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Abstract

Methylation of cytosines in the mammalian genome represents a key epigenetic modification and
is dynamically regulated during development. Compelling evidence now suggests that dynamic
regulation of DNA methylation is mainly achieved through a cyclic enzymatic cascade comprised
of cytosine methylation, iterative oxidation of methyl group by TET dioxygenases, and restoration
of unmodified cytosines by either replication-dependent dilution or DNA glycosylase-initiated
base excision repair. In this review, we discuss the mechanism and function of DNA
demethylation in mammalian genomes, focusing particularly on how developmental modulation of
the cytosine-modifying pathway is coupled to active reversal of DNA methylation in diverse
biological processes.

Introduction

It has long been recognized that cytosines in the genome, as part of the genetic code, also
carry epigenetic information through chemical modification of its pyrimidine ring (Holliday
and Pugh, 1975; Riggs, 1975). The dual functions associated with cytosines provide a means
by which developmental stage- and cell-type-specific epigenetic memory can be directly
deposited onto DNA itself (Bird, 2002). Methylation of the fifth position of cytosine (5-
methylcytosine, 5mC) is a highly conserved epigenetic modification of DNA found in most
plant, animal and fungal models (Law and Jacobsen, 2010), and has a profound impact on
genome stability, gene expression, and development (Jaenisch and Bird, 2003; Smith and
Meissner, 2013).

In mammals, new DNA methylation pattern is established by de novo DNA
methyltransferases, DNMT3A and DNMT3B (Okano et al., 1999; Okano et al., 1998)
(Figure 1A-B). Their activity can be modulated by a catalytically inactive family member,
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DNMTS3L (Goll and Bestor, 2005). In somatic cells, 5mC is primarily restricted to
palindromic CpG dinucleotides, which are typically methylated in a symmetric manner (de
novo methylation in Figure 2A). Methylation of cytosine in non-CpG context (CpH, H=A,
T, C) is prevalent in plants (Law and Jacobsen, 2010), but is rare in most mammalian cell-
types. Recent work suggests that non-CpG methylation is relatively abundant in oocytes,
pluripotent embryonic stem cells (ESCs) and mature neurons (Lister et al., 2013; Lister et
al., 2009; Shirane et al., 2013; Xie et al., 2012), but the function of mammalian non-CpG
methylation remains unclear. Of the roughly 28 million CpGs in the human genome, 60—
80% are methylated in somatic cells (Smith and Meissner, 2013). During mitosis, the global
CpG methylation pattern is faithfully maintained in daughter cells through the action of
maintenance DNA methyltransferase DNMT1 and its obligate partner, the ubiquitin-like
plant homeodomain and RING finger domain 1 (UHRF1), which preferentially recognizes
hemi-methylated CpGs (Bostick et al., 2007; Hermann et al., 2004; Sharif et al., 2007)
(maintenance methylation in Figure 1A and 2A). Such inheritability of CpG methylation
suggests a role for 5mC in long-term epigenetic regulation required for diverse biological
processes, such as stable silencing of gene expression, maintenance of genome stability and
establishment of genomic imprinting (Bird, 2002).

Although DNA methylation pattern in somatic cells is stably maintained, genome-wide loss
of 5mC, or DNA demethylation, has been observed in specific developmental stages such as
pre-implantation embryos and developing primordial germ cells (PGCs) (Hajkova et al.,
2002; Mayer et al., 2000; Oswald et al., 2000; Sasaki and Matsui, 2008). Global DNA
demethylation is important for setting up pluripotent states in early embryos and for erasing
parental-origin-specific imprints in developing PGCs (Feng et al., 2010b). Mounting
evidence indicates that the rapid erasure of 5mC during these two major waves of epigenetic
reprogramming could not be fully explained by replication-dependent passive loss of 5mC,
suggesting the existence of enzymatic activities capable of actively removing or modifying
methyl groups on cytosines (Wu and Zhang, 2010). However, a unifying mechanistic
understanding of active DNA demethylation processes in mammalian cells does not emerge
until recently. As we will discuss below, the transformative discovery of Ten-eleven
translocation (TET) proteins as 5mC oxidase has provided major insights into mechanisms
of active DNA demethylation. The biochemical basis of TET enzymes in oxidative
modification of 5mC has recently been reviewed elsewhere (Kohli and Zhang, 2013; Pastor
et al., 2013). In this review, we focus on an integrated understanding of mechanisms,
genomics and biological functions of mammalian DNA demethylation process. First, we
summarize the current mechanistic understanding of passive and active DNA demethylation
pathways. Second, we examine the recent advances in development of genomic mapping
technologies for 5mC oxidation derivatives as well as the understanding of potential
regulatory functions of oxidized cytosine bases in the mammalian genome. Finally, we
discuss how distinct modes of DNA demethylation dynamics can be achieved through
modulation of the cytosine modifying enzymatic pathway to satisfy the needs of diverse
biological processes.

DNA methylation and demethylation in mammals: a cyclic enzymatic

cascade

DNA demethylation can take place either passively or actively. Upon DNA replication, the
maintenance machinery DNMT1/UHRF1 restores the symmetrical CpG methylation pattern
by methylating the unmodified cytosine in the nascent DNA strand (Bostick et al., 2007,
Sharif et al., 2007). Passive loss of 5mC can therefore be achieved through successive cycles
of DNA replication in the absence of functional DNMT1/UHRF1 [passive dilution of 5mC
(PD) in Figure 2A]. One example of replication-dependent passive loss of 5mC is the global
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erasure of 5mC in the maternal genome during mouse pre-implantation development (see
below). Compelling evidence indicates that 5mC can also be rapidly erased independent of
DNA replication in specific biological settings in both plants and mammals (Law and
Jacobsen, 2010; Wu and Zhang, 2010). Such change involves active DNA demethylation
mechanisms, which require one or more enzymatic reactions to modify or remove 5mC. In
flowing plants (e.g. Arabidopsis thaliana), active erasure of 5mC is mediated by the
Demeter (DME)/repressor of silencing 1 (ROS1) family of DNA glycosylases and base
excision repair (BER) machinery (Zhu, 2009) (Figure 1C). However, mammalian orthologs
of DME/ROSL1 enzymes have not been identified. Mammalian cells may therefore achieve
active DNA demethylation using different mechanisms. Early efforts focused on testing
various known DNA modifying proteins, such as DNA repair enzymes, cytosine
deaminases, and DNA glycosylases (Box 1A). However, experimental evidence for these
proposed candidates is often restricted to very specific biological settings, and in many cases
the activity cannot be substantiated by follow-up studies (Ooi and Bestor, 2008; Wu and
Zhang, 2010). Thus, these studies did not reveal a consensus mechanistic framework for
active DNA demethylation in mammals.

Box 1
Known and putative mechanisms of active erasure of 5-methylcytosines

A. 5mC oxidation-independent active DNA demethylation mechanisms
1. Enzymatic removal of the methyl group from 5mC

The most straightforward way to achieve DNA demethylation is direct removal of the
methyl-group. However, this is a thermodynamically unfavorable reaction. One study
proposed that methyl-CpG-binding domain protein 2 (MBD2) can catalyze such a
reaction leading to the release of methanol, but other laboratories could not reproduce
this finding and active erasure of paternal 5mC occurs normally in fertilized oocytes
lacking Mbd2 (Wu and Zhang, 2010). To date, no compelling evidence supports that this
biochemical reaction could take place under physiological conditions.

2. Nucleotide excision repair to erase 5mC

Excision repair of short genomic regions that contain methylated cytosine nucleotides
can indirectly result in erasure of 5mC. There are two major DNA excision repair
mechanisms to repair single-stranded DNA damage: base excision repair (BER) and
nucleotide excision repair (NER). BER is used to correct damaged bases or mismatched
base pairs (e.g. G:T mismatch), whereas NER can repair bulky DNA lesions formed by
exposure to radiation or chemicals. Once the bulky DNA lesion is recognized, specific
enzymatic activities introduce dual incisions flanking the damage region. The resulting
single-stranded gap (usually 24-32 nucleotides) is then filled in by DNA repair
polymerases and ligases. The Gadd45 (growth arrest and DNA-damage-inducible protein
45) family of proteins was reported to stimulate active DNA demethylation via NER
(Barreto et al., 2007). While some evidence suggests that Gadd45 may induce active
DNA demethylation in Xenopus laevis embryos and mammalian cells (Ma et al., 2009;
Rai et al., 2008; Schmitz et al., 2009), conflicting results were also reported (Jin et al.,
2008). Furthermore, Gadd45a- and Gadd45b-null mice are grossly normal and have no
global alteration in DNA methylation levels (Engel et al., 2009; Ma et al., 2009). Thus,
the role of Gadd45 in DNA demethylation remains uncertain.

3. Direct base excision repair of 5mC by DNA glycosylases

Active DNA demethylation can be achieved by a DNA glycosylase that efficiently
excises 5bmC base from DNA. Strong genetic and biochemical evidence supports the use
of this mechanism in plants (Zhu, 2009). Mammalian DNA glycosylases, including TDG
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and methyl-CpG binding domain-containing protein 4 (MBDA4), were also proposed to
have excision activity against 5mC (Zhu et al., 2000). However, 5mC excision activity of
these enzymes is significantly (30—-40 fold) lower than their activity for T or U in TG or
UeG mismatches. In addition, Mbd4-null mice are viable and have normal DNA
methylation pattern during development. Interestingly, Tdg-null mice die around E12.5
and exhibit modest increase in level of 5mC at some CpG-rich gene promoters (Cortazar
et al., 2011; Cortellino et al., 2011). Because TDG, but not MBD4, has robust activity
towards 5fC and 5caC, it is likely that 5fC/5caC excision activity, instead of the marginal
5mC excision activity of TDG, is responsible for methylation defects observed in Tdg-
deficient cells (see main text).

4. Deamination and repair of 5mC base

Deamination of 5mC generates thymine and the resulting GeT mismatch can be repaired
by multiple DNA glycosylases (e.g. TDG) and BER to replace the mismatched T with C.
Activation-induced deaminase (AID)/APOBEC-family of cytidine deaminases are known
to function in generating mutations in DNA and RNA, which are biologically important
for antibody diversification in B cells and for RNA editing (Conticello, 2008). In vitro
biochemical analysis suggests that AID/APOBEC could also deaminate 5mC to T
(Morgan et al., 2004). However, AID/APOBEC only efficiently acts on single-strand but
not double-strand DNA (Bransteitter et al., 2003), and exhibit substantially lower activity
on 5mC (10-20 fold) relative to cytosine, their canonical substrate (Nabel et al., 2012). In
addition, AID- or APOBEC1-knockout mice exhibit the expected B cell and
immunological defects, but are viable and fertile (Wu and Zhang, 2010). Nevertheless,
studies in zebrafish embryos (Rai et al., 2008), mouse PGCs (Popp et al., 2010), mouse
ESC/human fibroblast fused heterokaryons (Bhutani et al., 2010), and iPSCs (Kumar et
al., 2013), support a potential role of AID/APOBEC-mediated 5mC deamination in DNA
demethylation. Further studies are needed to clarify the exact biochemical mechanism
and function of AID/APOBEC proteins in DNA demethylation. Moreover, De novo
DNMTs have been reported to possess in vitro 5mC deaminase activity in the absence of
the methyl-donor S-adenosylmethionine (SAM) (Metivier et al., 2008). Given that SAM
is relatively abundant in all living cells and is a general methyl-group donor for many
essential enzymes, the in vivo relevance of DNMT-mediated deamination of 5mC
remains unknown (Ooi and Bestor, 2008).

5. Radical SAM mechanisms

Elongator complex protein 3 (ELP3) was reported to promote paternal genome
demethylation in mouse zygotes (Okada et al., 2010). While it is proposed that the Fe-S
radical SAM domain of ELP3 may be involved in the demethylation process (Wu and
Zhang, 2010), direct biochemical evidence demonstrating the demethylation activity of
ELP3 is currently lacking.

B. 5mC oxidation-dependent active DNA demethylation mechanisms
1. Replication-dependent passive dilution of oxidized 5mC

Iterative oxidation of 5mC by TET proteins generates oxidized cytosine bases (5shmC/
5fC/5caC). These cytosine analogs may facilitate DNA demethylation by impairing the
binding and/or activity of maintenance methylation machinery (DNMT1/UHRF1) during
DNA replication. Compelling evidence suggests that this mechanism is used in the
erasure of paternal genome methylation during pre-implantation development as well as
in the complete demethylation of imprinting control regions in developing PGCs (see
main text).
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2. DNA repair-mediated excision of modified 5mC

TDG-mediated excision of 5fC/5caC followed by BER: TET proteins further oxidize
5hmC to 5fC and 5caC, which can be efficiently excised by TDG and repaired by BER
pathway. Multiple studies have biochemically validated this pathway (see main text).
Compelling genetic and genomic evidence suggests that TET/TDG-mediated active DNA
demethylation takes place in mouse ESCs, but how extensive this mechanism is utilized
in vivo and in other cell-types is currently unknown.

