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TET enzymes, TDG and the
dynamics of DNA demethylation

Rahul M. Kohli"? & Yi Zhang>**¢”

DNA methylation has a profound impact on genome stability, transcription and development. Although enzymes that
catalyse DNA methylation have been well characterized, those that are involved in methyl group removal have remained
elusive, until recently. The transformative discovery that ten-eleven translocation (TET) family enzymes can oxidize
S5-methylcytosine has greatly advanced our understanding of DNA demethylation. 5-Hydroxymethylcytosine is a key
nexus in demethylation that can either be passively depleted through DNA replication or actively reverted to cytosine
through iterative oxidation and thymine DNA glycosylase (TDG)-mediated base excision repair. Methylation, oxidation
and repair now offer a model for a complete cycle of dynamic cytosine modification, with mounting evidence for its sig-
nificance in the biological processes known to involve active demethylation.

ity and for flexibility. Because the functional programs of cells are
encoded by the genome, this information must be faithfully propa-
gated both through development and across generations. At the same
time, the genome of a multicellular organism must encode for diverse cell
types, each of which must be capable of responding to a changing environ-
ment. These latter functions require the capacity for adaptive regulation
of gene expression, which can be achieved by the transcription factor
complexes that bind DNA, by the packaging of DNA into chromatin and
by dynamic covalent modifications to either histones or DNA itself.
Covalent modification of DNA, in particular, helps to provide a
means for functional variability while maintaining the information
content of the base. One of the best-studied covalent modifications on
DNA is 5-methylcytosine (5mC), a mark deposited by DNA methyl-
transferase (DNMT) enzymes'. In mammalian genomes, 5mC exists
mostly in the CpG dinucleotide context and about 70-80% of CpGs are
methylated. DNMTs can both introduce methylation marks (de novo
methylation) and maintain them after the genome is replicated (main-
tenance methylation), making DNA methylation a long-term and
potentially heritable mark'. Conventionally, 5mC is associated with
a transcriptionally repressed chromatin state, and DNA methylation
at specific genomic loci, including lineage-specific genes, can help to
shape a cellular program during development’. 5mC-mediated long-
term gene silencing also contributes to genomic imprinting, X-chro-
mosome inactivation and suppression of mobile genetic elements™.
DNA methylation is relatively stable compared with most his-
tone modifications. Nevertheless, loss of DNA methylation, or DNA
demethylation, has been observed in different biological contexts
and this alteration can take place actively or passively. Active DNA
demethylation refers to an enzymatic process that removes or modifies
the methyl group from 5mC. By contrast, passive DNA demethyla-
tion refers to loss of 5mC during successive rounds of replication in
the absence of functional DNA methylation maintenance machinery.
Although passive DNA demethylation is generally understood and
accepted, the evidence for active DNA demethylation and how it occurs
has been controversial®’. In part, this controversy has been due to the
cacophony of enzymes and pathways implicated in demethylation.

r I 1wo competing demands on the genome are the need for stabil-

However, a series of recent discoveries has begun to harmonize, and
thereby greatly advance, our understanding of active DNA demethyl-
ation. Here, we review these significant discoveries, their biological
implications and the promising areas for further exploration.

DNA demethylation and historical mechanisms

Several reviews have described the biological context in which active
DNA demethylation may take place’”. Establishing and editing
genomic methylation patterns seems to be particularly relevant in
several stages of mammalian embryogenesis. Initially, after the sperm
penetrates the egg and before the merging of paternal and maternal
genomes, the paternal genome goes through a complex remodelling
process that includes deposition of histone H3.3 and remodelling
of DNA methylation patterns®. Here, a rapid loss of 5mC staining is
observed in the paternal, but not the maternal, genome, suggesting an
active 5mC editing process”"’. After implantation, and early in devel-
opment, a subset of posterior epiblast cells is instructed to become
primordial germ cells (PGCs). PGCs have to go through a complex
epigenetic reprogramming process, including erasure of genome-wide
DNA methylation patterns'’, to prepare them for germ-cell-specific
processes, such as meiosis. Besides global loss of DNA methylation in
zygotes and PGCs, DNA demethylation has also been observed at spe-
cificloci in rapid response to environmental stimuli or in post-mitotic
cells, supporting the relevance of active demethylation in various bio-
logical settings in the absence of cellular replication'"*.

