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Abstract

5-methylcytosine (5mC) was long thought to be the only enzymatically created modified DNA 
base in mammalian cells. The discovery of 5-hydroxymethylcytosine, 5-formylcytosine and 5-
carboxylcytosine as reaction products of the TET family 5mC oxidases has prompted extensive 
searches for proteins that specifically bind to these oxidized bases. However, only a few of such 
‘reader’ proteins have been identified and verified so far. In this review, we discuss potential 
biological functions of oxidized 5mC as well as the role the presumed reader proteins may play in 
interpreting the genomic signals of 5mC oxidation products.
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Introduction

5-methylcytosine (5mC) is the first modified DNA base to be identified. Hotchkiss, who 
detected a small and unexpected fifth peak upon paper chromatography of the four standard 
DNA bases derived from calf thymus [1], referred to this base as “epi-cytosine.” He had 
discovered the first epigenetic modification. In 1975, several potential functional roles of 
5mC were proposed. The methylated cytosine, which pairs normally with guanine, was 
viewed as potentially important in regulating protein-DNA interactions, gene expression, X 
chromosome inactivation and cellular differentiation and development [2, 3]. Cytosine 
methylation in vertebrates occurs predominantly at CpG dinucleotide sequences, which due 
to their symmetry provide a system for mother to daughter strand heritability of methylation 
patterns through cell division cycles [3]. In mammals, DNA methylation is essential because 
genetic deletion of DNA methyltransferases leads to developmental failure [4, 5]. DNA 
methylation at CpG-dense promoters is generally incompatible with gene expression and is 
often used for perpetuating the silenced state long-term, for example by negatively 
controlling the expression of repetitive or parasitic DNA elements, genes on the inactive X 
chromosome of female mammals, one of the two alleles of imprinted genes, and germ line-
specific genes in somatic tissues [6]. There has been a long-standing debate as to whether 
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DNA methylation is the cause or the consequence of gene silencing. Probably both 
statements are true, if one considers that active transcription complexes or other DNA-
bound, sequence-specific proteins exclude DNA methylation [7] but also that once 
methylation has occurred, the DNA becomes inaccessible to the transcription machinery. 
The methylation state at most CpG sequences (methylated or unmethylated) is generally 
quite stable but can change globally and site-specifically during development and disease. A 
cell-specific DNA methylation pattern is the combined result of several processes: de novo 
methylation of previously unmethylated sequences; maintenance of the methylated state; and 
loss of methylation, also referred to as DNA demethylation (Fig. 1A).

The 5mC oxidation - demethylation cycle

For many decades, 5-methylcytosine (5mC) had been viewed as the only enzymatically 
produced modified cytosine base in mammalian genomes. The situation changed in 2009, 
when 5-hydroxymethylcytosine (5hmC) was discovered in embryonic stem cells and in 
Purkinje cell neurons of the brain [8, 9]. Tahliani et al reported that 5hmC is produced from 
5mC by a 5mC dioxygenase enzyme (Ten-Eleven Translocation 1, TET1) that requires 
alpha-ketoglutarate, oxygen and Fe2+ as cofactors [9]. Two related proteins, TET2 and 
TET3, were also identified and characterized as having the same catalytic activity [9, 10]. 
Since these initial reports were published, numerous studies have further investigated the 
properties and genomic distribution of 5hmC, and the TET proteins were analyzed in greater 
detail. Soon it was found that 5hmC is not always the final reaction product of TET 
enzymatic activity. Rather, these enzymes carry out sequential oxidation steps that lead to 
the formation of 5hmC, 5-formylcytosine (5fC) and then 5-carboxylcytosine (5caC) starting 
from 5mC in DNA as the initial substrate (Fig. 1B) [11, 12]. From the beginning, enzymatic 
5mC oxidation was viewed as a logical pathway leading towards DNA demethylation [9].

Demethylation of CpG sequences, the principal target sequence of mammalian DNA 
methyltransferases, can occur either in a passive or in an active manner (Fig. 1A). Passive 
demethylation will simply occur by DNA replication in the absence of the maintenance 
DNA methyltransferase DNMT1 or its cofactor UHRF1. The hemimethylated site created 
immediately after DNA replication remains as such, and after a second round of replication, 
one daughter cell will carry a completely unmethylated CpG site. Passive demethylation 
plays important roles in certain biological contexts such as epigenome reprogramming after 
fertilization [13–15], DNA demethylation in primordial germ cells [16, 17], and conversion 
of embryonic stem cells to a naïve pluripotent state [18].