AlID/APOBEC-mediated deamination of 5hmC followed by BER: Similar to 5mC
deamination, AID/APOBEC proteins may theoretically deaminate 5hmC to generate 5-
hydroxyuracil (5ShmU). One study has shown that 5hmC deamination by AID/APOBEC
may take place in cultured cells and in mouse brain (Guo et al., 2011). The resulting
5hmU«G mismatch can be repaired by DNA glycosylases such as TDG and SMUG1
(Cortellino et al., 2011). However, subsequent studies show that AID/APOBEC proteins
exhibit no detectable deaminase activity against 5hmC in in vitro biochemical assays or
in cells overexpressing these enzymes (Nabel et al., 2012), challenging the biochemical
plausibility of this proposed mechanism. One potential explanation for the negligible
activity of AID/APOBEC on 5hmC is that the relatively bulky steric size of 5-position
substituent (cytosine [H-] < 5mC [CH3-] < 5hmC [OHCH2-]) may have a significant
negative impact on deaminase activity (Nabel et al., 2012).

3. Direct removal of the oxidized 5-position substitute

Dehydr oxymethylation by DNMTs: Although direct removal of a methyl group from
5mC is thermodynamically challenging, the removal of the oxidized methyl group is
more feasible. In vitro biochemical studies suggest that DNMT3A/3B can remove the
hydroxymethyl group of 5hmC to generate unmodified cytosine in the absence of SAM
and under oxidizing conditions (Chen et al., 2012; Liutkeviciute et al., 2009). Given that
SAM is present at relatively high levels in in all cell types, the physiological relevance of
this reaction remains unclear.

Decarboxylation of 5caC: In the thymine salvage pathway, T-to-U conversion is
completed by iso-orotate decarboxylase-mediated decarboxylation of 5-carboxyuracil
(Smiley et al., 2005). Given the chemical similarity between THase and TET enzymes, it
has been proposed that decarboxylation activity may exist in mammalian cells to directly
convert 5¢caC to unmodified cytosine (Wu and Zhang, 2010). One study suggests that
5caC decarboxylase activity may exist in mouse ESC lysates (Schiesser et al., 2012), but
the responsible enzyme awaits to be identified.

The breakthrough came in 2009 when the presence of 5-hydroxymethylcytosine (5hmC), an
oxidized derivative of 5mC, was unambiguously demonstrated in the mammalian genome
and TET family of DNA dioxygenases were identified as the enzyme that convert 5mC to
5hmC (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). Subsequent studies have
revealed that TET proteins can further oxidize 5hmC to 5-formylcytosine (5fC) and 5-
carboxycytosine (5caC) (He et al., 2011; Ito et al., 2011; Pfaffeneder et al., 2011). This
series of discoveries have established the biochemical basis for understanding the molecular
mechanism of active DNA demethylation in mammals.

Iterative oxidation of 5mC by TET proteins

The discovery of enzymatic activity modifying 5mC through oxidation was motivated by
two known pathways involved in oxidative modification of thymine (T). The first involves
the biosynthesis of “base J” (B-D-glucosyl-hydroxymethymethyluracil), a modified base
present in the genome of the parasite Trypanosome brucei that causes African sleeping
sickness (Borst and Sabatini, 2008). Base J biosynthesis is achieved by a two-step process.
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J-binding protein (JBP) 1 and 2 first oxidize T in the DNA to 5-hydroxymethyluracil
(5hmU); then a glycosyltransferase completes the synthesis of base J by adding glucose
groups to 5hmU (Borst and Sabatini, 2008). JBP1/2 proteins are members of the Fe(ll)/a-
ketoglutarate (a-KG)-dependent dioxygenase family (Loenarz and Schofield, 2011).
Systematic bioinformatic analysis identified the human gene, Ten-eleven translocation
(TET) 1, as a homolog of JBP1/2 (lyer et al., 2009). TETZL, initially discovered as a fusion
partner of the histone H3 Lys4 methyltransferase mixed-lineage leukaemia 1 (MLL1)
[t(10;11)(g22;g23)] in certain acute myeloid leukemia (AML) (Lorsbach et al., 2003; Ono et
al., 2002), contains a C-terminal catalytic domain consisting of a Cys-rich region and a
double-stranded B-helix (DSBH) fold (Figure 1A). Overexpression of TET1 in cultured cells
results in reduction of genomic 5mC level, and recombinant TET1 proteins can oxidize 5mC
in vitro and the resulting product was determined as 5hmC (Tahiliani et al., 2009) (Figure
1B). Similar enzymatic activity was also demonstrated in all three TET proteins in mouse
(TET1-3) (Ito et al., 2010). Supporting the physiological relevance of TET-mediated 5mC
oxidation, 5hmC can be readily detected in most cell-types (1-5% of 5mC) and is
particularly enriched in the genome of adult neurons (15-40% of 5mC) (Globisch et al.,
2010; Kriaucionis and Heintz, 2009).

The second pathway that provides clues on enzymatic activity of TET proteins involves T-
to-uracil (U) conversion in the pyrimidine salvage pathway. In this process, T is first
converted by thymine hydroxylase (THase), also a Fe(l1)/a-KG-dependent dioxygenase, to
5hmU, 5-formyluracil (5fU), and 5-carboxyluracil (5caU) through three successive
oxidation reactions; then isoorotate decarboxylase completes the T-to-U conversion through
decarboxylation of 5caU (Smiley et al., 2005). The similarity in chemistry between T-to-U
conversion and oxidative modification of 5mC suggests the possibility that TET enzymes
may function similarly to THase and can mediate interative oxidation of 5mC (Wu and
Zhang, 2010). With improved chromatographic separation conditions, TET proteins have
been shown to be capable of further oxidizing 5ShmC to 5fC and 5caC (He et al., 2011a; Ito
etal., 2011) (Figure 1B). Mass spectrometry analysis has shown that 5fC is present in a
wide-range of cell types and 5caC is detectable in mouse ESCs, although their levels are at
least an order of magnitude less than that of 5hmC (He et al., 2011; Ito et al., 2011;
Pfaffeneder et al., 2011). The low abundance of 5fC and 5caC is probably due to the
presence of enzymatic activity capable of efficiently excising these highly oxidized bases
from DNA (see below). Thus, TET-mediated 5mC oxidation reactions extend the previously
recognized binary state of cytosine modification (C/5mC) to five distinct states (C/5mC/
5hmC/5fC/5caC) in the mammalian genome, raising the possibility that these new cytosine
analogs may play a role in dynamic regulation of 5mC.

Passive restoration of unmodified cytosines by replication-dependent dilution of oxidized

5mC

The presence of oxidized 5mC bases at CpG sites may facilitate replication-dependent
passive loss of 5mC. While there are conflicting results regarding whether UHRF1 can
efficiently recognize hemi-hydroxymethylated CpG sites ["CG:GC] (Frauer et al., 2011;
Hashimoto et al., 2012), independent studies have established that DNMT1 is significantly
less efficient (10~60-fold) in methylating "CG:GC than hemi-methylated ["CG:GC] sites in
vitro (Hashimoto et al., 2012; Valinluck et al., 2004). Whether hemi-modified CpGs
carrying 5fC or 5caC [XG:GC, X=fC or ¢aC] also impair DNMT1 functions is unclear. In
summary, TET proteins may initiate a two-step demethylation process in proliferating cells
that involves initial active modification (AM) of 5mC through oxidation and subsequent
replication-dependent passive dilution (PD) of 5hmC and potentially 5fC/5caC (AM-PD in
Figure 2A). This mode of active DNA demethylation is distinct from simple passive dilution
of 5mC (PD in Figure 2A) (Kohli and Zhang, 2013), as AM-PD may be effective even in the
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presence of functional methylation maintenance machinery. Replication-dependent DNA
demethylation in the presence of DNMT1/UHRF1 has been reported during erythropoiesis
(Shearstone et al., 2011), it will be interesting to examine whether 5mC oxidation may
contribute to DNA demethylation in this system.

Interestingly, DNMT3A/B has comparable in vitro methylase activity towards "CG:GC
and "CG:GC sites (Hashimoto et al., 2012; Otani et al., 2013b), suggesting that DNMT3
may be involved in maintaining 5mC levels in dividing cells with high TET activity. In
support of this notion, mouse ESCs deficient in both DNMT3A and DNMT3B become
globally hypomethylated after prolonged culturing (Chen et al., 2003). Because 5hmC/5fC/
5caC in the paternal genome can be passively diluted in the presence of maternal DNMT3A
proteins during early pre-implantation development (Inoue et al., 2011; Inoue and Zhang,
2011), DNMT3A alone may not be sufficient to effectively methylate hemi-modified sites
[XG:GC, X="C, fC, or °aC]. Further studies are needed to elucidate the interplay between
5mC oxidation and replication-dependent demethylation.

Active restoration of unmodified cytosines by enzymatic removal of oxidized 5mC

In addition to passive dilution of modified cytosines, several TET initiated but replication-
independent active demethylation mechanisms have been proposed (Box 1B). These active
DNA demethylation processes also involve initial oxidative modification of 5mC but
complete the demethylation through replication-independent active restoration (AR) of
unmodified C. First, removal of oxidized 5-position substituent, through either
dehydroxymethylation of 5ShmC by DNMTs (Chen et al., 2012; Liutkeviciute et al., 2009) or
decarboxylation of 5caC by a putative decarboxylase (Schiesser et al., 2012; Wu and Zhang,
2010), may directly revert the oxidized 5mC base to unmodified cytosine. Second, DNA
glycosylase-mediated excision of oxidized 5mC bases, including removal of 5ShmU
[deamination product of 5hmC] (Guo et al., 2011) or 5fC/5caC (He et al., 2011; Maiti and
Drohat, 2011), may result in abasic sites that are further repaired by BER to restore
unmethylated C.

Among these proposed TET-dependent AM-AR demethylation pathways, the mechanism
that involves TDG-mediated excision of 5fC/5caC has received the most experimental
support. As a member of uracil DNA glycosylase (UDG) superfamily (Figure 1A), TDG is
known to use a base-flipping mechanism to remove the pyrimidine base from TG or UG
mismatches to initiate BER (Stivers and Jiang, 2003). Given the precedent of DME/ROS1-
mediated excision repair of 5mC in plants (Figure 1C), DNA glycosylases have long been
suspected in playing a role in active DNA demethyation in mammals. TDG is a particularly
attractive candidate as it can act as a scaffold protein to bridge transcriptional coactivator
CBP/p300 to numerous transcription factors, supporting a gene regulatory role of TDG
(Dalton and Bellacosa, 2012). Early studies suggested that TDG might promote DNA
demethylation through either direct excision of 5mC or T (the deamination product of 5mC).
Although biochemically feasible, these mechanisms probably play a limited role in DNA
demethylation given the marginal 5mC excision activity of TDG and AID/APOBEC
deaminases’ selectivity for single-stranded DNA (Box 1A). The role of TDG in DNA
demethylation was revisited after additional oxidized cytosine analogs were discovered in
the genome. While TDG cannot efficiently remove 5mC or 5hmC, it exhibits robust in vitro
excision activity towards 5fC or 5caC [5fCeG or 5¢caCeG pairs] in duplex DNA (He et al.,
2011; Maiti and Drohat, 2011). In fact, TDG has a higher activity for 5fCeG compared to
T+G mismatch, its cognate substrate (Maiti and Drohat, 2011). The molecular basis for
excision of 5fC/5caC by TDG stems from the effect of 5fC and 5caC in destabilizing the
base-sugar linkage (N-glycosidic bond) as C bases with a weakened N-glycosidic bond can
be efficiently excised by DNA glycosylases (Bennett et al., 2006). Further biophysical
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analysis indicates that the active site of TDG may possess specific structural features to
mediate the recognition of oxidized 5mC bases (Zhang et al., 2012). Supporting the
physiological relevance of this mechanism, overexpression of TET and TDG in the HEK293
cells rapidly depleted 5fC and 5caC (Nabel et al., 2012), whereas Tdg-deficiency in mouse
ESCs caused a 5-10 fold increase in levels of 5fC and 5caC (He et al., 2011; Shen et al.,
2013; Song et al., 2013a). Thus, methylation, iterative oxidation and excision repair offer a
complete cytosine-modifying cascade that permits replication-independent erasure of DNA
methylation (Figure 1C and 2B).

