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Protein interactions at oxidized 5-methylcytosine bases

Gerd P. Pfeifer1, Piroska E. Szabó1, Jikui Song2

1Center for Epigenetics, Van Andel Institute; Grand Rapids, MI 49503

2Department of Biochemistry, University of California Riverside; Riverside, CA 92521

Abstract

5-methylcytosine (5mC), the major modified DNA base in mammalian cells, can be oxidized 

enzymatically to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) by the Ten-Eleven-Translocation (TET) family of proteins. Whereas 5fC 

and 5caC are recognized and removed by base excision repair proteins, the 5hmC base 

accumulates to substantial levels in certain cell types such as brain-derived neurons and is viewed 

as a relatively stable DNA base. As such, the existence of ‘reader’ proteins that recognize 5hmC 

would be a logical assumption and various searches have been undertaken to identify proteins that 

specifically bind to 5hmC and the other oxidized 5mC bases. However, the existence of definitive 

5hmC ‘readers’ has remained unclear and proteins interacting specifically with 5fC or 5caC are 

also very few. On the other hand, 5hmC is incapable of interacting with a number of proteins that 

recognize 5mC at CpG sequences suggesting that 5hmC is an anti-reader modification that may 

serve to displace 5mC readers from DNA. In this review article, we discuss candidate proteins that 

may positively or negatively interact with oxidized 5mC bases.

Graphical abstract

Correspondence: Gerd P. Pfeifer, Center for Epigenetics, Van Andel Institute, 333 Bostwick Ave. NE, Grand Rapids, MI 49503, 
gerd.pfeifer@vai.org. 

Declarations of interest: none

Credit author statement:
All authors participated in writing, editing and reviewing the paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Mol Biol. Author manuscript; available in PMC 2021 February 08.A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript



Keywords

DNA methylation; 5-methylcytosine; 5-hydroxymethylcytosine; 5-formylcytosine; 5-
carboxylcytosine

Introduction:

5-methylcytosine (5mC) was first identified in mammalian DNA in 1948 [1]. The modified 

cytosine occurs predominantly at CpG dinucleotides where it is produced in an enzymatic 

reaction carried out by DNA methyltransferases (DNMTs) [2]. In dividing cells, methylation 

patterns are preserved during DNA replication by a copying process catalyzed by DNMT1. 

According to early views, which are still mostly valid today, DNA methylation was seen as 

playing roles in regulating the access of DNA-binding proteins leading to changes in gene 

expression. DNA methylation was also thought to be critically important for X chromosome 

inactivation, genomic imprinting, cell differentiation and development [3-5].

Deletion of DNA methyltransferase genes in the mouse leads to arrested development and 

causes embryonic lethality [6, 7]. The mammalian genome is densely methylated at most 

CpG dinucleotide sequences. Regions that noticeably escape DNA methylation are CpG-rich 

sequences termed CpG islands, which are protected from methylation by a variety of 

specialized proteins [8, 9]. Some of these factors promote the formation of the histone 

modification H3K4me3, which blocks DNA methylation, and others remove any 

inadvertently introduced 5mC bases. At enhancer regions, CpG methylation levels are also 

relatively low but methylation at these regions is more dynamic and depends on cell type-

dependent function of the enhancer-linked genes.

DNA methylation plays a particularly important role in negatively controlling the expression 

of repetitive regions of the genome including transposons and endogenous retroviral 

elements [10]. Methylation is also critical for maintenance of X chromosome inactivation in 

female cells [11], for marking one of the two alleles of imprinted genes [12], and for 

suppression of many germ line-expressed genes in somatic cells or tissues [13]. For these 

silencing pathways, which need to be maintained over the life span of an organism, the 

methylated state at CpG sequences is expected to be very stable during cell division or even 
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during prolonged persistence of non-dividing cells. However, there are circumstances where 

methylation patterns may deteriorate (such as during aging or carcinogenesis), often 

involving slowly operating processes that enable a progressive loss of methylation over time 

[14] or that facilitate encroachment of methylation into previously unmethylated CpG 

islands [15].

