’ reveals roles of active
5mC/5hmC oxidation and TDG-mediated demethy-
lation in epigenetic tuning at regulatory elements.
Genome-wide mapping of 5fC in mouse embryonic
stem cells (mESCs) discovered that 5fC preferentially
occurs at poised enhancers among other gene regula-
tory elements. The data also suggests that 5-fC pro-
duction may coordinate with transcription factor p300
in remodeling epigenetic states of enhancers. This
process, which is not influenced by ShmC, appears
to be associated with further oxidation of ShmC and
commitment to demethylation through 5fC. The data
also suggest that many regions annotated as unmethy-
lated are actually constantly demethylated.

Both reports revealed rich information by profiling
demethylation intermediates. To accurately under-
stand the functions of 5SmC, ShmC, 5fC and 5caC, it is
important to develop systems to map these modifica-
tions. We also have to keep in mind that these modifica-
tions are not only active demethylation intermediates
but may be epigenetic modifications by themselves.
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The proteins involved in the active demethylation
process are multi-functional. For example, TETs
can regulate transcription activity independently
of their catalytic activity. It remains a challenge to
elucidate the exact pathway following each specific
context. Furthermore, the TET-AID/APOBEC-BER
Glycosylase pathway may not be the only pathway
participating in active demethylation. Schiesser et al
reported fascinating 5-caC-decarboxylation activity
in stem cells (mESCs).** This appears to be a highly
attractive alternative, because this mechanism allows
exchange of mC by dC without formation of interme-
diate strand breaks. Strand breaks are DNA lesions
that are known to cause genome instability without
formation of potentially harmful side products, such
as formaldehyde.

Summary and Perspective

5-methylcyosine is an important, well-known nucle-
obase modification that is essential to establish
tissue-specific gene expression and involved in many
biological processes such as gene expression and
genomic imprinting. Our understanding about active
demethylation sets the stage for the systematic study
of the function of DNA methylation and demethyla-
tion dynamics. Discovery of 5fC, 5caC has lead to
the proposal of an active DNA demethylation cycle
relying on the initial oxidation of 5SmC into ShmC,
and further oxidation to the 5fC and 5caC. However,
in contrast to the abundant ShmC, the 5fC and 5caC
derivatives are present in a much lower abundance.
This imbalance of derivatives or the scarcity of 5fC
and 5caC has to be better explained experimentally.
The discovery of these derivatives of SmC also trig-
gers a possibility that these derivatives may also
serve as epigenomic markers. And finally, the most
important impact of DNA methylation patterns is to
maintain the cell and organismal fate. The intrigu-
ing phenomenon of how a stable differentiated state
is maintained by regulatory pathways that are sur-
prisingly dynamic and perturbable raises the tricky
question of how cellular plasticity is kept in check
to maintain cellular fate. One future goal and major
challenge is to understand the mechanisms that regu-
late this contradictory phenomenon.
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