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Already back in 1948, five years before Watson and Crick
suggested their model for the structure of DNA, Hotchkiss
reported that DNA can be methylated at the 5-position of
cytosine (C),[1] and 5-methylcytosine (5mC) is now considered
the fifth DNA base. DNA methylation is catalyzed by DNA
methyltransferases (Dnmts) and occurs mostly at clustered
CpG sites. Many of these are found in gene promoters, and
their hypermethylation usually leads to gene silencing. DNA
methylation plays a pivotal physiological role in the epige-
netic regulation of gene expression, X-chromosome inactiva-
tion, and genomic imprinting.[2] The first DNA methyltrans-
ferase, Dnmt1, was discovered in 1988.[3] Subsequently
Dnmt2, Dnmt3A/B, and Dnmt3L (an inactive homologue)
were described. Knockout of, for example, Dnmt3B leads to
embryonic lethality,[4,5] which indicates that accurate DNA
methylation is a prerequisite during early development.
Hence, deregulated DNA methylation is linked to many
diseases, for example, cancer.[6]

In contrast to, for example, histone acetylation as another
key epigenetic mechanism, DNA methylation is very stable,
and active DNA demethylation mechanisms have been
subjects of debate.[5, 7] This discussion displays parallels to
the history of lysine methylation, which was first suggested to
be an irreversible modification. One obvious means of
weakening a relatively stable carbon–nitrogen or carbon–
carbon bond is oxidation. In the case of lysine demethylation
two such mechanisms were discovered which proceed through
either dehydrogenation or oxygenation.[8]

After the discovery of the TET (ten–eleven translocation)
family of proteins, a model of an active oxidative demethy-
lation of DNA was proposed.[9] TET proteins are 2-oxoglu-
tarate- and FeII-dependent, and catalyze the conversion of
5mC to 5-hydroxymethylcytosine (5hmC) in DNA. Accord-
ing to the model, 5hmC might be further oxidized to 5-
formylcytosine (5fC) and 5-carboxycytosine (5caC)[10] (see

Figure 1), but until recently there was no evidence for the
existence of these putative intermediates. In June 2011, T.
Carell and co-workers could prove for the first time the
presence of 5fC in samples of digested DNA isolated from
murine embryonic stem (mES) cells. They were able to show
that on average 5–15% of the 5hmC bases in the mES cell
DNA are oxidized to 5fC. In contrast, 5caC could not be
detected, but they also suggested its existence.[11] The Carell
group could also show that 5fC from oxidized DNA can be
enriched using a biotinylated hydrazide, which is a valuable
tool for further studies. Subsequently, two publications
followed, in which the detection of 5fC and/or 5caC was
described.[12] These studies further proved the involvement of
TET enzymes in the formation of highly oxidized cytosine
derivatives in DNA.

The Zhang group could show that incubation of a 5mC-
containing DNA substrate with TET1 leads to a decrease of
the 5mC level with the concomitant appearance of 5hmC and
two unknown compounds.[12a] Similar results were obtained
with the TET2 and TET3 subtypes. It was verified that the
new compounds match independent 5fC and 5caC controls by
chromatographic comparison. MS studies provided final
confirmation. Treatment of the TET2-catalyzed reaction
mixture with NaBH4 led to reduced levels of the oxidized
cytosine metabolites and an increase of 5hmC, indicating that
both are generated by the oxidation of 5hmC. Furthermore,
ectopic expression of the catalytic domain of TET2 fused to
GFP in HEK293 cells, followed by analysis of the DNA
fragments by FACS (fluorescence-activated cell sorting) and
two-dimensional thin-layer chromatography, indicated an
increased level of 5hmC. Again, two new products were
observed that correlated indeed to 5fC and 5caC. Under
physiological conditions, both 5fC and 5caC could be
detected in 14-day-old mouse embryos.

Similar results were published by He and co-workers.[12b]

They overexpressed a full-length TET2 protein in HEK293T
cells and incubated the nuclear extract with DNA substrates.
Only when 5mC or 5hmC were incorporated in the substrates
was the formation of an unknown material observed. Similar
enzymatic activity could also be shown for TET1 and TET3.
The comparison of the novel compound to a chemically
synthesized 5caC standard in HPLC experiments showed that
the two samples eluted at the same time, indicating that they
detected 5caC. Again, MS experiments proved the formation
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of this metabolite. The authors could also show, using 14C-
labeled S-adenosyl methionine, that 5caC was formed by
oxidation of 5mC and not by an independent carboxylation
reaction. In contrast to Zhang and co-workers, they were not
able to detect 5fC.

While the last step in the demethylation of 5caC to give C
is still not understood, He et al. proposed a model based on a
base-excision repair (BER) mechanism towards 5caC with
5caC as the recognition motif. To test this hypothesis, they
looked at TDG (thymine-DNA glycosylase), an enzyme
known to be involved in BER. It excises modified bases from
DNA with formation of an abasic site, ultimately followed by
the integration of an unmodified cytosine.[5, 13] By incubating
purified TDG with 5caC-containing DNA as the substrate, in
fact, they could show TDG-excision activity towards the
oxidized cytosine metabolite.

In conclusion, these three publications could prove that
further oxidized cytosine derivatives besides 5mC and 5hmC
exist in DNA in vitro and in vivo, and that TET enzymes do
not use only 5mC as a substrate. They are also able to oxidize
5hmC and its product 5fC, resulting ultimately in 5caC. One
potential possibility regarding the last step in the process of
active DNA methylation could be the BER mechanism, as
proposed by He and others.[5, 12b] Another possibility could be
a direct decarboxylation reaction, but the corresponding
enzyme has not yet been discovered. Additionally, Pfaffe-
neder et al. have discussed a potential deformylation of 5fC
via a vinyl carbanion intermediate.[11] Again, here is the
question whether an enzyme that would catalyze this reaction
can be found. As already mentioned, several possible DNA
demethylation mechanisms in mammalian cells have been
described and extensively discussed.[5] It is conceivable that
several of these pathways act in concert to adjust to a
changing environment. Additional experiments are needed to
shed light on the active DNA demethylation process.

Detailed knowledge of the active DNA demethylation
process will contribute to a better understanding of the
regulation of DNA hypermethylation that causes the aberrant
silencing of specific genes, for example, of tumor suppressor
genes in certain cancer types.[14] Additionally, it will be
important with respect to the reprogramming of somatic cells
back into pluripotent cells. Upon development, certain genes

are repressed by DNA methylation, whereas others, which are
needed for further differentiation, are activated. This shows
clearly that the process of active DNA demethylation might
also have a great impact on stem cell research. It will be
exciting to follow further studies concerning active DNA
demethylation and to answer the question if the sixth (5hmC),
seventh (5fC), and eighth (5caC) bases are only intermediates
in the stepwise demethylation of 5mC to C or if each of them
is an epigenetic modification with its own regulatory charac-
ter.

Proteins that recognize 5mC in DNA, so-called methyl-
binding domain (MBD) proteins, can be considered to be
“readers” of the epigenetic code and have been reported to be
associated with human diseases.[15] The existence of the three
oxidized methyl cytosine derivatives also poses the question
whether similar reader proteins might exist for these modi-
fications and what their biological role will be. Thus, with
iterative oxidation the obvious solution to the question of
DNA demethylation might have been found, but its implica-
tions are still far from apparent.
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