In a more programmed manner, DNA methylation patterns may undergo drastic global 

changes during two stages of development when genomic methylation levels are erased and 

subsequently reset in primordial germ cells and then again immediately after fertilization 

[16]. A limited reorganization of DNA methylation patterns occurs later during 

developmental processes of lineage formation and cell differentiation, where methylation 

changes are often specified by site-specific transcription factors. These factors are capable of 

either excluding DNA methylation from their binding sites [17] or in certain cases, they may 

promote DNA demethylation in a manner dependent on 5mC oxidation [18, 19]. Connected 

to these models is the assumption that DNA methylation is a default state that occurs largely 

everywhere in the genome where it is not prevented [20] or where it is not actively removed.

For over sixty years, 5mC was thought to be the only modified DNA base produced by 

endogenous enzymatic processes in mammals. Even though DNA replication-independent 

DNA demethylation had been observed in certain settings [21], the enzymology of 

demethylation remained completely obscure for decades [22]. This situation changed 

drastically in 2009, when substantial levels of 5hmC were found in ES cells and in certain 

types of neurons in the brain [23, 24]. One of these studies [24] identified an enzymatic 

activity responsible for the formation of 5hmC as a 5mC dioxygenase and named it Ten-

Eleven Translocation 1 (TET1) after a chromosomal translocation of the TET1 gene 

observed earlier in leukemias [25, 26]. TET1 and its paralogues TET2 and TET3 require 

alpha-ketoglutarate, oxygen and Fe2+ as essential cofactors [24], and 5mC oxidation activity 

is enhanced in the presence of ascorbic acid [27-29]. All three TET proteins not only 

produce 5hmC but they can carry the oxidation reaction further in sequential enzymatic 

steps that lead to the formation of 5fC and ultimately 5caC (Figure 1) [30, 31]. Enzymatic 

5mC oxidation was viewed as a logical pathway that may lead towards DNA demethylation. 

Such oxidation reactions are in principle independent of DNA replication and will allow loss 

of methylation by an active process as opposed to dilution of pre-existing methylation 

patterns in the absence of maintenance methylation during DNA replication. Interestingly, it 

was found that DNA molecules that contain 5hmC at CpG dinucleotides are very poor 

substrates for DNMT1 [32, 33] because DNMT1 forms an unproductive complex with DNA 

duplexes containing oxidized forms of 5mC [34]. This means that once oxidation of 5mC to 

5hmC has occurred, DNA methylation patterns no longer can be maintained, even in the 

presence of DNMT1.

However, there was still a need for a demethylation pathway that could operate in the 

absence of DNA replication. In 2011, it was reported that such a mechanism is initiated by 

TET-mediated 5mC oxidation and can then be completed by removal of the 5fC and 5caC 

bases through base excision repair (Figure 1) [30, 35]. This DNA repair process, which 

recognizes 5fC and 5caC as a type of “DNA damage,” is initiated by the enzyme thymine 

DNA glycosylase (TDG), which effectively recognizes and removes 5fC and 5caC from 
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DNA when these bases are paired with guanine. The TDG protein can also excise thymine 

from T/G mismatches as reported earlier and is thus described as a multifunctional DNA 

glycosylase [36-38]. Whereas 5hmC can accumulate to levels in the order of 20-30% of the 

levels of 5mC, specifically in mammalian neurons, 5fC and 5caC exist at almost 

undetectable levels in most tissues [39-41]. It is still unknown if base excision repair is the 

only mechanism that promotes removal of 5fC and 5caC from the genome. An alternative 

pathway would be C-C bond cleavage at position 5 of the pyrimidine ring, for example by 

decarboxylation of 5caC. However, such a decarboxylation activity has not yet been 

identified. Isotope labeling studies have shown that C-C bond cleavage can occur at 5fC 

residues resulting in their conversion to cytosine [42]. However, the mechanism and/or 

enzymatic activity responsible for this process have not been clarified so far.

In vitro, TET enzymes, or at least their catalytic domains, readily produce the ultimate 

reaction product, 5caC, although a recent study suggested that TET2-mediated 5mC 

oxidation has a preference for 5mC oxidation over 5hmC and 5fC oxidation [43]. These 

puzzling findings may be reconciled by at least two scenarios. First, the production of 5fC 

and 5caC by TET enzymes may be limited in vivo, perhaps due to a controlled step at the 

5hmC to 5fC transition, which only occurs when true loss of methylation at specific 

sequences is the desired outcome. Such a step may be regulated by site-specific transcription 

factors that interact with a TET protein to promote active removal of 5mC. Second, the 

oxidized products 5fC and 5caC are very effectively removed by TDG and base excision 

repair. The reason for such expedited removal may be the fact that these oxidized bases are 

blocks to RNA polymerases [44, 45] and also block certain DNA polymerases (our 

unpublished data). There is currently no good evidence to favor either one or the other of the 

two scenarios.

