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History of Active DNA Demethylation

Methylation at the C-5 position of cytosine (C) bases has long 
been considered the only biologically functional epigenetic cova-
lent modification of the animal genomic DNA. In mammals, 
5-methylcytosines (5mCs) are almost exclusively found in CpG 
dinucleotides, with the exception of non-CpG methylation found 
in pluripotent stem cells.1,2 CpG methylation plays critical roles 
in transcriptional silencing of genes and retrotransposons, gene 
imprinting and X chromosome inactivation.3 Deficiency of DNA 
methyltransferases (DNMTs), enzymes that add methyl groups 
onto Cs, leads to profound developmental defects.4 Substantial 
evidence supports that the CpG methylation pattern across the 
genome can be replicated across cell division by the maintenance 
DNMT (DNMT1).5 Indeed, DNMT1 has higher catalytic 
activity on hemimethylated DNA than on unmethylated DNA, 
supporting the notion that DNMT1 can replicate the DNA 
methylation on the parental DNA strand to the newly synthe-
sized strand. It should be noted that inheritability and stability/
reversibility of an epigenetic modification are two distinct and 
separable properties, although they both contribute to the overall 
duration of the modification.

Cytosine methylation is the major epigenetic modification of metazoan DNA. Although there is strong evidence that 
active DNA demethylation occurs in animal cells, the molecular details of this process are unknown. The recent discovery 
of the TET protein family (TET1–3) 5-methylcytosine hydroxylases has provided a new entry point to reveal the identity 
of the long-sought DNA demethylase. Here, we review the recent progress in understanding the function of TET proteins 
and 5-hydroxymethylcytosine (5hmC) through various biochemical and genomic approaches, the current evidence for 
a role of 5hmC as an early intermediate in active DNA demethylation and the potential functions of TET proteins and 
5hmC beyond active DNA demethylation. We also discuss how future studies can extend our knowledge of this novel 
epigenetic modification.
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According to the proposed replication mechanism, DNA 
methylation can be “diluted” by not replicating the methylated 
status to the newly synthesized strand. As a result, methylation 
at this specific locus will be lost in daughter cells upon further 
division. This process is termed “passive DNA demethylation.” 6 
On the other hand, much effort has been made to understand 
the enzymatic removal of this covalent modification (active DNA 
demethylation) in mammalian cells. Such efforts have been partly 
encouraged by both the identification of histone demethylases7,8 
in mammals and the identification of 5mC glycosylases as DNA 
demethylases in plants.9 More importantly, it has been shown in 
many different systems that active DNA methylation does occur in 
mammalian cells.6 The most well-known example is the rapid loss 
of 5mC immunoreactivity of the paternal pronucleus in the zygote 
soon after fertilization.10 In primordial germ cells (PGCs), gene 
imprinting-related DNA methylation also needs to be re-estab-
lished.10 In contrast, active DNA methylation occurs in a highly 
locus-specific manner in differentiated somatic cells. For example, 
rapid demethylation of interleukin-2 (Il2) promoter in activated 
T cells has been shown to play a causal role in Il2 expression.11

Despite accumulating evidence for the presence of mamma-
lian DNA demethylase, the identity of such enzymes has been 
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human TET proteins, with their orthologs found throughout 
metazoan genomes. An elegant series of experiments showed 
that TET1 does not modify thymines but, rather, 5mCs both 
in vitro and in mammalian cells, generating 5hmCs. They fur-
ther showed that the 5hmC level is higher in mouse embryonic 
stem cells (mESCs; 4.4% of all CCGGs) than in other cell types 
they measured, and both Tet1 expression and 5hmC levels are 
decreased upon differentiation of mESCs, linking this novel 
modification to pluripotency. Following these two studies, many 
other laboratories have confirmed and extended these results 
using various methods.24-27,30,31

5hmC as an Intermediate of Active DNA 
Demethylation: Indirect Evidence

The discovery of 5hmCs in mammalian DNA immediately led 
to wide speculation on its biological function, the dominant one 
being that 5hmCs may represent an intermediate product in the 
process of active DNA demethylation. The reason is that 5hmC 
satisfies a possible oxidative demethylation mechanism, analo-
gous to reactions in the thymidine salvage pathway32 and the 
direct repair of DNA alkylation damages by AlkB oxygenases.33,34 
In fact, the first piece of evidence in line with this hypothesis 
came from the very first paper that identified TET1 as a 5mC 
hydroxylase,29 where the authors observed a slight but statistically 
significant increase in unmodified cytosine content upon TET1 
overexpression in HEK293 cells.