While other members of the UDG family of DNA glycosylases (UNG, MBD4, and
SMUGL) are dispensable for embryonic development (Kemmerich et al., 2012; Millar et al.,
2002), Tdg-null mouse embryos exhibit a wide range of developmental defects and die
around embryonic day (E) 12.5 (Cortazar et al., 2011; Cortellino et al., 2011). Interestingly,
among all UDG DNA glycosylases, only TDG can efficiently excise 5fC/5caC (He et al.,
2011; Maiti and Drohat, 2011), suggesting a unique role of TDG’s 5fC/5caC excision
activity in embryonic development. Indeed, mutant embryos carrying the glycosylase
activity defective mutation (N151A in mouse TDG) phenocopy developmental defects of
Tdg-null embryos (Cortellino et al., 2011). Given its robust excision repair activity for
mismatch mutations, TDG may potentially ensure proper development by reducing genetic
mutations; however, Tdg-deficiency induced embryonic lethality phenotype was fully
penetrant, which is incompatible with an anti-mutagenic DNA repair defect that would
exhibit highly variable phenotypes due to stochastic mutations in different genes. Thus,
inactivation of TDG may primarily result in epigenetic rather than genetic defects in the
genome. Dys-regulation of C/5mC/5hmC levels and/or accumulation of ectopic 5fC/5caC at
specific gene regulatory sequences in Tdg-deficient mice may potentially affect transcription
and cause developmental defects. Further in vivo analysis is needed to clarify how extensive
TET/TDG-mediated DNA demethylation pathway is utilized in vivo and to elucidate the
exact mechanism by which TDG activity contributes to transcription and development.

Intermediate steps of TET/TDG-mediated replication-independent DNA demethylation

Considering the cytosine methylation and demethylation process in the context of TET/
TDG-mediated step-wise enzymatic cascade prompts key mechanistic questions: What are
the preferred intermediate steps through which TET and TDG enzymatically revert 5mC to
unmodified cytosine? Does TDG-mediated excision of 5fC/5caC preferentially generate
single strand break (SSB) or double strand break (DSB)? Base-resolution mapping studies
showed that steady-state 5ShmC is almost exclusively found in the CpG context (>99% in
CpGs), even in mouse ESCs and neurons where non-CpG methylation is prevalent (Lister et
al., 2013; Yu et al., 2012). Thus, oxidative modification of 5mC by TET proteins may occur
mostly in the CpG context. In line with this, recent structural analysis of TET2 catalytic
domain in complex with methylated DNA indicates that TET2 has a stronger preference to
oxidize 5mC in CpG sites than in non-CpG context (Hu et al., 2013). Alternatively, iterative
oxidation of 5mC at non-CpG sites could occur at a much faster rate such that 5ShmcC at these
sites is only transiently generated and rapidly converted to 5fC/5caC, which are removed by
TDG/BER. Base-resolution mapping of 5fC/5caC in Tdg-mutant cells can potentially
capture these short-lived oxidized 5mC bases within non-CpG sites.

Within each CpG dyad, the cytosine-modifying pathway (DNMT-TET-TDG/BER) can
theoretically generate 21 distinct cytosine modification states [XG:GX,

X=C, MC, "mC, fC, caC or abasic], six of which are in symmetric form (Figure 2B). Base-
resolution mapping of 5hmC in mouse ESCs indicates that less than 20% of 5hmC is
potentially present in symmetrically modified form ["MCG:GC"™] (Yu et al., 2012). Thus,
hemi-modified CpG dyads may be the predominant pool of intermediates generated from
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5mC oxidation reactions. Strand asymmetry associated with 5hmC (or 5fC and 5caC)
implies that TET/TDG-mediated active demethylation may frequently generate single abasic
site at methylated CpGs, which typically leads to formation of SSB. Reducing the frequency
of symmetrically oxidized CpGs [XG:GX, X=fC or ©@C] may be physiologically relevant as
two abasic sites in a single CpG dyad [XG:GX, X=abasic] could frequently generate DSB,
increasing the chance of introducing deleterious mutations. Curiously, in vitro biochemical
assay showed that TDG has higher excision activity for hemi-carboxylmethylated CpG site
[8CG:GC] than for fully carboxylmethylated one [3CG:GC®] (He et al., 2011), which may
also help reduce frequency of generating DSB. Sequencing technology that allows
simultaneous mapping of 5fC and 5caC at base-resolution may help determine the relative
frequency of SSBs versus DSBs introduced during TET/TDG-mediated active
demethylation process.

Regulatory mechanisms of TET-dependent DNA demethylation

Maintaining proper gene expression and cellular identity requires precise control of the
DNA methylation pattern (Ji et al., 2010; Ziller et al., 2013). 5mC is likely to be the default
epigenetic state of CpGs (except for those within CpG-rich promoters) in the mammalian
genome, thus direct regulation of DNA methylation machineries generally leads to global
changes in 5mC levels; however, regulatory mechanisms that modulate substrate
accessibility, enzymatic activity, expression levels, and genomic targeting of TET enzymes
may provide more precise control of the pattern of 5mC (or oxidized 5mC) at specific loci in
the genome.

Regulation by substrate preference and accessibility of TET enzymes

Quantitative mass spectrometry analysis of mouse ESCs suggests that 5hmC (~5% of 5mC)
is significantly more prevalent than 5fC (0.06-0.6% of 5mC) and 5caC (0.01% of 5mC) (Ito
etal., 2011; Pfaffeneder et al., 2011), suggesting that TET enzymes tend to stall at 5ShmC.
The processivity of 5mC oxidation may be regulated by substrate preference and/or the
accessibility of TET enzymes. In vitro biochemical analysis suggests that the initial reaction
rate of TET enzymes for oxidizing 5mC to 5hmC is 5-8 fold higher than that of oxidizing
5hmC or 5fC (Ito et al., 2011), indicating that TET proteins may be more efficient in
utilizing 5mC (as compared to 5hmC or 5fC) as a substrate. Structural analysis of TET2
catalytic domain shows that there is no binding difference between methylated and
unmethylated CpG sites (Hu et al., 2013), implying that the methyl group on the 5-position
does not impact DNA binding. Thus, it remains to be determined whether the active site of
TET enzymes has distinct affinity for 5ShmC and 5fC. Interestingly, a SRA domain
containing protein, UHRF2, has been recently identified as a 5hmC-binding protein and
reported to be able to enhance the processivity of TET enzymes (Spruijt et al., 2013),
potentially via its ability to flip modified cytosine from DNA duplex and increase the
substrate accessibility of TET proteins.

Regulation of enzymatic activity by metabolites and co-factors

Emerging evidence indicates that changes of metabolic states in cells may affect the relative
concentration of enzymatic cofactors and in turn influence the activity of DNA and histone
modifying enzymes (Kaelin and McKnight, 2013). TET enzymes require oxygen, Fe (I) and
a-KG to catalyze 5mC oxidation reactions. a-KG is primarily produced from isocitrate in
the tricarboxylic acid (TCA) cycle by isocitrate dehydrogenases 2 and 3 (IDH2 and IDH3)
in the mitochondria. Cytosolic IDH1 can provide an alternative source of a-KG.
Interestingly, inactivating mutations in the TCA cycle enzymes, fumarate hydratase (FH)
and succinate dehydrogenase (SDH), or tumor-associated missense mutations in IDH1/2
result in accumulation of high concentrations of fumarate, succinate, and the oncometabolite
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2-hydroxyglutarate (2-HG), all of which share structural similarity with a-KG and
competitively inhibit Fe(l1)/a-KG-dependent dioxygenases (Kaelin and McKnight, 2013),
including TET enzymes and JmjC-domain containing histone demethylases (Klose et al.,
2006).

Vitamin C (also known as ascorbic acid), a micronutrient known for its anti-scurvy activity
in humans, is also implicated in modulation of TET activity. Recent studies have supported
a role of vitamin C in stimulating the catalytic activity of TET proteins (Blaschke et al.,
2013; Minor et al., 2013; Yin et al., 2013). Vitamin C may directly interact with the catalytic
domain of TET proteins and act as a positive modulator of TET activity by facilitating
conformational changes and/or recycling of the cofactor Fe (I1) (Yin et al., 2013). In mouse
ESCs, vitamin C significantly increases levels of all 5mC oxidation products, particularly
5fC and 5caC (>10-fold). Moreover, ground-state mouse ESCs cultured in the presence of
vitamin C adopt a methylome more resembling that of blastocysts in vivo (Blaschke et al.,
2013).

Regulation of genomic targeting of TET enzymes

In addition to the C-terminal catalytic domain, TET1 and TET3 encode a zinc finger Cystein-
X-X-Cystein (CXXC) domain at their N-termini (Figure 1A). The CXXC domain is present
in many chromatin associated proteins, and has a strong preference for unmethylated CpGs
(Long et al., 2013). Although TET2 lacks a CXXC domain, a neighboring gene IDAX
(inhibition of the Dvl and axin complex; also known as CXXC4) encodes a CXXC domain
highly similar to those in TET1 (also known as CXXC6) and TET3 (CXXC10). It is possible
that IDAX was originally part of an ancestral TET2 gene that underwent a chromosomal
inversion, which separated the CXXC domain from the catalytic domain (lyer et al., 2009;
Ko et al., 2013). Genome-wide occupancy analysis suggests that TET1 is preferentially
localized to unmethylated CpG-rich promoters and genic regions in mouse ESCs (Williams
etal., 2011; Wu et al., 2011b), and IDAX is also enriched at unmethylated CpG sequences
and directly interacts with TET2 (Ko et al., 2013). Further biochemical and structural
analyses indicate that TET1 CXXC domain may also recognize methylated cytosines (Xu et
al., 2011b; Zhang et al., 2010), and the TET3 CXXC domain can target unmethylated
cytosines within both CpG and non-CpG contexts (Xu et al., 2012). Thus, unlike other
CXXC domains that specifically recognize unmethylated CpG sites, CXXC domains of
TET1/3 and IDAX may have increased flexibility in sequence selectivity and play a role in
facilitating the recruitment of TET enzymes to their specific genomic targets.

Transcriptional and post-transcriptional regulation of TET levels

Three TET genes exhibit different expression patterns in a developmental-stage- and cell-
type-specific manner (Ito et al., 2010; Szwagierczak et al., 2010). A high-level of TET1 is
specifically detected in mouse ESCs, the inner cell mass of blastocysts, and developing
PGCs (E9.5-12.5), whereas TET2 and TET3 are broadly expressed in various mouse adult
tissues (Ito et al., 2010; Yamaguchi et al., 2012). Interestingly, TET3 is the only TET
enzyme present in mouse oocytes and one-cell zygotes (Igbal et al., 2011; Wossidlo et al.,
2011). Transcriptional control of TET genes is likely mediated by cell-type specific
transcription factors. For instance, the upstream promoter region of the TET1 gene contains
a large cluster of binding sites for pluripotency-related transcription factors (TFs) (Ficz et
al., 2011), suggesting a role of pluripotency-related TFs in maintaining TET1 expression.
Indeed, TETL1 is highly expressed in mouse ESCs, but its level is rapidly down-regulated
upon differentiation (Ito et al., 2010; Koh et al., 2011).

Given the relatively large size of mMRNA and 3’ untranslated regions (UTR) of TET1-3
genes, TET mRNAs may also be regulated post-transcriptionally by microRNAs. Indeed,
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two recent studies have reported a role of oncogenic microRNA miR-22 in negatively
regulating TET protein levels in the context of breast cancer development and hematopoietic
stem cell transformation (Song et al., 2013b; Song et al., 2013c). In addition, IDAX may
target TET2 proteins for degradation via a caspase-dependent mechanism; similarly, the
CXXC domain of TET3 may negatively regulate its own protein stability (Ko et al., 2013),
suggesting an auto-inhibitory mechanism of regulating TET protein levels.

Genomic distribution of oxidized methylcytosines and their potential roles
in transcription regulation

Genome-wide mapping of oxidized 5mC bases in the mammalian genome represents an
unbiased approach to investigate the potential roles of TET-mediated demethylation
pathway and these oxidized cytosines in epigenome function and transcriptional regulation.
In principle, DNMT and TET enzymes can modify each of the approximately 28 million
CpGs in the diploid mammalian genome to adopt one of the five epigenetic states (C/5mC/
5hmC/5fC/5caC).

