
In mammals, 5‑methylcytosine (5mC) is the major 
form of DNA modification, and it has important roles 
in development and disease1,2. About 60–80% of the CpG 
sites in the mammalian genome are modified by 5mC1. 
The major functions of 5mC include mediating genomic 
imprinting and X‑chromosome-inactivation, repressing 
transposable elements and regulating transcription3.

5mC is both chemically and genetically stable. 
Chemically, the methyl group is connected to the  
5‑position of the cytosine base through a stable carbon–
carbon bond, creating a barrier for direct removal of the 
methyl group. Genetically, on its establishment by de novo 
DNA methyltransferase 3A (DNMT3A) and DNMT3B4, 
5mC is maintained by the maintenance methyltrans‑
ferase DNMT1, which recognizes hemi-methylated CpG 
dyads through its functional partner UHRF1 (REFS 5–7).  
This maintenance mechanism is crucial because it 
ensures faithful re‑establishment of 5mC on the newly 
synthesized strand after DNA replication8,9.

Despite its stability, mammalian 5mC can still be 
reversed to its unmodified state in several ways. First, 
a lack of functional DNA methylation maintenance 
machinery can result in the dilution of 5mC during 
DNA replication, a process known as passive DNA 
demethylation. Second, TET proteins can mediate the 
iterative oxidation of 5mC to 5‑hydroxymethylcytosine 
(5hmC), 5‑formylcytosine (5fC) and 5‑carboxylcytosine 
(5caC). Replication-dependent dilution of these oxi‑
dized forms of 5mC or thymine DNA glycosylase 

(TDG)-mediated excision of 5fC and 5caC cou‑
pled with base excision repair (BER) will also result in  
demethylation (FIG. 1a). This process, known as active 
DNA demethylation, is the focus of this Review. 
Although several other TET–TDG-independent mech‑
anisms have been proposed to mediate active DNA 
demethylation (reviewed in REFS 10–12), the TET–TDG 
pathway has gained the most support.

In this Review, we summarize recent advances in 
understanding the mechanism and function of TET-
mediated active DNA demethylation. First, we dis‑
cuss the biochemical and molecular mechanism of the  
TET–TDG pathway. Then, we describe how this path‑
way can be regulated at different levels. Furthermore, 
we discuss the distribution and dynamics of oxidized 
5mC. Finally, we review the roles of TET-mediated  
demethylation in specific biological contexts.

Mechanism of TET-mediated DNA demethylation
Active erasure of 5mC from the genome can take 
place through different mechanisms in various organ‑
isms. In plants, the REPRESSOR OF SILENCING 1  
(ROS1)/DEMETER (DME) family of DNA glycosylases 
can recognize and directly excise the 5mC base, leading 
to the restoration of unmodified cytosine through BER13. 
In mammals, in which ROS1/DME-like proteins have 
not been identified, active DNA demethylation takes 
place in a TET-dependent manner and can be coupled 
with TDG-mediated BER (FIG. 1a).
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Abstract | In mammals, DNA methylation in the form of 5‑methylcytosine (5mC) can be actively 
reversed to unmodified cytosine (C) through TET dioxygenase-mediated oxidation of 5mC to 
5‑hydroxymethylcytosine (5hmC), 5‑formylcytosine (5fC) and 5‑carboxylcytosine (5caC), 
followed by replication-dependent dilution or thymine DNA glycosylase (TDG)-dependent base 
excision repair. In the past few years, biochemical and structural studies have revealed 
mechanistic insights into how TET and TDG mediate active DNA demethylation. Additionally, 
many regulatory mechanisms of this process have been identified. Technological advances in 
mapping and tracing the oxidized forms of 5mC allow further dissection of their functions. 
Furthermore, the biological functions of active DNA demethylation in various biological contexts 
have also been revealed. In this Review, we summarize the recent advances and highlight key 
unanswered questions.
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TET
A family of methylcytosine 
dioxygenase enzymes that are 
involved in several steps of the 
oxidative demethylation of 
5‑methylcytosine. They are 
named after the 
cancer-associated ‘ten–eleven 
translocation’, which creates 
a fusion between mixed-lineage 
leukaemia (MLL; also known as 
KMT2A) on chromosome 11 
and TET1 on chromosome 10.

Base excision repair
(BER). The repair of a damaged 
base through the following 
steps: excising the base to 
create an abasic site, 
generating a single-strand 
break (SSB) and repairing the 
SSB through short-patch or 
long-patch repair.

The discovery of the TET–TDG pathway. One of the 
first pieces of evidence to support the existence of active 
DNA demethylation in mammals was the discovery of 
genome-wide loss of 5mC in mouse zygotes, as revealed 

by immunostaining. Shortly after fertilization, the 5mC 
signal on the zygotic paternal genome rapidly decreases 
to an extent that cannot be fully explained by replication- 
dependent dilution14. This observation was independently 

Figure 1 | TET-mediated active DNA demethylation. a | The cycle of active DNA demethylation. DNA methyltransferases 
(DNMTs) convert unmodified cytosine to 5‑methylcytosine (5mC). 5mC can be converted back to unmodified cytosine by 
TET-mediated oxidation to 5‑hydroxymethylcytosine (5hmC), 5‑formylcytosine (5fC) and 5‑carboxylcytosine (5caC), 
followed by excision of 5fC or 5caC mediated by thymine DNA glycosylase (TDG) coupled with base excision repair (BER) 
(the process of active modification–active removal (AM–AR)) or replication-dependent dilution of 5hmC, 5fC or 5caC (the 
process of active modification–passive dilution (AM–PD)). b | Domain structure of mouse TET proteins. Cysteine-rich and 
double-stranded β‑helix (DSBH) domains at the carboxyl terminus confer catalytic activity. Full-length TET1 (TET1FL) and 
TET3 have a CXXC domain at the amino terminus, whereas TET2 does not. Multiple splicing isoforms have been reported for 
TET1 (REF. 33) and TET3 (REFS 34,35). c | Possible substrates for DNMT, TET and TDG. CpG dyads with different modification 
states on the top and bottom strands are shown. In the case of DNMT substrates, DNMT1 prefers hemi‑5mC sites (5mC:C), 
whereas DNMT3A and DNMT3B work in various contexts, including 5hmC:C, 5fC:C and 5caC:C54,55,57. TET and TDG both 
work on their substrates regardless of the modification status of the complementary strand28,39. When both strands of a CpG 
dyad are modified as 5fC or 5caC, it is theoretically possible that a double-strand break (DSB) may arise due to simultaneous 
TDG–BER on both strands. In reality, the highly coordinated TDG–BER process reduces this possibility28. aa, amino acids.
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Genetic processivity
The genetic outcome of 
TET-mediated oxidation in 
cells. Genomic regions or CpG 
sites modified by 5‑hydroxy
methylcytosine (5hmC) but not 
5‑formylcytosine (5fc) or 
5‑carboxylcytosine (5caC) are 
regarded as having low genetic 
processivity, whereas genomic 
regions or CpG sites modified 
by 5fC or 5caC are regarded as 
having higher genetic 
processivity. Unlike physical 
and chemical processivity, 
which describe the biochemical 
behaviour of the enzyme, 
genetic processivity describes 
the outcome of TET-mediated 
oxidation in vivo and is 
determined by various factors, 
including enzymatic activity 
and local chromatin 
environment.

confirmed by locus-specific bisulfite sequencing 
(BS‑seq)15. The molecular mechanism underlying 
these observations was not revealed until 2009, when 
two ground-breaking papers showed that 5hmC accu‑
mulates to a significant level in certain tissues and  
that human TET1 is capable of converting 5mC to 5hmC16,17.  
Human TET1 was initially identified as a fusion part‑
ner of MLL (also known as KMT2A) in cancer18,19 
and was rediscovered in 2009 as an orthologue of 
Trypanosoma brucei base J‑binding protein 1 (JBP1) 
and JBP2, two enzymes that catalyse oxidation of thy‑
mine to 5‑hydroxymethyluracil (5hmU) during the 
biosynthesis of trypanosome base J (β‑D‑glucosylhydroxy
methyluracil)17,20–22. The other two TET proteins, TET2 
and TET3, were also shown to possess 5mC to 5hmC 
oxidizing activity23.

Further studies suggest that TET proteins also cata‑
lyse the oxidation of 5hmC to 5fC and 5caC24,25, a process 
that is similar to the thymine hydroxylase-mediated oxi‑
dation of thymine to 5‑hydroxyuracil, 5‑formyluracil and 
5‑carboxyluracil26. To complete DNA demethylation, 
TDG recognizes and excises 5fC and 5caC from the 
genome, creating abasic sites before unmodified cytosine 
is restored through BER24,27,28.

Structure of TET proteins.  TET proteins are 
iron(II)/α‑ketoglutarate (Fe(II)/α-KG)-dependent di
oxygenases. The core catalytic domain at the carboxyl 
terminus is comprised of a double-stranded β‑helix 
(DSBH) domain and a cysteine-rich domain29 (FIG. 1b). 
The DSBH domain brings Fe(II), α-KG and 5mC 
together for oxidation, while the cysteine-rich domain 
wraps around the DSBH core to stabilize the overall 
structure and TET–DNA interaction. The TET–DNA 
contact does not involve the methyl group, thus allowing 
TET to accommodate different forms of modified cyto‑
sine30. Notably, the C‑terminal catalytic domain alone 
can localize to the nucleus and oxidize 5mC17,23,31.