Studies from other laboratories have provided more evidence 
supporting the oxidative demethylation hypothesis. Zhang and 
colleagues showed that Tet1 plays a role in mESC self-renewal 
and lineage commitment partly by maintaining the promoter 
of a pluripotency gene Nanog in an unmethylated state.30 Tet1 
knockdown caused de novo methylation of the Nanog promoter 
and gene silencing. Rao and colleagues also reported hypermeth-
ylation of a few gene promoters caused by Tet1/2 knockdown 
in mESCs, but hypomethylation at other promoters was also 
observed.35 Shi and colleagues reported that TET1 overexpres-
sion led to active demethylation of artificially methylated plasmid 
DNA.31

The TET1 gene was originally identified through its translo-
cation in acute myeloid leukemia (AML).36,37 Later, TET2 was 
also found to be frequently mutated in various forms of myeloid 
malignancies.38 A number of studies have provided fascinat-
ing links between TET2 malfunction, an oncogenic metabo-
lite 2-hydroxyglutarate (2HG) and myeloid differentiation and 
malignancies.39-41 One study showed a DNA hypermethylation 
phenotype (previously known in many AML cases) in TET2-
mutated AML samples,40 which is consistent with the oxidative 
demethylation hypothesis. Surprisingly, in another study, Rao 
and colleagues observed a DNA hypomethylation phenotype in 
TET2-mutated AML samples.39 While the two studies used dif-
ferent methods for DNA methylation profiling, the exact reasons 
for the discrepancies remain unclear.

Multiple groups have asked the same question, whether 5hmC 
plays any role in zygotic paternal DNA demethylation.18,42,43 
Strikingly, 5hmC immunoreactive signals were found exclusively 

controversial. Methylated DNA binding domain-containing 
protein MBD2 was reported to efficiently demethylate 5mCs 
and release methanol with no co-factor requirement.12 However, 
no independent confirmation from other laboratories has been 
reported so far. Analogous to plant demethylases, mammalian 
DNA glycosylase TDG has been shown to possess weak 5mC 
glycosylase activity,13,14 although it is unclear whether TDG is 
indeed responsible for active DNA demethylation observed in 
vivo. Other recent studies have pointed to an alternative mecha-
nism that involves the sequential steps of deamination by AID/
APOBEC deaminases15 or DNMTs,16 generation of a T:G mis-
match, base excision repair (BER) initiated by T:G mismatch 
glycosylases, including TDG and MBD4, and refill of unmodi-
fied mononucleotides. Multiple lines of evidence have emerged 
in support of this BER-based mechanism, including extensive 
presence of DNA break markers, such as γH2A.X and PARP‑1, 
on the paternal pronuclei,17 mechanistic requirements for BER 
enzymes18 and a modest hypermethylation phenotype in AID-
null PGCs.19 Interestingly, demethylation of PGCs was still 
largely conserved in AID-null PGCs, suggesting that other path-
ways also play significant roles in the process.

Indirect/non-catalytic modulators have also been reported 
to participate in active DNA demethylation. In an overexpres-
sion screening, Gadd45a was found to promote global DNA 
demethylation through DNA repair.20 Similar efforts have not 
only confirmed the roles of Gadd45 family proteins, but have also 
identified other proteins that might be involved in this process, 
including RING finger protein 4.21 The detailed mechanisms by 
which these factors regulate active DNA demethylation remain 
to be determined.

Discovery of the TET Proteins and 5hmCs

It was first reported in 1971 that 5hmCs were present in both 
rodent and frog brain DNA,22 although the reported abun-
dance was significantly higher than recent studies using more 
accurate methods.23-27 This discovery did not attract significant 
attention until 2009, when two laboratories independently 
reported the groundbreaking (re)discovery of 5hmCs in mam-
malian genomic DNA. In one study, Kriaucionic and Heintz 
used an elegant genetic labeling approach to purify nuclei from 
two distinct neuronal subtypes from the mouse cerebellum.28 
Purkinje cells have large and generally euchromatic nuclei, 
whereas granule cells have much smaller and heterochromatic 
nuclei. When they used the nearest-neighbor assay to determine 
if the global methylation levels were different between the two 
subtypes, they observed an uncharacterized mononucleotide 
signal, more prominent in Purkinje cells than in granule cells. 
Further chemical characterization identified this unknown 
signal as 5hmC. They estimated the abundance of 5hmC in 
Purkinje cells was ~0.6% of all Cs, which translated to almost 
40% of all 5mCs.