DNA strands that contain a 5hmC base at a CpG site on one strand are very poor substrates 
for DNMT1-mediated maintenance methylation [19, 20], suggesting that oxidation of 5mC 
to 5hmC represents a signal that strongly promotes passive DNA demethylation. The 
alternative pathway is active DNA demethylation, which is defined as a loss of 5mC in the 
absence of DNA replication (Fig. 1A). Before 2009, active DNA demethylation had 
remained an obscure phenomenon with many of the published and proposed mechanisms 
lacking further validation [21]. In 2011, He et al. identified a complete TET-initiated, active 
DNA demethylation pathway that consists of TET-mediated oxidation of 5mC to 5fC and 
5caC and enzymatic removal by base excision repair of the latter two modified DNA bases 
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(Fig. 1B) [11]. The DNA repair process for 5fC and 5caC excision is initiated by thymine 
DNA glycosylase (TDG), a protein that can also remove thymine from T/G mismatches [22–
24]. Curiously, unlike 5hmC, 5fC and 5caC occur at much lower levels in mammalian 
tissues or cell types where they have been quantitated [25, 26] suggesting that these oxidized 
bases are produced less efficiently by TET activity in vivo, or that they are removed by TDG 
once they have been formed. Both 5fC and 5caC are detectable in non-negligible quantities 
in embryonic stem cells, in particular upon depletion of TDG [11, 27–29], and there are 
indications that 5fC and 5caC accumulate in developing mammalian embryos [30, 31].

The limited accumulation of 5fC and 5caC has made it difficult to study active DNA 
demethylation processes in vivo. Although the TET- and TDG-dependent DNA 
demethylation pathway has been biochemically reconstituted in vitro [32], it is still difficult 
to pinpoint the occurrence of this mechanism in living cells. Currently, perhaps the best 
available evidence suggests that active DNA demethylation occurs during the preferential 
oxidation and remodeling processes of the paternal genome shortly after fertilization [13–
15,33–35], during development and reprogramming of primordial germ cells [36], and 
during somatic cell reprogramming to create induced pluripotent stem cells [37]. The 
situation may be more complex, however, than initially anticipated because there is evidence 
for TDG-independent DNA demethylation in zygotes [13, 15].

The relatively high abundance of 5hmC in many cell types, most notably embryonic stem 
cells and neuronal cells, clearly indicates that TET-initiated 5mC oxidation does not always 
lead to active DNA demethylation. For example, in neurons of the adult human brain, 5hmC 
replaces 20–30% of all 5mC [38, 39] and appears to be a stable DNA base as measured by 
isotope labeling [40]. This situation implies that there is a regulatory step that normally 
prevents conversion of 5hmC to 5fC and 5caC and that this blockage is only rarely overcome 
leading to active DNA demethylation by subsequent removal of 5fC and 5caC. In vitro, TET 
enzymes are easily capable of converting 5mC to 5caC. Nevertheless, a recent study 
provided structural and enzymatic evidence that TET2-mediated oxidation has an intrinsic 
substrate preference for 5mC over 5hmC and 5fC [41], which may in part explain the 
relative abundance of the 5hmC mark in cells. Other factors that specify 5hmC as the 
predominant reaction product could perhaps depend on association of TET proteins with 
other proteins, which act as regulatory factors perhaps akin to regulation of DNMT1 by 
UHRF1 (e.g. by inducing a change in the catalytic pocket to accommodate 5hmC instead of 
5mC or a change in configuration of the exocyclic groups on the cytosine base [41]). 
Posttranslational modification of TET proteins such as the recently described 
phosphorylation and O-GlcNacetylation [42] might also play a role in regulating TET 
protein substrate preference.