Full-length TET1 and TET3 have a CXXC domain 
at their amino terminus, whereas the putative CXXC 
domain of TET2 is separated from the protein as the 
result of a genomic inversion during evolution, forming 
a gene named Idax (also known as Cxxc4)29,32 (FIG. 1b). 
Interestingly, mouse TET1 preferentially exists in an 
N‑terminus-truncated form (known as TET1s) in somatic 
tissues but exists in its full-length form (known as TET1e) 
in early embryos, embryonic stem cells (ESCs) and pri‑
mordial germ cells (PGCs) (FIG. 1b). TET1s, which does not 
have a CXXC domain and the other N‑terminal sequence, 
has reduced global chromatin binding compared with 
TET1e and confers weaker demethylation activity in 
cells33. TET3 also has multiple isoforms, including two 
without the CXXC domain, TET3s and TET3o34,35 (FIG. 1b). 
TET3o is specifically expressed in oocytes, whereas TET3s 
and TET3 full-length (TET3FL) are upregulated during 
neuronal differentiation. Unlike TET1, TET3s and TET3o 
display stronger demethylation activity than TET3FL35.

Substrate preference of TET enzymes. The substrate 
preference of TET enzymes can be viewed at three 
different levels. First, 5mC is predominantly detected 

in a CpG context but is also observed in non-CpG 
contexts, and TET may prefer one context over the 
other. In vitro analysis suggests that human TET2 
has lower activity towards 5mCpC and 5mCpA than 
towards 5mCpG, probably due to the impaired base-
stacking interaction30. Therefore, TET may prefer 5mC 
in a CpG context.

Second, 5mC, 5hmC and 5fC are all possible sub‑
strates of TET-mediated oxidation, but TET may 
exhibit different binding or catalytic activity towards 
these three substrates. Indeed, biochemical and struc‑
tural studies suggest that TET prefers 5mC to 5hmC 
or 5fC. Enzyme kinetics analyses revealed that 5mC to 
5hmC conversion catalysed by human TET1 or TET2 
is faster than 5hmC to 5fC and 5fC to 5caC conversions 
(with a 3–5‑fold difference in Kcat), an observation 
that also holds true for mouse TET2 and a Naegleria 
gruberi TET-like protein, NgTET1 (REFS 25,36,37). 
Mechanistically, although human TET2 has a com‑
parable binding affinity for 5mC, 5hmC and 5fC, the 
difference of these substrates in hydrogen abstraction 
makes 5hmC and 5fC less favourable37. Interestingly, 
mutating a conserved Thr1372 residue of human TET2 
can make the protein predominantly oxidize 5mC to 
5hmC but not to 5fC or 5caC, shifting the substrate 
preference to an extreme38.

Third, although in most cases a CpG dyad will be 
either symmetrically methylated by 5mC or free of 
any modification, all 25 combinations of modified and 
unmodified cytosine can happen at a CpG dyad owing 
to de novo methylation, failure of maintenance, TET-
mediated oxidation or replication-dependent dilution, 
resulting in 21 possible substrates for TET proteins 
(FIG. 1c). In vitro studies suggest that TET proteins can 
use various combinations of substrates, including 5mC, 
5hmC or 5fC paired with unmodified cytosine and also 
5mC paired with all forms of cytosine28,39. The oxidation 
rate of 5mC at a CpG dyad is largely similar regardless of 
the modification status of the complementary strand39. 
This lack of substrate preference can be important 
in vivo, as active DNA demethylation is concomitant 
with de novo DNA methylation and DNA replication in 
many biological contexts.

Processivity of TET-mediated oxidation. The processiv‑
ity of TET enzymes is a topic of growing interest. TET 
processivity can be viewed at the physical, chemical and 
genetic levels. Physical processivity refers to the capacity 
of TET protein to slide along the DNA from one CpG 
site to another (FIG. 2a). An in vitro study showed that 
DNA-bound TET does not preferentially oxidize other 
CpG sites on the same DNA molecule, indicating that 
TET is not physically processive40. Chemical processivity 
refers to the ability of TET to catalyse the oxidation of 
5mC iteratively to 5caC without releasing its substrate 
(FIG. 2b). Two studies examined the chemical processivity 
in vitro but reached conflicting conclusions39,40. One 
explanation for this discrepancy is that TET can work in 
both chemically processive and non-processive manners 
depending on reaction conditions. Genetic processivity 
refers to the genetic outcome of TET-mediated oxidation 
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in the genome, as shown by mapping of the oxidized 
bases (FIG. 2c). In mouse ESCs, many genomic regions or 
CpG sites are modified by 5hmC but not 5fC or 5caC, 
whereas many others are modified by 5fC or 5caC but 
not 5hmC, suggesting that 5mC is processed to different 
states at different genomic regions or CpG sites. Genetic 
processivity positively correlates with chromatin acces‑
sibility and binding of certain transcription factors, but 
the causal relationship requires further examination41–44.

Restoration of unmodified cytosine through the 
TDG–BER pathway. After 5mC is oxidized to 5fC 
or 5caC, TDG-mediated excision of 5fC or 5caC and 
BER-dependent repair of the abasic site can restore 
unmodified cytosine24,27,28. This process is defined as 
active modification–active removal (AM–AR) and is  
independent of DNA replication45 (FIG. 1a).

In vitro biochemical assays have shown that TDG spe‑
cifically excises 5fC and 5caC but not 5hmC24,27,46,47. This 
specificity may be conferred by different mechanisms, 
including specific TDG−5fC or TDG−5caC interactions, 
altered C-G base pairing and altered base–sugar bond‑
ing28,46–50. Like TET, TDG recognizes different forms of 
substrate at a CpG dyad: for example, 5caC paired with 
unmodified cytosine, 5mC, 5hmC or 5caC28 (FIG. 1c).

Recent biochemical reconstruction using purified 
TDG and BER proteins demonstrated that after TDG-
dependent excision of 5fC or 5caC, an abasic site is gen‑
erated, which can be converted to a single-strand break 
(SSB) through AP endonuclease 1 (APE1)‑mediated 
incision. Addition of DNA polymerase β (Pol β) inserts 
a deoxycytidine monophosphate at the break, and further 
addition of XRCC1 and DNA ligase 3 (LIG3) ligates the 
nick to restore double-stranded DNA28. In addition to 
APE1, NEIL1 (also known as endonuclease 8‑like 1) and 
NEIL2 (also known as endonuclease 8‑like 2), two glyco
sylases with AP lyase activity, can facilitate the restora‑
tion of unmodified cytosine by displacing TDG from the  
abasic site to create an SSB for downstream processing51.

In the case when both the top and the bottom 
strands of a CpG dyad are modified as 5fC or 5caC, 
it is possible that two SSBs are introduced at the same 
time, creating a double-strand break (DSB) that might 
lead to catastrophic outcomes (FIG. 1c). In vitro ana
lysis mixing 5caC:5caC substrate with purified TDG 
and BER proteins (APE1, Pol β, XRCC1 and LIG3) 
showed that a DSB is generated in less than 1% of this 
substrate, suggesting that TDG and BER are efficiently 
coupled to demethylate one strand at a time28. In addi‑
tion to TDG–BER coupling, the protein–protein inter‑
action between TET and TDG may facilitate the quick 
removal and repair of 5fC or 5caC on generation,  
minimizing the possibility of DSB generation28,52,53.

Restoration of unmodified cytosine through 
replication-dependent dilution of oxidized 5mC. In 
addition to AM–AR, DNA replication can lead to the 
dilution of the oxidized 5mC, a process known as active 
modification–passive dilution (AM–PD)45 (FIG. 1a). 
During DNA replication, unmodified cytosine is in
corporated into the newly synthesized strand, creating 
hemi-modified CpG dyads. A 5mC:C dyad is recog‑
nized by UHRF1, which helps to recruit DNMT1 to the 
hemi‑5mC site6,7. Two studies suggested that UHRF1 
has less affinity for 5hmC:C54,55, but an earlier study 
provided a conflicting result56. Nevertheless, in vitro 
biochemical assays suggest that DNMT1 is much less 
efficient at 5hmC:C, 5fC:C and 5caC:C dyads than at 
a 5mC:C dyad54,55,57. Through multiple rounds of DNA 
replication, a 5hmC-, 5fC- or 5caC‑modified CpG site 
can become demethylated.

Figure 2 | Processivity of TET at three different levels. a | Physical processivity of TET. 
Physical processivity refers to the ability of TET to slide along DNA from one CpG site to 
another. An in vitro study suggests that TET is not physically processive40. b | Chemical 
processivity of TET. Chemical processivity refers to the ability of TET to stay bound to its 
substrate or oxidation product during the step-wise oxidation from 5‑methylcytosine 
(5mC) to 5‑carboxylcytosine (5caC). c | Genetic processivity of TET. Genetic processivity 
refers to the genetic outcome of TET-mediated oxidation, which is determined by various 
factors, including the intrinsic property of the enzyme, modulation by other factors and 
the local chromatin environment. The distinct genetic processivity is observed at 
genomic regions and individual CpG sites, with certain regions or CpG sites being 
oxidized only to 5‑hydroxymethylcytosine (5hmC), whereas some others are further 
oxidized to 5‑formylcytosine (5fC) or 5caC41–44. The locus shown here provides three 
examples of low, intermediate and high genetic processivity revealed by non-base- 
resolution methods (DNA-immunoprecipitation sequencing (DIP-seq) of 5hmC, 5fC and 
5caC of thymine DNA glycosylase (TDG)-depleted mouse embryonic stem cells (ESCs)43; 
upper panel) and base-resolution methods (TET-assisted bisulfite sequencing (TAB-seq) 
of mouse ESCs117 and M.SssI methylase-assisted bisulfite sequencing (MAB-seq) of 
TDG-depleted mouse ESCs41; lower panels). Red versus blue lines indicate on which DNA 
strand the modifications occurred.
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CpG islands
Genomic regions with a high 
density of CpG dinucleotides.

