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Summary 

In mammals, methylation is an epigenetic mark targeting the 5
th

 carbon of cytosine mainly 

in a CpG context producing a methylcytosine (5mC). The majority (70 to 80%) of CpGs are 

methylated but non-methylated in CpG-rich regions, referred as CpG islands (CGI). Repeated 

sequences cover almost half the genome in mammals and are highly methylated in healthy cells. 

In cancer cells, they can be specifically targeted by a demethylation process. However, the 

interest of repeated sequences has long been ignored in favor of the more functionally important 

regulatory regions such as CpG islands. 

DNA methylation is not stable regarding that 5mC is highly sensitive to a spontaneous or 

enzymatic deamination leading to thymine and thus forming G/T mismatch. 5mC can also be 

successively oxidized to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5FC) and 5-

carboxylcytosine (5caC) by TET protein family (TET1, 2 and 3). These modifications 

(deamination and oxidation) of 5mC are considered as participating in active demethylation 

processes. But how the methylation state of these CGIs at silenced promoters is preserved, 

remains, however unclear. In mammals, the thymine in G/T mismatch (deamination product of 

5mC) is recognized and cleaved by TDG and MBD4 glycosylase proteins. TDG is able also to 

specifically recognize and excise the 5FC and 5caC modifications. Therefore, TDG and MBD4 

could play an essential role in the active demethylation process. 

MBD4 is especially intriguing since it is the sole mammalian protein having a methylated DNA 

binding domain MBD (Methyl Binding Domain) associated with a glycosylase domain. In vitro, 

MBD4 possesses a monofunctional glycosylase activity that specifically cleaves the N-glycosidic 

bond of thymidine mismatched to a guanine (G/T), leading to the formation of an abasic site.  

This thesis was to clarify the function of TDG and MBD4 in the dynamics of 5mC. We 

started by identifying proteins associated with MBD4 in vivo trying to understand its mechanism 

of action. To this end, we purified MBD4 complex from HeLa cells.  Analysis by mass 

spectrometry of this complex shows that MBD4 is associated with PMS2, MLH1, MSH2 and 

MSH6 proteins, four proteins involved in DNA mismatch repair (MMR, mismatch repair). The in 

vitro enzymatic tests show that MBD4/MMR complex has a bifunctional glycosylase/ lyase 

activity specific for G/T and directed by methylation. Biochemical analysis of point mutants of 

MBD4 reveals that the integrity of MBD and glycosylase domains is required for this function. 
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Our data suggest an activator and/or enzymatic role of MMR proteins in the bifunctional 

activity of MBD4 complex. To study this hypothesis, we purified recombinant MBD4, 

PMS2/MLH1 dimer and MSH2/MSH6 dimer proteins, and verified that MBD4 protein 

physically interacts with the MMR proteins. In vitro, low nuclease activity was detected with the 

MBD4 protein suggesting that the enzymatic activity of the native complex MBD4/MMR is 

catalyzed by MBD4 and regulated by MMR proteins. 

Considering that the MLH1 protein is the most abundant subunit of MBD4 complex in 

our analysis by mass spectrometry, we wondered whether MLH1 could act as activator of MBD4 

within the MBD4/MMR complex. Consistent with this hypothesis, we reconstituted a 

MBD4/MLH1 complex (Fig. 8A). Interestingly, while the nuclease activity of MBD4 is low and 

is not sensitive to methylation, the complex MBD4/MLH1 shows intense nuclease activity 

strongly induced by the methylation. The lack of enzymatic activity detected with the purified 

complex from a catalytic mutant MBD4 (MBD4 D554A/MLH1), demonstrates that the cleavage 

reaction is catalyzed by MBD4 and is dependent on its binding to MLH1. 

 We then sought to verify the role of TDG in the genome-wide DNA methylation dynamic. 

To this goal, we targeted this enzyme by shRNA technique in MEF cells and characterized the 

distribution of modified cytosine (5mC, 5hmC, 5FC and 5caC). Strikingly, our results show an 

enrichment of modified cytosines specifically at repeat sequences level. While 5mC target all the 

repeated sequences, with a preference for SINEs, oxidized forms (5hmC, and 5caC 5FC) are 

found preferentially in microsatellite (simple repeats). The distribution of 5mC, 5hmC, 5FC and 

5caC at SINEs level in MEFs reveals a dynamic of these changes, regulated by TDG, only at the 

SINEs B1m and B2m family. 

The genomic distribution analysis of SINEs B1m and B2m showed that the most preserved 

mouse specific SINEs are those the most close to a TSS (Transcription Start Site), suggesting an 

important function in the regulation of gene expression.  

The dynamic changes was also observed at LINEs and LTRs. Similar to the obtained 

results at SINEs, the TDG-dependent regulation is observed only at the evolutionary newer retro-

elements (mouse specific lineage), the L1Md family for LINEs and IAP family for the LTRs. We 

concluded that TDG regulates the dynamics of methylation/demethylation at repeated sequences 

during differentiation. Conversely, MBD4 targets promoters repressed by methylation and 

protects them against deamination mechanisms. 
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1.1 Overview of Epigenetics 

 

 All cells of a multicellular mammalian organism, except germinal cells, contain the 

same DNA in terms of nucleotide sequence. Considering that DNA is the layer of 

heredity and cell identity, how can arise cell diversity and differentiation from the same 

DNA sequence? The question is important and is one of the major challenges for the 

scientific community. Epigenetics is the research field that tries to answer this question 

by deciphering a tremendous number of cellular mechanisms of gene regulation 

embedded in the chromatin but not related to changes in DNA sequences.  