Many candidates from the known repertoire of DNA modify-
ing enzymes have historically been proposed to function in DNA
demethylation (see refs 5, 6, 15 and 16 for reviews). As we will discuss
in the context of more recent discoveries, DNA cytosine deaminases
that can introduce genomic mismatches, DNA glycosylases that can
excise bases, other DNA repair factors and even DNMTs themselves
have been suggested to be involved in DNA demethylation. Although
there is some evidence to support a role for many of these DNA modi-
fying pathways, these roles have often seemed specific to the individual
biological system being examined. The lack of a unifying mechanis-
tic process has led to ongoing dispute over the relative importance
of these various pathways in DNA demethylation. Although these
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multiple candidate pathways remain areas of active exploration>*'*'¢,

in this Review we focus on recent developments that have brought new
clarity to the field of DNA demethylation by elucidating pathways of
oxidation-mediated demethylation.

TET-mediated oxidation of 5mC

The discovery of a family of enzymes that can modify 5mC through
oxidation was a watershed moment in advancing our understanding of
DNA demethylation mechanisms, introducing 5-hydroxymethylcytosine
(5hmC) as a key intermediate in active demethylation pathways' . This
discovery was motivated by the study of two pathways involving oxida-
tive modifications of T bases: one involving oxidative modifications to
DNA, the other, demethylation of a nucleobase. In the parasite respon-
sible for African sleeping sickness, Trypanosoma brucei, glucosylated
5-hydroxymethyluracil (Base ]) functions in transcriptional regula-
tion to modulate surface glycoprotein expression and thereby promote
immune escape”. Base ] biosynthesis involves oxidation of T within DNA
to 5-hydroxymethyluracil (5ShmU) by JBP1 and JBP2, members of the
Fe(IT)/a-ketoglutarate (a-KG)-dependent oxygenase family of enzymes.
A second member of this oxygenase family, thymidine hydroxylase, acts
instead on free T bases in a pyrimidine salvage pathway. Interestingly,
the initial oxidation product, 5ShmU, is subsequently further oxidized to
5-formyluracil and 5-carboxyluracil®. Decarboxylation by isoorotate
decarboxylase™ completes a cycle from T to U with potential mechanistic
parallels to 5mC demethylation’.

Bioinformatic analyses by Rao and colleagues'”* revealed several
mammalian paralogues of JBP1 and JBP2 (Fig. 1a). These enzymes
belong to the TET family, which has previously been implicated in
haematopoietic malignancies™. Surprisingly, overexpression of TET1
was associated with a reduction in genomic 5mC, suggesting that,
unlike its paralogues, TET1 recognized modified C, rather than T,
basesin DNA". Indeed, purified TET enzymes modified oligonucleo-
tide substrates containing 5mC through oxidation, and the product was
authenticated as 5ShmC"”"* (Fig. 1b).

Although 5hmC had previously been observed in mammalian
genomes”, these earlier observations did not receive attention until the
discovery of TET enzymes, because these catalysts are capable of pur-
posefully generating this oxidized base. Moreover, 5ShmC was shown to
be readily detectable in mouse embryonic stem (ES) cells in a manner
dependent on expression of TET'”'®, Even more strikingly, 5ShmC was
shown to be nearly 40% as abundant as 5mC in post-mitotic neuronal
Purkinje cells”. Even though neuronal cells seem particularly enriched,
accurate quantification methods have since demonstrated that 5hmC
accumulates in most cell types, raising the possibility that this ‘sixth base’
in the genome may have a distinctive epigenetic role*>”’.

Reflecting on the discovery of TET, two groups noted that the ini-
tial assay conditions used for detecting 5ShmC were not permissive for
detecting further oxidative modifications**. With alternative chromato-
graphic conditions, additional products emerged, demonstrating that,
like thymidine hydroxylase, TET was capable of iterative oxidation, yield-
ing 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)***. Highly
sensitive mass spectrometry established that these base modifications
are detectable either with TET overexpression or, of more physiological
relevance, within ES cells, although their levels are at least an order of
magnitude less than those of 5hmC***. Notably, 5hmC, 5fC and 5caC
are chemically distinct modifications of C that could be specifically rec-
ognized by different DNA-binding proteins. The oxidized 5-substituents
also have different steric and electronic properties, which can promote
alternative nucleobase tautomers or, in the case of 5fC and 5caC, destabi-
lize the N-glycosidic bond™*.