Bivalent promoters
Promoters that are enriched 
for both the active mark 
histone H3 lysine 4 
trimethylation (H3K4me3) and 
the repressive mark 
H3K27me3.

Regulation of TET-mediated DNA demethylation
Active DNA demethylation can be regulated at var‑
ious levels. The kinetics of an enzymatic reaction is 
directly affected by the availability of substrates. An 
enzymatic reaction can also be modulated by cofactors. 
Furthermore, all genes involved can be regulated at tran‑
scriptional, post-transcriptional and post-translational 
levels. Finally, factors targeting the demethylation 
machinery to specific genomic regions can also regulate 
the process.

Regulation by the availability of substrates and co
factors. TET-mediated oxidation reactions require oxy‑
gen and α-KG as substrates and Fe(II) as a cofactor to 
generate CO2 and succinate45,58. As a result, the availa‑
bility of the substrates and cofactors can directly affect 
the reaction kinetics.

α-KG is generated from isocitrate through the activ‑
ity of the enzymes isocitrate dehydrogenase 1 (IDH1), 
IDH2 and IDH3 (REF. 59). Overexpression of IDH1  
or IDH2 facilitates 5hmC generation in cells60,61.  
By contrast, downregulation of IDH2, as observed in 
melanoma, is associated with decreased levels of 5hmC61. 
In addition, cancer-associated IDH mutants can inhibit 
TET activity by producing 2‑hydroxyglutarate (2HG), an 
oncometabolite that competes with α-KG for TET bind‑
ing60,62. In a similar way to 2HG, fumarate and succinate 
— which can accumulate in cancer owing to deficiency 
in fumarate hydratase (FH) and succinate dehydro‑
genase (SDH), respectively — compete with α‑KG to 
inhibit TET activity63,64. In the liver of mice, increased 
α‑KG levels resulting from the administration of glucose, 
glutamate or glutamine correlate with a rapid increase in 
5hmC levels65.

In addition to α‑KG, oxygen is another substrate of 
TET-mediated oxidation. The effect of oxygen on TET-
mediated oxidation has been quantified in vitro64, but the 
outcomes in cells and animals can vary64,66–68. In response 
to hypoxia, certain cell types display an increased 5hmC 
level, an effect caused by hypoxia-inducible factor  
(HIF)-mediated upregulation of TET66–68. Interestingly, 
in other cell types, hypoxia reduces 5hmC levels with‑
out downregulating TET and is independent of changes 
in reactive oxygen species (ROS) production, cell pro‑
liferation and metabolite concentrations, suggesting a 
direct regulation by oxygen availability. The associa‑
tion between hypoxia and 5hmC loss is also observed 
in samples from people with glioblastoma and has been 
validated in a mouse breast tumour model68.

As a cofactor of the reaction, Fe(II) availability also 
influences TET activity. Modulation of cellular iron 
concentration alters the level of 5hmC69. Mutations of 
critical iron-binding residues of TET reduce its catalytic 
activity64.

Vitamin C has been reported to stimulate the enzy‑
matic activity of TET, most likely through acting as 
a cofactor70–72. Mechanistically, vitamin C directly 
interacts with the catalytic domain of TET proteins 
to increase their enzymatic activity70,72. Additionally, 
vitamin C may promote TET folding to facilitate the  
recycling of Fe(II)72.

Post-transcriptional and post-translational regula-
tion. Following transcription, mRNAs of TET and TDG 
can be regulated by microRNAs (miRNAs). Examples  
include miR‑15b73, miR‑22 (REFS  74,75), miR‑26 
(REFS 76,77), miR‑29 (REFS 77–81), miR‑125 (REF. 77), 
miR‑494 (REF. 82) and miR‑302/367 (REF. 83) for TET,  
and miR‑26a76 and miR‑29 (REFS  78–80) for TDG. 
The RNA-binding protein deleted in azoospermia-
like (DAZL) has also been reported to facilitate Tet1  
translation by binding to Tet1 mRNA84.

After translation, the subcellular localization, chro‑
matin binding and enzymatic activity of TET proteins 
can be regulated by covalent modifications. For exam‑
ple, monoubiquitylation of a conserved lysine residue of 
TET family members facilitates their chromatin bind‑
ing85. Additionally, acetylation of two conserved lysine 
residues at the N terminus of human TET2 increases its 
enzymatic activity, stabilizes the protein and enhances 
its chromatin targeting during oxidative stress52. 
Furthermore, phosphorylation, GlcNAcylation and 
PARylation of TET proteins have also been reported86–90.

The protein levels of TET proteins can also be reg‑
ulated by protein–protein interaction and proteo
lysis. Overexpression of IDAX, the interacting partner  
of TET2, results in caspase-dependent degradation of 
TET2, whereas its depletion increases TET2 protein lev‑
els32. Calpain-mediated proteolysis regulates TET pro‑
tein levels during the maintenance and differentiation 
of mouse ESCs91, and the ubiquitin–proteasome pathway 
regulates TET2 degradation in human cancer cell lines52.

Regulation of genomic localization. To selectively 
demethylate a group of CpG sites, the TET and TDG 
machinery needs to be localized to the corresponding 
genomic regions, in a process coordinated by intrin‑
sic properties of TET and TDG, the local chromatin  
environment and extrinsic factors.

Chromatin immunoprecipitation followed by 
sequencing (ChIP–seq) analysis in mouse ESCs suggests 
that TET1 is enriched at CpG islands, active promoters 
and bivalent promoters (marked by both histone H3 lysine 
4 trimethylation (H3K4me3) and H3K27me3). TET1 
occupancy positively correlates with CpG density and 
H3K4me3 levels92–94. This binding preference may be 
partially explained by the CXXC domain of TET, which 
prefers CpG-rich regions93,95. In the case of TET2 with‑
out a CXXC domain, the chromatin recruitment may 
be partially mediated by its interacting partner IDAX32. 
Interestingly, TET1s, despite lacking the CXXC domain 
and the N terminus, distributes across the genome in 
a manner similar to full-length TET1e, although with 
less enrichment, suggesting that the N terminus and 
the CXXC domain facilitate the binding of TET1 but 
do not fully determine its genomic localization33. Thus, 
the genomic distribution of TET proteins may be regu‑
lated by additional factors, such as the local chromatin 
environment.

Interacting partners of TET proteins may also 
contribute to their recruitment to specific genomic 
regions, as shown by the following examples. In mouse 
ESCs, the pluripotency factor NANOG physically 

R E V I E W S

NATURE REVIEWS | GENETICS	  ADVANCE ONLINE PUBLICATION | 5

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



interacts with TET1 and TET2, and NANOG depletion 
results in reduced TET1 binding at NANOG-bound 
regions96. Similarly, PR domain zinc finger protein 14 
(PRDM14)97, Polycomb repressive complex 2 (PRC2)98 
and LIN28A99 have also been reported to interact with 
and recruit TET proteins in mouse ESCs. In acute 
myeloid leukaemia (AML) cells, the transcription fac‑
tor WT1 recruits TET2 to WT1 target genes through 
their physical interaction100,101. During monocyte- 
to‑osteoclast differentiation, PU.1 interacts with 
TET2 and facilitates TET2 recruitment to PU.1 tar‑
get genes for demethylation102. In the mouse retina, 

RE1‑silencing transcription factor (REST) has been 
identified as an interaction partner of TET3 and may 
facilitate the recruitment of TET3 to REST target 
genes103. During 3T3‑L1 fibroblast-to‑adipocyte trans-
differentiation, TET-mediated DNA demethylation 
takes place around binding sites of peroxisome pro‑
liferator-activated receptor-γ (PPARγ) and CCCTC-
binding factor (CTCF)104–106, which might be mediated 
through the interaction between TET and PPARγ105 
or TET and CTCF104. Collectively, these results  
show or imply that the interacting partners of TET, in 
many cases key transcription factors of the cells studied, 
contribute to TET recruitment. In some of the studies, 
further analysis is needed to determine whether the 
interaction per se mediates the recruitment or instead 
the interacting partner helps to establish a favourable 
chromatin environment for TET binding.

In mouse ESCs, TDG is distributed in a similar way 
to TET1 and is enriched at active promoters and en
hancers107. This distribution pattern can be explained  
by the physical interaction between TET and TDG28,52,53, 
or the recruitment of TDG by the oxidation products 
5fC and 5caC108,109, or both. Other interacting factors 
such as growth arrest and DNA damage-inducible pro‑
tein GADD45A and oestrogen receptor‑β (ERβ) may 
also contribute to the genomic localization of TDG110,111.

Distribution and dynamics of oxidized 5mC
To identify the biological contexts of active DNA 
demethylation, various studies based on mass spectro
metry have quantified the amount of 5hmC, 5fC and 
5caC in different tissues. Moving one step further, var‑
ious sequencing techniques, including base-resolution 
and non-base-resolution methods, have been developed 
to examine the genomic distribution of oxidized 5mC 
(BOX 1; TABLE 1). Finally, efforts based on genetic, chem‑
ical and biochemical approaches have helped to deter‑
mine whether the observed oxidized 5mC represents 
ongoing demethylation dynamics or products accumu‑
lated from previous oxidation reactions. In this section, 
we summarize the tissue distribution, genomic distri‑
bution and dynamics of oxidized 5mC with an empha‑
sis on ESCs and neurons. We also discuss the potential 
biological functions of oxidized 5mC.