The 5mC oxidation pathway has relevance for human diseases and has been best studied in 
cancer. TET2 is one of the most frequently mutated genes in several hematological 
malignancies including myelodysplastic syndrome (MDS) and acute myeloid leukemia 
(AML) [43]. The metabolic pathway leading to the production of α-ketoglutarate, a cofactor 
of TET enzymes, is aberrant in tumors with mutations occurring in isocitrate dehydrogenase 
1 (IDH1), for example in gliomas, in which the IDH1 mutation strongly correlates with a 
CpG island hypermethylation phenotype [44]. Furthermore, the levels of 5hmC are 

Song and Pfeifer Page 3

Bioessays. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drastically lower in tumor tissue than in normal tissue, a phenomenon observed for many 
types of human solid tumors [38]. The data clearly suggest that 5mC oxidation pathways are 
perturbed in tumors although it remains to be determined in more detail if these aberrations 
have a direct causal relationship to tumorigenesis.

Several proteins function as readers of 5mC

Although the focus of this review is on potential reader proteins of oxidized 5mC bases, we 
provide a brief overview of proteins that specifically recognize 5mC. The first such protein 
complex was identified in 1989 by Adrian Bird’s group and was named MECP1 [45]. The 
protein composition of the MECP1 complex was clarified later and this research showed that 
the protein MBD2 was the component of the complex that conferred binding specificity for 
5mC [46]. In 1992, a single protein, MECP2, was found to bind to methylated DNA [47]. 
MECP2 and MBD2 are members of a small protein family that contain a common methyl-
CpG binding domain (MBD). This family includes the confirmed 5mC binding proteins 
MBD1, MBD2, MBD4, and MECP2 [48]. A similar MBD domain is also found in MBD3, 
MBD5 and MBD6. However, these three proteins have not been described as selective 5mC 
binding proteins, either because their MBD domains are structurally sufficiently different or 
because these proteins may have a distinct DNA sequence context specificity that has not 
been elucidated yet.

MBD1, MBD2, MBD3 and MECP2 are components of transcriptional repressor complexes 
that also can include histone deacetylases and chromatin remodelers. Recruitment of these 
repressor complexes to methylated DNA will impose an inactive chromatin configuration 
onto the methylated genomic regions with the MBD proteins acting as readers of 5mC-
enriched target sequences. MBD4 is an outlier within this gene family. The MBD4 protein 
has been characterized as a DNA glycosylase that is specific for G/T mispairs resulting from 
deamination of 5mC at methylated CpG sequences [22]. Of note, mouse knockout 
phenotypes of 5mC readers are relatively mild [49–51] although removal of MECP2 in mice 
produces neurological symptoms similar to Rett syndrome [52].

Importantly, the MBD domains of MBD1, MBD2, MBD4 are incapable of binding to DNA 
sequences containing 5hmC [53] (please see below for data on MECP2). This finding 
suggests that the reader function of these domains is blocked by oxidation of 5mC to 5hmC 
and that transcriptional repression imposed by 5mC may be relieved by the oxidation step.

One other protein domain capable of binding to 5mC is the SRA domain. Plant genomes 
encode several proteins with SRA domains, but mammals have only two, UHRF1 and 
UHRF2 [54]. UHRF1, a ubiquitin ligase, appears to act as an integrator of epigenetic 
information encoded by DNA and histone modifications and is critical for maintenance of 
DNA methylation patterns through DNA replication [55]. The related protein UHRF2 has 
been characterized as a protein capable of binding to 5mC and 5hmC (see below).

Other categories of proteins with 5mC-binding activity include specific subsets of zinc 
finger proteins and a few other transcription factors [56–58]. These proteins are generally 
sequence-specific and could activate transcription from methylated promoters, in particular 
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within CpG-poor sequence contexts. The recently described uncoupling between methylated 
DNA and repression of transcription seems particularly relevant for certain enhancer 
sequences and might operate at specific stages of development or differentiation [57, 59].

Further discussion of the 5mC reader properties and biological functions of the 5mC-binding 
proteins is beyond the scope of this article but may be found in relevant reviews [48, 57, 60, 
61].

Is 5hmC a negative mark?

The high levels of 5hmC in certain tissues of mammals, most notably the brain, suggest that 
this base plays a specific functional role. One such role may simply be a negative one where 
the formation of 5hmC from 5mC abolishes recognition of methylated CpG sequences by 
MBD proteins [53] or other readers of 5mC. In order to appreciate such a potential function 
of 5hmC, one needs to consider at what locations in the genome 5hmC is formed. There are 
three types of genomic regions at which 5hmC accumulation has been most often observed 
and has been well characterized: gene bodies (intragenic regions), enhancers, and sequences 
flanking promoters or CpG islands.