Genome-wide mapping technologies for oxidized 5mC bases

Multiple methods exploiting specific biochemical or biophysical properties of modified
cytosine bases have been developed to map their distribution across the genome (Figure
3A). These methods can be categorized into two groups: first, affinity-enrichment based
approaches, which utilize modification-specific antibodies or selective chemical labeling of
modified cytosines (Box 2A); second, base-resolution mapping methods such as bisulfite
sequencing (BS-Seq) (Box 2B). The affinity- based methods are generally straightforward to
perform and more cost-effective. However, the resolution of these methods is limited by the
size of DNA fragments (several hundred base pairs), and affinity-enrichment methodology
identifies regions enriched for modified bases by comparing signals [normalized sequencing
read counts] in pull-down and those in negative control (IgG or input), thereby providing a
measurement of relative fold-enrichment [pull-down/control]. By contrast, base-resolution
mapping of modified bases can determine which cytosine (including exact position and
strand) is modified and typically measures the percentage of modification level [(humber of
modified cytosines/number of all cytosines) x 100%] at a given cytosine. The probability
that a cytosine can be confidently identified as modified is governed by the sequencing
depth and abundance of the modification at that cytosine in a specific cell type. Given the
low abundance of oxidized methylcytosines, base-resolution methods require a relatively
high sequencing depth to detect them. It has been estimated that at a normal sequencing
depth (20-30x for BS-Seq), base-resolution mapping of 5hmC (TAB-Seq in Figure 3A and
Box 2B) can confidently detect cytosines with an average 20% or higher level of
hydroxymethylation regardless of the local density of cytosine substrates (Yu et al., 2012).
As a result, base-resolution methods have enhanced the sensitivity for detecting individual
cytosine that is modified at medium-to-high level but sparsely distributed (that is, not
clustered with other 5hmC). Indeed, while 80-90% of 5hmC peaks identified by affinity-
based methods (e.g. 5ShmC antibody IP and GLIB in Figure 3A) contain at least one of the
approximately 2.06 million high-confidence 5ShmC-marked cytosines detected by TAB-Seq
in mouse ESCs, 5hmC peaks from affinity-based methods only cover 30-40% of high-
confidence 5hmC identified by TAB-Seq (Yu et al., 2012). Because affinity-based methods
integrate signals from multiple cytosines within a given genomic region, they are capable of
detecting closely clustered cytosines with low level of modification, which may otherwise
be missed by base-resolution methods. Further increasing the sequencing depth of base-
resolution mapping experiments may help identify cytosines carrying low-level
modification, although it is unclear whether these infrequently modified cytosines are
biologically relevant. In summary, both affinity-based and single-base mapping methods can
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consistently identify regions enriched for cytosines that are frequently modified (medium-to-
high level), but their results may differ at sparsely distributed or infrequently modified
cytosines. Discrepancies between published genome-wide mapping studies may be due to
the use of different methodologies and data analysis strategies as well as varying definition
of a given genomic feature. Here we focus on recent advances on mapping of oxidized 5mC
bases including 5fC/5caC in stem cells and their potential gene regulatory roles at various
genomic features.

Box 2
Genome-wide mapping technologies for 5mC oxidation products
A. Affinity-enrichment methods

Affinity-enrichment is achieved by using either modification-specific antibodies or
chemical tagging specific 5mC oxidation derivatives (Figure 3A).

1. Antibody-based immunoprecipitation (IP) of 5ShmC/5fC/5caC

Modification-specific antibodies are available for all three oxidized 5mC bases and the IP
procedure is simple (Song et al., 2012b; Wu and Zhang, 2011a). However, there is
evidence that antibody-based method may pull-down certain type of simple repeats (e.g.
poly-CA) non-specifically (Matarese et al., 2011). Subtracting 1gG control signals from
IP signals can partially alleviate this problem (Shen et al., 2013).

2. CMS antibody-based IP of 5hmC

This method is based on sodium bisulfite-mediated conversion of 5hmC to cytosine
methylene sulphonate (CMS). Highly specific antibody against CMS can be generated
and used to enrich 5hmC containing DNA fragment (Huang et al., 2012). Anti-CMS
serum may have lower background compared to anti-5hmC serum (Pastor et al., 2011).
However, the presence of bulky CMS moiety in DNA can introduce PCR biases.

3.JBP1 IP of 5hmC

The method involves initial conversion of 5hmC to glycosylated 5ShmC (g5hmC) using -
glucosyltransferase (B-GT) from T4 bacteriophage. JBP1, a natural g5ShmC-binding
protein, is then used to enrich g5ShmC-containing genomic DNA (Robertson et al., 2011).
However, a recent study suggests that JBP1 IP generally produces weaker signals
compared to 5ShmC antibody IP or hMe-Seal (Thomson et al., 2013).

4. Selective chemical labeling 5hmC with biotin (hMe-Seal or GLIB)

By exploiting the naturally occurring glucosylation process of 5hmC by B-GT, several
methods were developed to chemically and enzymatically label 5hmC with the biotin tag
(Pastor et al., 2011; Song et al., 2011; Szwagierczak et al., 2010). The highly selective
and strong interaction between biotin and streptavidin allows efficient pull-down of
5hmC-containing DNA. In the first method, termed hMe-Seal (Song et al., 2011),
purified B-GT is used to transfer an azide-modified glucose analogue (UDP-6-N3-
glucose) to 5ShmC. Then, a biotin group can be attached to g5hmC with alkyne-biotin
probe via click chemistry (Song et al., 2011). The second approach, named GLIB
(glucosylation, periodate oxidation, biotinylation), first uses B-GT to transfer an
unmodified glucose to 5ShmC. Next, sodium periodate (NalOy4) is used to oxidize the
vicinal hydroxyl group in the glucose to aldehyde group, which is further modified with
aldehyde-reactive probe (aminooxy-biotin or NH,O-biotin) to add biotin tag to g5hmC
(Pastor et al., 2011). These chemical labeling methods have enhanced sensitivity and
lower background as compared to the antibody-based method (Song et al., 2012b).
However, similar to 5hmC antibody IP, these methods still exhibit some degree of
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density-dependency and tend to more efficiently pull-down DNA fragment containing
multiple modified bases (Shen et al., 2013).

5. Selective chemical labeling 5fC with biotin (5fC-Seal or 5fC pull-down)

A strategy for direct labeling 5fC with biotin tag using aminooxy-biotin probes has been
suggested (Pfaffeneder et al., 2011) and was used to generate the genome-wide
distribution map of 5fC (Raiber et al., 2012). However, this method may have side
reactions with other cytosines or abasic sites, resulting in relatively high background.
Based on hMe-Seal, an indirect 5fC labeling method (termed fC-Seal) has been
developed (Song et al., 2013a). In fC-Seal, B-GT is first used to block endogenous 5hmC
in the genome with unmodified glucose. Next, sodium borohydride (NaBHy) is used to
reduce 5fC to 5hmC, which is further converted to g5hmC-biotin (derived from
endogenous 5fC) as in hMe-Seal.

B. Single-nuclectide resolution methods

Base-resolution mapping of 5mC oxidation derivatives involves the use of bisulfite
sequencing (BS-Seq) or third-generation sequencing platforms.

1. BS-Seq (5mC+5hmC)

In standard BS-Seq, 5mC and 5hmC are resistant to deamination and consequently be
read out as C after PCR amplification (Clark et al., 1994). In contrast, unmodified C, 5fC
and 5caC are deaminated in bisulfite treatment and read out as T in sequencing. Thus,
methylation signals (C) in standard BS-Seq represent the sum of 5mC and 5hmC,
complicating the interpretation of BS-Seq results (Huang et al., 2010). By exploiting
distinct chemical properties of 5hmC/5fC/5caC in bisulfite treatment (NaHSO3),
traditional BS-Seq can be adapted to map oxidized 5mC (Figure 3A).

2. 0xBS-Seq (5hmC)

In oxidative bisulfite sequencing (0xBS-Seq) (Booth et al., 2012), potassium perruthenate
(KRuOg4) was used to specifically oxidize 5ShmC to 5fC, which can be deaminated by
bisulfite treatment. After the DNA sample is treated with KRuO, and NaHSO3, 5hmC/
5fC/5caC is detected as T in sequencing, whereas 5mC remains intact and is read as C.
Therefore, subtracting signals of 0xBS-Seq maps from standard BS-Seq signals would
reveal the location and abundance of 5ShmC (Booth et al., 2012).

3. TAB-Seq (5hmC)

In TET-assisted bisulfite sequencing (TAB-Seq) (Yu et al., 2012), 5hmC is first protected
from TET-mediated oxidation by glucosylation using B-GT. Next, 5mC and 5fC are
oxidized to 5caC in the presence of highly active recombinant TET proteins.

4. fCAB-Seq (5fC)

In this chemical modification assisted BS-Seq (CAB) method, O-ethylhydroxylamine
(EtONH>) is used to prevent 5fC from bisulfite-mediated deamination (Song et al.,
2013a). Subtracting standard BS-Seq signals from signals of fCAB-Seq will reveal the
location and abundance of 5fC.

5. caCAB-Seq (5caC)

Similar to fCAB-Seq, 5caC can be modified by 1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide hydrochloride (EDC) to resist deamination (Lu et al., 2013). However, this
method may have side reactions with the genomic DNA.

6. Third-generation sequencing technology

These single-molecule sequencing technologies directly sequence DNA molecules
without the need of PCR amplification. In single-molecule real-time (SMRT) sequencing,
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real-time recording of nucleotide incorporations generates not only the sequence identity
but also DNA polymerase kinetics. The polymerase replication rate at and around
modified cytosines is slower compared to unmodified bases. When combined with
chemical labeling or enzymatic modification (adding a glucosyl group to 5hmC;
oxidizing 5mC to 5caC) to increase kinetic differences, SMRT can be used to detect
strand-specific 5mC and oxidized bases at base-resolution with high confidence (Clark et
al., 2013; Song et al., 2012a). Nanopore sequencing monitors the current signal when
individual DNA molecular pass through nanoscale protein pores and has also shown the
potential to detect oxidized 5mC bases (Li et al., 2013; Wanunu et al., 2011). While third
generation sequencing technologies have the potential to directly map various cytosine
modifications, significant technological advances are required to further improve the
detection accuracy and to increase the sequencing throughput for analyzing complex
mammalian genomes.

Oxidized methylcytosines at gene promoters

Approximately 70% of mammalian promoters are associated with short CpG-dense
sequences [termed CpG islands (CGls), on average 1 kilobase (kb) long] (Deaton and Bird,
2011). CpG-rich promoters [also known as high-CpG promoters (HCPs)] are generally
unmethylated and transcriptionally active as H3K4 methylation and histone variant H2A.Z
enriched at these HCPs antagonize DNMT binding (Ooi et al., 2007; Zilberman et al., 2008).
The lack of 5mC at HCPs predicts that TET-mediated oxidative modification of 5mC is
minimal at these promoters. Indeed, the current consensus view from both affinity-
enrichment and base-resolution mapping studies suggests that proximal regions surrounding
the transcriptional start site (TSS) of active promoters (mostly HCPs) are generally devoid
of 5hmC/5fC/5caC in both wild-type and Tdg-depleted mouse ESCs [exemplified by
promoters of Rest and Zfp281 in Figure 3B, overlapping with unmethylated regions (UMR)]
(Shen et al., 2013; Song et al., 2013a; Szulwach et al., 2011a; Wu et al., 2011a; Yu et al.,
2012). TET proteins enriched at CpG-rich active promoters may therefore facilitate steady-
state transcription through catalytic activity-independent functions such as stabilizing or
recruiting other chromatin modifying complexes (Box 3).

Box 3

Catalytic activity-independent role of TET proteins in transcriptional
regulation

Genomic mapping of TET proteins in ESCs, HEK293T cells and bone marrow tissues
suggest that all three TET proteins are preferentially localized to unmethylated CpG-rich
promoters (Chen et al., 2013b; Deplus et al., 2013; Vella et al., 2013; Williams et al.,
2011; Wu et al., 2011b). In mouse ESCs, TETL1 is highly enriched at actively transcribed
CpG-rich promoters as well as bivalent gene promoters, which are repressed by
Polycomb repression complex 2 (PRC2). The preference for CGls is likely due to its N-
terminal CXXC domains. Depletion of TET1 causes transcriptional activation and
repression of many direct TET1 targets (Williams et al., 2011; Wu et al., 2011b; Xu et
al., 2011b). These results suggest that TET proteins may have dual functions in
transcriptional regulation via distinct mechanisms. The transcriptional activation role of
TET1 may be dependent on its 5mC oxidation activity to maintain unmethylated states at
active promoters or distal enhancers (Ficz et al., 2011; Shen et al., 2013; Wu et al.,
2011b); in contrast, a role of TET1 in transcriptional repression may be related to its
physical interaction with the SIN3A repressor complex (Williams et al., 2011), or its
ability to facilitate the recruitment of the MBD3/NURD (Yildirim et al., 2011) and PRC2
(Wu et al., 2011b) to chromatin. TET2 and TET3 (to a lesser extent for TET1), can
directly interact with O-linked -N-acetylglucosamine (O-GlcNAc) transferase (OGT),
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and recruit OGT to CpG-rich gene promoters in mouse ESCs and differentiated cells
(Chen et al., 2013b; Deplus et al., 2013; Vella et al., 2013). Although this physical
interaction appears not to regulate enzymatic activity of TET proteins, depletion of TET
proteins reduces OGT binding to chromatin and its activity to glycosylates histone H2B
(Chen et al., 2013b) and other chromatin regulators such as HCF1 (host cell factor 1)
(Deplus et al., 2013), a component of the H3K4 methyltransferase SET1/COMPASS
complexes. Thus, TET proteins may promote transcription of target genes by enhancing
histone modifications such as O-GlcNAcylation at Ser 112 of H2B and trimethylation of
Lys 4 on H3 (H3K4me3), both of which are associated with gene activation. Together,
these results suggest that TET proteins possess catalytic activity-independent gene
regulatory functions.