5hmC is quite abundant in many cell types, for example in embryonic stem cells and in 

mammalian neuronal cells, suggesting that at the genome scale it rarely turns over into 5fC 

or 5caC and is therefore not lost subsequently due to complete demethylation. Also, stable 

isotope labelling suggested that 5hmC is mostly stable [46]. Its stability and abundance 

would be compatible with the idea that 5hmC represents a true epigenetic mark that is 

recognized by specific reader proteins.

Where does 5hmC occur?

Different methodologies have been used to analyze the distribution of 5hmC in the genome. 

The earlier studies used medium resolution level approaches such as antibody-based 

immunoprecipitation and sequencing (DIP-seq) [47-50] or a biotin-mediated pulldown after 

derivatization of the hydroxymethyl group with a modified glucose using T4 

glucosyltransferase and click chemistry [51]. Single base resolution analysis of 5hmC is 

possible using various techniques including TET-assisted bisulfite sequencing [52], 

oxidative bisulfite sequencing [53], or ACE-seq, a method that uses deaminase-mediated 

conversion of cytosine and 5-methylcytosine, but leaves 5hmC resistant after transfer of a 

glucose residue [54]. Using these methods, a number of studies consistently found that 

5hmC occurred preferentially in gene bodies (intragenic regions), near enhancers, and at 

DNA sequences immediately flanking CpG islands.
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These studies initially focused on embryonic stem cells and on brain where 5hmC is 

relatively abundant. Several research groups showed that transcribed regions containing 

active genes are preferentially enriched with this modified DNA base in the brain [47, 51, 

55]. Often, one can observe a direct correlation between the levels of 5hmC along gene 

bodies and the level of gene expression. A similar, albeit weaker correlation also exists 

between levels of 5mC and gene expression, although, depending on the methodology used, 

these studies sometimes do not distinguish between 5mC and 5hmC. Both bases are resistant 

to bisulfite-induced deamination and are therefore scored together as a sum of the two 

modified cytosines when bisulfite-based techniques are used for analysis [56]. Presence of 

the modified cytosines in transcribed regions may serve to prevent antisense or inappropriate 

transcription throughout gene bodies, which may otherwise interfere with sense 

transcription. This model is supported with knockout studies, in which it was shown that loss 

of DNMT3B, the DNA methyltransferase thought to be primarily involved in gene body 

methylation [57], led to an increase in transcriptional noise [58]. When extrapolating to 

5hmC, this modified base may be even more effective than 5mC in preventing aberrant 

transcription in gene bodies. For example, it is conceivable that 5hmC could interfere with 

the binding of transcription initiation complexes. However, direct evidence for this model is 

currently not available.

5hmC accumulates at active or poised enhancers in several cell types where this correlation 

has been analyzed [48, 59-61]. When enhancers are inactive, they are often embedded in a 

more highly methylated genomic context, although the density of CpG dinucleotides at 

enhancers is not as high as the CpG density at promoters. Since enhancers are cell type-

dependent, they will exist in a more densely methylated configuration in one cell type but 

will be less methylated in another cell type in which the enhancer is active. So, why are 

active enhancers marked by 5hmC? During their activation, often initiated by cell type-

specific transcription factors, enhancers undergo DNA demethylation. This demethylation 

can involve TET2-mediated 5mC oxidation and demethylation as shown in several 

experimental systems [59, 60, 62-66]. It is possible therefore that the accumulation of 5hmC 

near enhancers is a remnant of the TET-induced DNA demethylation process. This 

mechanism invokes that 5fC and 5caC also would accumulate at enhancers. Indeed, 5fC is 

enriched at poised enhancer sequences, although 5fC is best detectable only when TDG 

levels are reduced leading to a longer persistence of this oxidized base [67, 68]. Finally, 

5hmC at enhancers may represent an activating signal by recruiting activators or by 

functioning as a mark that opposes the binding of repressor complexes that would normally 

interact with 5mC sequences.