Tissue distribution of oxidized 5mC. Mass spectrome‑
try analyses suggest that unlike 5mC, the levels of oxi‑
dized 5mC are highly variable in different tissues25,112–116. 
In adult mice, 5hmC is present at high levels in the cen‑
tral nervous system (CNS)16,25,115,116. In mouse cerebellar 
Purkinje neurons, 5hmC abundance is nearly 40% of 
that of 5mC16. Some somatic tissues such as the kidney 
and heart have medium levels of 5hmC (25–50% of that 
of CNS tissues), whereas some others, such as the spleen 
and thymus, have low levels of 5hmC (5–15% of that 
of CNS tissues)25,114,115. 5hmC abundance seems to be 
anti-correlated with cell proliferation114. 5hmC is also 
present in embryonic tissues. For example, in mouse 
ESCs, the amount of 5hmC is about 1.3 × 103 in every 
106 cytosines, a level comparable to that of non-CNS 
somatic tissues25.

Box 1 | Methods for mapping the genomic distribution of oxidized 5mC

Various methods have been developed to map the genomic distribution of oxidized 
5‑methylcytosine (5mC) (TABLE 1; also reviewed in REFS 12,247,248). These methods 
can be separated into base-resolution and non-base-resolution categories. TABLE 1 lists 
the principles and features of these mapping techniques.

Non-base-resolution methods generally involve enrichment of oxidized 5mC followed 
by high-throughput sequencing. In the case of DNA immunoprecipitation  
(DIP), 5‑hydroxymethylcytosine (5hmC)94,118,122,124,137, 5‑formylcytosine (5fC)43 and 
5‑carboxylcytosine (5caC)43 can be enriched using antibodies directly recognizing  
these modifications. In other cases — for example, cytosine 5‑methylenesulfonate 
sequencing (CMS-seq; for 5hmC)121, glucosylation, periodate oxidation and  
biotinylation sequencing (GLIB-seq; for 5hmC)121, selective chemical labelling (hMe-Seal 
for 5hmC132, and fC‑Seal for 5fC128) and 5fC DNA pulldown (5fC‑DP; for 5fC)129,142 — 
oxidized 5mC can be converted to other forms that allow enrichment. These methods 
capture DNA fragments containing the oxidized 5mC but do not determine where in the 
fragment the modification is; hence, they provide low spatial resolution. Other caveats 
and disadvantages include potential contaminants of pulldown, CpG-density-related 
bias and lack of absolute quantification.

Most base-resolution methods are based on bisulfite sequencing (BS‑seq). After 
sodium bisulfite treatment, 5mC and 5hmC are read as cytosine, whereas unmodified 
cytosine, 5fC and 5caC are read as thymine24,119,249. Altering the behaviour of these 
different forms of cytosine during bisulfite conversion allows the decoding of individual 
modifications, either directly, as in the case of TET-assisted BS-seq (TAB-seq; for 
5hmC)117, M.SssI methylase-assisted BS-seq (MAB-seq; for 5fC + 5caC)41,107,159,207 and 
a sodium-borohydride-reduced derivate of MAB-seq (caMAB-seq; for 5caC)41, or 
indirectly after comparison with regular BS‑seq data, as in the case of oxidized BS-seq 
(oxBS-seq; for 5mC and 5hmC)119, reduced BS-seq (redBS-seq; for 5fC)250, 5fC chemi‑
cal-modification-assisted bisulfite sequencing (fCAB-seq; for 5fC)128,130 and caCAB-seq 
(for 5caC)130,251. Cyclization-enabled C‑to‑T transition of 5fC (fC‑CET) and chemical- 
labelling-enabled C‑to‑T conversion sequencing (CLEVER-seq), two bisulfite-free 
methods that directly map 5fC, have also been established, in which 5fC, after its 
reaction with 1,3‑indandione or malononitrile, respectively, behaves as thymine instead 
of cytosine during PCR amplification42,163. A similar strategy may also allow bisulfite-free 
mapping of 5hmC252. These methods can quantify the absolute levels of the 
modifications and avoid some of the biases of non-base-resolution methods. One 
disadvantage of base-resolution methods is their relatively high sequencing cost when 
the whole genome is analysed without pre-enrichment.

Other than the base-resolution methods mentioned above, enzymes whose cutting 
activity depends on cytosine modification status have also been applied to map 
oxidized 5mC at base resolution44,138,253–255. Depending on the methods, the limitations 
may include sequence dependency or lack of quantification.

Recently, some of the methods have been developed to be applicable to small 
numbers of cells or even single cells. Examples include single-cell application of the 
DNA-modification-dependent restriction endonuclease AbaSI coupled with 
sequencing (scAba-seq)256 and Nano-hmC-Seal257 for mapping 5hmC, single-cell 
MAB-seq (scMAB-seq) and low-input MAB-seq (liMAB-seq)168 for mapping 5fC and 
5caC, and CLEVER-seq163 for mapping 5fC. Given that active DNA demethylation 
occurs in many biological contexts that involve limited cell numbers (for example, in 
zygotes and primordial germ cells) and that cell‑to‑cell heterogeneity of active DNA 
demethylation exists, these low-input or single-cell methods will broaden the scope of 
genomic analysis of oxidized 5mC.
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Table 1 | Sequencing techniques for genome-scale mapping of oxidized 5mC

Name Principle Base  
resolution

Absolute  
level

Refs

5hmC mapping

5hmC‑DIP Enrich 5hmC‑modified DNA using a 5hmC‑targeted antibody No No 94,118,122, 
124,137

hMe-Seal Convert 5hmC to N3-5gmC with β‑GT. Label N3-5gmC with biotin. Enrichment No No 132,257

CMS-seq Convert 5hmC to CMS by bisulfite conversion. Enrich CMS-containing DNA using 
a CMS-targeted antibody

No No 121

GLIB-seq Convert 5hmC to 5gmC with β‑GT. Label 5gmC with biotin through sodium periodate and 
ARP treatment. Enrichment

No No 121

TAB-seq Convert 5hmC to 5gmC with β‑GT. Oxidize 5mC and 5fC to 5caC by TET treatment. Directly 
read 5hmC out as C after bisulfite conversion

Yes Yes 117

oxBS-seq Convert 5hmC to 5fC with potassium perruthenate. Sequence C + 5hmC + 5fC + 5caC 
as T after bisulfite conversion. Quantify 5hmC by subtracting traditional BS‑seq signal 
(C + 5fC + 5caC)

Yes Yes 119

RRHP Digest DNA with MspI (which cuts both 5mC and 5hmC in a CCGG context). Add adaptors. 
Convert 5hmC to 5gmC with β‑GT. Digest again with MspI (DNA fragments with 5gmC at 
adaptor–DNA junctions will not be digested). Amplify adaptor-tagged fragments to detect 
5hmC in a CCGG context

Yes No 253

Aba-seq Convert 5hmC to 5gmC with β‑GT. Treat DNA with AbaSI, which preferentially recognizes 
and cuts 5gmC in a sequence context where two cytosines are positioned symmetrically 
around the cleavage site. Adaptor ligation and amplification. Identify 5hmC‑modified sites

Yes No 126,256

Pvu-Seal-seq Digest DNA with PvuRts1I, which cuts 5hmC with high preference. Add adaptors and further 
enrich 5hmC‑modified fragments with hMe-Seal. Identify 5hmC‑modified sites

Yes No 44

SCL-exo Follow the procedures of hMe-Seal to convert 5hmC to biotin-conjugated 5gmC for 
enrichment. Digest the enriched DNA with exonuclease, which preferentially stops at 
biotin-conjugated 5gmC. Identify 5hmC‑modified sites

Yes No 255

5fC or 5caC mapping

5fC‑DIP and 
5caC‑DIP

Enrich 5fC- or 5caC‑modified DNA through 5fC- and 5caC‑targeted antibodies No No 43

fC‑Seal Convert 5hmC to 5gmC with β‑GT. Convert 5fC to 5hmC by sodium borohydride- 
mediated reduction. Follow the procedures of hMe-Seal to enrich DNA originally  
modified by 5fC

No No 128

5fC‑DP Label 5fC with biotin through reaction with ARP. Enrichment No No 129,142

MAB-seq Convert unmodified C in a CpG context to 5mC by M.SssI treatment. Directly read 
5fC + 5caC out as T after bisulfite conversion

Yes Yes 41,107,159, 
168,207

caMAB-seq Convert 5fC to 5hmC with sodium borohydride. Convert unmodified C in CpG context to 
5mC with M.SssI treatment. Directly read 5caC out as T after bisulfite conversion

Yes Yes 41

redBS-seq Convert 5fC to 5hmC by sodium borohydride. Sequence 5mC + 5hmC + 5fC as C after 
bisulfite conversion. Quantify 5fC after subtracting traditional BS‑seq signal (5mC + 5hmC)

Yes Yes 250

fCAB-seq Treat DNA with EtONH2, which reacts with 5fC. Sequence 5mC + 5hmC + 5fC as C after 
bisulfite conversion. Quantify 5fC after subtracting traditional BS‑seq signal (5mC + 5hmC)

Yes Yes 128,130

caCAB-seq Treat DNA with EDC, which reacts with 5caC. Sequence 5mC + 5hmC + 5caC as C after 
bisulfite conversion. Quantify 5caC after subtracting traditional BS‑seq signal (5mC + 5hmC)

Yes Yes 130,251

fC‑CET Treat DNA with an azido derivative of 1,3‑indandione to label 5fC. Conjugate with 
biotin. Enrich 5fC‑modified DNA. Directly read 5fC out as C‑to‑T transitions after PCR 
amplification