The TET family members (TET1, 2 and 3) each harbour a core cata-
lytic domain (Fig. 1a), with a double-stranded -helix fold that contains
the crucial metal-binding residues found in the family of Fe(II)/a-KG-
dependent oxygenases®. In the putative mechanism based on the prec-
edent of other family members (Fig. 1b), TET uses molecular oxygen
as a substrate to catalyse oxidative decarboxylation of a-KG, thereby
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Figure 1| TET and TDG function in oxidation and excision of modified
Chbases. a, Schematic of mouse Tet enzymes, showing the double-stranded
B-helix (DSBH) fold core oxygenase domain, a preceding cysteine (Cys)-

rich domain and a CXXC domain in Tet1 and Tet3. b, Catalytic pathway

for generation of 5ShmC by Tet enzymes. An active site Fe(II) (left) is bound

by conserved His—-His—Asp residues in Tet and coordinates water and
a-ketoglutarate (a-KG). A two-electron oxidation of a-KG by molecular oxygen
yields CO, and enzyme-bound succinate, and results in a high-valent Fe(IV)-
oxo intermediate (right). The intermediate reacts with 5mC to yield 5hmC, with
anet oxidative transfer of the single oxygen atom to the substrate, resulting in
regeneration of the Fe(II) species. ¢, TDG specifically accommodates oxidized
Cbases. Shown is the active site of TDG, bound to DNA, containing a substrate
analogue of 5caC (PDB 3UOB). Critical residues of the enzyme are labelled. The
5caC analogue is highlighted in yellow. Heteroatoms are shown with nitrogen
(blue), oxygen (red) and phosphorus (orange). The distance of hydrogen bonds
(dashed red lines) are measured in A. In addition to several interactions with
the Watson-Crick face of the base from Asn 191 and His 151, the carboxylate
substituent in the 5-position is well-accommodated by the active site with a
binding pocket defined by Ala 145, and hydrogen bonds from Asn 157 and the
backbone amide of Tyr 152.

generating a reactive high-valent enzyme-bound Fe(IV)-oxo intermedi-
ate that converts 5mC to 5hmC. The core catalytic domain constitutes
only a fraction of the large TET enzymes, suggesting the possibility that
the non-catalytic domains may have regulatory functions (Fig. 1a). Inall
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TET isoforms, a cysteine-rich domain precedes the core and seems to be
required for activity'”*’. TET1and TET3 also contain a chromatin-associ-
ated CXXC domain that is known to bind CpG sequences, whereas TET2
partners with IDAX, an independent CXXC-containing protein™ >,

Replication, repair and demethylation

Detection of oxidized 5mC bases within ES cells has suggested poten-
tial functional relevance for these bases in the dynamic regulation of the
genome and led to the next question: how might these oxidized bases
be altered to regenerate unmodified C? Three potential pathways for
demethylation following 5mC oxidation have been entertained: passive
dilution of the oxidized base, direct removal of the oxidized 5-position
substituent and DNA repair-mediated excision of modified nucleotides.

As had been previously entertained with 5mC, passive dilution of
5hmC or the highly oxidized bases may contribute to demethylation.
Indeed, significant evidence (discussed later) has pointed to the impor-
tance of this DNA replication-dependent pathway. Although confusion
exists in the literature as to whether this pathway should be designated as
active or passive (see Perspectives), we find it most useful to consider this
asan active demethylation pathway that results from active modification
of 5mC followed by passive dilution of the oxidized base to regenerate
unmodified C in a replication-dependent manner.

What about pathways that might promote active restoration of unmod-
ified C? Whereas direct removal of a methyl group has a high energetic
barrier, the removal of the oxidized methyl group is more feasible. For
example, similar to the precedent of isoorotate decarboxylase, decarboxy-
lation of 5caC could revert the base to unmodified C. One study with
isotopic labelling of 5caC has suggested this possibility™*; however, a 5caC
decarboxylase has yet to be identified. Interestingly, in the absence of the
methyl-donor S-adenosylmethionine (SAM), DNMTs can potentially
promote the addition or removal of oxidized 5-position substituents,
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Figure 2 | A complete pathway for dynamic modifications of C. a, A
biochemically validated pathway for modification of C within DNA is
shown. 5mC bases, introduced by DNA methyltransferase (DNMT)
enzymes, can be oxidized iteratively to 5hmC, 5fC and 5caC. In the
pathway of active modification (AM) followed by passive dilution

(PD), 5hmC is diluted in a replication-dependent manner to regenerate
unmodified C. For clarity, PD of highly oxidized 5fC and 5caC is not
depicted. In the pathway of AM followed by active restoration (AR), 5fC

NH,
TDG

474 | NATURE | VOL 502 | 24 OCTOBER 2013

HsCﬁN
|
o

-

including reacting with 5hmC in vitro”. Thus, DNMTs could theoreti-
cally function in demethylation, raising interesting regulatory implica-
tions. The biological relevance of this ‘reverse DNMT reaction remains
unknown because SAM is a general methyl-group donor that is present
in all cell types.