 The term “Epigenetic” comes from the Greek prefix “Epi” which means “above” or 

“over” and the term “Genetic” which is related to the study of genes. Therefore, 

“Epigenetic” literally means the study of gene expression variation that is not due to 

alterations of DNA sequences. In other words, it refers to external modifications to DNA 

that turn genes "on" or "off.!

Since it was originally introduced by Conrad Waddington in 1942, epigenetics 

showed a large progression in its understanding. Waddington used the term epigenetic to 

describe heritable changes in a cellular phenotype not related to alterations in the DNA 

sequence. He hypothesized that environmental stimulus could be converted into an 

internal genetic factor. Since then, different definitions of the term epigenetics have been 

proposed. In 2001, Rakyan has redefined the epigenetic as the mechanism of physically 

marking the DNA or its associated proteins to maintain stably gene expression which 

allows genotypically identical cells to be phenotypically distinct (Rakyan et al. 2001). 

Other definition is that “epigenetic” is the stably inherited phenotype resulting from 

changes in a chromosome without alterations in the DNA sequence (Berger et al. 2009). 

These tissue-specific patterns are essential for normal cellular function, and control of 

different stages of development by affecting gene expression (Eckhardt et al. 2006, Jones 

P. L. et al. 1998, Razin and Riggs 1980). Disturbance in these modifications or failure to 

maintain them can induce irregular gene transcription which lead to various forms of 

disease (Robertson 2005). 

 Three categories of signals have been proposed to be accompanied in the 

establishment of a stably heritable epigenetic state: an ‘‘Epigenator’’ which is a signal 

acquired from the environment and triggers an intracellular pathway; the second signal is 
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the ‘‘Epigenetic Initiator’’ and this responds to the Epigenator and defines the precise 

location of the modification on chromatin. The Initiator could be a DNA-binding protein 

or a noncoding RNA. The third type of signal is the ‘‘Epigenetic Maintainer’’ to sustain 

the chromatin environment in the first and subsequent cell generations. Epigenetic 

Maintainers involve many different epigenetic marks. These various maintainer marks 

act together as an epigenetic machinery complex (Illingworth and Bird 2009). 

 At the molecular level, an epigenetic mark is by definition a chemical signal outside 

DNA or above DNA that regulates gene expression and that is transmitted to its descent. 

There are many different epigenetic marks, including DNA methylation, histone post-

translational modifications, histone variants, micro-RNAs (Berger et al. 2009, Bronner et 

al. 2010) and we might imagine that more new epigenetic marks can be uncovered in a 

near future. 

 As my thesis work is dealing with DNA methylation, my manuscript will mainly 

focus on this epigenetic mark. However, we have to keep in mind that DNA methylation 

is intemely connected to other epigenetic marks such as for instance methylation of lysine 

9 of histone H3, mediated by UHRF1 (Liu X. et al. 2013). 

 

 

1.2 DNA methylation 

 

 DNA methylation occurs on the 5th carbon of cytosine in eukaryotes leading to 

form 5’-methylcytosine (5mC), whereas in prokaryotes, it happens on various bases 

giving rise to 5-methylcytosine, N6-methyladenine and N4-methylcytosine, and 

contributes to host restriction systems and protects the cells from foreign genetic material 

such as viral DNA and destruction by proper restriction enzymes. DNA methylation is a 

stable epigenetic mark that plays a key role in several biological functions including gene 

expression regulation, transposon silencing, X chromosome inactivation, imprinting, cell 

differentiation, development and other diverse processes (Bird A. 2002, Cedar and 

Bergman 2012). DNA methylation is a post-replicative mechanism that refers to transfer 

of a methyl group from the methyl donor S-adenosyl methionine (SAM) to cytosine 

(Figure 1).  
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Figure 1 – Cytosine methylation on 

the 5-position in a reaction 

catalysed by DNMT enzymes using 

S-adenosyl methionine as a 

substrate. 

 

 

 

 

The methylated cytosine was first reported in 1948 by using paper chromatography 

(Hotchkiss 1948). Later, it was suggested that this modification of DNA can serve as a 

heritable epigenetic modification that conveys the epigenetic memory to progeny cells 

(Holliday and Pugh 1975, Riggs 1975). The fraction of methylated cytosine in humans is 

0.76-1% depending on tissues, corresponding to 4-5% of all cytosine bases (Ehrlich et al. 

1982). The human sperm DNA is highly methylated as that of eggs. However, after 

fertilization the paternal becomes rapidly demethylated, whereas that of the maternal 

undergoes slower demethylation (Figure 5). Paternal and maternal genomes become 

remethylated at the right place and at the right moment, through as a yet mysterious 

mechanism, which might also affect non-CpG regions. 

DNA methylation is established and maintained by a family of DNA 

methyltransferases (DNMTs), which will be now reviewed. 