In contrast to the serendipity of the Heintz study, Rao and 
colleagues set out to look for mammalian enzymes that have the 
potential to modify DNA bases.29 A homology search for the try-
panosome thymine hydroxylases JBP1/2 led to three paralogous 
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this process. It will be important for future studies to determine 
directly the capacity of these deaminases to use 5hmC as their 
substrates to generate 5-hydroxymethyluracil (5hmU).

The single-strand, single-nucleotide resolution of bisulfite 
sequencing revealed more mechanistic properties of the mam-
malian 5hmC demethylase activity.44 First, 5hmC demethyl-
ation appears to be highly processive, with a few DNA strands 
being extensively demethylated, while others barely showed 
any demethylated 5hmCs. Within each cluster of demethylated 
5hmCs, very few 5hmCs are skipped (unpublished observations), 
implying that a “hopping” mechanism is unlikely. Second, tran-
scription plays a critical role in the process. Analysis of promoter-
truncated transcriptionally inactive 5hmC-GFP probes showed 
much less demethylation. It is possible that the 5hmC demethyl-
ase targets single-strand DNA, or that the 5hmC demethylase is 
recruited by specific components of the transcription initiation/
elongation machineries. Finally, of the two DNA strands in the 
transcribed region, 5hmC demethylation is much more efficient 
on the non-transcribed (sense) strand than on the transcribed 
(antisense) strand. All these mechanistic aspects resemble some 
of the known properties of AID and somatic hypermutation,45,46 
making deamination a more promising candidate step for 5hmC 
demethylation.

Other possibilities exist for the bona fide 5hmC demethylase 
(Fig. 1). First, it is not known whether TET proteins or other 
enzymes can further oxidize the hydroxymethyl group to gener-
ate formyl and carboxyl groups, which may serve as better leav-
ing groups. Second, 5hmC glycosylase activity was found in calf 
thymus extract over 20 y ago,47 although the identity of this gly-
cosylase still remains unknown. Third, direct reversal of 5hmCs 
to unmodified Cs has been reported to occur under certain con-
ditions or to be performed by bacterial methyltransferase HhaI.48 
Finally, similar to its potential role in 5mC demethylation,20,49 
nucleotide excision repair (NER), which does not involve modi-
fication-specific recognition, may be utilized to re-synthesize the 
DNA strand that contains 5hmCs. On the other hand, 5hmC in 
certain genomic contexts may remain stable and resistant to the 
5hmC demethylase. It may reverse the silencing effect of 5mCs 
mediated by MBD proteins, which do not seem to recognize 
5hmC-containing DNA,50 or it may have its own protein “read-
ers” to achieve transcriptional regulations.

Active DNA Demethylation in the Mammalian Brain

An advantageous experimental system to study active DNA 
demethylation would be non-dividing cells. Post-mitotic neu-
rons in the mammalian brain, in particular, have attracted 
much attention because of their remarkable ability to alter gene 
expression profiles in response to external stimuli.51-53 Active 
DNA demethylation has been shown to occur both in cultured 
neurons54 and in various brain regions in vivo.55-57 Genetic58,59 
and pharmacological57,60 studies have further indicated impor-
tant roles for DNA methylation/demethylation dynamics in 
regulating neuronal plasticity and animal behaviors.

The adult dentate gyrus provides a relative homogenous popu-
lation of post-mitotic neurons that can be activated synchronously 

on the paternal pronuclei, highly correlated with the disappear-
ance of its 5mC immunoreactivity. The responsible hydroxylase 
appeared to be TET3. This observation resolved the apparent 
discrepancy between the global loss of 5mC immunoreactivity 
and the modest decrease in bisulfite sequencing-measured meth-
ylation levels of individual loci. It has been further shown that, 
although modest demethylation occurs, 5hmC signals on the 
paternal pronuclei persist upon multiple rounds of cell division, 
demarcating the paternally originated chromosomes.42,43 These 
observations raise fascinating questions about how the imbalance 
of 5hmC levels between the two sets of chromosomes affects 
early development.