Mapping of 5hmC in the brain identified intragenic regions (gene bodies) of active genes as 
preferentially marked with this modified base [62–64]. Generally, there is a positive 
correlation between gene body 5hmC levels and gene expression levels. The reasons for this 
sequence preference of 5mC oxidation and its functional meaning is currently not 
understood. The earlier observed association of gene expression with 5mC levels in 
intragenic regions [65], has been interpreted as a mechanism to prevent low level antisense 
or noise transcription initiation within gene bodies. In this setting, formation of 5hmC may 
be even more effective in opposing such aberrant, spurious transcription that could interfere 
with the normal sense transcript. In such a scenario, 5hmC would likely represent a repelling 
mark that interferes with transcription initiation complexes.

Presence of 5hmC at enhancer regions marks poised or active enhancers [66–69]. Enhancer 
sequences are usually less CpG-rich than gene promoters, which often are embedded within 
CpG islands. However, methylation of CpGs within enhancers may also result in enhancer 
inactivity. Therefore, there is a need to counteract developmentally imposed or 
inappropriately occurring DNA methylation at enhancers by 5mC oxidation. At enhancers, 
5hmC may be a negative mark that opposes the binding of repressors to 5mC sequences. 
Alternatively, although evidence is currently lacking, enhancer 5hmC may play a unique role 
in attracting activating factors that switch the enhancer into an either active or poised 
configuration. Finally, it is also possible that 5hmC at enhancers is an intermediate that 
occurs transiently (but continuously) in a pathway leading towards active demethylation, i.e. 
5hmC is oxidized further to 5fC or 5caC. This scenario is supported by mapping studies in 
which 5fC was found to accumulate at poised enhancer sequences lending support to a 
model of ongoing TET-dependent DNA demethylation at enhancers [28, 29].

At sequences flanking promoters, 5hmC may mark regions of enhanced TET activity that 
functions to keep CpG island promoters free of DNA methylation. Over time, DNA 
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methylation errors in the form of DNMT-induced de novo methylation events will occur 
inevitably and could eventually lead to inappropriate gene silencing if there is no mechanism 
to oppose this process [70]. It is likely that such methylation errors will initially take place at 
the border regions of CpG islands (also referred to as island shores) due to enhanced 
accessibility of the shores relative to the centers of CpG islands. TET-mediated enzymatic 
oxidation of inappropriately placed 5mC at regions flanking CpG islands may lead to 
emergence of 5hmC at these shores and would therefore also represent mostly a negative 
signal that might interfere with binding of repressor protein complexes that interact with 
methylated DNA.

There may be a few readers of 5hmC

The alternative view is that there are specific reader proteins that recognize 5hmC and 
translate this base modification into a functional output. In fact, earlier studies have 
suggested that MBD3 [71], MECP2 [72] and the UHRF1 SRA domain [73] may be specific 
“readers” of 5hmC. However, more detailed follow-up work and also earlier studies have 
failed to support these findings [19, 74–79]. Mass spectrometry analysis has provided a 
relatively small list of proteins that seem to interact preferentially with 5hmC when 
comparing to 5mC or C-containing oligonucleotides [78, 79]. However, subsequent work to 
characterize and verify these interactions has been very limited. In some cases, binding of a 
putative 5hmC reader may not only be modification-specific but also DNA sequence-
specific, which makes an overall assessment of the in vivo biological significance of the 
recognition specificity quite challenging.

One mass spectrometry study revealed that the SRA domain of UHRF2 specially interacts 
with 5hmC [78]. This discovery was subsequently supported by a structural and biochemical 
study [74], which demonstrated that the UHRF2-SRA domain, unlike the equivalent domain 
in UHRF1, does not preferentially bind to hemi-methylated DNA. Instead, it binds to fully-
hydroxymethylated and hemi-hydroxymethylated DNA 3.2- and 1.5-fold more tightly than it 
does to hemi-methylated DNA, respectively. The structure of the UHRF2 SRA domain in 
complex with a 12-bp DNA with a central hemi-hydroxymethylated CpG site at 2.2 Å 
resolution further reveals that the 5hmC base is flipped out of the DNA helix and inserts into 
a UHRF2-SRA pocket, in which a hydrogen bond is formed between the hydroxyl group of 
5hmC and the backbone carbonyl group of UHRF2 T508 or G509 (Fig. 2). Meanwhile, the 
aromatic side chains of UHRF2 F495 and Y507 in the pocket permit the accommodation of 
the bulky side chain of 5hmC (Fig. 2). In addition, the NHR finger loop, which plays an 
important role in the UHRF1-DNA contact, appears to be disordered in UHRF2, which 
therefore allows for its strong binding to fully-hydroxymethylated DNA [74].