 

 

1.3 DNA methyltransferases 

 

 The DNA methyltransferases (DNMTs) family fits into two general classes based 

on their preferred DNA substrate, and the way to achieve this process. First, DNMT3A 

and B establish de novo methylation patterns at previously unmethylated cytosine after 

embryos implantation during early stages of mammalian development, that leads to a 

wide spread of global DNA methylation, and second, the established global methylation 

patterns are faithfully maintained through the action of DNA methyltransferase1 

(DNMT1) enzyme. This enzyme is able, with the help of its obligate functional partner 

UHRF1 (Ubiquitin-like containing plant homeo-domain and RING finger domain 1), to 

recognize the hemi-methylated DNA resulted from DNA replication. The hemi-

methylated double strand DNA is specifically recognized by the SRA (Set and Ring 
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Associated) domain of UHRF1. The SRA-DNA interaction may serve as an anchor to 

keep UHRF1 at a hemi-methylated CpG site, where it recruits DNMT1 for DNA 

methylation maintenance, i.e., methylation of the newly synthesized DNA strand (Arita et 

al. 2008, Avvakumov et al. 2008, Bostick et al. 2007, Hashimoto et al. 2008, Sharif et al. 

2007). An attractive model has been proposed, which suggests that UHRF1 is sliding 

along the DNA in order to detect the hemimethylated CpG (m1/2CpG) and once it had, a 

“message” would be transmitted to DNMT1 through a yet unidentified mechanism 

(Bronner et al. 2010) and then UHRF1 would slide to the next m1/2CpG. This will ensure 

the duplication of symmetric DNA methylation patterns. 

It is evident that this model cannot be applied for asymmetric DNA methylation 

inheritance. Accordingly, it has been proposed that DNMT3A is involved in DNA 

methylation maintenance in non-CpG regions (Ramsahoye et al. 2000). 

 A fourth DNA methyltransferase is called DNMT2. This DNMT family member 

shows a weak DNA methyl-transferase activity in vitro (Hermann et al. 2003). But it 

seems not to have an essential role in setting DNA methylation patterns because targeted 

deletion of the DNMT2 gene in embryonic stem cells causes no detectable effect on 

global DNA methylation (Okano et al. 1998). An other DNMT-related protein, called 

DNMT3L, has not DNA methyltransferase activity, but associates physically with 

DNMT3A and DNMT3B and modulates their catalytic activities (Okano et al. 1999). 

Most of DNMT proteins share common C-termini that are responsible for the 

methyltransferase activity, while the N-terminal part of DNMT3A and DNMT3B consists 

of a cysteine-rich domain and a tryptophan-rich region (PWWP) domain (Figure 3). This 

tryptophan-rich domain is required for directing enzymes to the major satellite repeats at 

pericentric heterochromatin (Chen T. et al. 2004). 

 DNA methyltransferases are essential for viability as mice with disrupted alleles of 

DNA-methyltransferase1 (Dnmt1) or double-null for Dnmt3a and Dnmt3b die early in 

embryogenesis and show inappropriate expression of a large number of genes (Li E. et al. 

1992, Okano et al. 1999). 
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Figure 2; Structure of DNA methyltransferases. The N-terminal contains motifs of interaction 

with proteins or DNA. The C-terminal contains the conserved methyltransferase domains. NLS 

stands for nuclear localization signal; CXXC for cysteine rich region; BAH for bromo-

adjacent homology domain; PWWP for proline-tryptophan-tryptophan-proline domain; ADD 

for ATRX-DNMT3-DNMT3L-type zinc finger domain; and Mtase stands for methyltransferase 

domain. 

 

 

 

1.4 Genomic distribution of DNA methylation 

 

In adult mammals, cytosine methylation occurs almost exclusively at CpG 

dinucleotides (a cytosine and a guanine separated by a phosphate). An interesting study 

performed on two cell lines, i.e., IMR90 (fetal lung fibroblasts) and H1 (human 

embryonic stem cells) showed that in fetal cells 99,98% of cytosine methylation is 

located within CpG dinucleotides whereas in embryonic stem cells cytosine methylation 

was found in different context: in CpG dinucleotides (75,5%), in CHG (17,3%) and in 

CHH (7,2%), where H accounts for A, T or C (Lister et al. 2009). These results have been 

confirmed later by several studies supporting that cytosine methylation can be found 

outside of CpG, providing that cells arise from embryonic stem cells (Laurent et al. 2010, 

Lister et al. 2009, Ziller et al. 2011). A comparative study among different ESC lines 

showed that the highly methylated non-CpG sites were conserved at TACAG (Chen P. Y. 

et al. 2011). 

 Altogether, these studies support the notion that gametic genomes, which are 

heavily methylated, undergo demethylation followed by remethylation through CpG 

dinucleotides but also through CHH and CHG. The requirement through these later is not 
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clear but may involve DNA methyltransferases other than DNMT1. In Arabidopsis 

thaliana, DNA methylation frequently occurs at CpG, CHG and CHH, which is 

maintained by CMT3 and DRM2, respectively (Law and Jacobsen 2010). It appears that 

in mammals DNMT3A and DNMT3B are involved in the maintainance of non-CpG 

methylation (Arand et al. 2012). However, so far the mechanisms of non-CpG 

methylation maintenance, establishment and functions are still elusive. 