Soon after the discovery of TET enzymes, it was proposed that one of their main functions is 

that of an epigenetic repair protein that maintains the unmethylated state of CpG islands [69, 

70]. This model is supported by data showing that at least TET1 and TET3 are strongly 

targeted, to unmethylated CpG islands, likely through their CXXC zinc finger domains 

[71-74]. These two TET proteins are expressed as different isoforms that either contain or do 

not contain the CXXC domain. TET2 has mostly been implicated in enhancer demethylation 

and binds to enhancers [75]. The TET2 gene does not encode a CXXC domain by itself but a 

heterodimerization partner of TET2, named CXXC4, can provide this domain to TET2 [76]. 
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Currently, there is insufficient information to definitively assign different functions and 

different genomic activities or distributions to the multiple TET isoforms.

5hmC also accumulates at sequences flanking CpG islands, for example upstream of 

promoters. Also at these locations, 5hmC may represent a marker of TET activity that did 

not get processed to the higher oxidized forms, 5fC or 5caC. The unmethylated state of CpG 

islands is continuously threatened by de novo DNA methylation errors. These DNMT-

induced de novo methylation events will probably occur stochastically and may eventually 

cause gene silencing. Over evolutionary time, methylation of CpG islands will erode these 

genomic landmarks through DNA methylation-mediated mutagenic mechanisms [77]. De 

novo DNA methylation errors will likely encroach into CpG islands from their edges [78] 

and that is where TET activity will be most needed. The 5hmC at borders of CpG islands 

may simply reflect enhanced TET activity, or alternatively, the modified base may prevent 

binding of transcriptional repressor protein complexes that normally would interact with 

methylated DNA.

Several proteins function as readers of 5mC but do not bind to 5hmC

We will provide only a brief summary of the proteins that recognize 5mC at CpG sequences 

and will place emphasis mostly on how these proteins interact with 5hmC when such 

information is available.

The best studied family of proteins that bind to 5mC contain a DNA binding domain 

referred to as the methyl-CpG binding domain (MBD). Initially, a methylated DNA binding 

protein complex in cell extracts was identified as MECP1 [79]. The complex contains 

MBD2 as a subunit that has direct DNA binding activity and a strong preference for 5mC-

containing over unmethylated DNA [80]. Another protein of the MBD family is MECP2, 

which is mutated in the severe autism spectrum disorder Rett syndrome [81]. Structural 

analysis of the MBD2 – 5mC and MeCP2 – 5mC complexes indicated a similar 5mC-

recognition mode between the two readers, both involving a pair of arginine residues that 

recognize the mCpG site through stacking and hydrogen-bonding interactions (Figure 2) 

[82, 83]. The protein family also includes MBD1, MBD3, and MBD4 [84]. MBD1, MBD2, 

MBD3 and MECP2 are subunits of larger chromatin-bound repressor complexes that also 

contain enzymatic activities that deacetylate histones and that remodel chromatin in an 

ATPase-dependent manner. Given their subunit composition, it is proposed that these 

complexes (for example NURD, nucleosome remodeling deacetylase) function in repression 

of methylated genomic regions [85].

The MBD4 protein is a somewhat unusual member of this family. MBD4 functions as a 

DNA glycosylase that can excise thymine from G/T mismatches that may arise through 

hydrolytic deamination of 5mC at methylated CpG sites [36, 77]. Interestingly, mice lacking 

MBD proteins (MBD1, MBD2, MBD4) have relatively mild phenotypes although knockout 

of MECP2 produces neurological symptoms reminiscent of Rett syndrome [86].

Given the high selectivity of proteins with an MBD domain towards CpG sequences 

containing 5mC, it is of interest to consider their binding to oxidized 5mC bases. As we 
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reported in 2010, the MBD domains of MBD1, MBD2, MBD4 are in fact incapable of 

binding to DNA sequences containing 5hmC [56]. In other words, oxidation of the methyl 

group blocks the reader function of these proteins and they would not be expected to bind 

effectively to 5hmC-enriched regions such as gene bodies or enhancers. When the MBD 

complex plays a major role in repression of a methylated target, 5mC oxidation will likely 

alleviate this repression and make the region more permissive for gene activation.

Outside of the MBD family, there are other proteins that can preferentially interact with 

target sequences containing 5mC. Plant genomes encode several proteins with SET and 

RING finger associated (SRA) domains [87]. In mammals only two such proteins exist, 

UHRF1 and UHRF2. UHRF1 is well characterized as a DNMT1 regulator that ensures the 

maintenance of DNA methylation at hemimethylated sites after DNA replication [88]. The 

function of UHRF2 is less well understood.