Direct Evidence for 5hmC Demethylase  
Activity in Mammalian Cells

Although the abovementioned studies have significantly 
strengthened the oxidative demethylation hypothesis, it was 
still unproven whether 5hmCs generated by TET proteins are 
indeed converted to unmodified Cs. Changes in the methyla-
tion status of specific genomic loci could very well be indirect 
consequences of gain- or loss-of-function of TET proteins. This 
possibility may explain some of the differences in the methyla-
tion phenotypes in TET1/2 loss-of-function models. To directly 
test the hypothesis, an artificial DNA probe was designed con-
sisting of a human Ubiquitin C promoter driving a GFP open 
reading frame (UbC-GFP).44 This design could potentially allow 
one to measure any transcriptional regulatory effect of cytosine 
modifications. It was fortunate that most Taq DNA polymerases 
could incorporate pre-modified 5m-dCTP (5-methyl-2-deox-
ycytidine-5-triphosphate) and 5hm-dCTP (5-hydroxymethyl-
2-deoxycytidine-5-triphosphate) just as efficiently as dCTP 
(2-deoxycytosine-5-triphosphate), making it possible to gener-
ate fully pre-modified probes by PCR. Fully hydroxymethylated 
UbC-GFP probes (5hmC‑GFP) exhibit modest yet significant 
sensitivity to a methylation-sensitive enzyme HpaII at 48 h after 
transfection into HEK293 cells. More importantly, bisulfite 
sequencing, which also does not distinguish 5mC and 5hmC, 
shows the presence of unmodified Cs in the transfected 5hmC-
GFP probes but not in untransfected 5hmC-GFP probes or 
transfected 5mC-GFP probes. These results provide the first 
direct evidence for a robust 5hmC-specific DNA demethylase 
activity in mammalian cells. Notably, such demethylation activ-
ity for 5hmCs is not limited to a CpG context.

This simple assay using an easily accessible cell line, such as 
HEK293 cells, greatly facilitated the understanding of its molecu-
lar details (Fig. 1).44 First, pharmacological inhibition of key BER 
enzymes could partially block 5hmC demethylation, consistent 
with a requirement for these enzymes in zygotic demethylation.18 
Second, overexpression of each of the 12 known human DNA 
glycosylases does not have significant impact on global 5hmC 
levels or demethylation efficiency of 5hmC-GFP, suggesting that 
BER might be initiated by an indirect mechanism. Finally, over-
expression of a few members of the AID/APOBEC deaminase 
family could enhance demethylation of 5hmC-GFP probes, sug-
gesting that these enzymes might have a direct or indirect role in 
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also demethylate the fully modified 5hmC-GFP probes with 
high processivity.44 It remains to be determined whether or not 
and how Gadd45b and TET1 may interact to regulate active 
DNA demethylation in neurons in vivo (Fig. 2). The impact 
of Gadd45b or TET1 deletion in mature neurons on neuronal 
function and animal behaviors also needs to be determined. It 
is interesting to note that Gadd45b has been shown to be abnor-
mally expressed in mental retardation patients carrying muta-
tions in UPF3B, a member of the nonsense-mediated mRNA 
decay complex,63 and in brain tissue of autistic patients,64,65 sup-
porting a critical role of epigenetic neuronal DNA demethylation 
in normal brain function.

Genomic Distribution of TET Proteins and 5hmCs

The past decade has witnessed a revolution of genomics incited 
by massively parallel DNA sequencing technologies. Soon after 
the discovery of TET proteins and 5hmCs, significant efforts 
have been made to characterize TET protein binding and 5hmC 
deposition across the mammalian genome, resulting in a flurry 
of papers recently published from a number of laboratories.66-74 
The first published 5hmC profile was that of mouse cerebellum,71 

in vivo and made readily accessible in large quantities.54 Such 
properties are particularly important for epigenetic analysis, 
because each diploid cell displays only two locus-specific modifi-
cations. In a search for epigenetic factors that may mediate neu-
ronal activation-induced changes in gene expression, Gadd45b 
(growth arrest and DNA damage induced gene 45 β) was found 
to be dramatically induced by eletroconvulsive stimulation 
(ECS), a treatment currently used in clinics for depression dis-
orders.54 As discussed above, Gadd45 family proteins have been 
shown to be enhancing factors in DNA demethylation.15,20,21,49,61 
Importantly, Gadd45b plays a critical role in ECS-induced 
demethylation of Bdnf (brain-derived neurotrophic factor) and 
Fgf1 (fibroblast growth factor 1) promoters in the adult mouse 
dentate gyrus (Fig.  2). Activity-induced expression of these 
neurogenic niche factors and activity-enhanced neurogenesis 
in the dentate gyrus are both greatly attenuated in Gadd45b-
deficient mice, suggesting an important role for DNA demeth-
ylation in these processes.51,62 Moreover, endogenously expressed 
Tet1 and AID homolog Apobec1 also appear to be involved in 
neuronal activity-induced demethylation of Bdnf and Fgf1 pro-
moters.44 Consistent with this dynamic DNA methylation reg-
ulation in neurons, cultured mouse hippocampal neurons can 