 

 

1.4.1 CpG islands methylation 

 

 As seen before, the methylation happens mostly on cytosine within CpG 

dinucleotides. The majority of CpG sites (approximately 70-80%) throughout the genome 

are methylated (Bird A. 2002, Ehrlich et al. 1982). These methylated CpGs are not 

randomly distributed across the genome, they are instead mainly distributed within 

repetitive elements such as SINEs (Short INterspersed Elements), LINEs (Long 

Interspersed Elements) or LTRs (Long Terminal Repeats) and coding regions of 

functional genes, while unmethylated CpGs are often found clustered in CpG rich DNA 

regions called CpG islands (CGI). CGIs are defined as DNA regions of around 500 bp in 

length with a G-C content greater than 55% (Takai and Jones 2002). Most of CGIs co-

localize with promoters in mammalian genome, and approximately 70% of mammalian 

gene promoters contain CGIs. These CGIs remain unmethylated in the majority of 

promoters, especially those located at the promoters of housekeeping genes and tumor 

suppressor genes (TSGs) (Illingworth and Bird 2009). However, in pathological 

situations, such as cancer, promoters can be abnormally methylated, particularly those of 

TSGs (Alhosin et al. 2011). 

Repetitive DNA elements, also known as retroelements (REs), have been reported to 

exhibit various deleterious effects on genome structure and functioning ( Figure 2). Given 

that the most of the methylated cytosines in mammalian genome reside in repetitive 

elements, it has been proposed that DNA methylation evolved primarily to suppress the 

activity of transposable elements and to protect the host cell (Yoder et al. 1997). 

Supporting to this, hypomethylation of REs was demonstrated to be associated with 

genomic instability in cancer (Daskalos et al. 2009).
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 Figure 3; Different mechanisms of RE influence on gene transcription. Red boxes retroelements, green 

boxes gene exons, green arrow gene transcriptional start site, purple oval enhancer element. (Gogvadze 

and Buzdin 2009).  

 

Currently, more than 175 families of SINEs have been described in a wide variety of 

eurkaryotes, whereas in mammals around 70 families are supposed to exist (Vassetzky 

and Kramerov 2013). SINEs are DNA sequences of typically 100 to 500 base pairs in 

length (Singer 1982). In contrast, LINEs are 5000 to 8000 base pairs length (Treangen 

and Salzberg 2011). They can occupy more than 10% of the genome under the existence 

of more than 1 million of copies (Ichiyanagi T. et al. 2013). SINEs are nonautonomous 

retrotransposons transcribed by the cellular RNA polymerase III (pol III) from an internal 

promoter, and their reverse transcription depends on the reverse transcriptase of partner 

LINEs (Gogvadze and Buzdin 2009). In contrast, LINEs can be autonomous, i.e., they 

encode the proteins necessary for their proliferation and transposition. They are 

transcribed by the cellular RNA polymerase II (Vassetzky and Kramerov 2013). Regions 

enriched in SINEs and LINEs are found in different parts of the genome, i.e., in gene-rich 

and gene-poor respectively (Lander et al. 2001). 

 Human Alu, and mouse B1 & B2 are among the most represented retrotransposons 

in mammalian genomes. These elements can amplify their copy numbers by transposition 

via transcription. The human Alu of approximately 290 bp in length carries up to 25 CpG 

sites both inside and outside of its Pol III promoter. These CpG sites are highly 

methylated in somatic tissues. This methylation results in inhibition of Pol III binding and 

therefore in prevention of Alu and tRNA transcription (Besser et al. 1990, Englander et 

al. 1993, Liu W. M. and Schmid 1993). The underlying mechanism is a hindering of the 
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TFIIIC (a co-factor of PolIII) to the A- and B- boxes, and thus, Pol III cannot load to the 

promoter. 

The mouse B1 (145bp) contains up to 8 CpG sites in its sequence and is highly 

methylated in somatic cells but weakly in germ cells and in preimplantation embryos. 

The level of methylation in B1 is negatively correlated with RNA abundance (Ichiyanagi 

K. et al. 2011). Considering that SINEs are closely located to transcription start sites 

(TSS) of PolII genes, it has been suggested that methylation of mouse B1 SINEs can 

harbor gene expression regulatory mechanism (Ichiyanagi et al. 2013*+!

!

 

1.4.2 Non-CpG methylation 

 

 Non-CpG methylation, i.e., methylation that occurs at cytosine in CHH or CHG 

trinucleotides, is known to be enriched in germ cells and ES cells (Lister et al. 2009, 

Tomizawa et al. 2011). Non-CpG methylation, are mainly found in SINEs, LINEs and 

LTRs. These retrotransposable elements constitute about half of mammalian genomes 

(Deininger and Batzer 2002) and have long been considered as selfish or junk DNA 

(Orgel and Crick 1980). Recent findings, however, suggest that some of these elements 

may exert gene regulation as well as chromatin structure organization functions. 