Yes No 42

CLEVER-seq Treat DNA with malononitrile to label 5fC. MALBAC-based amplification. Directly read 5fC 
out as C‑to‑T transition after PCR amplification

Yes Yes 163

Modified 
Pvu-Seal-seq

Convert 5hmC to 5gmC with β‑GT. Convert 5fC to 5hmC with sodium borohydride-mediated 
reduction. Follow the procedures of Pvu-Seal-seq to identify 5fC‑modified sites

Yes No 44

Techniques are categorized based on the modifications profiled. For each method, we describe its principle, whether it is base resolution and whether it allows quantification 
of the absolute level of the modification. 5caC, 5‑carboxylcytosine; 5fC, 5‑formylcytosine; 5gmC, β‑glycosyl‑5‑hydroxymethylcytosine; 5hmC, 5‑hydroxymethylcytosine; 
5mC, 5‑methylcytosine; β‑GT, β‑glucosyltransferase; Aba-seq, DNA-modification-dependent restriction endonuclease AbaSI coupled with sequencing; ARP, 
aldehyde-reactive probe; BS‑seq, bisulfite sequencing; CAB-seq, chemical-modification-assisted bisulfite sequencing; caMAB-seq, a sodium-borohydride-reduced derivate 
of MAB-seq; CET, cyclization-enabled C‑to‑T transition of 5fC; CLEVER-seq, chemical-labelling-enabled C‑to‑T conversion sequencing; CMS, cytosine 5‑methylenesulfonate; 
DIP, DNA immunoprecipitation; DP, DNA pulldown; EDC, 1‑ethyl‑3-[3‑dimethylaminopropyl]carbodiimide hydrochloride; fC‑Seal, 5fC selective chemical labelling; GLIB, 
glucosylation, periodate oxidation and biotinylation; hMe-Seal, 5hmC selective chemical labelling; MAB-seq, M.SssI methylase-assisted bisulfite sequencing; MALBAC, 
multiple annealing and looping-based amplification cycles; N3‑5gmC, N3-β‑glycosyl‑5‑hydroxymethylcytosine; oxBS-seq, oxidized BS-seq; redBS-seq, reduced BS-seq; 
RRHP, reduced-representation 5hmC profiling; SCL, selective chemical labelling; TAB-seq, TET-assisted bisulfite sequencing.
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5fC and 5caC are much less abundant than 5hmC, 
either because TDG is highly efficient at removing these 
two bases or because the conversion of 5hmC to 5fC 
and 5caC is less efficient, or both. In wild-type mouse 
ESCs, the amount of 5fC and 5caC is about 20 and 3 in 
every 106 cytosines, respectively25. Consistent with effi‑
cient removal by TDG, depletion of TDG in mouse 
ESCs results in a 5.6‑fold increase in 5fC levels and an 
8.4‑fold increase in 5caC levels43. Beyond ESCs, 5fC 
can be readily detected in various somatic tissues in  
postnatal mice25,113.

For individual tissues, the levels of 5hmC, 5fC and 
5caC are not obviously correlated25,113. For example, 
although 5hmC is more abundant in the mouse brain 
cortex than in ESCs, the levels of 5fC and 5caC are 
reversed in the two cell types25. This complex pattern 
suggests that different steps of the demethylation cycle 
are differentially regulated in different tissues.

Genomic distribution of oxidized 5mC in ESCs. Various 
genome-wide profiling studies have been performed 
in ESCs because all of the components of active DNA 
demethylation (TET, TDG and BER) are functional, and 
all three oxidized forms of 5mC are detectable in this 
cell type12.

In ESCs, both enrichment-based analyses and 
base-resolution analyses (BOX 1; TABLE 1) suggest that 
5hmC levels are low at promoters with high CpG 
density, which are typically marked by H3K4me3 
(REFS 93,94,117–119). This observation, in contrast to 
the high TET binding at these promoters, as discussed 
above, is not unexpected given that 5mC, the substrate 
of oxidation, is largely absent. Comparatively, promoters 
with low‑to‑intermediate CpG density have higher lev‑
els of 5hmC93,117–120. 5hmC is low at promoters of highly 
expressed genes, consistent with the high CpG den‑
sity of these promoters93,94,118,121,122. Interestingly, a high  
level of 5hmC is observed at bivalent promoters, which 
correspond to genes repressed in ESCs but activated on 
differentiation93,117,118,121.

In gene bodies, 5hmC displays an increase from tran‑
scription start sites (TSSs) to transcription termination 
sites (TTSs), implying a potential coupling between 
5mC oxidation and transcription elongation44,93,118. 
5hmC is also enriched at distal regulatory elements 
such as enhancers, H3K4me1‑marked regions, DNase 
hypersensitivity sites and transcription-factor-bound 
regions44,117,118,121–126. These regions typically have 
low‑to‑intermediate CpG density and intermediate 
levels of DNA methylation127. Notably, base-resolution 
analysis further shows that 5hmC levels are relatively 
low at the transcription factor binding sites (±100 bp) 
but high at flanking regions117. Targeting demethylation 
activity to distal regulatory elements, which usually have 
fewer TET ChIP–seq signals than promoters and CpG-
rich regions33,125, may result from direct recruitment 
by transcription factors, as discussed above, or from 
enhancer–promoter looping.

TDG depletion in mouse ESCs through knock‑
down or knockout results in accumulation of 5fC 
and 5caC24,43,128,129. 5fC and 5caC accumulation in 

TDG-depleted cells occurs preferentially at distal reg‑
ulatory elements and bivalent promoters, similar to the 
enrichment of 5hmC at these regions41,43,128,130. Certain 
CpG sites and genomic regions, such as regions bound 
by the pluripotency transcription factors OCT4 (also 
known as POU5F1) and SOX2, have relatively higher 
5fC and 5caC levels but lower 5hmC levels, reflecting a 
higher genetic processivity at these regions41–44.

Genomic distribution of oxidized 5mC in neurons. 
Multiple studies have profiled 5hmC in neuronal sam‑
ples or purified neurons. Unlike ESCs, replication- 
dependent dilution does not take place in neurons, as 
these cells are postmitotic12.

In adult neuronal samples or purified neurons, 5hmC 
is generally depleted from TSSs regardless of gene expres‑
sion level or CpG content, a situation that differs from 
that in ESCs, in which 5hmC can accumulate at the pro‑
moters of poised or repressed genes131–134. Comparatively, 
enrichment is observed at around 875 bp upstream of 
TSSs and around 160–200 bp downstream of TTSs131–133. 
In gene bodies, 5hmC is highly enriched and posi‑
tively correlates with gene expression131–137. 5hmC also 
peaks at exon–intron boundaries, suggesting a poten‑
tial connection with splicing134,138. Interestingly, 5hmC 
is slightly but significantly higher on the sense strand, 
implying an association with transcription134. Finally, 
in a pattern similar to that in ESCs, 5hmC is observed 
around enhancer regions, suggesting that active DNA 
demethylation may have regulatory roles134,136.

When neuronal samples of different ages are com‑
pared, the overall 5hmC level is positively correlated 
with age131,132,134,139. The changes at individual genomic 
regions are more dynamic: some regions gain 5hmC on 
maturing or ageing, whereas others lose the mark131,139, 
although the functional importance of 5hmC dynamics 
during ageing is not fully understood.

Dynamics of oxidized 5mC. Mapping the genomic 
location of oxidized 5mC may not fully reflect the de
methylation dynamics owing to the following two 
reasons. First, the absence of oxidized 5mC does not 
preclude the possibility that the demethylation process is 
highly efficient, leaving no trace of intermediates. Second, 
for postmitotic cells such as neurons, the presence of 
oxidized 5mC may reflect oxidation events in the past 
(for example, during neuronal differentiation) instead of 
real-time dynamics in the cells. In certain cases — for 
example, development — changes in 5mC and oxidized 
5mC can be examined by comparing cells of different 
developmental stages. In other cases, when the cells are 
not undergoing cell fate transition, a comparison might 
be difficult. In these cases, genetic perturbation of the key 
factors of the pathway or tracing the turnover of oxidized 
5mC through isotope labelling is needed.

Genetic perturbation of the TET–TDG–BER path‑
way can be achieved through depleting TET or TDG. 
An increase in 5mC or decrease in 5hmC levels on TET 
depletion through knockout or knockdown, as shown 
in ESCs, can indicate that active turnover is taking 
place92,93,124,140,141. A caveat of this interpretation is that 
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an increase in 5mC levels may not be solely due to the 
loss of TET catalytic activity. For example, it is possible 
that the physical presence of TET proteins, especially 
at methylation-free promoters, prevents 5mC depo‑
sition by DNMTs. This possibility, along with other 
catalytic-independent roles of TET, is discussed in 
BOX 2. Alternatively, the accumulation of 5fC or 5caC 
on TDG depletion can support the existence of ongo‑
ing TET-mediated oxidation and TDG-mediated exci‑
sion24,43,128,129,142,143. The limitation is that in mitotic cells, 
accumulation of 5fC or 5caC on TDG depletion reflects 
AM–AR but does not fully reflect the degree of AM–PD, 
in which oxidation to 5hmC coupled with replication 
can complete the demethylation cycle independently of 
5fC and 5caC generation and excision.