On firmer ground, an alternative pathway for active restoration of C
could involve DNA repair enzymes. Although pathways involving nucle-
otide excision repair have been considered in demethylation®*, the bulk
of the focus has been on base excision repair (BER), a pathway involving
the removal of an entire modified base and its subsequent repair to replace
the residue with unmodified C (see ref. 40 for review of BER). Several key
components of the BER pathway are present at crucial transitions of DNA
methylation patterns*~*, and this line of inquiry; as detailed in the next
section, has proven fruitful.

TDG-mediated repair completes the cycle
The suggested involvement of BER in demethylation prompted an
active search for glycosylase enzymes that might excise modified C
bases. Plants use such a mechanism to excise 5mC directly, and some
early reports suggested that either methyl-binding domain protein
4 (MBD4) or thymine DNA glycosylase (TDG) may have similar
activity in mammals*. Although these possibilities have since been
discounted given these enzymes’ marginal 5mC glycosylase activity,
there is mounting biochemical evidence for a role of TDG in DNA
demethylation®. In particular, TDG has been shown to interact with
numerous transcription factors, chromatin modifying enzymes and
DNMTs, raising the possibility of a functional role for TDG in modu-
lating gene transcription, either through its glycosylase activity or as a
transcriptional coactivator®.

After the discovery of TET, the next significant milestone in DNA
demethylation came when two groups demonstrated that, unlike other
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or 5caC is excised by TDG generating an abasic site as part of the base
excision repair (BER) process that regenerates unmodified C. b, The
individual reactions in the pathway are shown with all reactants depicted.
The BER pathway involves excision of the abasic site, replacement of the
nucleotide using unmodified deoxycytidine triphosphate (dCTP) by a
DNA polymerase (generating pyrophosphate, PPi) and ligation to repair
the nick. a-KG, a-ketoglutarate; SAM, S-adenosylmethionine; SAH,
S-adenosylhomocysteine.
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DNA glycosylases, TDG is required for embryonic development
Molecular studies on TDG-null embryos, or a catalytically inactive
mutant, have pointed to an epigenetic abnormality. Among other
alterations, the mutants showed marked decreases in the expression
of developmental transcription factors, such as hox gene family mem-
bers, with perturbed methylation at their regulatory sequences**".
Although these genetic studies raised the possibility of TDG as an
important player in DNA demethylation, the nature of its genomic
target remained unclear.

TDG has long been the focus of compelling biochemical and struc-
tural studies because of its interesting role as a DNA repair enzyme
that can remove a normal base, T, from a genomic T-G mispair*. Ini-
tial speculation therefore focused on the possibility that TDG activ-
ity would be coupled to deamination of 5mC or 5hmC because T-G
or hmU-G mismatches were known substrates of TDG for which
repair could regenerate unmodified C**°. In this model, AID/
APOBEC enzymes, the adaptive or innate immune system enzymes
that normally target unmodified C, were considered to be the likely
candidates for catalysing deamination. Indeed, some studies have
suggested a role for deaminases in the reprogramming of stem cells
or in embryogenesis® *. These deamination-mediated pathways for
demethylation could also involve the DNA damage response protein
GADDA45 or even MBD4 as an alternative glycosylase for excision of
T-G mismatches™*>*, although evidence to the contrary exists®>*.
Notably, however, deamination of 5hmC by AID/APOBEC enzymes
is not detectable in vitro or in cells’”**, challenging the plausibility of
proposed pathways that have invoked 5hmC deamination in DNA
demethylation®. By contrast, deamination of 5mC by AID/APOBEC
family members does occur at a detectable rate in vitro, about 10-fold
slower than with unmodified C”’. Although feasible, we anticipate that
the role of deaminases in demethylation is probably limited given that
5mC is much less abundant than the unmodified C in mammalian
genomes, as well as the enzyme’s selectivity for single-stranded DNA
and its preference for particular sequence contexts. This view is sup-
ported by the observation that there are no significant developmental
defects associated with AID/APOBEC deficiency'®.