 Non-CpG methylation, in contrast to CpG methylation, is asymmetric, hence it is of 

interest to study the methylation patterns of DNA on both strands. This was recently done 

in H1 cells, (embryonic stem cells) by Guo et al., (2014), who observed that in introns, 

non-CpG sites are more heavily methylated on the antisense strand than those on the 

sense strand. Such skew of non-CpG methylation was not observed in exons but was 

more pronounced at intron boundaries (Guo et al. 2014).  

 

 

1.5 CpG islands and Establishment of a permissive chromatin 

 

 Non-methylated CGIs are recognized by a family of zing finger (ZF-CXXC) 

proteins which contributes to the establishment of a permissive chromatin. The CXXC 

finger protein 1 (CFP1) binds to non-methylated CGIs and recruits the SET1 

methyltransferase activity complex to these regions (Lee and Skalnik 2005). SET1 
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complex catalyzes the histone H3 lysine 4 tri-methylation (H3K4me3) (Thomson et al. 

2010). H3K4me3 serves as a platform recruitment of PHD domain proteins (Plant Homeo 

Domain) such as TFIID, ING4 containing histone acetyltransferase (HAT) and NURF, 

which are known to be involved in the initiation of transcription (Blackledge and Klose 

2011). Similar to CFP1, the lysine-specific demethylase 2A (KDM2A) specifically binds 

non-methylated CGI, but acts in a different way. KDM2A catalyzes the demethylation of 

H3K36me2 (Blackledge et al. 2010), a modification recognized by the histone 

deacetylase HDAC activity complex, known to exert gene transcription inhibitory 

activity. Thus, ZF-CXXC domain proteins cooperate at a single CGI to form a unique 

chromatin architecture (without H3K36me2 and enriched with H3K4me3), which provide 

ideal conditions to promote the initiation of transcription. 

Non-methylated CGIs are also recognized by the TET1 protein, which unlike CFP1 and 

KDM2A, is involved in the recruitment of polycomb repressor complex family PRC1 and 

PRC2 (Wu H. et al. 2011). TET1 recruits PRC2, which catalyzes the histone H3 lysine 27 

tri-methylation (H3K27me3). This modification is then recognized by PRC1, which in 

turn inhibits transcription elongation by promoting histone H2A ubiquitination and 

chromatin compaction (Eskeland et al. 2010, Stock et al. 2007). This mechanism of 

transcription repression is independent of CGI methylation. 

The analysis of methylation distribution across the whole genome (or methylome) in 

somatic cells showed that, a fraction of CGI becomes methylated in a tissue-specific 

manner during developpement (Mohn et al. 2008, Weber et al. 2005). The majority of the 

CGI-promoters, that acquires methylation during cell differentiation, is already 

suppressed by the polycomb proteins within ESCs (Mohn et al. 2008), demonstrating that 

DNA methylation is not an initiator event in transcriptional repression, but rather acts as 

a heritable epigenetic marker which maintains repression in time 

 

 

1.6 DNA methylation and regulation of transcription 

 

 DNA methylation is now well-known to play a role in regulating gene expression 

and chromatin structure beside its role in imprinting, X-chromosome inactivation and a 

possible role in silencing of repetitive DNA elements (Li E. 2002). 

 DNA methylation has long been found to be associated with a repressed chromatin 
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state (Bird A. P. and Wolffe 1999). In 2011, by associating RNA-sequencing approach 

with Whole-Genome-Bisulfite-Sequencing (WGBS), Bell and colleagues showed a 

genome-wide significant negative correlation between DNA methylation and gene 

expression level, and that the hypomethylated regions colocalize with the CGI-containing 

TSS of highly expressed genes (Bell et al. 2011). The effect of DNA methylation on gene 

control depends on the distribution of methylation (position of 5mC) on the 

transcriptional unit. For example, methylation at TSS blocks transcriptional initiation, 

whereas the methylation in gene body could stimulate transcription elongation, and may 

also have an impact on splicing (Jones P. A. 2012). At repeat regions such as 

centromeres, methylation has been suggested to suppress the expression of transposable 

elements, while at the same time allowing transcription of the host gene to run through 

them, and thus to have a role in genome stability (Li E. 2002, Yoder et al. 1997). 

Enhancers have low CpG content, however, methylation at these regions has been 

suggested to regulate their activity (Lister et al. 2009), whereas oxidation of 5mC to 

5hmC leads to enhancer activation (Serandour et al. 2012). 

  

There are two known mechanisms by which DNA methylation affects gene expression: 

 First, modification of cytosine bases can interrupt the association of some DNA 

binding transcription factors (TFs) with their cognate DNA recognition sequences. Most 

of transcription factors in mammals have GC-rich binding sites, and binding of several of 

these factors is impeded or abolished by methylation of CpG (Bird A. P. and Wolffe 

1999, Watt and Molloy 1988). Consistent with these observations, it has been found that 

CGIs that remain unmethylated in normal and in malignant cells contain specific 

sequence motifs that are identical to the consensus sequence for general TFs (Gebhard et 

al. 2010). The absence of methylation, at these transcription factor binding sites, is 

important for facilitating the binding of these factors to their target genes (Bell et al. 

2011). Some examples validating this model include E2F1, CREB and c-myc 

(Campanero et al. 2000, Iguchi-Ariga and Schaffner 1989). 