Affinity-based methods showed that 5ShmC is preferentially enriched at promoters of genes
expressed at medium-to-low levels in mouse and human ESCs (Pastor et al., 2011; Szulwach
etal., 2011a; Wu et al., 2011a; Xu et al., 2011b), and these 5ShmC-enriched promoters are
generally associated with intermediate or low CpG-density [intermediate-CpG promoter
(ICP) or low-CpG promoter (LCP)]. Base-resolution mapping of 5ShmC also indicated that
5hmC is more abundant at ICPs/LCPs than at HCPs (Yu et al., 2012). Recent studies of 5fC
and 5caC showed that 5fC/5caC tend to accumulate at transcriptionally inactive or poised
promoters in the absence of TDG in mouse ESCs (Shen et al., 2013; Song et al., 2013a). In
fact, some of the highest levels of 5ShmC/5fC/5caC in Tdg-depleted mouse ESCs are found at
promoters and flanking regions of lineage-specific transcription factor (mostly ICPs) [Thx5
in Figure 3B] (Shen et al., 2013), indicating that TET/TDG-mediated active demethylation
occurs at these loci. 5hmC/5fC/5caC peaks at or surrounding these ICPs of lineage-specific
genes are frequently overlapped with low-methylation regions (LMRs) that are previously
identified by standard BS-Seq as partially methylated regions (Stadler et al., 2011), as well
as bivalent domains, which contain H3K4me3 [active histone mark] and H3K27me3
[polycomb repression complex 2 (PRC2)-deposited repressive mark] (Bernstein et al.,
2006). TET proteins and oxidized methylcytosines may contribute to the establishment and/
or maintenance of transcriptionally poised/inactive state at lineage-specific promoters
through several mechanisms, including maintenance of partially methylation state by
mediating active demethylation, recruitment of TET-interacting co-repressor complexes
such as SIN3A (Box 3), and attracting/repelling specific reader proteins for oxidized 5mC
bases (see below). Further studies are needed to clarify the relative importance of these
distinct mechanisms in gene regulation.

Oxidized methylcytosines within gene bodies

Enrichment of 5hmC within intragenic regions, particularly at 3’ portion of gene bodies, is
found to be a hallmark of active transcription in virtually all cell-types investigated,
including mouse/human ESCs (Ficz et al., 2011; Pastor et al., 2011; Szulwach et al., 2011a;
Williams et al., 2011; Wu et al., 2011a; Xu et al., 2011b) (Rest in Figure 3B), mouse
cerebellum (Mellen et al., 2012; Song et al., 2011), and mouse/human fontal cortex (Lister et
al., 2013). Despite their scarcity in the bulk genome, 5fC and 5caC also exhibit a tendency
to accumulate within actively transcribed gene bodies in the absence of TDG (Shen et al.,
2013; Song et al., 2013a) (Rest in Figure 3B). The exact role of intragenic 5hmC/5fC/5caC
in transcriptional regulation is currently unclear. One possible function of intragenic 5fC/
5caC is to regulate the rate of RNA polymerase Il transcription (Kellinger et al., 2012). In
mouse ESCs, 5hmC/5fC/5caC is also more enriched at exons relative to introns, raising the
possibility that 5mC oxidation may regulate mRNA processing events such as splicing.
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Oxidized methylcytosines at distal cis-regulatory elements

Both affinity enrichment-based and base-resolution mapping analyses indicate that 5hmC is
highly enriched at active distal-regulatory elements (Stroud et al., 2011; Yu et al., 2012),
which are marked by DNase | hypersensitivity, enhancer-associating histone modifications
(H3K4mel and H3K27ac) (Shen et al., 2012) and LMRs. Interestingly, base-resolution
mapping indicates that 5hmC is actually depleted at the binding motif of transcription
factors or CTCF insulators, but enriched at immediately adjacent regions (Lister et al., 2013;
Yu et al., 2012). Furthermore, base-resolution mapping of 5mC and 5hmC during human
and mouse fontal cortex development showed that for adult brain-specific enhancers (active
in adult brains but inactive in fetal brains), both 5mC and 5hmC are enriched at the center
regions of fetal brains, but are lost in adult brains (Lister et al., 2013), supporting a role of
TET-mediated 5mC oxidation in enhancer activation in postnatal brains.

In mouse ESCs, 5hmC and 5fC tend to enrich at poised tissue-specific enhancers
(H3K4mel-positive, but H3K27ac-negative) (Shen et al., 2013; Song et al., 2013a),
indicating that these poised enhancers are pre-marked by 5hmC/5fC for subsequent
demethylation during later development. Furthermore, 5caC (to a lesser extent for 5fC) is
preferentially accumulated at distally located active enhancers in Tdg-depleted mouse ESCs
(Shen et al., 2013; Song et al., 2013a). For instance, 5caC is enriched at a cohort of distal
pluripotency TF (Oct4/Nanog/Sox2) binding sites in Tdg-depleted mouse ESCs (Zfp281 in
Figure 3B). These results suggest that TET/TDG-mediated active demethylation is
preferentially targeted to these active distal-regulatory elements. DNA binding proteins are
capable of inducing localized DNA demethylation (Stadler et al., 2011), but it is currently
unclear how TET/TDG activity is recruited to these cis-regulatory elements. TET and TDG
may be recruited directly by transcription factors or co-activators (CBP/p300). Alternatively,
transcription factor binding may first facilitate promoter-enhancer interaction via looping,
which allows promoter-bound TET/TDG proteins to access distal-regulatory elements.

Oxidized 5mC bases as potential epigenetic marks

It is known that specific protein domains exist to recognize unmodified, hemi- or fully
methylated CpG sites. For example, unmethylated CpG sites [CG:GC] can be specifically
recognized by CXXC domain containing proteins (Long et al., 2013), whereas the SRA
domain in UHRF1 and methyl-CpG-binding domains (MBD) can specifically recognize
hemi-methylated ["CG:GC] and symmetrically methylated ["CG:GC™] CpG dyads,
respectively (Hashimoto et al., 2010). Besides acting as intermediates of active DNA
demethylation, growing evidence suggests that 5hmC is relatively stable in the genome and
may potentially influence transcription by attracting or repelling specific DNA binding
proteins. There is evidence that several MBD proteins, including MBD3 (Yildirim et al.,
2011), MeCP2 (Mellen et al., 2012), and MBD4 (Otani et al., 2013a), may also bind to
hemi- or fully hydroxymethylated CpG sites, suggesting that these proteins have dual
binding capacity for 5mC and 5hmC. Recently, mass spectrometry-based unbiased analyses
of nuclear proteins in mouse ESCs, neural progenitor cells (NPC) and adult brains have
identified a large number of candidate proteins bound selectively to or repelled by 5hmC-
containing oligonucleotides (Spruijt et al., 2013). While some 5hmC interacting protein
candidates (e.g. WDR76, THY28) are ubiquitously expressed, many of them are expressed
in a cell-type specific manner. For instance, 5ShmC-specific reader protein UHRF2 and
THAP11 are preferentially enriched in NPCs and adult brains, respectively, suggesting that
5hmC may mediate cell-type specific functions by recruiting distinct reader proteins.

Despite their scarcity in the genome, 5fC and 5caC possess unique chemical groups for
protein recognition, raising the possibility that they may act as dynamic/transient epigenetic
marks (Song and He, 2013). For example, TDG and a number of DNA repair proteins were
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found to specifically bind to 5fC- and 5caC-containing DNA oligonucleotides (Spruijt et al.,
2013). Another study also identified many candidate proteins from mouse ESC nuclear
extract that specifically bind to 5fC, including transcription factors, DNA repair proteins and
chromatin regulators (lurlaro et al., 2013). However, these studies cannot distinguish
between proteins that bind directly and indirectly to 5fC/5caC, and some candidates may
simply bind to formyl or carboxy! groups non-specifically. In addition to the possibility of
acting as epigenetic marks, 5fC/5caC may contribute to transcriptional regulation through
eliciting “scheduled” DNA repair response at specific gene regulatory elements (Fong et al.,
2013).

Biological functions of DNA demethylation in diverse biological processes

Global erasure of 5mC is known to occur in specific stages of mammalian development,
including early pre-implantation embryos and developing germ cells. A better understanding
of the biochemical basis of DNA demethylation pathway and emergence of new
technologies for mapping various cytosine modifications have opened new avenues to study
the role of DNA demethylation in these biological processes. Intriguingly, the broad
expression patterns of TET enzymes and other components of active DNA demethylation
pathway in somatic tissues such as brains imply that dynamic DNA demethylation may be
more prevalent than previously thought. Below, we review recent advances in our
understanding on biological functions of DNA demethylation in various biological and
pathological settings.

DNA demethylation dynamics in pre-implantation development

After the sperm fertilizes the oocyte and before two pronuclei merge, the paternal genome
goes through a complex epigenetic remodeling process that includes global erasure of DNA
methylation. The sperm undergoes a rapid loss of 5mC before the onset of first DNA
replication as measured by immunostaining and locus-specific bisulfite sequencing (Mayer
et al., 2000; Oswald et al., 2000); by contrast, the maternal genome is not affected in one-
cell zygote, but become gradually demethylated during subsequent cleavage divisions.
Recent studies indicate that the loss of paternal DNA methylation coincides with a rapid
increase in 5hmC (Inoue and Zhang, 2011; Igbal et al., 2011; Wossidlo et al., 2011) and 5fC/
5caC (Inoue et al., 2011), suggesting that TET-mediated 5mC oxidation is involved in the
erasure of 5mC. Knockdown or deletion of TET3, the only 5mC oxidase present at this
stage, abolished the loss of 5mC and 5hmC generation in the male pronucleus (Gu et al.,
2011; Wossidlo et al., 2011). Tet3-deficient oocytes fertilized with wild-type sperms can
develop normally to blastocysts, but many of these heterozygous embryos exhibit
developmental failure (Gu et al., 2011), indicating that TET3-mediated rapid and specific
oxidation of 5mC from paternal genome is biologically relevant. It will be interesting to
identify which regions in the paternal genome are preferentially targeted by TET3 and to
determine why 5mC oxidation of paternal genome is functionally important for early
embryogenesis.

The striking asymmetry of epigenetic reprogramming between paternal and maternal
genomes in one-cell zygote can potentially be achieved through either specific targeting of
TET3 to paternal genome or active protection of maternal genome from TET3-mediated
5mC oxidation. A recent study indicates that Stella (also known as PGC7 or Dppa3), a
maternal factor essential for early development (Payer et al., 2003), is recruited to oocyte-
derived genome by dimethylation of Lys9 on H3 (H3K9me2), a histone mark that is
preferentially enriched on maternal chromatin (Nakamura et al., 2012). In the absence of
Stella, TET3 is localized to both paternal and maternal genomes (Nakamura et al., 2012;
Wossidlo et al., 2011), and the maternal genome also undergoes 5mC oxidation (Nakamura
et al., 2007; Nakamura et al., 2012). Locus-specific bisulfite sequencing analysis further

Cell. Author manuscript; available in PMC 2015 January 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu and Zhang

Page 18

demonstrated that Stella is required for protecting a few imprinting control regions (ICRs) in
the paternal genome (Nakamura et al., 2007), which are also associated with H3K9me2
(Nakamura et al., 2012). However, the exact mechanism by which Stella inhibits TET3
function is unknown.

After paternal and maternal pronuclei fuse, bulk 5hmC/5fC/5caC signals in sperm-derived
chromosomes (AM-PD in Figure 2A) and 5mC in oocyte-derived chromosomes (PD in
Figure 2A) are lost in a replication-dependent manner (Inoue et al., 2011; Inoue and Zhang,
2011; Mayer et al., 2000). The passive dilution of maternal 5mC is believed to be ensured by
active exclusion of DNMT1o (an oocyte-derived variant of DNMT1) and likely UHRF1
from the nucleus in early embryos (Seisenberger et al., 2013) (Figure 4A). Despite this wave
of global DNA demethylation, a subset of maternally derived methylated CpG-rich
sequences, including many maternal ICRs and some retroviral repeats such as the
intracisternal A particle (1AP) type, remain fully or partially methylated (Lane et al., 2003;
Smallwood et al., 2011; Smith et al., 2012). Recent evidence suggests that maintenance of
5mC at ICRs is perhaps conferred through targeting DNMT1 and/or DNMT3A to these
regions by zinc finger transcription factor ZFP57 and its partner, KAP1 (also known as
TRIM28) (Li et al., 2008; Messerschmidt et al., 2012; Quenneville et al., 2011). In line with
the role of this complex in maintenance of 5mC at imprinting loci, ZFP57 prefers to bind to
its target sequence (TGC™MCGC, present in all known murine ICRs) when it is methylated,
but has reduced binding affinity when its target sequence is unmodified or
hydroxymethylated DNA (Liu et al., 2012).