A role for TDG in processing T-G mismatches potentially generated
by AID/APOBEC deamination of 5mC remained one possible expla-
nation for its requirement in embryonic development. However, the
scope of TDG’s role in demethylation was reconsidered on revisiting a
previous observation that some correctly base paired, modified C bases
can also be targeted by TDG™. Specifically, C bases with 5-position
substituents that destabilize the N-glycosidic bond by electronic effects,
such as 5-fluorocytosine, have been shown to be efficiently excised
by the glycosylase. These observations opened up the possibility that
TDG could directly excise TET oxidation products. Indeed, although
no significant in vitro base excision activity has been observed with C,
5mC and 5hmC, TDG has robust in vitro base excision activity on 5fC
and 5caC properly base paired to G in duplex DNA*® (Fig. 1c). This
in vitro activity is relevant in cells, as knockdown of the gene encoding
TDG leads to elevated 5caC levels in ES cells®. Furthermore, simul-
taneous TET and TDG overexpression in the HEK293 cell line leads
to a depletion of TET-associated 5caC***” or 5{C”. Thus, in a striking
example of synergy, studies demonstrating a requirement for TDG
in development could be reconciled with insights into TET-mediated
oxidation. TDG, acting on TET-generated 5fC and 5caC, mediates the
first biologically and biochemically validated, complete pathway for
active DNA demethylation (Fig. 2).

Biochemical and biophysical studies have started to shed light on
the molecular basis for excision of 5fC and 5caC by TDG. In line with
earlier studies on TDG’s requirements for excision®, computational
studies have suggested that 5fC and 5caC have destabilized N-glyco-
sidic bonds relative to C, 5mC and 5hmC***. TDG also seems to have
structural features that mediate recognition of these oxidized C bases,
including a binding pocket that can specifically accommodate the
5-carboxyl substituent® (Fig. 1¢c). Interestingly, the determinants for
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5fC excision seem to be separable from 5caC recognition®, an insight
that will probably prove useful in assessing the relative importance of
5fC compared with 5caC to demethylation.

Revisiting biological roles for demethylation

As our biochemical knowledge of TET, TDG and other DNA modify-
ing pathways has evolved, the many biological processes in which DNA
demethylation seems to be relevant have been re-examined with a fresh
perspective. 5ShmC resides at a potentially crucial branch point in the DNA
demethylation pathway (Box 1). Here we summarize recent advances,
focusing on studies that help to establish the role of 5hmC in various
biological and pathological settings in which dynamic DNA methylation
takes place both globally and locally.

Pre-implantation global methylation dynamics

The specific and rapid loss of 5mC from the paternal genome of zygotes
has been re-examined in light of the discovery of 5hmC (Fig. 3a). Immu-
nostaining using a 5ShmC-specific antibody revealed that loss of 5mC
coincides with the appearance of 5hmC, suggesting that TET is involved
in the rapid disappearance of 5mC* . Interestingly, 5fC and 5caC can
also be detected in the paternal chromosome, although the significance
of this observation is still unknown® (Fig. 3a). Knockdown or targeted
deletion of the gene encoding Tet3 — the only highly expressed TET
protein in the zygote — abolished the loss of 5mC and the generation
of 5hmC, indicating that Tet3 is responsible for the oxidation of 5mC in
this context®®. Immunostaining and sequencing studies have shown
that, after the two pronuclei fuse, both the maternal genome containing
5mC and the paternal genome with Tet3-generated 5ShmC are diluted
in a replication-dependent manner™**%. Thus, Tet3 seems to mediate
active demethylation of the paternal genome through active oxidation of
5mC followed by passive dilution, resulting in restoration of unmodified
C. The reason why the male genome undergoes an additional oxidation
step is currently unknown. However, the process is likely to be biologi-
cally important, because female mice depleted of Tet3 in the germ line
show reduced fecundity and their heterozygous mutant offspring suffer
an increased incidence of developmental failure®.

What is the mechanism underlying this asymmetric DNA demethyla-
tion? Although factors in the paternal genome that attract Tet3 cannot be
ruled out, available data suggest that Tet3 may be actively excluded from
the maternal genome. A recent study has shown that the dimethylation
of histone H3 lysine 9 (H3K9me2) present predominantly on maternal
chromatin provides a binding site for the recruitment of PGC7 (also
known as Dppa3 and Stella), which in turn excludes Tet3 from binding
to the maternal pronucleus®. Interestingly, some imprinted loci on the
paternal genome that do not undergo demethylation are also not tar-
geted by TET?3 (ref. 62). These imprinted sites show similar hallmarks
of H3K9me2 and PGC7, suggesting a potential common mechanism
for Tet3 exclusion®™.