 Second, proteins that recognize and bind methylated cytosine at CpG (methyl-CpG-

binding proteins MBPs) recruit transcriptional co-repressor molecules to silence the 

transcription of genes (Nan et al. 1993). These recruited co-repressors modify the 

surrounding chromatin to be in a repressive state providing a link between DNA 

methylation and chromatin remodelling modification during the regulation of gene-

expression (Cedar and Bergman 2009, Thomson et al. 2010, Zhang Y. et al. 1999). It has 
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also been shown that DNA methylation levels correlate negatively with the presence of 

histone marks that target active genes such as H3K27ac, H3K4me3 and H3K9ac which 

are positively correlated with transcription levels (Heintzman et al. 2009, Lister et al. 

2009). 

 

 

1.7 Methyl-CpG binding proteins as intermediates in transcriptional   

 repression 

 

 So far, three families of proteins are known to bind methylated DNA, methyl-CpG 

binding domain (MBD) protein family, Kaiso and Kaiso-like proteins and SET and Ring 

finger Associated (SRA) protein family. 

At present, it is established that methyl-CpG binding proteins interact with histone 

deacetylases and histone methylase activities, that modify chromatin leading to the 

prevention of transcription initiation (Bird A. P. and Wolffe 1999). Each of these MBPs 

has a role in repressing the transcription in a DNA methylation-dependent manner. These 

MBPs will now be discussed. 

 

 

1.7.1 Methyl-CpG binding domain proteins (MBDs) 

 

The MBD family consists of the methyl-CpG-binding protein 2 (MeCP2), the 

methyl-CpG-binding-domain proteins MBD1, MBD2, MBD3 and MBD4 (Buck-

Koehntop and Defossez 2013, Defossez and Stancheva 2011). These family members 

have been shown to play an intermediate role in gene repression.  

 

1.7.1.a MeCP2  

 MeCP2 was the first discovered methyl-CpG binding protein member by Adrian 

Bird in 1992 (Lewis et al. 1992). This protein contain two fonctional domains, a N-

terminal methyl-CpG binding domain (MBD) and a C-terminal transcriptional repression 

domain (TRD) (Nan et al. 1993). MeCP2 was co-purified with Sin3A/HDAC2 complex 

in mammalian cells, which interaction is essential for MeCP2-mediated transcription 
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repression (Jones P. L. et al. 1998). Nan and colleagues showed by co-

immunoprecipitation that the interaction of MeCP2 with Sin3A/HDAC2 complex is 

occurring via the TRD domain, and they went to confirm the transcriptional repression 

fonction of this interaction by transfection, using a Gal4-targeted TRD. Furthermore, they 

could show that the HDAC inhibitor, trichostatin A (TSA) can partially modulate the 

induced repression of a reporter gene that contain GAL4 DNA-binding sites (Nan et al. 

1998). MeCP2 interacts also with ATRX (Alpha Thalassemia/Mental Retardation 

Syndrome X-Linked) and Brahma (Brm1), which belong to SWI/SNF chromatin 

remodelling complex, this interaction results in transcription repression of the associated 

genes (Kokura et al. 2001). In spite of its role as a transcriptional repressor, MeCP2 was 

found to associate with the transcription activator CREB1 at the promoters of active 

genes. Moreover lack or overexpressed MeCP2 in the hypothalamus of mice leads to 

changes either positively or negatively of expression levels of thousands of genes, and 

most of these genes seemed to be activated by MeCP2 (Chahrour et al. 2008). 

 

1.7.1.b MBD1 

 MBD1 protein acts as a histone deacetylation-independent transcriptional repressor 

(Ng et al. 2000). In contrast, MBD1 seems to act on histone H3 lysine 9 (H3K9) 

mrthylation as it is found to interact with two (H3K9) methylase activities, SETDB1 and 

SUV39H, as well as the heterochromatin protein HP1 (Sarraf and Stancheva 2004). It has 

been described that H3K9me2/3 recruits HP1!/", which then recruits the H3K9 

methyltransferase SUV39H1, which in turn methylates more heavily H3K9. This 

propagation of the H3K9me2/3 mark and HP1, itself, then serve to bind additional 

proteins leading to heterochromatin formation conducting to gene silencing (Lachner et 

al. 2001). In addition the C-terminus of MBD1 binds AM/MCAF the co-factor of 

SETDB1 (SET domain, bifurcated 1). This binding leads to stimulate SETDB1 activity in 

order to allow more efficient di- and trimethylation of H3K9 (Fujita et al. 2003, Wang et 

al. 2003). 

 

1.7.1.c MBD2/MBD3  

 MBD2 and MBD3 have almost similar structure and outside the MBD domain they 

have 77 % identity to each other. But in spite of this similarity, they do not have the same 

affinity toward the methylated DNA. In contrast to MBD2, MBD3 cannot specifically 
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bind methylated DNA because it has a phenylalanine instead of the conserved tyrosine at 

position 34 (Fraga et al. 2003). These two proteins co-purified with the protein complex 

NuRD (nucleosome remodelling and histone deacetylation), which contains chromatin 

remodelling factors such as ATPase Mi-2, HDAC1 and HDAC2 histone deacetylases 

(Zhang Y. et al. 1999). 