Other DNA binding proteins with a preference for CpG-methylated DNA include certain 

members of the zinc finger and BTB/POZ domain (ZBTB) containing protein family, 

perhaps the best studied being the protein ZBTB33 (also known as KAISO) [89]. These 

proteins generally function as transcriptional repressors. An experimental screening system 

has identified additional transcription factors that preferentially bind to methylated DNA 

sequences [90]. Most of these factors were members of the extended homeodomain family. 

Not much information is available on how the different categories of 5mC-binding proteins 

interact with oxidized 5mC target sequences. Binding of ZBTB2 was inhibited when 5hmC 

was placed into its binding site [91].

In summary, one major function of 5hmC (and perhaps also 5fC and 5caC) may simply be a 

blocking function whereby the oxidation of 5mC prevents recognition of methylated CpG 

sequences by methylated DNA binding proteins [56]. If 5hmC indeed is mostly a negative 

mark, perhaps the term anti-reader modification may be appropriate.

5hmC-binding proteins

To identify proteins that bind to 5hmC using an unbiased approach, proteomic analysis was 

used to screen for proteins that bind to DNA sequences containing this modified base [92, 

93]. A limited number of proteins were identified. Proteins recovered in more than one cell 

type included UHRF1, WDR76, THY28, and NEIL1 [93]. Some of these proteins have other 

known functions; for example, UHRF1 is a factor that binds to hemimethylated CpGs and 

NEIL1 as a DNA repair protein recognizing oxidized guanines. WDR76 has been described 

as a DNA damage response protein [94], but in another study it was characterized as a 

protein that destabilizes the RAS oncoprotein [95]. The nuclear protein THY28/THYN1 is 

not well characterized. The other study, also using embryonic stem cells, found only a few 

proteins binding to 5hmC including the ribosomal protein RPL26 and the mismatch repair 

protein MSH6 [92]. These proteomics results rely on incorporation of 5hmC into specific 

sequence contexts. However, proteins may exist that recognize the modified base in a 

different sequence context.
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Some publications have identified putative readers of 5hmC in a candidate protein-based 

approach. One study suggested that the methyl-CpG binding protein MBD3 binds to 5hmC 

at CpG sites [96]. This result has not been confirmed in other studies [92, 93, 97]. MECP2 

was initially shown to bind preferentially to 5hmC [98], but this protein seems to bind more 

strongly to 5mC than to 5hmC at CpG sequences [32, 93, 99, 100].

The SRA domain of UHRF1 and/or UHRF2 may be a specific reader of 5hmC [93, 101]. 

This idea has not remained without controversy [102]. The binding of UHRF2 to 5hmC-

containing DNA has been characterized in a study using X-ray crystallography (Figure 3A) 

[103]. This protein can interact with symmetrically hydroxymethylated and hemi-

hydroxymethylated CpG sites with moderately higher affinity than it binds to hemi-

methylated DNA, that is DNA that contains 5mC on one strand only. The structural analysis 

of the UHRF2 SRA domain shows that the 5hmC base is flipped out of the DNA double 

helix and becomes inserted into the UHRF2-SRA pocket (Figure 3A), in a mechanism 

similar to that used by other DNA interacting baserecognizing enzymes or proteins [104], 

such as the interaction between the UHRF1 SRA domain and hemi-methylated CpG DNA 

(Figure 3B) [105-107]. It is unknown what physiological role the UHRF2-5hmC interaction 

may have. Binding of UHRF2 to 5hmC target sequences may be regulated by specific 

factors such as ZNF618 [83].

It was suggested that the SOS response-associated peptidase (SRAP) domain family of 

proteins functions as a DNA-localized autoproteolytic switch to recruit certain DNA 

processing enzymes to sites of DNA damage [108]. Interestingly, C3ORF37/HMCES 

(hydroxymethylcytosine binding, ESC-specific), a eukaryotic member of the SRAP family, 

was found as a protein binding to oxidized 5mC derivatives [93]. Indeed, later it was 

reported that HMCES binds to oxidized forms of 5mC, including 5hmC, and catalyzes 

conversion of these bases to unmodified cytosine through the activity of an autopeptidase-

coupled nuclease [109]. However, the HMCES protein is conserved in all domains of life 

including prokaryotes, in which 5hmC does not exist. In a more recent publication, HMCES 

was characterized as a sensor of abasic sites in single-stranded DNA, which acts at 

replication forks and generates a DNA-protein crosslink to shield these abasic sites from 

error-prone processing or breakage [110]. In that study, HMCES had no preference for 

modified cytosines and HMCES overexpression or deletion studies did not give evidence for 

altered levels of 5mC or 5hmC.