TET proteins in PGC reprogramming

After methylation patterns are established in the embryo, the special-
ized group of PGCs undergo a further, complex epigenetic reprogram-
ming process that includes erasure of genome-wide DNA methylation
patterns'' (Fig. 3b). Although this process is largely believed to be an
active process, careful studies using complementary immunostaining
and sequencing techniques have revealed that both passive and active
processes contribute to the global loss of 5mC® 7%, After initial passive
dilution of 5mC, 5hmC subsequently accumulates actively and is then
lost in an apparent replication-dependent manner®”" (Fig. 3b). Just as in
early embryonic development, specific loci can deviate from these global
patterns, and these differentially methylated loci can persist even into
mature oocytesﬁg’“.

Although both Tet1 and Tet2 are expressed during PGC reprogram-
ming, only Tet1 is upregulated in reprogramming germ cells®”*. How-
ever, targeted deletion in mice”*”* or knockdown in ES cells followed by
in vitro PGC differentiation” revealed that Tet1 does not affect global
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BOX1

Roles of 5ShmC in DNA demethylation

With the discovery of TET, 5hmC has taken

on a new central role in epigenetics. The base Active modification— et it Active modification—
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DNA demethylation. Nevertheless, loss of function of Tet1 does impact
locus-specific DNA demethylation, particularly at meiotic genes™. In
addition, although Tet2 knockout alone does not lead to any PGC
phenotype””®, demethylation of some imprinted loci is affected in
Tet1 and Tet2 double knockout mice”. Thus, although there is some
consensus for a function for TETs in PGCs, further studies are needed
to clarify the exact contribution of Tetl and Tet2 and their possible
redundancy in shaping the PGC methylome.

TET proteins in stem cells

ES cells are a model for understanding demethylation dynamics,
because maintenance of ES cells is associated with a distinct meth-
ylation pattern that supports expression of pluripotency factors
while silencing lineage-specification factors. Both Tet1 and Tet2 are
expressed in mouse ES cells'®®. TET proteins are probably part of
the pluripotency regulatory circuit and may act by directly regulating
expression of key ES cell transcription factors®*". In a series of studies
consistent with this hypothesis, short-hairpin-mediated knockdown
of TetI alone'®*?or in combination with Tet2 (ref. 80) resulted in a
defect in ES cell maintenance, as well as skewed differentiation toward
trophectoderm and primitive endoderm. However, some ambiguity
remains about the role of TET in ES cell maintenance, given that other
knockdown studies do not result in similar phenotypes® and mice
deficient in Tet1 can be derived from Tet1-knockout ES cells™. The use
of different cell lines and culture conditions may contribute to these
different results, although potential off-target activity of short hairpin
RNAs cannot be ruled out.

Genome-wide and single-base resolution methods have been
adapted to discriminate between modified C bases in ES cells. A con-
sensus of these studies (see ref. 84 for a review) has demonstrated
a probable regulatory role for 5hmC with particular enrichment at
transcribed gene bodies, bivalent and silent promoters, and distal cis-
regulatory elements. More strikingly, recent genome-wide mapping in
ES cells has pointed to the functional relevance of TDG, 5fC and 5caC.
Using an immunoprecipitation approach in Tdg-deficient ES cells, a
significant enrichment of 5fC and 5caC was observed in non-repetitive
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regions, particularly at distal regulatory elements®. A second study that
used a chemical-labelling pull-down approach for detection of 5fC
demonstrated 5fC enrichment in enhancer regions®. These studies
strongly suggest that dynamic C modification involving TDG-medi-
ated 5fC and 5caC removal takes place widely in mouse ES cells.

Although the exact function of the TET proteins in ES cells needs
further study, several recent publications are supportive of a role for
TET in reprogramming of somatic cells to generate induced pluripo-
tent stem cells (iPSCs) (see Review by Apostolou and Hochedlinger*’
in this Insight). For example, at the early stage of transduction with the
transcription factors Oct4, Klf4, Sox2 and c-Myc (collectively referred
to as OKSM), Tet2 is recruited to the Nanog and Esrrb loci to activate
their transcription®. In addition, both Tet1 and Tet2 can associate
with Nanog and facilitate iPSC generation in an enzymatic activity-
dependent manner”. Remarkably, Tet1 overexpression can not only
enhance reprogramming efficiency by promoting demethylation and
reactivation of Oct4, but can also replace Oct4 in the iPSC reprogram-
ming cocktail”. Furthermore, beyond reprogramming mediated by
OKSM, Tet1 and Tet2 seem to have distinct roles in reprogramming
mediated by fusion of somatic cells to pluripotent cells”.