 

1.7.1.d MBD4  

 MBD4 has a special structure within the MBD protein family. Beside its MBD 

domain, it exhibits a DNA glycosylase domain. The MBD of this protein has a high 

affenity to bind to symmetrically methylated DNA. It has also been shown, by GFP 

fusion MBD4, that this protein localised in a methylation-dependent manner to the peri-

centromeric heterochromatin (Hendrich and Bird 1998). MBD4 has been described as an 

HDAC-dependant transcriptional repressor as it is able to recruit HDAC complexes to the 

hypermethylated promoters of the p16
INK4a and hMLH1 genes, and the knockdown of 

Mbd4 leads to an upregulation of these genes (Kondo et al. 2005). 

 Unlike to the other MBDs, MBD4 can bind to T:G mismatches (deamination 

product of methyl-Cytosine). Via its glycosylase domain, MBD4 can efficiently remove 

thymine from T:G mismatch to restore 5mC at the CpG sites (Hendrich et al. 1999). The 

ability of MBD4 to excise the T (deaminated m5C) from TpG to be replaced by a new C, 

which will be subsequently remethylated, could be a key mechanism in maintaining 

and/or repairing the methylation state of these regions. By this action, MBD4 participates 

to maintain the CGIs in a methylated state at the promoters of the methylation-dependent 

repressed genes. This role could reflect another indirect way by which MBD4 ensures the 

role as a methyl-CpG-dependent transcritional repressor. 

 

1.7.2 Kaiso and Kaiso-like proteins 

 Similar to MBD family, this group of proteins specifically bind to methylated 

CpGs. Kaiso and Kaiso-like proteins have no structure similarity with MBDs and consist 

of an N-terminal POZ domain and C-terminal zinc finger domain. They use the zinc 

finger domain to bind the methylated CpGs. Via the zinc finger domain, Kaiso binds also 

to DNA regions that lack CpG dinucleotides with a mild affinity (Daniel et al. 2002).  

Kaiso family proteins repress transcription in HDAC-dependent pathway. Indeed, 

Kaiso was shown to co-purify with NCoR (nuclear receptor co-repressor), from HeLa 
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cell nuclear extracts, containing histone deacetylase HDAC3. Furthermore, it has been 

reported that the association of Kaiso with NCoR is required for silencing of methylated 

MTA2 (Metastasis-associated protein) promoter (Yoon et al. 2003). Moreover, it has been 

shown that the depletion of Kaiso protein leads to derepression of methylated genes in 

Xenopus embryos (Ruzov et al. 2004). Another member of Kaiso-like proteins, ZBTB38 

is able to interact with histone deacetylases1, 3 (HDAC1, HDAC3) as well as the co-

repressor CtBP (C-terminal binding protein) (Sasai et al. 2005). 

 

 

1.7.3 SRA domain proteins 

 

The SRA (SET- and RING-associated domains) family of proteins bind to 

methylated DNA via SRA domain. The founder member of this family is UHRF1, also 

known as ICBP90 in human and Np95 in mouse (Bronner et al. 2007). In human another 

UHRF1 paralog UHRF2 is defined to have similar domains to UHRF1. UHRF1 and 2 

can bind to hemi-methylated DNA. UHRF1 has higher affinity towards to hemi-

methylated than binding to fully-methylated DNA (Avvakumov et al. 2008). This protein 

interacts with and recruit DNMT1 to methylate the newly synthesized DNA strand during 

the replication (Bronner et al. 2010). UHRF1 recruits G9a (Histone H3 lysine 9 

methyltransferase) and thanks to this function is considered as a transcriptional repressor 

(Kim J. K. et al. 2009a).  

 

 

1.8 DNA demethylation 

 
 Although it is considered that 5mC is a stable epigenetic mark and strongly 

maintained, DNA methylation patterns are dynamic during development and during 

pathological situations such as cancer. Changes in the methylation patterns happens both 

at the global and local levels. We will now review the proposed different pathways of 

DNA demethylation, which can result from either passively at the new DNA strand after 

replication or actively, by a replication-independent process. 

 

 

 

 



! "&!

1.8.1 Passive DNA demethylation 

 

 During DNA replication, the symmetrical CpG methylation pattern is restored by 

the maintenance proteins UHRF1 through the methylation of the unmodified cytosine in 

the nascent DNA strand. Therefore, the passive loss or dilution of 5mC can be achieved 

in the absence of functional DNMT1/UHRF1 through successive cycles of DNA 

replication (Figure 4). One example of such a mechanism of demethylation is the global 

erasure of 5mC in the maternal genome during mouse preimplantation development. The 

first S phase in the newly formed zygote is initiated 8 to10 hours after fertilization, this 

give rise to the first opportunity for passive demethylation to act as a demethylation 

mechanism (Rougier et al. 1998). Supporting to this mechanism, it has been shown that 

in this stage of development, the abundance of DNMT1 is largely reduced by the active 

exclusion of DNMT1 protein from the nucleus to the subcortical region (Carlson et al. 