Figure 1. Potential mechanisms for active DNA demethylation through 5hmC. (1) Evidence suggests that 5hmC may be converted to 5hmU by AID/
APOBEC deaminases and repaired by the base excision repair (BER) pathway. (2) 5hmC may also be further oxidized to 5-carboxylcytosine and de-
carboxylated/repaired to C. (3) A 5hmC glycosylases may excise 5hmC and directly initiate BER. (4) Direct conversion from 5hmC to C may also occur. 
(5) Nuclear excision repair (NER) pathway may excise 5hmC-containing DNA strands. Besides promoting DNA demethylation, 5hmC may regulate 
transcription through unidentified 5hmC-binding proteins. Solid arrows indicate catalytic steps that are supported by experimental evidence, whereas 
dashed arrows indicate speculative processes.
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repressed (bivalent) genes in mESCs. Tet1 knockdown led to a 
loss of H3K27me3 modification and transcriptional derepres-
sion of many bivalent genes, placing Tet1 in an upstream posi-
tion in Polycomb repressive complex-mediated gene silencing in 
mESCs.69

Unlike 5mCs, 5hmCs are enriched at gene transcription 
start sites (TSS).71 Loss-of-function experiments show that Tet1 
binds to 30–50% of genes marked by 5hmC,67,68,70 suggesting  
that other Tet proteins may function in parallel. Multiple stud-
ies have made the unexpected observation that Tet1 knockdown 
leads to more de-repressed genes than deactivated genes. Helin 
and colleagues showed an even more surprising finding that 
such transcriptional effects were conserved in DNMT triple-
knockout mESCs,67 suggesting that Tet1 can regulates gene 
expression independently of its 5mC hydroxylase activity. They 
further reported the physical interaction and similar genome 
distribution between Tet1 and SIN3A repressive complex, link-
ing this well-studied transcriptional regulator to the novel func-
tions of Tet1.

Concluding Remarks

DNA methylation has been traditionally perceived as a binary 
switch in the genomic DNA. As a majority of CpGs in the 

where 5hmCs were present in high abundance. He, Jin and col-
leagues ingeniously leveraged on the known biology of 5hmC in 
T-even bacteriophage and used T4 β-glucosyltransferase to tag 
5hmCs with glucose-like moieties that could be further biotinyl-
ated and affinity-enriched.71 Unlike 5mC, which is abundant all 
over the genome, 5hmC signals appeared to be enriched around 
genes. Furthermore, 5hmC levels in gene bodies positively cor-
related with gene expression. Similar findings were reported later 
using an hMeDIP (hydroxymethylated DNA immunoprecipita-
tion) method.72

Several studies have focused on mESCs and have used high 
quality TET1 antibodies to generate Tet1 ChIP-seq profiles.67,69,73 
Surprisingly, Tet1 shows strong binding to predominantly CpG 
islands, which are known to be largely resistant to DNA methyla-
tion. Tet1-bound promoters show significantly lower 5mC lev-
els, reflecting the enzymatic action of Tet1. Bisulfite sequencing 
further showed that aberrant DNA methylation occurs on these 
normally unmethylated CpG islands upon Tet1 knockdown,69 
establishing a role for Tet1 in maintaining the unmethylated 
states of these critical regulatory regions. This finding has been 
confirmed on a genome-wide scale by Shi and colleagues.73 It 
will be interesting to determine whether this function of Tet1 
is mediated by its CXXC domain, which usually interacts with 
unmethylated CpGs. Surprisingly, Tet1 binds to both active and 

Figure 2. Neuronal activity-induced DNA demethylation in the adult brain. Neuronal activation in the dentate gyrus induces expression of Gadd45b, 
which plays an essential role in demethylation of Bdnf and Fgf1 promoters. This process also involves Tet1 and Apobec1. Gadd45b-dependent DNA 
demethylation leads to expression of important genes, such as Bdnf and Fgf1, and can potentially have a broad impact in the mature nervous system.
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requires researchers to revisit virtually all known biology of DNA 
methylation. Our current understanding of this novel epigenetic 
modification is only the tip of the iceberg.
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mammalian genome are methylated, its impact on genome func-
tions has been a major topic in epigenetics. With the discov-
ery of TET proteins and 5hmC, we now know that Cs in the 
genome can exist in more than just two forms. Technological 
barriers need to be overcome to adapt to such new knowledge. 
Future methods that can simultaneously distinguish C, 5mC and 
5hmC,75,76 preferably compatible with high-throughput sequenc-
ing, will certainly be the new driving force for the field.

5hmC, recently regarded as “the sixth base” in the genome, 
greatly expands the epigenetic plasticity of the genome and 
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