Using affinity purification, SALL1 and SALL4 were identified as having preferential affinity 

for 5hmC [97]. These zinc finger proteins are highly expressed in embryonic stem cells 

where they cooperate with NANOG in the pluripotency network. SALL4 is often 

overexpressed in cancer. Xiong et al reported that the longer isoform of SALL4A contains a 

5hmC-binding zinc finger cluster and that both SALL1 and SALL4 preferentially occupied 

enhancer regions. They showed that SALL4A cooperated with TET2 to promote the further 

oxidation of 5hmC leading to DNA demethylation at enhancer regions. However, a direct 

interaction between SALL4A and TET2 could not be demonstrated [97].

In vitro studies have shown an increased binding of certain transcription factors to binding 

sites that contain 5hmC. 5hmC dramatically enhanced binding of the helix-loop-helix 
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transcription factor TCF4 to E-box motif sequences ACATGTG and ACACGTG [111]. 

Considering the fact that there are a large number of factors that prefer 5mC in their DNA 

recognition sequences [90], it wouldn't be all that surprising if there were a set of sequence-

specific factors that prefer motifs containing 5hmC.

To summarize current knowledge of 5hmC binders, there is structural evidence for a defined 

interaction of UHRF2 with 5hmC-containing DNA, although a physiological role of this 

interaction has not yet been determined. SALL4A and SALL1 may be specific factors that 

can recognize 5hmC and stimulate its conversion to 5fC and 5caC under certain 

circumstances. The overall evidence for other specific 5hmC readers in mammals is still 

incomplete, and although a small set of such interactors have been found [92, 93], there are 

not many follow-up studies that have characterized them in more detail. It should be kept in 

mind that certain cell types, such as neurons contain abundant amounts of 5hmC, and it 

would seem plausible that such cell types express proteins that recognize this mark. A more 

detailed biochemical identification and characterization of 5hmC-binding proteins in brain 

tissue would therefore seem necessary to make progress in this area.

5fC-binding proteins

Affinity purification and identification of bound proteins by mass spectrometry-based 

analysis has been used to detect candidate proteins that recognize 5fC or 5caC in DNA 

templates [92, 93]. Perhaps due to their increased polarity or negative charge, a greater 

number of putative reader proteins for 5fC and 5caC was found compared to the number of 

5hmC-binding factors [92, 93]. This is in some way a counterintuitive result, because 5fC 

and 5caC are different from 5hmC in terms of their much lower abundance. Why would 

these modifications then be associated with a larger number of putative reader proteins? 

Regarding their genomic location, 5fC and 5hmC are most abundant near enhancer regions 

where they are thought to be removed by base excision repair leading to complete DNA 

demethylation [67, 68]. Of note, the numerous identified 5fC and 5caC interactions with 

candidate readers have not yet been further analyzed by biochemical methods. Recent 

studies have shown that 5fC can be a chemically stable DNA base in cells [39] also 

suggesting that there may be proteins that specifically recognize this modification.

One unique chemical property of 5fC is that the formyl group is capable of mediating DNA-

protein crosslinks through the formation of a Schiff base with amino acids. This has indeed 

been demonstrated for 5fC interactions with lysine side chains of histones [112, 113]. The 

presence of 5fC in nucleosomal DNA was shown to be associated with increased 

nucleosome occupancy perhaps due to Schiff base formation and with increased 

transcription linked to such nucleosome-associated enhancers [114]. However, these 5fC-

associated protein crosslinks may not always have a physiologically beneficial role but could 

be detrimental to the cells, for example by interfering with DNA replication [115].

5caC-binding proteins

Even though 5caC is of very low abundance in cells, several proteins have been shown to 

specifically recognize this modification [30, 35, 45, 74, 93, 116-118].
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As first reported in 2011, the protein thymine DNA glycosylase (TDG) was found to bind 

and remove the 5caC base through its DNA glycosylase activity [30, 35]. TDG had earlier 

been characterized as an enzyme capable of excising thymine bases from T/G mispairs [36, 

119]. Initial structural studies of the human TDG catalytic mutant (N140A) with a DNA 

duplex containing an A·caC or G·caC, respectively, showed that the 5caC base is flipped out 

of the DNA helix and inserts into a pocket of the enzyme [116, 118]. TDG is capable of 

removing 5fC and 5caC from DNA but has much lower affinity towards 5hmC or 5mC 

residues in DNA templates [116].