If inefficient maintenance of DNA methylation is a major driver for the genome-wide
erasure of 5mC in early embryos (Figure 4B), why the paternal genome needs to be oxidized
first? One possible reason might be to rapidly equalize 5mC levels of the two parental
genomes as the CpG methylation level differs significantly between sperms (~90%) and
oocytes (~40%) before fertilization (Kobayashi et al., 2012). Thus, oxidized 5mC bases in
paternal genome may accelerate the demethylation process of paternal genome. 5fC and
5caC generated from further oxidization of 5ShmC provide a substrate for TDG-mediated
excision repair pathway (Inoue et al., 2011), and there is some evidence supporting a role of
BER in paternal genome demethylation (Hajkova et al., 2010). However, bulk 5fC and 5caC
signals in the paternal genome remain detectable by immunostaining in 4-cell stage and also
exhibit replication-dependent dilution (Inoue et al., 2011), suggesting that 5fC/5caC are not
rapidly excised. In support of this view, single-cell RNA-seq analysis suggests that the Tdg
gene is expressed at extremely low levels in oocytes and during pre-implantation
development (Tang et al., 2011) (Figure 4A), indicating that TDG may only play a limited
role in paternal genome demethylation (e.g. locus-specific demethylation). Alternatively,
after DNA replication, CpG sites with hemi-modified state [XG:GC, X="C, fC, ¢aC] in the
paternal genome may be more resistant to enzymatic activity of maternal DNMT3A or
residual DNMT1o0 in the nucleus than hemi-methylated CpG sites ["CG:GC], thereby
ensuring more efficient paternal demethylation.

Overall, DNA demethylation in early embryos is a highly orchestrated process, requiring
both active and passive demethylation. In addition, specific factors, such as Stella and
ZFP57/KAP1, may protect 5mC patterns at selective loci (e.g. ICRs) from either active
(TET3-mediated 5mC oxidation) or passive (inefficient methylation maintenance)
demethylation. Interestingly, in contrast to the situation in mice, recent methylome analyses
in Zebrafish suggest that paternal methylation pattern is maintained during early
embryogenesis; instead, the relatively hypomethylated maternal genome is progressively
reprogrammed to a pattern similar to that of the sperm methylome (Jiang et al., 2013; Potok
et al., 2013). Furthermore, 5mC oxidation is not detected during Zebrafish early embryo
development (Jiang et al., 2013). Thus, 5mC oxidation-mediated paternal genome
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demethylation seems to be a unique regulatory mechanism for mammalian embryogenesis.
The evolutionary significance of this mechanism awaits further investigation.

DNA demethylation in pluripotent stem cells and reprogramming

As the zygote develops into the blastocyst (E3.5), the genome of inner cell mass (ICM) cells
becomes hypomethylated (~21% CpG methylation) as compared to sperm (90%) or oocyte
(40%) methylome after replication-dependent dilution of maternal 5mC and paternal 5hmC/
5fC/5caC (Kobayashi et al., 2012). Thereafter, DNMT3A/3B mediated de novo methylation
takes places during the developmental transition from blastocyst to epiblast stage (70%) by
E6.5 (Seisenberger et al., 2012; Smith et al., 2012) (Figure 4A). ESCs are initially derived
from the ICM of blastocysts, and these pluripotent stem cells possess unique properties of
self-renewing while maintaining potential to differentiate into any somatic cell lineages
(Hanna et al., 2010). Traditionally, mouse ESCs are cultured in serum supplemented with
leukemia inhibitory factor (LIF) and their methylomes resemble those of somatic cells (70%
CpG methylation). Mouse ESCs grown in serum exhibit greater heterogeneity and consist of
at least two distinguishable populations, one with a transcriptome similar to the naive ICM-
like state and the other similar to the primed epibalst-like state.

Inhibition of the mitogen-activated protein (MAPK) pathway and the glycogen synthase
kinase (GSK3) pathway, via two kinase inhibitors (PD0325901 for MAPK and CHIR99021
for GSK3, known as 2i condition), is sufficient to maintain mouse ESCs in the naive ICM-
like state (Ying et al., 2008). Mouse ESCs grown in the 2i condition appear to be a
homogeneous population that has a transcriptome and histone modification profile distinct
from that of serum-grown mouse ESCs (Marks et al., 2012). Using mass spectrometry or
whole-genome BS-Seq (WGBS), recent studies showed that 2i-grown mouse ESCs adopt a
globally hypomethylated genome recapitulating that of ICM cells in vivo (Ficz et al., 2013;
Habibi et al., 2013; Leitch et al., 2013). Strikingly, switching from serum to 2i-condition
induces genome-wide DNA demethylation in mouse ESCs, which is on a scale and pattern
similar to the early embryos. While the maintenance methylation system (DNMT1/UHRF1)
and TET1/2 are expressed at comparable levels between ground state (2i) and primed state
(serum) mouse ESCs, PR-domain-containing 14 (PRDM14) is up-regulated in 2i-grown
mouse ESCs and mediates rapid transcriptional down-regulation of the de novo DNA
methylation machinery (DNMT3A/3B/3L) (Yamaji et al., 2013). Available evidence
suggests that global demethylation during the serum-to-2i transition is primarily induced by
the down-regulation of DNMT3A/3B/3L and TET1/2-mediated transient 5mC oxidation
mediate (Blaschke et al., 2013; Ficz et al., 2013; Habibi et al., 2013). Overall, globally
hypomethylated genomes observed in ground state mouse ESCs (2i-condition) closely
resemble the methylome of ICM cells in pre-implantation blastocysts, whereas serum-grown
mouse ESCs have a hypermethylated genome similar to that of post-implantation embryos
and somatic cells.

In serum-grown mouse ESCs, all major components of the cytosine-modifying cascade
(DNMT, TET, TDG, and BER proteins) are expressed (Figure 4B). Thus, ESCs in primed
state provide a model system for understanding DNA demethylation dynamics and its
regulatory mechanisms. Single or combined depletion of Tetl and Tet2 in mouse ESCs, by
short-hairpin RNA (shRNA)-mediated knockdown or genetic inactivation, produced
variable in vitro phenotypes (Dawlaty et al., 2013; Dawlaty et al., 2011; Ficz et al., 2011,
Freudenberg et al., 2012; Ito et al., 2010; Koh et al., 2011; Williams et al., 2011). Multiple
studies confirmed that depletion of TET1 alone or in combination with TET2 skews in vitro
differentiation towards trophectoderm and primitive endoderm, and teratomas derived from
Tet1™/~ or Tetl/2~/~ ESCs are enriched for trophoblast cells. In support of a role of TET1 in
regulating early lineage commitment, TET1 negatively regulates the expression of key
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regulators of trophectoderm lineage, such as Cdx2 and Eomes, possibly by facilitating
binding of repressor complexes to target gene promoters (Williams et al., 2011; Wu et al.,
2011b). However, there are conflicting results concerning the role of TET1 in the
maintenance of mouse ESCs (Dawlaty et al., 2011; Freudenberg et al., 2012; Ito et al., 2010;
Williams et al., 2011; Wu and Zhang, 2011b). The use of different cell lines and culturing
conditions may contribute to these discrepancies, although potential off-target effects of
specific ShRNAs cannot be ruled out. Because all these studies focused on serum-grown
ESCs, fluctuating epigenetic state associated with this heterogeneous ESC population may
also contribute to the variable phenotype in Tetl-depleted mouse ESCs. Overall, current data
indicate that, despite the presence of relatively high level of TET1/2 proteins and oxidized
methylcytosines in ESCs, TET enzymes are largely dispensable for ESC maintenance but
may play a role in guiding ESCs to properly differentiate into specific lineages and/or
regulating later development of the embryos. Indeed, while Tetl™~ and Tet2~/~ single
mutant mice are viable, roughly half of Tet1~/~Tet2~/~ double knockout (DKO) mice from
intercrossing double-heterozygous animals die perinatally with severe developmental
abnormalities, indicating a role of TET1/2 proteins in regulating embryonic development
(Dawlaty et al., 2013). The partially penetrant perinatal lethality of TET1/2 DKO mutants
suggests TET3 may compensate for the loss of TET1/2 during development. In line with this
notion, all Tet3~/~ single mutants die perinatally (Gu et al., 2011).

While additional studies are needed to clarify the exact function of TET proteins in mouse
ESCs and embryonic development, recent studies support a role for TET enzymes in
transcription factor (Oct4/KIf4/Sox2/c-Myc, referred to as OKSM)-mediated
reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) (Hanna et al.,
2010). One study showed that TET2 is recruited to the Nanog and Esrrb loci (both are
pluripotency-related TFs) to facilitate their transcription in the early stage of reprogramming
(Doege et al., 2012). In addition, TET1 and TET2 may interact with Nanog protein and
promote iPSC generation in a TET catalytic activity-dependent manner (Costa et al., 2013).
More strikingly, TET1 overexpression not only promotes transcriptional reactivation of
Oct4, but can also replace Oct4 in the reprogramming OKSM cocktail (Gao et al., 2013). A
recent study also implicates a role of vitamin C in modulating TET functions during iPSC
generation (Chen et al., 2013a).

In addition to TET proteins, TDG may also play a role in stem cell functions and embryonic
development. TDG is broadly expressed during early development and in adult tissues.
Depletion of Tdg by shRNA or genetic inactivation in mouse ESCs does not cause any
discernible phenotype in ESC proliferation or early differentiation (Cortazar et al., 2011;
Shen et al., 2013; Song et al., 2013a), suggesting that TDG may regulate later steps of
embryonic development. Indeed, Tdg-deficiency in mice causes widespread development
deficits and embryonic lethality (Cortazar et al., 2011; Cortellino et al., 2011). Further
studies are needed to clarify the exact mechanism by which TDG contributes to
developmental gene regulation.

DNA demethylation dynamics during germ cell development

Around E6.5, a subset of posterior epiblast cells (~40 cells) are instructed by specific factors
such as BLIMPL1 (also known as PRDM1) and PRDM14 to become PGCs (Sasaki and
Matsui, 2008). These committed PGCs suppress somatic transcriptional program and re-
activate expression of pluripotency-associated factors. Around E7.5, PGCs start to migrate
through the hindgut to the developing gonad, where they colonize by E10.5 to initiate
epigenetic reprogramming (Figure 5A) (Saitou et al., 2012). Early PGCs (E7.25) are thought
to inherit a methylation pattern similar to that of epiblast cells (~70% CpG methylation), but
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they undergo global erasure of DNA methylation and become nearly completely
demethylated in gonadal PGCs around E13.5 (7-14%) (Seisenberger et al., 2012).

Recent genome-wide DNA methylation studies suggest that genome-wide erasure of DNA
methylation in PGCs takes place in two distinct phases (Seisenberger et al., 2012; Vincent et
al., 2013). The first phase of demethylatioin (phase 1 in Figure 5A) occurs before or during
PGC migration to genital ridge and appears to primarily involve replication-dependent
passive dilution of 5mC. Upon PGC specification (E7.25), all components of de novo
methylation systems are transcriptionally down-regulated (Kagiwada et al., 2013), possibly
due to PRDM14-mediated repression. UHRF1 is also acutely down-regulated in PGCs
(Kagiwada et al., 2013; Seisenberger et al., 2012), which prevents localization of DNMT1 to
replication foci. In the absence of efficient de novo and maintenance methylation, global
erasure of DNA methylation occurs indiscriminately at nearly all genomic features
(promoters, exons, introns, repeats and intergenic regions) in early replicating PGCs. By
E9.5, the overall CpG methylation level reduces to ~30% in PGCs (Seisenberger et al.,
2012). In line with this model, recent evidence suggests that TET proteins are largely
dispensable for the initial global DNA demethylation (Figure 5B). Mass spectrometry and
WGBS analysis of PGC-like cells differentiated in vitro from Tet1/2-depleted mouse ESCs
(shRNA-mediated depletion of Tetl in Tet2~/~ cells) indicate that global loss of 5mC in
early PGCs still occurs in the absence of TET1/2 (Vincent et al., 2013). Furthermore,
WGBS analysis of Tetl mutant PGCs derived from gene-trap female mice indicates that
Tet1-deficiency does not affect global demethylation (YYamaguchi et al., 2012).