In summary, except for the UHRF2-5hmC interaction, which is supported by a structural 
study, there is currently only very limited evidence for the existence of specific 5hmC 
readers encoded by mammalian genomes. This surprising situation contrasts with the 
abundance of 5hmC in certain cell types such as neurons in which its biological function 
remains enigmatic. A so far neglected approach would be the rigorous biochemical 
purification of 5hmC binding proteins from relevant tissues including the brain.
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Are there readers of 5fC?

Previous mass spectrometry analysis based on an oligonucleotide pulldown approach has 
identified a number of candidate proteins that may recognize the 5fC and 5caC 
modifications [78,79]. Interestingly, the number of identified readers for 5fC and 5caC is 
much greater than the number of readers for 5hmC. However, none of these interactions 
have yet been confirmed by detailed biochemical evidence. Therefore, it still remains to be 
determined whether a true reader of 5fC exists. Nevertheless, genome-wide profiling of 5fC 
in mouse embryonic stem cells and in mouse embryos has previously revealed that its 
genomic location pattern is distinct from those of 5hmC and 5mC [28–30, 80]; 5fC 
preferentially appears at enhancer regions, where its production might coordinate with p300 
in remodeling epigenetic states [28, 30]. Consistent with the idea of a specific function of 
5fC rather than just being an intermediate in active DNA demethylation, recent studies have 
indicated that 5fC is a stable DNA modification in cells [26], and more importantly, it can 
facilitate the conformational transition of DNA from B form to a so-called F form leading to 
helical unwinding (Fig. 3A,B) [81]. This finding suggests that the 5fC modification may 
influence protein-DNA interactions by changing the shape of DNA, therefore implying a 
role of the 5fC modification in chromatin remodeling.

Readers of 5caC have recently been discovered and characterized

Despite the low abundance of 5caC in cells, emerging evidence has suggested that this 
modification may have significant impact on genome stability and gene regulation [29, 82–
84]. Accordingly, a number of studies have demonstrated that 5caC can be specifically 
recognized by nuclear proteins that are involved in transcription or genomic maintenance 
[78,82–86]. Among these, human thymine DNA glycosylase (hTDG) was found to bind and 
remove the 5caC base through its DNA glycosylase activity [11, 86, 87]. Structural analysis 
of the hTDG catalytic mutant (N140A) with a 23-mer (3.0 Å resolution) or a 28-mer DNA 
duplex (2.6 Å resolution), containing an A·caC or G·caC site, respectively, revealed that the 
5caC base is flipped out of the DNA helix and inserts into a pocket formed by A145, H150, 
H151, Y152 and N157 of hTDG (Fig. 4A) [85, 86]. Subsequently, its 5-carboxyl group 
forms hydrogen bonds with the backbone amide of H150 and the side chain of N157 under 
pH 7 buffer conditions [86] or N230 under pH 4.5 buffer conditions [85], and initiates a van 
der Waals contact with the side chain of A145 [86]. In addition, the hydrogen bond 
interactions of the O2 and N4 atoms of 5caC with the main chain amides of I139, A140 and 
N191, respectively, as well as the hydrophobic interaction between 5caC and Y152, further 
stabilize the configuration of the 5caC nucleotide within the hTDG pocket (Fig. 4A). In 
accordance with these structural observations, a binding affinity assay showed that hTDG 
has a 2-fold binding preference for 5caC-containing DNA over 5fC-containing DNA, and 
even stronger preference over the 5mC or 5hmC modifications [86].