Although TDG effectively recognizes and removes 5caC, this reaction may not represent a 

real epigenetic reader function. However, a few other studies have now shown that 5caC may 

have a more direct role in regulating transcription and DNA methylation turnover. For 

example, Wilms tumor protein 1 (WT1), a transcription factor with a recognition sequence 

5’-GCG(T/G)GGGCG-3’, can interact with its recognition site when 5caC is present, as 

determined by a crystal structure [117]. The MAX protein, a binding partner of the MYC 

transcription factor, has a preference for a recognition sequence (5’-CACGTG-3’) when the 

central CpG site contains 5caC or C, but a much lower affinity when there is 5mC, 5hmC, or 

5fC [120]. Similarly, cytosine carboxylation has a strong positive impact on TCF4 binding to 

DNA [121]. This data suggests that 5caC can have a different epigenetic meaning relative to 

the other cytosine modifications.

Other structural work has shown that 5caC, when located within transcribed gene regions, 

can result in diminished RNA polymerase II-mediated transcription elongation due to arrest 

of the polymerase by the 5caC modification [45]. Certain DNA polymerases may similarly 

be impeded by this base. These negative effects of 5caC on polymerase progression in 

transcription or DNA replication may explain its rapid removal from cells by DNA repair 

pathways.

The biochemical regulation of TET protein-mediated 5mC oxidation is not completely 

understood. When the enzymatic reaction proceeds beyond 5hmC, and 5fC or 5caC are 

formed, DNA repair may commence relatively quickly. However, it is not known how the 

individual steps are controlled or coordinated. In many cases, DNA demethylation of a 

specific genomic region requires removal of multiple 5mC bases. We found that TET3 

contains a domain that acts as a specific reader module for 5caC [74]. Interestingly, this 

domain, which consists of CXXC-type zinc fingers, is present in only one of the two major 

isoforms of TET3. CXXC domains are present in only about a dozen mammalian proteins. 

Almost all of them have a known epigenetic function and they have commonly been 

characterized by their ability to bind to unmethylated CpG-rich DNA sequences [9]. Indeed, 

the CXXC domain of mouse and Xenopus TET3 can bind to unmodified CpG sequences 

(Figure 4A) [74, 122]. Surprisingly, we found that the mouse TET3 CXXC domain binds 

most strongly to 5’CcaCG-containing DNA and has a very low affinity to 5mC, 5hmC and 

5fC in the same sequence context. Binding to 5caC-containing DNA is about 3-times 

stronger than its binding to unmethylated DNA. The crystal structure of the mouse TET3-

CXXC domain with a 12-mer DNA sequence containing a central CcaCG site was 

determined at 1.3 Å resolution (Figure 4B) [74]. Supporting the in vitro binding studies, we 

observed that the 5-carboxyl group of 5caC forms direct and water-mediated hydrogen 
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bonds with the side chain amino group of TET3 at Lys88 and forms additional backbone 

contacts. The CcaCG-interacting residues of TET3 are conserved within the TET protein-

associated CXXC domains, but not, for example, in the DNMT1-associated CXXC domains. 

To develop a model for the biological function of 5caC binding by TET3, one can view this 

mechanism as a property of TET3 to get anchored to its reaction product (probably 

transiently), which provides opportunity to TET3 for oxidizing additional 5mC bases in its 

immediate vicinity through its catalytic domain. A number of epigenetic modifier proteins, 

both “writers” and “erasers,” are characterized by the dual presence of a catalytic domain 

and an additional reader domain (often near the N-terminus or C-terminus of the proteins) 

that recognizes the reaction product. This dual domain structure has been described for 

histone acetyltransferases [123], histone methyltransferases [124-126] and histone 

demethylases [127-129]. The double domain organization has been proposed as a means to 

promote genomic specificity and processivity of the epigenetic modifiers at their target 

sequences in vivo.