Methylation levels at some genomic regions, including ICRs, CpG-rich promoters of germ
cell specific genes, CGls on X-chromosome genes, and specific type of repeats (e.g. IAPS),
are largely maintained during the first phase of global demethylation in PGCs.
Demethylation of these sequences is only completed once PGCs settle in gonad and is most
likely initiated by TET1/2-mediated 5mC oxidation (phase 2 in Figure 5A). Expression of
TET1/2 is up-regulated in gonadal PGCs (relative to early PGCs and surround somatic cells)
(Hackett et al., 2013; Yamaguchi et al., 2012), and antibody-based genome-wide mapping of
5mC and 5hmC in PGCs indicates that 5mC is oxidized to 5hmC at many late demethylating
loci between E9.5 to E11.5 (Hackett et al., 2013). Time-course analysis suggests that both
5mC and 5hmC are lost at a rate consistent with replication-dependent dilution during this
period (Hackett et al., 2013; Kagiwada et al., 2013). Given that TDG and BER components
are expressed throughout the PGC development (Kagiwada et al., 2013) (Figure 5B), it is
likely that TDG/BER may play a role in removing 5fC/5caC at specific loci during phase 2.
Integrated genomic analysis showed that TET1 is specifically required for promoter
demethylation and transcriptional activation of germline-specific genes such as meiosis-
related genes (e.g. Mael, Sycpl, and Sycp3) in developing female PGCs (Yamaguchi et al.,
2012). The locus-specific demethylation at meiotic gene promoters by TET1 in female
PGCs is biologically important, as half of the Tetl1-deficient female gametes exhibits a
defect in meiotic synapsis and become developmentally arrested later (Yamaguchi et al.,
2012).

Conversion of 5mC to 5hmC at ICRs in late PGCs suggests that TET proteins are also
required for the complete 5mC erasure at parental imprints (Hackett et al., 2013). Analysis
of methylated ICRs of somatic cells fused with embryonic germ cells (EGCs) suggests that
TET1 can induce 5mC oxidation specifically at ICRs and mediate eventual erasure of
imprints in this in vitro system (Piccolo et al., 2013). Locus-specific methylation analysis in
progenies of Tetl~/~Tet2~/~ mice revealed aberrant methylation pattern at some ICRs,
further supporting a mechanistic link between TET proteins and erasure of parental imprints
in PGCs (Dawlaty et al., 2013). More definitive evidence comes from analysis of progenies
derived from crossing Tet1 ™/~ male with wild-type female (Yamaguchi et al., 2013). Despite
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their identical genotype, these heterozygous progenies exhibit a number of variable
phenotypes including placental, fetal and postnatal growth defects, and early embryonic
lethality. Several lines of evidence suggest that these developmental defects can be largely
explained by the Tet1-deficiency induced epigenetic dysregulation of imprinted genes in
PGCs. First, many dysregulated imprinting genes, such as Peg10 and Peg3, exhibit aberrant
hypermethylation in the paternal allele of differential methylated regions (DMRs) in
progenies of Tetl™~ male. Second, RNA-Seq analysis reveals extensive dysregulation of
imprinted genes in these heterozygous progenies. Lastly, reduced representation bisulfite
sequencing (RRBS) analysis of E13.5 PGCs and sperms of Tet1™~ male mice reveals that
aberrantly hypermethylated ICRs observed in Tet1 ™~ sperms can be traced back to PGCs.
Overall, these data suggest that TET1 plays a critical role in resetting parental origin-
specific genomic imprinting in PGCs by facilitating the complete erasure of methylation at
ICRs (phase 2 in Figure 5). Curiously, it is current unclear why and how late demethylating
loci such as promoters of meiotic genes and ICRs of imprinting genes are protected from the
initial phase of global demethylation in early PGCs (phase 1 in Figure 5).

In summary, both passive and active demethylation mechanisms are critical to complete
genome-wide erasure of DNA methylation in developing PGCs. This is reminiscent of
global demethylation in early embryos. In both cases, passive dilution is facilitated by
inefficient maintenance methylation systems (exclusion of Dnmtl1o in early embryos and
transcriptional repression of Uhrfl in developing PGCs). Meanwhile, 5mC oxidation by
TET3 in zygotes and TET1 (potentially TET2) in PGCs is indispensable for achieving
efficient and complete erasure of 5mC in paternal genome of early embryos and late
demethylating loci (e.g. meiotic genes and ICRs) in PGCs, respectively.

Role of DNA demethylation in neural development

The development of mammalian brain is a spatiotemporally orchestrated process that
requires precisely controlled gene regulatory program to generate diverse, functionally
distinct populations of neurons and glia. Inactivation of DNMTSs in the nervous system
results in neurodevelopmental deficits and impaired neuronal functions (Fan et al., 2001;
Fan et al., 2005; Feng et al., 2010a; LaPlant et al., 2010; Nguyen et al., 2007; Wu et al.,
2010), suggesting that precise control of DNA methylation pattern is required for proper
brain development and maturation. Interestingly, distinct parts of mammalian brains,
including frontal cortex (Lister et al., 2013), hippocampus (Munzel et al., 2010), and
cerebellum (Song et al., 2011; Szulwach et al., 2011b), all exhibit age-dependent acquisition
of 5hmC (e.g. 0.2% of cytosines in fetal cortex versus 0.9% of cytosines in adult cortex)
(Lister et al., 2013). In fact, the genome of mature neurons in adult central nervous system
contains the highest level of 5hmC of any mammalian cell-type (~40% as abundant as 5mC
in Purkinje neurons in cerebellum) (Kriaucionis and Heintz, 2009). These observations
indicate that 5mC oxidation and potentially DNA demethylation may be functionally
important for neuronal differentiation and maturation processes.

All three Tet genes are expressed at detectable levels in developing mouse brains (Hahn et
al., 2013; Szwagierczak et al., 2010). In embryonic cortex, an increase in expression levels
of Tet2 and Tet3 is observed when the Nestin-positive neural progenitor cells (NPCs)
differentiate into Tubb3-expressing neurons, coinciding with an elevation of 5hmC level
during neuronal differentiation (Hahn et al., 2013). Knockdown of Tet2/3 in developing
embryonic cortex via in utero electroporation results in neuronal differentiation deficits; in
contrast, overexpression of Tet2/3 seems to promote embryonic cortical neurogenesis (Hahn
et al., 2013). In addition, depletion of tet3 in Xenopus (X. laevis) embryos by antisense
morpholinos causes defects in early eye and neural development. Interestingly, intact CXXC
domain and catalytic activity of TET3 protein are both essential for its role in target gene
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regulation and normal head development (Xu et al., 2012). Thus, these results support a
conserved role of specific TET proteins in regulating early stages of brain development.

Growing evidence suggests that TET proteins may also regulate adult brain functions. While
Tet1~/~ mice have no detectable defects in embryonic development, a recent study
demonstrates that TET1 may promote adult hippocampal neurogenesis by regulating neural
progenitor proliferation and Tet1-deficiency may cause defects in spatial learning as well as
short-term memory (Zhang et al., 2013). Analysis of DNA methylation by RRBS and gene
expression in Tetl-deficient NPCs isolated from adult dentate gyrus (DG) of hippocampus
identified a cohort of genes that become promoter hypermethylated and down-regulated in
the absence of TET1(Zhang et al., 2013). Another study of adult Tet1 ™~ mice revealed that
multiple neuronal activity-regulated genes, including Npas4, c-Fos, and Arc, are
transcriptionally down-regulated, and promoter of Npas4 becomes hypermethylated in
absence of TET1 (Rudenko et al., 2013). This study also demonstrated that Tet1 ™'~ mice are
associated with abnormal hippocampal long-term depression (LTD) and impaired memory
extinction. Interestingly, viral-mediated overexpression of TET1 or a catalytically inactive
form of TET1 in adult hippocampus resulted in transcriptional up-regulation of several
memory-associated genes and impaired contextual fear memory (Kaas et al., 2013),
suggesting a 5mC oxidase-independent role of TET1 in adult brains. Given that TET2 and
TET3 are also expressed in adult mouse brains, it will be interesting to examine the
overlapping and distinct function of different TET proteins in adult brains.

The high abundance of 5hmC in adult brains raises the possibility that 5ShmC may act as an
epigenetic mark. Indeed, current evidence suggests that 5hmC may recruit MeCP2 (Mellen
et al., 2012) and other putative binding protein candidates (Spruijt et al., 2013) to facilitate
transcription in postnatal brains. Interestingly, a Rett syndrome mutation, R133C,
preferentially disrupts the ability of MeCP2 to bind to 5hmC, but not 5mC (Mellen et al.,
2012), implicating impairment of 5hmC binding of MeCP2 in this debilitating autism
spectrum disorder. Comparative analysis of 5mC, 5hmC and gene expression in specific cell
types in cerebellum or olfactory sensory neurons suggest that enrichment of 5hmC and
depletion of 5mC within intragenic regions positively correlate with transcription and
chromatin accessibility (Colquitt et al., 2013; Mellen et al., 2012). However, the functional
significance of the interplay between 5hmC and its potential binding proteins remains
unclear.

While most studies focused on 5mC in CpG context, non-CpG methylation is relatively
prevalent in adult mouse brains (Xie et al., 2012). Recently, a comprehensive base-
resolution analyses of 5mC and 5hmC in mammalian frontal cortex in both fetal and adult
stages indicate that non-CpG methylation ("CH) and CpG hydroxymethylation ("CG)
drastically build up in cortical neurons after birth (Lister et al., 2013), coinciding with the
peak of synaptogenesis and synaptic pruning in the cortex. Intriguingly, this study
demonstrated that MCH could become a dominant form of cytosine modifications in adult
brains, accounting for 53% in adult human cortical neuronal genome. Furthermore, the
genomic positions of MCH in adult brains are highly conserved between individuals,
indicating a precisely controlled process catalyzing non-CpG methylation in adult brain.
Current evidence suggests that the developmental acquisition of neuronal MCH is mediated
by DNMT3A, whose expression is transiently spiked during the same period. In mature
neurons, intragenic MCH is preferentially enriched at inactive non-neuronal lineage-specific
genes, indicating a role in negative regulation of the associated transcripts. By contrast,
genic "CG is positively correlated with gene expression levels. In addition to the 5SmC/5hmC
dynamics detected in genic regions, distal cis-regulatory regions are also associated with
developmental change in cytosine modification states. In fetal brains, "CG and MCG are
preferentially enriched at a large cohort of poised distal-regulatory regions that are
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subsequently demethylated (converting to unmodified CG) and activated in the adult brain.
Tet2-deficiency partially blocks the demethylation process at these "CG-marked poised
regulatory elements. However, it is currently unclear whether this TET-mediated
demethylation process at poised neuronal enhancers primarily occurs in proliferating
neuronal progenitors or post-mitotic neurons. Publically accessible RNA-seq datasets
indicate that Tdg gene is expressed in both fetal and adult mouse cortex, suggesting that
TET/TDG-active demethylation may take place in both progenitors and neurons. Further
studies are needed to reveal the mechanism and biological significance of widespread
methylome reconfiguration in the neuronal genome during the maturation process of brain.

DNA demethylation and cancer

Aberrant DNA methylation is one of the hallmarks associated with cancer cells (Baylin and
Jones, 2011; Esteller, 2007). Growing evidence suggests that impairment in TET-mediated
DNA demethylation may contribute to tumorigenesis (Cimmino et al., 2011; Wu and Zhang,
2011a). The initial evidence implicating TET proteins in cancer development came from the
identification of human TET1 as a rare fusion partner of MLL in patients with acute myeloid
leukemia (AML) (Ono et al., 2002). Subsequent studies reveal a link between recurrent
mutations in the TET2 gene and myelodysplastic disorders (Delhommeau et al., 2009;
Langemeijer et al., 2009). Mouse genetic studies have demonstrated that Tet2-deficiency
causes enhanced self-renew of hematopoietic stem cells (Ko et al., 2011; Li et al., 2011,
Moran-Crusio et al., 2011; Quivoron et al., 2011), supporting a role of TET2 as tumor
suppressor for leukemia. TET2 mutations associated with myeloid malignancies impair
enzymatic activity and cause consistent loss of 5hmC in patient bone marrows (Ko et al.,
2010).

Interestingly, TET2 mutations are found to be mutually exclusive with neomorphic
mutations in IDH1/2 (R132 of IDH1 and R140/172 of IDH2) in AML (Dang et al., 2009;
Ward et al., 2010). Wild-type IDH1/2 converts isocitrate to a-KG, whereas mutant IDH
enzymes produce 2-hydroxyglutarate (2-HG), an oncometabolite that competitively inhibit
many a-KG dependent dioxygenases, including TET proteins (Figueroa et al., 2010; Xu et
al., 2011a). Similarly, inactivation mutations in SDH and FH, which have been identified in
a subset of cancers, lead to marked accumulation of succinate and fumarate, both of which
can inhibit a-KG dependent dioxygenases (Xiao et al., 2012). Thus, mutations in these TCA
cycle enzymes may lead to inactivation of TET proteins and alteration of methylome in
cancer cells.