In addition to genetic perturbation, isotope label‑
ling has been applied to trace the turnover of oxidized 
5mC. In two studies, mice were fed with food contain‑
ing isotope-labelled l‑methionine, which is converted 
to the methyl donor S‑adenosyl methionine (SAM) in 
cells, leading to the labelling of 5mC by DNMTs. For 
adult mice fed by labelled food, the proportion of 5mC 
being labelled is greater than that of 5hmC and 5fC in 

all tissues examined. If all 5hmC and 5fC undergo active 
turnover during the feeding period, these two modifica‑
tions should have been labelled in the same proportions 
as 5mC. Therefore, these observations imply that a pro‑
portion of the existing 5hmC and 5fC in adult tissues is 
stable, without active turnover113,114.

Potential functions of oxidized 5mC. Because 5mC oxi‑
dation derivatives can accumulate to a high level (for 
example, 5hmC in the brain) or exist in a relatively stable 
state in certain biological contexts, they have been pro‑
posed to carry out additional functions besides serving 
as demethylation intermediates. Several studies have 
reported the identification of proteins capable of binding 
to 5hmC, 5fC and 5caC108,109,133,144–146. SALL4A has been 
shown to bind 5hmC and facilitate further oxidation of 
5hmC, promoting genetic processivity144. In addition 
to serving as docking sites for protein binding, 5fC and 
5caC have been shown to impede transcriptional elonga
tion by RNA polymerase II147. 5fC may also affect the 
structure of the DNA double helix148. Given the relatively 
low abundance of 5fC and 5caC, additional studies are 
needed to demonstrate their functional importance 
under biologically relevant conditions.

Functions of active DNA demethylation
Active DNA demethylation occurs in various biological 
contexts, including pre-implantation and PGC develop‑
ment, ESC maintenance and differentiation, and neu‑
ronal functions. Aberrant demethylation is observed in 
cancer. Recent studies have also revealed the involve‑
ment of TET and active DNA demethylation in genomic 
instability and DNA damage repair, which is discussed 
in BOX 3.

Active DNA demethylation in pre-implantation devel-
opment. Shortly after fertilization, mouse and human 
zygotes undergo extensive epigenetic reprogramming, 
including global DNA demethylation of both the pater‑
nal and maternal genomes12,149,150. Current evidence 
indicates that the demethylation of the paternal genome 
mainly occurs through a combination of passive dilution 
of 5mC and TET3‑mediated AM–PD of 5hmC, 5fC and 
5caC (FIG. 3a), whereas the demethylation of the maternal 
genome mainly occurs through passive dilution.

Immunostaining reveals that the 5mC signal from 
the highly methylated paternal genome decreases rap‑
idly after fertilization14. This rapid decrease in 5mC 
is accompanied by the generation of 5hmC, 5fC and 
5caC151–153 and is mediated by TET3 (REFS 151,154,155). 
Immunostaining further showed that DNA replication 
results in the dilution of all oxidized forms of 5mC and 
also 5mC153,156,157, which is not efficiently maintained in 
this context, possibly owing to the exclusion of the main‑
tenance machinery from the nucleus158. TET3‑mediated 
oxidation and DNA replication overlap in timing, but 
these two processes seem to be independent from each 
other151,153,157. Comparison of the sperm and paternal 
pronuclei post-replication by BS‑seq reveals that the 
global BS‑seq signal (5mC + 5hmC) drops by 40–50% 
from sperm to post-replication paternal pronuclei. DNA 

Box 2 | Catalytic-activity-independent functions of TET proteins

The preferential binding of TET proteins at 5‑methylcytosine (5mC)-free promoters and 
the ability of TET proteins to interact with various proteins both suggest that TET may 
function independently of its catalytic activity by repelling or recruiting other factors12. 
For example, TET1 can regulate transcription through its association with the SIN3A 
histone deacetylase complex94, the MOF histone acetyltransferase (also known as 
KAT8)258 and possibly Polycomb repressive complex 2 (PRC2)92,98, and these associations 
might not require the catalytic activity of TET1. TET2 can regulate transcription by 
interacting and recruiting histone deacetylase 2 (HDAC2)259. In addition, TET proteins 
can regulate transcription by recruiting O-linked N‑acetylglucosamine transferase 
(OGT) in a catalytic-activity-independent manner120,260,261.

Similar to their complex roles in transcriptional regulation, TET proteins might also 
affect DNA methylation dynamics in a catalytic-activity-independent manner. Triple 
knockout (TKO) of TET1, TET2 and TET3 in mouse ESCs results in 5mC accumulation at 
active promoters where TET binds strongly while oxidized forms of 5mC are present  
at low levels140. It is thus possible that 5mC accumulation at these regions on TET TKO 
is caused by increased accessibility to DNA methyltransferases rather than decreased 
TET activity.

Further evidence supporting catalytic-activity-independent functions of TET proteins 
comes from the demonstration that catalytically dead TET mutants are able to confer 
biological functions or rescue the phenotype of TET knockout or knockdown. In the 
mouse hippocampus, overexpression of a catalytically dead TET1 mutant affects learning 
and memory in a way similar to that of wild-type TET1 (REF. 228). In Xenopus laevis, a TET3 
catalytically dead mutant can partially rescue the developmental defects caused by  
TET3 knockout95. Various catalytic-activity-independent transcriptional roles of TET 
proteins have been identified in mouse and human cells: during the inflammation 
resolution of innate myeloid cells, catalytically dead TET2 represses interleukin-6 
transcription by recruiting HDAC2 (REF. 259); in H1299 cells, catalytically dead TET1 
regulates the hypoxia response by acting as a transcriptional co-activator67; and in 293T 
cells, overexpression of a catalytically dead TET1 mutant results in transcription changes 
that are highly similar to wild-type TET1 (REF. 262). Finally, in mast cells, hyperproliferation 
resulting from TET2 knockout can be rescued by a catalytically dead mutant213. In many of 
these scenarios, the catalytic-activity-dependent and -independent functions probably 
coordinate to reinforce the functional outcome.

In the future, it will be interesting to determine whether the reported TET  
knockdown or knockout phenotypes can be rescued by catalytically dead mutants. 
Given the convenience of current genome editing techniques, it will also be interesting 
to introduce catalytic mutations at endogenous Tet loci to examine the  
catalytic-activity-dependent effects.
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γH2AX
Phosphorylated histone H2AX, 
a marker of a DNA strand 
break. At the genomic site of a 
DNA double-strand break 
(DSB), histone variant H2AX 
becomes phosphorylated (at 
S139 for human H2AX). 
Although γH2AX is most 
commonly used as a marker 
for DSBs, single-strand breaks 
(SSBs) can also induce γH2AX.

replication inhibition by aphidicolin treatment largely 
abrogates this drop, whereas depletion of zygotic TET3 
through maternal knockout has a much less pronounced 
effect, indicating that replication-dependent dilution is 
the driving force for paternal genome demethylation, 
while TET3‑mediated oxidation contributes to some 
degree159,160.

The zygotic maternal genome also has detectable 
immunostaining signals of oxidized 5mC, although 
the signals are much weaker than those of the paternal 
genome151–153. BS‑seq, TET-assisted bisulfite sequencing 
(TAB-seq) and chemical-labelling-enabled C‑to‑T con‑
version sequencing (CLEVER-seq) analyses (BOX 1; 
TABLE 1) have confirmed that the maternal genome does 
undergo TET3‑mediated oxidation, although to a much 
lesser degree159–163. This difference in oxidation between 
the two parental genomes is probably due to the pro‑
tection of the maternal genome by developmental 
pluripotency-associated protein 3 (DPPA3; also known 
as PGC7), which is recruited to the maternal genome 
through H3K9me2 (REFS 151,164,165). One possible 
molecular mechanism might be that DPPA3 interacts 
with TET3 to inhibit its enzymatic activity166.

An unsolved question is whether unmodified cyto‑
sine can be actively generated through AM–AR in 
zygotes. Unlike ESCs and most other cell types, oocytes 
and zygotes have very low levels of Tdg mRNA, imply‑
ing that restoration of unmodified cytosine through 

TDG may not occur167. In addition, 5fC and 5caC 
immunostaining signals persist to at least the four‑cell 
stage, indicating that TDG-mediated excision is absent 
or inefficient153. Surprisingly, comparative analyses of 
changes in 5mC + 5hmC (quantified by BS‑seq) and 
5fC + 5caC (quantified by M.SssI methylase-assisted 
bisulfite sequencing (MAB-seq)) revealed a  lower-
than-expected gain of 5fC + 5caC, indicating that 
a proportion of 5mC is processed to unmodified cyto‑
sine159,168. Further supporting the existence of AM–AR, 
BER activation and SSB generation accompanying 
TET3‑mediated oxidation have been reported and seem 
to be enriched on the paternal genome169–171. Given that 
Tdg mRNA is expressed at a negligible level167 and that 
maternal TDG knockout did not lead to 5fC + 5caC 
accumulation at selected genomic loci159, there might 
be a TDG-independent and BER-coupled AM–AR 
mechanism for restoring unmodified cytosine. In addi‑
tion to a potential TDG-independent mechanism, two 
immunostaining-based studies suggest that the paternal 
genome might have undergone a first wave of 5mC loss 
before DNA replication and TET3‑mediated oxidation, 
implying a possible TET- and replication-independent 
mechanism for removing 5mC172,173.

If all modified forms of cytosine including 5mC are 
diluted by subsequent rounds of DNA replication, why is 
there the need to oxidize 5mC in zygotes? One explana‑
tion is that TET3‑mediated oxidation ensures the success 

Box 3 | TET proteins and active DNA demethylation in DNA repair and genomic instability

Active DNA demethylation is intrinsically linked to DNA repair, as thymine DNA glycosylase (TDG)-mediated base 
excision repair (BER) is part of the active modification–active removal (AM–AR) process. In addition, emerging evidence 
suggests that TETs and active DNA demethylation participate in DNA repair and genomic instability in various ways.