Locus-specific active demethylation in somatic cells

The key players in the C modifying pathway have also been implicated
inlocus-specific demethylation, independent of replication. For exam-
ple, TDG has been observed at loci at which rapid cycling of C and 5mC
is associated with hormonal " or cytokine-mediated " regulation, and
TET has been associated with demethylation in the post-mitotic adult
brain®. These studies imply that active demethylation with TET and
TDG may be operational when transcriptional control must be modu-
lated in the absence of DNA replication. However, we still have much
more to learn at the level of individual promoters.

DNA demethylation in cancer

Aberrant DNA methylation is a prominent feature of cancer cells™,
raising the possibility that demethylation pathways may contrib-
ute to cancer development”. TET1 was initially identified owing
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to its fusion to MLL (also known as KMT2A) in patients with acute
myeloid leukaemia®, and inactivating TET2 mutations have since
been demonstrated to be frequent lesions in myeloid lineage malig-
nancies’ ”. Interestingly, these same myeloid-lineage conditions
are susceptible to therapy aimed at inhibiting DNA methylation™.
Further supporting a role for Tet2 in normal haematopoiesis, mouse
models have shown that the enzyme is a crucial regulator of self-
renewal and differentiation in haematopoietic stem cells”*"*".
Although most studies have focused on haematological malignan-
cies, downregulation of TET expression has been observed in human
breast, liver, lung, pancreatic and prostate cancers™. Despite dis-
crepancies in the levels of 5mC in these various settings, TET muta-
tions are consistently associated with a decrease in 5hmC, which has
been suggested as a potential diagnostic biomarker®*. Regarding
the other players in demethylation, although the relevance of 5fC
and 5caC in cancer has not yet been explored, TDG has also been
implicated in various cancers®. It remains to be established if this
association is due to TDG’s role in mismatch repair or in active DNA
demethylation.

Interestingly, in acute myeloid leukaemia, TET2 mutations were
found to be mutually exclusive with a neomorphic mutation in the isoc-
itrate dehydrogenase genes IDHI and IDH2 (ref. 100). Wild-type IDH1
and IDH2 catalyse the conversion of isocitrate to a-KG, the cofactor for
the TET and histone demethylase family of oxygenase enzymes™. The
neomorphic mutation in IDH1 and IDH2 leads to the production of
a-hydroxyglutarate, an oncometabolite that can competitively inhibit
these a-KG-dependent enzymes'”". These studies suggest that neomor-
phic IDHI and IDH2 mutations may alter DNA methylation patterns
by recapitulating TET2 mutations, although alternative mechanisms
have also been postulated'”.

Perspective and open questions

Across various physiological developmental niches, non-physiological
settings such as iPSCs, and even pathological settings such as cancer,
loss of TET proteins and 5hmC is associated with dysregulated DNA
methylation. These biological studies, on the heels of a series of trans-
formative biochemical discoveries on TET and TDG, have established
5hmC as a key intermediate in active DNA demethylation.

Revisiting the definition of active demethylation

Recent advances require the classical definitions of passive and
active DNA demethylation to be revisited. As we have noted, passive
demethylation seems to be best suited for describing the replication-
dependent dilution of 5mC only, as this pathway does not involve any
active enzymatic processes that alter the base itself. Given our current
understanding, active demethylation involving TET is best viewed
as two pathways, both of which initially involve active modification
(AM) of 5mC to generate 5ShmC. This base can be further processed
through either passive dilution (PD) to regenerate unmodified C
through DNA replication, or active restoration (AR) through further
enzymatic modification (Box 1). This framework should also be fit-
ting for other potential pathways for demethylation, such asa 5mC
deamination-BER pathway, which would be described as an AM-AR
active demethylation pathway.