Recent studies suggest that transcriptional down-regulation of all three TET genes and
IDH1/2 is observed in many solid cancers that are not known to be associated with
mutations in these enzymes, and global loss of 5hmC may be broadly used as a diagnostic
biomarker for human melanoma, breast, liver, lung pancreatic and prostate cancers (Hsu et
al., 2012; Lian et al., 2012; Yang et al., 2013). Overexpression of oncogenic miRNAs that
target TET mRNASs may be one possible mechanism to down-regulate TET proteins and
5hmC levels (Song et al., 2013c). In summary, multiple mechanisms may cause inactivation
of TET-mediated 5mC oxidation, but relevant molecular targets of TET proteins that are
causally linked to cancer development are not systematically investigated. It is also unclear
whether TDG and 5fC/5caC may play a role in cancer.

Conclusion and Perspective

The discovery of oxidative modification of 5mC and related repair mechanism has provided
a new perspective on how heritable DNA methylation pattern may be dynamically regulated
in the mammalian genome. The realization that epigenetic information can be reversibly

“written” and “erased” on mammalian DNA through the cyclic cytosine-modifying cascade
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raises new mechanistic and biological questions: Which 5-methylcytosines in the genome
are selectively targeted by TET and TDG-mediated demethylation activity? Can oxidized
5mC bases (5hmC/5fC/5caC) act as epigenetic marks by recruiting or repelling specific
reader proteins? How does targeted excision repair of 5fC/5caC at distal cis-regulatory
elements contribute to gene regulation? How is TET-mediated active erasure of 5mC
regulated in response to developmental signaling, environmental stimuli and changes in
metabolic states? How does this dynamic epigenetic regulatory process functionally
contribute to development and diseases in vivo? New technologies such as TAL effectors
and CRISPR/Cas9 that allow manipulation of the epigenetic state of cytosine modification at
specific loci (Maeder et al., 2013) as well as base-resolution mapping of all five cytosine
modification states promise to advance this exciting field substantially in the coming years.
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Figure 1. Domain architecture and enzymatic activities of cytosine methylation and
demethylation machineries

(A) Schematic diagrams of predicted functional domains in proteins involved in de novo
methylation, maintenance methylation, 5mC oxidation, and 5fC/5caC excision. All TET
proteins contain a C-terminal catalytic domain that includes a Cys-rich insert and a large
double-stranded B-helix (DSBH) domain. TET1 and TET3 proteins also contain a N-
terminal CXXC domain. TDG contains a uracil DNA glycosylase (UDG) domain. The
number of amino acids of the full-length isoform is indicated, and the numbering
corresponds to mouse proteins. ADD, ATRX-DNMT3-DNMT3L; PWWP, proline-
tryptophan-tryptophan-proline motif; MTase, DNA methyltransferase domain; BAH,
bromo-adjacent homology; CXXC, zinc-finger Cystien-X-X-Cystine; SRA, SET and RING
associated; RING, Really interesting new gene; PHD, Plant homeodomain; UBL, ubiquitin-
like domain.

(B) The step-wise cytosine modification pathway that includes cytosine methylation by
DNMTs and iterative oxidation of 5mC by TET proteins. DNMTs use S-
adenosylmethionine (SAM) as a methyl donor to catalyze methylation at the 5-position of
cytosine, yielding S-adenosylhomocysteine (SAH). As Fe(ll)/a-ketoglutarate (a-KG)-
dependnet dioxygenases, TET proteins use a base-flipping mechanism to flip the target base
out of the duplex DNA into the catalytic site. The active site Fe(ll) is bound by conserved
His-His-Asp residues in TETs and coordinates water and a-KG. TET enzymes use
molecular oxygen as a substrate to catalyze oxidative decarboxylation of a”KG, yielding
CO», enzyme-bound succinate, and a reactive high-valent Fe(IV)-oxo intermediate. The
enzyme-bound Fe(IV)-oxo intermediate reacts with 5mC/5hmC/5fC to generate 5ShmC/5fC/
5caC, with a net oxidative transfer of the single oxygen atom to the substrate, resulting in
regeneration of the Fe(ll) species.

(C) Base excision repair of 5mC (in plants) or 5fC/5caC (in mammals) to complete DNA
demethylation. In plants, the DME/ROS1 family of bifunctional DNA glycosylases is
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capable of catalyzing the release of 5mC base from DNA by cleavage of the N-glycosidic
bond, generating an abasic [apurinic and apyrimidinic (AP)] site. The DNA backbone is then
nicked by AP lyase activity of DME/ROS1 enzymes. The 3’ sugar group is then cleaved by
an AP endonuclease and the resulting single-nucleotide gap is filled in with an unmodified C
by DNA polymerase and ligase activities. In mammals, oxidized 5mC bases (5fC/5caC),
could be excised by TDG. TDG is a monofunctional DNA glycosylase, so other proteins are
required to provide the AP lyase activity to remove the sugar ring to generate a single-
nucleotide gap.
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Figure 2. Mechanisms of passive and activereversal of CpG DNA methylation

(A) Schematic diagrams of replication-dependent passive loss of 5mC or oxidized 5mC
within CpG dyads. Replication-dependent passive dilution (PD) of 5mC occurs in the
absence of the DNA methylation maintenance machinery (DNMT1/UHRF1). By contrast,
5mC oxidation derivatives, 5hmC (h) [potentially 5fC (f) and 5caC (ca)], may facilitate
passive demethylation as hemi-hydroxymethylated CpGs is an inefficient substrate for
DNMTL. This form of active DNA demethylation is termed as active modification (AM)
followed by passive dilution (AM-PD). Whether DNMT1 or DNMT3 can efficiently
methylate CpG dyads hemi-modified with 5fC/5caC is unclear.

(B) Schematic diagrams of replication-independent DNA demethylation within CpG dyads.
TET and TDG mediate sequential 5mC oxidation and 5fC/5caC excision. The resulting
abasic site is repaired by BER to regenerate unmodified cytosines. All possible intermediate
products (a total of 21 distinct cytosine modification states for a single CpG dyad) of the
DNMT/TET/TDG/BER enzymatic cascade are depicted. For each state, the left half
represents the top strand of CpG dyad, whereas the right half indicates the bottom strand.
The arrows represent enzymatic reactions and are color-coded according to that of the
corresponding enzyme. One of many potential combinations of intermediate steps for the
TET/TDG-mediated active DNA demethylation process is highlighted in gray. Of note, 5fC
can be directly excised by TDG to generate abasic site (e.g. f:ca -> ab:ab). For clarity, all f-
>ab reactions are not depicted.
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Figure 3. Genome-wide mapping methods for cytosine modifications

(A) Summary of BS-Seq or affinity-enrichment based genome-wide mapping methods of
DNA cytosine madifications. In conjunction with various chemical and enzymatic pre-
treatment, BS-Seq or affinity-enrichment (antibody or chemical tagging) methods have been
developed to map 5mC (BS-Seq and 0xBS-Seq; 5mC DIP), 5hmC (oxBS-seq and TAB-Seq;
5hmC DIP, CMS IP, JBP1 IP, GLIB, and hMe-Seal), 5fC (fCAB-Seq; 5fC DIP, fC-Seal,
and 5fC pull-down), and 5caC (caCAB-Seq; 5caC DIP) (see Box 2). Notably, oxBS-Seq,
fCAB-Seq, and caCAB-Seq require subtracting signals of conventional BS-Seq from those
of modified BS-Seq to indirectly determine the position and abundance of oxidized 5mC
bases. 5fC and 5caC have not been systematically mapped at base-resolution, as they are
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relatively rare in the wild-type cells and require unusually high sequencing coverage to
confidently determine their position and abundance.

(B) Shown are genomic distributions of oxidized 5mC bases at representative loci in mouse
ESCs. Genomic distribution of 5hmC/5fC/5caC in control (wt: wild-type; Ctrl kd: control
knockdown) and Tdg-depleted (ko: knockout; Tdg kd: Tdg knockdown) mouse ESCs are
shown for three representative loci. 5ShmC distribution was measured by both affinity-based
method [ShmC DIP, CMS, 5hmC-seal, and GLIB] (Pastor et al., 2011; Shen et al., 2013;
Song et al., 2013a) and base-resolution method [TAB-Seq, scale: 0-50%] (Yu et al., 2012).
Distributions of 5fC and 5caC were determined by antibody [5fC/5caC DIP] (Shen et al.,
2013) or chemical tagging [5fC-seal] (Song et al., 2013a) methods. DNA methylation levels
were estimated by 5mC DIP (Shen et al., 2013) or conventional BS-Seq (5mC+5hmC, scale:
0-100%) in wild-type mouse ESCs (Stadler et al., 2011). Based on local methylation levels,
the genome can be categorized into FMRs (Fully methylated regions, 50-100%
methylation), LMRs (low methylated regions, 10-50%), and UMRs (unmethylated regions,
<10%) (Stadler et al., 2011). Also shown are other genomic datasets in wild-type mouse
ESCs, including TET1 ChIP-seq (Wu et al., 2011b), RNA-seq (Ficz et al., 2011), major
histone modifications (Mikkelsen et al., 2007), DNase | hypersensitivity site (ModENCODE
project) and binding sites of pluripotency TFs (Whyte et al., 2012). A region located
upstream of Zfp281 gene is highlighted in gray, where Tdg-deficiency induced ectopic 5caC
is overlapped with chromatin features of active enhancer (DNase I*/H3K4mel*/H3K4me3")
and binding sites of pluripotency factors (Oct4/Nanog/Sox2).
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Figure 4. DNA methylation dynamics during mouse preimplantation development

(A) Dynamic changes in cytosine modifications and relevant enzymes during
preimplantation development. Immediately after fertilization, paternal 5mC is rapidly
oxidized to 5hmC/5fC/5caC by TET3 proteins. In early pre-implantation embryos, oocyte-
derived DNMT1o is largely excluded from nucleus (dash line) and consequently
maintenance methylation is inefficient. Oxidized 5mC bases in the paternal genome and
5mC in the maternal genome are therefore passively diluted. The global 5mC level reaches
the lowest point around blastocyst stage (E3.5). After implantation, DNA methylation
pattern is reestablished by DNMT3A/3B in inner cell mass (ICM) cells, but not in
trophectoderm (TE) cells. The genome of ground-state ESC (2i-condition) is
hypomethylated (5mC: 1% of all C) and is more similar to the methylome of pre-
implantation ICM cells, whereas primed ESCs (serum) possess a methylome (5mC: 4% of
all C) that recapitulates overall methylation pattern in epiblast cells.

(B) Developmental stage-specific usage of the cyclic cytosine modifying enzymatic cascade
during early embryonic development. Upon fertilization, oocyte-derived TET3 proteins
specifically localize to paternal nucleus and convert sperm-derived 5mC to 5hmC/5fC/5caC.
DNA replication drives passive loss of 5hmC/5fC/5caC in the paternal genome and 5mC in
the maternal genome (left panel). In primed ESCs and cells during ICM-to-epiblast
transition in vivo, all enzymes of the cytosine modifying cascade are expressed at relatively
high levels. Dnmt3A/3B/3L and DNMT1/UHRF1 establish and maintain 5mC patterns. At
some genomic regions (e.g. active enhancers and bivalent promoters) in these cells, TET1/2
oxidize 5mC to 5hmC/5fC/5caC, and TDG/BER excises 5fC/5caC to regenerate unmodified
cytosine.
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Figure 5. Global reprogramming of DNA methylation patternsduring early PGC development
(A) Dynamic changes in cytosine modifications and expression levels of relevant enzymes
during early stage of mouse PGC development. Global erasure of DNA methylation in
developing PGCs goes through two phases. In the first phase (E7.25 to E9.0), both de novo
and maintenance methylation machineries are functionally impaired due to the repression of
DNMT3A/3B/3L and UHRF1. There is also evidence that remaining UHRF1 is excluded
from nucleus (dash line). Thus, loss of bulk genomic DNA methylation (solid line, inherited
from epiblast cell stage) takes place in a replication-dependent manner in phase 1. However,
a portion of the genome (dash line) including ICRs and germline-specific genes are partially
or fully protected from the first wave of passive demethylation. In the second phase (E9.5 to
E12.0), TET1 (possibly TET?2) are up-regulated and oxidize remaining 5mC to 5hmC.

(B) Developmental stage-specific usage of the cytosine modifying enzymatic cascade during
early stage of PGC development. In phase 1 of PGC demethylation, bulk of the genome
undergoes global demethylation in the absence of de novo and maintenance DNA
methylation. In phase 2, TET1/2 proteins oxidize remaining 5mC at late demethylating loci.
Replication-dependent loss of 5ShmC completes the global demethylation process. 5fC/5caC
is not specifically enriched in developing PGCs as compared to surrounding somatic cells,
so they may be actively excised by TDG/BER pathway that is present in PGCs.
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