Our recent studies further identified the CXXC domain of TET3 as a specific reader for 
5caC in the context of CcaCG [83]. Using electrophoretic mobility shift assay (EMSA), we 
first confirmed a previous observation [88] that the CXXC domain of mouse TET3 (mTET3-
CXXC) binds to unmodified cytosine at CpG sequences. Next, we demonstrated that 
mTET3-CXXC has an even stronger binding affinity for 5caC-containing DNA, but a much 
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lower binding affinity for other cytosine modifications, including 5mC, 5hmC and 5fC. 
Furthermore, isothermal titration calorimetry (ITC) assays indicated that mTET3-CXXC 
binds to the CcaCG DNA 3-fold more strongly than it does to the CCG DNA. This 3-fold 
binding preference for 5caC over unmethylated DNA is similar to the two-fold binding 
preferences of the UHRF1 SRA domain for hemi- over unmethylated DNA, for example 
[89] and of TDG for 5caC over 5fC [86], thereby establishing this domain as a specific 
reader for 5caC. On this basis, we have solved the crystal structure of mTET3-CXXC with a 
palindromic 12-mer DNA containing a central CcaCG site at 1.3 Å resolution, which 
provides atomic details on the interaction between mTET3-CXXC and CcaCG DNA. In 
particular, the 5-carboxyl group of 5caC from one strand forms direct and water-mediated 
hydrogen bonds with the side chain amino group of mTET3 K88 and the backbone amide of 
mTET3 I83, respectively (Fig. 4B). Meanwhile, the 5-carboxyl group of the 5caC from the 
complementary strand forms direct and water-mediated hydrogen bonds with the side chain 
hydroxyl groups of mTet3 T80 and S74, respectively, while its N4 atom forms a hydrogen 
bond with the side chain carbonyl oxygen of mTET3 Q82 (Fig. 4B). In addition, the C·G 
pair preceding the CpG dinucleotide is recognized by mTET3 H81 through hydrogen bond 
interactions. Note that these CcaCG-interacting residues are highly conserved within the 
TET protein-associated CXXC domains, but not in the subfamily of DNMT1 CXXC 
domains [83, 88], which were shown to exclusively recognize unmodified CpG 
dinucleotides [88, 90–93].

The low abundance of 5caC in genomes has limited a detailed investigation of the functional 
readout of 5caC. Nevertheless, genomic mapping of full-length TET3 in neuronal cells and 
embryonic mouse brain showed that TET3 is recruited to the transcription start sites of a 
limited set of genes [83]. These genes are mainly involved in lysosomal activities, RNA 
splicing and DNA base excision repair. These observations therefore prompted us to propose 
that the specific recognition of 5caC by TET3 CXXC plays an important role in maintenance 
of the methylation-free state of CpG islands of the TET3 target promoters. At a global 
genome scale, the 3-fold preference of TET3 for 5caC would probably be less relevant. 
However, in the context of localized 5mC oxidation by TET3, the creation of 5caC at the 
sites of TET3 activity would allow immediate anchoring of TET3 to 5caC, its reaction 
product [83]. The simultaneous presence of a writer domain (the C-terminal catalytic 
domain) and reader domain (the N-terminal CXXC domain) in TET3 is not unique among 
chromatin modifier proteins. This dual writer-reader domain architecture has also been 
observed in histone methyltransferases and histone demethylases [94–102]. Such a peculiar 
domain arrangement has been proposed as a mechanism to aid localized, processive action 
and to enforce genomic specificity of the modifiers in chromatin. Furthermore, it is of 
interest that CXXC-type zinc finger domains are found in only twelve mammalian proteins 
all of them being proven or presumed epigenetic regulators [103]. It will be interesting to see 
if a subset of these CXXC domains also has the capacity to bind to 5caC, or perhaps to other 
oxidized 5mC derivatives. Another unexplored possibility is that the binding of TET3 (or 
related CXXC domains) may shield 5caC from excision by TDG and may therefore aid in 
maintenance of this mark in certain biological contexts.