AM-AR has the advantage of achieving rapid conversion of 5mC
to unmodified C, yet the pathway also poses the potential risk of
genomic damage given the involvement of DNA breaks in BER. By
contrast, the dependence of AM-PD on replication means that func-
tions that might be associated with 5mC modification are quickly
achieved, whereas reversion to unmodified C awaits DNA repli-
cation. AM-AR therefore seems particularly well suited to locus-
specific demethylation processes that require a rapid response to
environmental stimuli, whereas AM-PD might be better suited to
developmental processes in which cellular replication is tied to lin-
eage specification, such as preimplantation development and PGC
reprogramming. With this framework, future studies can evaluate
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Figure 3 | DNA methylation dynamics in pre-implantation embryos and
primordial germ cells. a, Dynamics of 5mC and its oxidation products

in pre-implantation embryos. Although the maternal DNA goes through
passive demethylation, the paternal genome is demethylated in two steps.
Tet3 first oxidizes the 5mC in the paternal genome, and the oxidation
products are then diluted through a replication-dependent process. For
clarity, although the absolute levels of 5ShmC, 5fC and 5caC differ, the bases
are schematically shown together (dotted line) given that their increase and
subsequent depletion follow similar patterns. DNA methylation patterns are
re-established by de novo DNMTs at the blastocyst stage. b, Illustration of
the 5mC and 5hmC dynamics in primordial germ cells (PGCs) during their
reprogramming. DNA demethylation in PGCs goes through three stages:
loss of bulk DNA methylation in a Tet-independent manner; oxidation of
remaining 5mC to 5ShmC by Tet1 and potentially Tet2 proteins; and loss of
5hmC through replication-dependent passive dilution. 5fC and 5caC are not
shown in this panel because no dynamic change in their levels was observed
by immunostaining®”*. Figure scale is shown in embryonic days post-
fertilization.

the theoretical risks and benefits of the AM-PD and AM-AR path-
ways and better delineate the cellular context in which either or both
pathways are active.

Regulation of the demethylation pathway
Viewing C modification as a series of step-wise modifications (Fig. 2)
prompts the key question: what regulates stalling at various intermediates
in the pathway or progression through the cycle?

5hmC is significantly more prevalent than 5fC and 5caC*. Given that
TET enzymes can iteratively oxidize, it remains unclear what factors dic-
tate that the modification pathway halts at 5ShmC. Stalling of the pathway
at 5hmC could be regulated through modulating TET’s accessibility to
5hmC, through either post-translational modifications or interaction
with protein partners. Alternatively, stalling at 5ShmC could be regulated
at a biochemical level through altered enzyme kinetics. In this regard, a
crucial question that remains unresolved refers to TETs relative ability
to oxidize 5mC, 5hmC and 5fC. The basal reactivity of TET with each of
these substrates and regulation of its substrate preferences will need to be
addressed. Structural insights into the TET catalytic domain could prove
key to deciphering regulatory mechanisms that govern iterative oxidation.

At the next stage of the pathway, do 5fC and 5caC have distinctive roles
and what, if any, significance do they have beyond serving as intermedi-
ates in demethylation? 5fC and 5caC are similar marks in that they both
result from iterative oxidation and both can be excised by TDG, yet they
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could have different roles. Indeed, TDG shows a higher affinity for 5fC*
and different mechanisms may be used in excision of 5fC and 5caC’".
Given the relative scarcity of 5fC and 5caC, it is not clear if these bases
are simply intermediates in an active demethylation pathway, or if they
have functionally significant interactions with genomic ‘readers’*'*.
Further efforts to perturb TDG function and to localize 5fC and 5caC in
the genome in high resolution and at specific genomic loci should help
to resolve some of these issues.

When the pathway is viewed as a complete cycle of C methylation,
oxidation and repair, it immediately begs the question: does recurrent
cycling of this pathway occur? Rapid cycling between C and 5mC has
been observed at some promoters'>"* and disruption of TDG leads to
accumulation of intermediates in the pathway*>*. However, bona fide
evidence of multiple cycling events through an AM-AR pathway ata
single locus has yet to be shown.

Finally, although we have mainly emphasized the emerging role of TET
and TDG, numerous other DNA modifying enzymes that can recognize
modified Cbases will undoubtedly influence the physiological function of
the dynamic demethylation pathway. An active search for potential 5caC
decarboxylase enzymes, further studies to elucidate the relevance of AID/
APOBEC deamination of 5mC, the role of DNMTs in a ‘reverse’ reaction,
and interactions of modified C bases with DNA-binding proteins are just
a few areas in which advances may come in the next phase of discovery.

Oxidative modifications of 5mC and related repair mechanisms have
expanded the possibilities by which the genome can retain great flexibility
while maintaining the integrity of its coding information. A few years ago,
it would have been hard to imagine how much our knowledge of active
DNA demethylation would change, and we anticipate that the years ahead
will be marked by many more exciting discoveries regarding the role of
dynamic regulation of DNA methylation in development, gene regulation
and genome stability. m
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