Conclusions and Perspectives:

Since its discovery about a decade ago, the mechanistic details and biological function of 

5mC oxidation are still only partially understood. These oxidized bases, in particular 5hmC, 

can reach substantial levels in certain tissues or cell types. Therefore, it seems plausible that 

proteins would specifically recognize and interact with DNA sequences that contain 

oxidized 5mC. However, it has been difficult to substantiate reader proteins for 5hmC, 5fC 

or 5caC. The latter two modified bases are clearly recognized by the DNA base excision 

repair protein TDG, which is well supported by biochemical and structural studies. The few 

proteins identified as readers of 5hmC include the SRA domain-containing protein UHRF2, 

but the biological meaning of this binding needs further investigation. SALL4A recently has 

emerged as a protein interacting with 5hmC but no structural study has yet shown the details 

of this interaction. Proteomics and affinity purification approaches have been used to 

identify a larger set of proteins that may bind to 5fC and 5caC, but for the most part there is 

not yet much further information about the details or biological meaning of these 

interactions. A few specific protein domains that bind to oxidized 5mC bases have emerged 

(e.g. the SRA domain for 5hmC and the CXXC domain for 5caC) but additional oxidized 

5mC-recognizing proteins or domains may exist and may function only in specific sequence 

contexts or in specific cell types.

Oxidized 5mC bases may primarily be intermediate products of TET protein-initiated DNA 

demethylation pathways. It is likely that in many settings the oxidized bases are able to 

promote replication-dependent inhibition of DNA methyltransferase function, which will 

lead to loss of DNA methylation. One should also consider the possibility that 5hmC is a 

remnant of TET protein activity. For example, 5hmC accumulates at enhancers in the 

context of enhancer activation, a process that involves active DNA demethylation [66]. A 

well-supported view has been that oxidized 5mC is primarily a ‘negative’ epigenetic mark 

that prevents the binding of proteins that would otherwise strongly interact with 5mC, such 

as the methyl-CpG binding protein (MBD) family, and that the purpose of 5mC oxidation is 

to alleviate the repression imposed by MBDs and their associated repressor complexes. 

Further in vivo studies should be performed to test this model.
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Highlights:

• In this review, we discuss the potential function of 5-methylcytosine oxidation 

in the context of DNA-protein interactions.

• We examine putative readers of oxidized bases in terms of available structural 

and mechanistic insights.

• We consider the genomic positions of oxidized 5-methylcytosine residues and 

how this knowledge may be used to deduce a potential role of the oxidation 

process.

Pfeifer et al. Page 19

J Mol Biol. Author manuscript; available in PMC 2021 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Outline of the DNA demethylation pathway initiated by 5mC oxidation.
The model shows details of the TET protein-catalyzed, 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 structures of 5mC readers in complex with 5mC-containing DNA.
(A) Ribbon diagram of the MBD domain of MBD2 (blue-white) bound to mCpG DNA 

(silver) (PDB 6CNP), with the mCpG site and the interacting protein residues (slate) shown 

in stick representation.

(B) The MBD domain of MeCP2 (light blue) bound to mCpG DNA (salmon) (PDB 3C2I), 

with the mCpG site and the interacting protein residues (green) shown in stick 

representation. In (A) and (B), the hydrogen bonds and water molecules are shown as dashed 

lines and red spheres, respectively.
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Figure 3. Structural comparison UHRF1 SRA - 5mC and UHRF2 SRA - 5hmC interactions.
(A) Ribbon diagram of the SRA domain of UHRF2 (limon) bound to 5hmC-containing 

DNA (magenta) (PDB 4PW5), with the flipped-out 5hmC nucleotide and the interacting 

protein residues shown in stick representation. The hydrogen bonds are shown as dashed 

lines.

(B) The SRA domain of UHRF1 (silver) bound to mCpG DNA (pink) (PDB 3CLZ), with 

the flipped-out 5mC nucleotide and the interacting protein residues (green) shown in stick 

representation.
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Figure 4. Structural comparison of TET3 CXXC - CG and TET3 CXXC - CcaCG interactions.
(A) The CXXC domain of Xenopus Tet3 (aquamarine) bound to unmodified CpG DNA 

(orange) (PDB 4HP3), with the interacting nucleotides and protein residues (green) shown in 

stick representation (B) Ribbon diagram of the CXXC domain of mouse TET3 (slate) bound 

to CcaCG-containing DNA (wheat) (PDB 5EXH), with the interacting nucleotides and 

protein residues (marine) shown in stick representation. The hydrogen bonds are shown as 

dashed lines. The zinc ions and water molecules are shown as purple and red spheres, 

respectively.
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