A small number of studies have now reported that 5caC may regulate gene transcription 
through modulating the recognition of transcriptional proteins with target DNA [82,84]. For 
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instance, Wilms tumor protein 1 (WT1), a transcription factor with a recognition sequence 
5’-GCG(T/G)GGGCG-3’, binds to the target sequence when C, 5mC or 5caC, but not 5hmC 
or 5fC, is present [82]. The structure of the WT1 in complex with a 5caC-containing DNA at 
2.1 Å resolution reveals that the binding preference of WT1 for 5caC over 5hmC and 5fC is 
attributed to a hydrogen bond formed between WT1 Q369 and the 5-carboxyl group of 5caC 
(Fig. 4C). Such differential recognition of DNA modifications may provide a mechanism of 
fine-tuning gene expression at different genomic loci [82]. In addition, another study has 
recently shown that the presence of 5caC modifications in gene bodies leads to retarded 
RNA polymerase II-mediated transcription [84]. The crystal structure of the PolII-5caC 
DNA complex at 3.5 Å resolution revealed that the 5-carboxyl group of the 5caC base, with 
50% of population, forms a hydrogen bond with residue Q531 of PolII Rbp2, which is 
located in a loop region termed “epi-DNA recognition loop” (Fig. 4D). Such recognition in 
turn leads to a positional shift for the incoming nucleotide and compromised RNA synthesis. 
This observation suggests that the presence of 5caC in gene bodies may have significant 
impact on gene transcription, different from its biological effect when present in promoter 
regions.

Conclusions

A few years after their initial discovery, oxidized 5-methylcytosine bases are still not 
understood in terms of their biological function. Considerable evidence suggests that these 
bases are intermediate products of an active, replication-independent DNA demethylation 
pathway. However, in many settings these oxidized 5mC bases are produced to directly 
promote replication-dependent loss of DNA methylation by inhibiting DNMT1. On the other 
hand, it has been difficult to understand why 5hmC (and 5fC) for the most part appear to be 
stable DNA modifications and not just intermediates that promote demethylation. One view 
has been that oxidized 5mC is chiefly a negative or repellent epigenetic mark that prevents 
the binding of a set of proteins that would otherwise interact with 5mC. Among the proteins 
identified as ‘readers’ of 5hmC, only few have been verified in follow-up studies, e.g. 
UHRF2, although a downstream biological effect of this binding is not apparent at this time. 
Even though 5fC and 5caC generally occur at low levels, they tend to accumulate in certain 
genomic locations, e.g. enhancers, where specific reader proteins may recognize these 
modifications. Proteomics approaches as well as targeted studies have identified a set of 
proteins that can bind to 5fC and 5caC. A few protein domains capable of binding to 
oxidized 5mC bases at CpG sequences have recently emerged (e.g. the SRA domain for 
5hmC and CXXC domains for 5caC) and it will be interesting to see if such domains are 
unique or if additional heretofore unknown binding modules will be identified that could 
help solve the enigma of oxidized 5mC modifications in the genome.
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Figure 1. 
Outline of DNA demethylation pathways and 5mC oxidation. A: Models for passive, DNA 
replication-dependent DNA demethylation and active, DNA replication-independent DNA 

demethylation. B: The model shows details of the TET-initiated, active DNA demethylation 
pathway. TET proteins oxidize 5mC leading to the formation of 5hmC, 5fC and 5caC. The 
oxidized bases 5fC and 5caC are recognized and excised from DNA by thymine DNA 
glycosylase (TDG) as part of a base excision repair (BER) process.
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Figure 2. 
Crystal structure of the UHRF2 SRA domain in complex with 5hmC-containing DNA (PDB 
4PW5). The 5hmC base ring is shaded in beige.
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Figure 3. 
Structural comparison of 5fC-containing DNA with B-form DNA. A: Model for standard B-

form DNA generated using the Coot software [104]. B: Crystal structure of the 5fC-
containing DNA (PDB 4QKK). Note that 5fC does not affect the overall B-DNA structure of 
a hemi-formylated (two hemi-5fC sites) Dickerson-Drew DNA (PDB 1VE8). However, the 
5fC sites in this hemi-5fC structure show unusual local rotational and translocational 
parameters similar to the six 5fC-containing DNA [81].
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Figure 4. 
Crystal structures of proteins in complex with 5caC-containing DNA. A: hTDG-5caC DNA 

(PDB 3UO7). B: Tet3 CXXC-5caC DNA (PDB 5EXH). C: WT1-5caC DNA (PDB 4R2R). 

D: RNA PolII-5caC DNA (PDB 4Y52). The 5caC base ring is shaded in beige. The water 
molecules and zinc ions are shown in sphere representation.
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