In several biological contexts, TET1 deficiency can lead to defective DNA repair, increased DNA damage and genomic 
instability. For example, in mouse pachytene and early diplotene stage oocytes, TET1 depletion leads to an accumulation of 
DNA breaks, marked by γH2AX, and delayed removal of the double-strand break (DSB) repair recombinase RAD51, possibly 
due to dysregulation of meiosis186. In mouse embryonic fibroblasts, TET1 knockout results in increased DSBs and genomic 
instability, possibly due to the downregulation of DNA-repair-associated genes. Consistent with in vitro data, TET1 
heterozygous knockout mice are more sensitive to X‑ray exposure than are wild-type control mice258. In N2a cells treated 
with the topoisomerase inhibitor etoposide, TET1 deficiency results in increased levels of γH2AX and S15‑phosphorylated 
p53, whereas TET1 overexpression leads to a quicker extinction of these DNA damage markers90. Finally, pro‑B cells of TET1 
knockout mice have increased levels of γH2AX, probably due to the downregulation of DNA repair genes243.

In addition to TET1, deficiency in TET2 and TET3 can affect DNA repair. In mouse bone marrow and spleen, TET2 and 
TET3 double knockout (DKO) results in a progressive γH2AX increase. In response to irradiation, TET2 and TET3 DKO cells 
from these tissues resolve DSBs less efficiently, probably due to a downregulation of DNA repair genes263.

A loss of all three TET proteins can result in chromosomal abnormalities. In mouse embryonic stem cells (ESCs), TET1, 
TET2 and TET3 triple knockout (TKO) resulted, in one study, in telomere elongation and increased telomere sister 
chromatid exchange, probably through ZSCAN4 upregulation140, whereas in another study it resulted in chromosomal 
fusion and telomere loss but not telomere elongation264. The difference between the two studies may be due to different 
ZSCAN4 levels in the TKO ESCs generated by different laboratories. In response to replication stress induced by 
aphidicolin treatment, TET TKO mouse ESCs display more severe chromosomal abnormalities, although the expression of 
DNA repair genes is largely unchanged265.

In many of the examples above, TET regulates DNA repair and genomic instability indirectly by modulating the expression 
of genes that are relevant to these processes. However, a direct involvement of active DNA demethylation in the DNA 
damage response has been reported by several recent studies. One study showed that 5‑hydroxymethylcytosine (5hmC) 
colocalizes with γH2AX and p53‑binding protein 1 (53BP1), either in unchallenged cells or in cells treated with aphidicolin or 
micro-irradiation265. Furthermore, DNA derived from γH2AX‑targeted chromatin immunoprecipitation (ChIP) has a higher 
5hmC level than that from H2A‑targeted ChIP and input DNA, indicating that 5hmC is enriched in the DNA damage sites265. 
In addition, mouse cortical neurons exhibit an increase in 5hmC in response to irradiation, in a process that is dependent on 
ataxia telangiectasia mutated (ATM) and TET1 (REF. 90). Furthermore, the global 5hmC level was found to increase in the 
A2780 ovarian cancer cell line in response to oxidative stress, in a process that seems to be mediated by TET2 (REF. 52).  
In the future, it will be interesting to further explore the biological importance of these observations.
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of replication-dependent dilution at its target regions. In 
fact, certain genomic loci, including imprinted genes, 
maintain their methylated status, indicating the exist‑
ence of methylation maintenance machinery159–162,174. 
However, there is no evidence supporting an essen‑
tial role of TET3‑mediated 5mC oxidation in zygotes. 
Although maternal TET3 knockout results in partial 
embryonic lethality155 or neonatal sublethality175,176, 
TET3 haploinsufficiency, but not defective 5mC oxida‑
tion, seems to be the real cause for these phenotypes175. 
It is possible that the oxidation process may have some 
non-essential roles, such as facilitating Oct4 activation155 
or reducing transcriptome variability177. Consistent with 
the notion that 5mC oxidation is not essential, active  
erasure of 5mC is observed in some but not all mammals10.

Active DNA demethylation in PGCs. Like pre-
implantation development, mammalian PGC develop‑
ment also involves global epigenomic reconfiguration, 
including two stages of DNA demethylation12,149,150,178. In 
mice, PGCs arise at embryonic day 7.25 (E7.25) in the 
extra-embryonic mesoderm178. The first stage of demeth‑
ylation takes place between E7.25 and E9.5 during PGC 
proliferation and migration, whereby global 5mC levels 
decrease through passive dilution. The second stage occurs 
between E9.5 and E13.5 and involves TET1‑mediated 
5mC oxidation and passive dilution (FIG. 3b). This process  
is also largely conserved in humans179–182.

The global DNA methylation level of mouse E6.5 
epiblast cells, from which PGCs originate, is compara‑
ble to that of J1 ESCs and E6.5 embryos (~70%)183,184. 
Founder PGCs (E7.25) are thought to have a similar 
methylation level183. At E9.5, the methylation level drops 
to ~30%, with most genomic regions demethylated183. 
This stage is largely TET-independent because 5hmC is 
low between E8.5 and E9.5 (REF. 185) and TET deficiency 
does not markedly affect global demethylation186,187. The 
lack of both de novo and maintenance methylation, due 
to downregulation of UHRF1, DNMT3A and DNMT3B, 
is probably the major driving force for the loss of DNA 
methylation at this stage183,188–191. Despite this wave of 
global demethylation, some genomic regions are resistant 
to demethylation, including imprinting control regions, 
meiotic gene promoters and particular types of repetitive 
element183,186,192,193.

Immunostaining showed that 5hmC signals in 
PGCs display an increase from E9.5 to E10.5, indicat‑
ing that TET-mediated oxidation takes place between 
E9.5 and E10.5 (REF. 185). Gene expression profiling 
suggests that TET1 and possibly TET2 are responsible 
for the oxidation186,189,194. 5hmC levels peak at around 
E10.5–E11.5 and gradually decrease in the following 
days185,194. BS‑seq and 5mC DNA-immunoprecipitation 
sequencing (DIP-seq) confirmed the demethylation 
of germline-specific genes (such as meiotic genes), 
imprinting control regions and other regions between 
E9.5 and E13.5 (REFS 183,186,187,189,192–195). These 
changes in methylation also correlate with changes in 
gene expression183,185,186,194. However, certain genomic ele‑
ments, such as intracisternal A‑particles (IAPs), are still 
resistant to this wave of demethylation (BS‑seq signals 

>40%)183,192,193. The presence of BER machinery and 
SSB formation at this stage suggests that TDG, which 
is expressed at this stage189, may still mediate the active 
restoration of unmodified cytosine to some degree194.

For female mice, TET1 deficiency results in meiotic 
defects of PGCs, probably due to insufficient demethyl
ation and failed activation of meiotic genes186. For male 
mice, TET1 deficiency results in aberrant methylation 
patterns at imprinted loci in PGCs and sperm cells. 
When TET1‑deficient male mice are crossed with 
wild-type females, the progeny exhibit a number of 
phenotypes associated with abnormal imprinting era‑
sure187. These observations definitively prove that TET1 
mediates imprinting erasure in PGCs and explain the 
aberrant methylation pattern observed at imprinted loci 
in TET1 and TET2 double knockout mice196. Notably, 
global methylation in germ cells is not greatly affected by 
TET1 or combined TET1 and TET2 deficiency, suggest‑
ing that passive dilution is the driving force for global 
demethylation, whereas TET-mediated oxidation has 
a locus-specific effect186,187,196.

An interesting question is how the imprinted genes 
and meiotic genes are protected from the first stage of 
demethylation. DNMT1 conditional knockout in PGCs 
results in hypomethylation of imprinted loci, mei‑
otic genes and IAPs at E10.5, suggesting that DNMT1 
is responsible for keeping these regions methylated 
in the first stage. The purpose of this mechanism is 
probably for preventing early activation of germline-
specific genes, as DNMT1 deficiency in PGCs results in  
precocious germline differentiation197.

Active DNA demethylation in pluripotency and dif-
ferentiation. Mouse ESCs are pluripotent cells derived 
from the inner cell mass of the E3.5 blastocyst198. When 
cultured in serum conditions, mouse ESCs express all 
components of the methylation and demethylation path‑
ways (FIG. 3c) and have detectable levels of all oxidized 
forms of 5mC12. Both TET1 and TET2 are expressed 
in mouse ESCs. Single knockdown or knockout of 
TET1 (REFS 23,92–94,118,124,141,199–201) or TET2 
(REFS 23,141,196,200,201) in mouse ESCs decreases 5hmC 
levels and induces transcriptional changes. Comparisons 
between TET1‑depleted and TET2‑depleted cells 
revealed distinct target preferences of these two enzymes, 
with TET1-preferring promoters and TET2-preferring 
gene bodies of highly expressed genes and enhanc‑
ers141,201. TET1 deficiency may skew the differentia‑
tion of ESCs towards specific lineages124,199,200, whereas 
TET2 deficiency represses enhancer activity and delays 
transcriptional changes during differentiation141. Despite 
these observations, TET1 or TET2 single knockout mice 
are viable, suggesting that deficiency in either one does 
not compromise pluripotency and development199,202–205.

TET1 and TET2 double knockdown or knockout 
abrogates most 5hmC generation in mouse ESCs, but 
the cells are still pluripotent, with the ability to form 
all three germ layers124,140,196,200. Although most DKO 
embryos die perinatally, some develop normally196. 
TET1, TET2 and TET3 triple knockout (TKO) com‑
pletely abrogates 5hmC in ESCs140,206,207. TKO ESCs have 
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largely normal morphology and express pluripotency 
markers, but their differentiation and developmental 
potentials are compromised206. Consistent with these 
developmental impairments, TET TKO embryos  
display gastrulation defects208.

Many genomic regions in mouse TET TKO ESCs 
are hypermethylated in comparison with control cells. 
Most of the hypermethylated regions are those harbour‑
ing oxidized 5mC in TET wild-type cells, supporting the 
role of TET-mediated oxidation in DNA demethylation. 
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Enhancer regions gain the most 5mC in TET TKO 
cells140, indicating that they are the major targets of 
demethylation. At promoter regions, bivalent promot‑
ers gain a substantial amount of 5mC, while active and 
initiated promoters also gain 5mC to a lesser extent. For 
active or initiated genes, promoter or enhancer hyper‑
methylation correlates with reduced expression, whereas 
the opposite is true for bivalent genes140.

TDG deficiency in mouse ESCs does not affect ESC 
maintenance24,43,128,129. TDG knockout is embryonic lethal 
at around E11.5 for unknown reasons209,210. Therefore, 
AM–AR is not required for ESC maintenance but may 
be important for differentiation.

Overall, these data suggest that active DNA de
methylation is not required for ESC maintenance, but 
is required for proper differentiation through modulat‑
ing the activity of enhancers and possibly bivalent pro‑
moters. In addition to its role in ESC differentiation, 
active DNA demethylation regulates somatic cell re
programming96,207,211 and other biological processes involv‑
ing cell fate transitions105,143,212–218. In these cases, active 
DNA demethylation may function similarly by de
methylating enhancers and other key regulatory elements, 
thus allowing crucial transcriptional changes to occur.

Active DNA demethylation in neuronal functions. 
How active DNA demethylation affects neuronal func‑
tions has been a topic of great interest owing to the 
high abundance of 5hmC in various subtypes of neu‑
ron16,25,114–116 and as a result of earlier research reporting  
neuronal-activity-induced DNA demethylation219–225 
(FIG. 3d).

Various studies have reported roles for TET proteins 
in neural functions. For TET1, its deficiency in mice 
results in impaired adult hippocampal neurogenesis and 
abnormalities in learning and memory, and synaptic 
plasticity226,227, as well as the downregulation of multiple 

neuronal-activity-induced genes in the hippocampus, 
possibly owing to promoter hypermethylation227. TET1 
overexpression in the hippocampus results in tran‑
scriptional and functional changes, but the effects may 
be independent of its enzymatic activity228. Repeated 
cocaine administration downregulates TET1 in the 
nucleus accumbens and alters 5hmC distribution and 
gene expression. Interestingly, 5hmC changes at splicing 
sites positively correlate with the expression changes of 
the splicing isoforms229. For TET3, its overexpression 
in mouse olfactory sensory neurons alters the levels 
of gene-body 5hmC and gene expression, and disrupts  
the axonal targeting of these cells135. TET3 depletion in the 
mouse infralimbic prefrontal cortex impairs fear extinc‑
tion, whereas fear extinction results in TET3‑mediated 
redistribution of 5hmC230. Hippocampal neurons sub‑
jected to different types of activity induction can have 
bidirectional changes in TET3, and altering TET3 or 
inhibiting BER affects synaptic functions231. Furthermore, 
depletion of both TET1 and TET3 in cerebella slices from 
postnatal day 7 (P7) mice inhibits dendritic arborization 
of granule cells232. Finally, P25 mice subjected to 3‑day 
monocular deprivation show altered 5mC and 5hmC  
levels and gene expression in the visual cortex233.

Although the above observations suggest a role 
for TET proteins in neuronal function, the interpre‑
tation of these data may not be straightforward. First, 
some observed phenotypes may result from catalytic- 
activity-independent functions of TET proteins (BOX 2). 
Second, some phenotypes observed in TET-deficient 
mice may result from the developmental roles of TET 
proteins rather than altered functions of mature neurons. 
Third, the experimental perturbation and methylation 
analysis may or may not be neuron-specific or neuronal-
subtype-specific, depending on the experimental design. 
In the future, catalytic-activity-specific, developmental-
stage-specific and cell-type-specific analyses will help to 
resolve some of these ambiguities.

Aberrant active DNA demethylation in cancer. Around 
the time when TET-mediated oxidation was discovered, 
multiple studies reported TET2 mutations in myeloid 
disorders, including AML234–240. Many of these mutations 
compromise the enzymatic activity of TET2, suggesting 
that defects in active DNA demethylation may be a cause 
of haematopoietic malignancies241. Further supporting 
this notion, TET2 deficiency in mice results in increased 
self-renewal of haematopoietic stem or progenitor cells, 
and may eventually lead to malignancy202–205. Notably, the 
low penetrance and long latency for these mice to develop 
malignancy suggest that additional mutations may be 
needed (reviewed in REF. 242). In addition to TET2 
mutations, TET1 and TET3 mutations were observed 
in haematopoietic malignancies236. TET1 deficiency or 
TET1 and TET2 double deficiency in mice promotes 
B cell malignancy243,244. In other cases of haematological 
cancers, mutations in regulators of TET — for exam‑
ple, IDH1, IDH2 and WT1 — also inhibit active DNA 
demethylation and are thus observed in a mutually 
exclusive manner with TET mutations62,100,101. In AML, 
mutations in IDH1 or IDH2 produce oncometabolites 

Figure 3 | Mechanism of DNA demethylation in different biological contexts.  
a | DNA demethylation in the paternal genome of the zygote. In all figure parts, dashed 
lines denote steps that require more supporting evidence. 5‑Methylcytosine (5mC) is 
oxidized by TET3 to 5‑hydroxymethylcytosine (5hmC), 5‑formylcytosine (5fC) and 
5‑carboxylcytosine (5caC). DNA replication occurs at around the same time as oxidation 
and results in the dilution of all modified forms of cytosine, including 5mC. Evidence of 
single-strand break (SSB) generation, base excision repair (BER) activation and  
replication-independent restoration of unmodified cytosine was shown despite the 
negligible level of thymine DNA glycosylase (Tdg) transcripts, implying the potential 
existence of a TDG-independent and BER-coupled mechanism for restoring unmodified 
cytosine159,168–171. b | The second stage of DNA demethylation during primordial germ cell 
(PGC) development. At this stage, TET1 and possibly TET2 oxidize 5mC to 5hmC, and both 
modifications are diluted by replication. No major change in 5fC or 5caC was detected at 
this stage, either because further oxidation is limited or because TDG removes the two 
modifications efficiently185. c | DNA demethylation in embryonic stem cells (ESCs). In ESCs, 
all components of the methylation and demethylation machinery are present, which 
allows both active modification–active removal (AM–AR) and active modification–passive 
dilution (AM–PD). d | Active DNA demethylation in neurons. Neurons express all factors 
that are needed for methylation and demethylation and they do not undergo DNA 
replication. Despite high levels of 5hmC, neurons have very low levels of 5fC and 5caC, 
either because further oxidation is limited or because TDG has efficiently removed these 
two modifications25,113. For mature neurons, further analysis is required to show whether 
the methylation and demethylation dynamics take place at all (denoted by the question 
mark in the centre), as an isotope-tracing study suggests that 5hmC is predominantly 
stable in the brain114. DNMT, DNA methyltransferase; E3.5, embryonic day 3.5.

◀

Penetrance
The proportion of individuals 
or animals (with a particular 
genotype) manifesting the 
phenotype of interest.
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that compete with α‑KG, thus inhibiting TET activ‑
ity62, whereas mutations in WT1 reduce the genomic  
recruitment of TET2 (REF. 100).

Aberrant active DNA demethylation, as shown by 
the reduction of 5hmC levels, is also observed in var‑
ious solid tumours61,68,245,246. In many cases, IDH down
regulation, IDH mutations or TET downregulation is the 
cause of reduced 5hmC levels61,245. Interestingly, tumour 
hypoxia, as discussed above, also inhibits TET-mediated 
oxidation and contributes to the DNA hypermethylation 
that is observed in solid tumours without mutations in 
TET or IDH68.

Conclusions and perspectives
Despite the great progress in the past few years in 
understanding the mechanism and function of active 
DNA demethylation, some questions still remain  
to be addressed. First, the catalytic-dependent and 
-independent functions of TET have not been well 
defined in various biological processes (BOX  2). 
Second, further investigation is required to determine 
whether oxidized 5mC, particularly 5hmC, can serve 

as a docking site for reader proteins to mediate bio‑
logical functions. Third, certain genomic regions are 
resistant to TET-mediated oxidation — for example, 
the imprinted loci during zygotic reprogramming and 
IAPs during PGC development — and the mechanism 
for selectively protecting these regions from oxidation 
is not fully understood. Fourth, given that replica‑
tion-dependent dilution is the driving force in global 
demethylation of both pre-implantation and PGC 
development, the exact roles of TET-mediated oxida‑
tion during these processes remain to be determined. 
Fifth, most published studies have focused on TET 
but not TDG. However, for cells that are slowly pro‑
liferating or postmitotic, AM–AR mediated by TDG is 
the major or only way to restore unmodified cytosine 
(assuming no other demethylation pathways exist) and 
thus requires further examination. Last, despite the 
high abundance of 5hmC in mature neurons, it is not 
clear whether, to what extent and where active DNA 
demethylation takes place. Answering the above ques‑
tions will deepen our understanding of the mechanism 
and functions of active DNA demethylation.
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