1992, Howell et al. 2001), where it resides throughout most of the period of 

preimplantation, thus supporting a step-wise loss of DNA methylation from the maternal 

genome (Ratnam et al. 2002). Furthermore, alteration in UHRF1/DNMT1 tandem, via 

UHRF1 over-expression or through disrupted interaction between UHRF1 and DNMT1, 

induces global genome-wide demethylation, which is a hallmark of cancer cells 

(Mudbhary et al. 2014, Pacaud et al. 2014). 

 

Figure 4; Passive DNA demethylation. Lack of methylation maintenance during DNA 

replication leads to 5mC dilution, eventually leading to fully unmethylated DNA. (Hill et al., 

2014, Genomics). 

 

 

 

1.8.2 Active DNA demethylation 
 

 Active DNA demethylation refers to an enzymatic process that results in the 

changing or removal of the methyl group from 5mC. After fertilization, the paternal and 
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maternal genomes show a global loss of the methylation pattern in mammalian fertilized 

oocytes (Mayer et al. 2000, Oswald et al. 2000). The excessive wave of demethylation 

observed on the paternal genetic material starts 4-8 hours after fertilization (Mayer et al. 

2000) (Figure 5) gave rise to the concept of active DNA demethylation after it has long 

been controversial. This global fast reduction of DNA methylation levels takes place 

before the first round of DNA replication begins (Oswald et al. 2000). Thus, it is unlikely 

to be achieved by the passive dilution pathway. Moreover, when zygotes were treated 

with aphidicolin, a DNA replication inhibitor, paternal genome demethylation was still 

detected (Kishigami et al. 2006). Active DNA demethylation has also been reported in 

somatic cells, which happens at specific genomic loci in response to certain signals. One 

example, within 20 minutes of stimulation, activated T lymphocytes undergo active 

demethylation at the interleukin-2 promoter-enhancer region in the absence of DNA 

replication (Bruniquel and Schwartz 2003). The locus-specific demethylation has also 

been observed at the promoter of brain-derived neurotrophic factor (BDNF), which is, 

when methylated, recognized and bound by the MeCP2. Following the depolarization 

with KCl, BDNF is upregulated, coinciding with the release of MeCP2 and 

demethylation of the promoter (Martinowich et al. 2003). 

The local active DNA demethylation has also been reported to take place during 

nuclear hormone-regulated gene activation. For example, the pS2 (also known as TFF1) 

promoter exhibits periodic methylation and demethylation that coincides with cyclical 

binding of oestrogen receptor-! (ER!) and expression of pS2 (Metivier et al. 2008). 

 

Figure 5. DNA methylation 

changes during developmental 

epigenetic reprogramming. 

Following sex-determination, 

new DNA-methylation 

landscapes are established in 

germ-cell precursors in an 

asymmetrical fashion in male 

and female embryos. In the 

male embryo (blue line), de 

novo methylation takes place 

before meiosis in mitotically  

arrested cells. In the female embryo (red line), primary oocytes enter meiosis and arrest in prophase-I 

(diplotene stage); DNA methylation is established after birth during the follicular/oocyte growth phase. 

Following fertilisation, a new wave of DNA demethylation takes place that is distinct on the parental 

genomes. In the zygote, DNA methylation of the paternal genome is rapidly erased by an active mechanism 

(blue line). Demethylation of the maternal genome is slower (red line) and is dependent on DNA 

replication (passive demethylation). Concomitant with blastocyst implantation and cell-lineage 

determination, new methylation landscapes become established, associated with cellular differentiation. 

(Smallwood and Kelsey, Trends in Genetics, 2012). 
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1.8.3 Mechanisms of active DNA demethylation 

 
 Regarding the importance of DNA methylation in diverse biological processes, 

beside the observations of active DNA demethylation in embryonic development and 

somatic cells, extensive efforts have been made to identify a DNA demethylase, and/or to 

understand the mechanisms by which this process is achieved. 

So far, various mechanisms have been proposed as possible pathways by which 

active DNA demethylation can occur, including enzymatic removal of the methyl group 

of 5mC, radical SAM mechanism, base excision repair (BER) through direct excision of 

5mC, deamination of 5mC to T, followed by BER of the T:G mismatch, nucleotide 

excision repair (NER) and the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Franchini et al. 2012, Li C. J. 2013, 

Wu H. and Zhang 2014, Wu S. C. and Zhang 2010). We will now review hereafter the 

different putative mechanisms underlying “DNA demethylation”. 

 
 

1.8.3.1 Enzymatic removal of the methyl group of 5mC 
 

 Initially, the search for DNA demethylation mechanisms focused on the 

identification of an enzymatic activity that directly removes the methyl group from 

5!methylcytosine, which would be, if occurs, the most straightforward way to achieve 

DNA demethylation. However, this direct pathway needs a thermodynamically 

unfavorable reaction to break the carbon!carbon bond, which makes this pathway 

unlikely to occur in living cells. Nevertheless, a study proposed earlier, that the direct 

removal of methyl group could be catalyzed by the methyl-CpG-binding domain protein 

2 (MBD2) leading to the release of methanol (Bhattacharya et al. 1999). Since then, no 

other laboratory could reproduce this enzymatic activity of MBD2, leaving this 

mechanism largely controversial. Moreover, other studies have shown that MBD2 can 

stably bind methylated DNA (Hendrich and Bird 1998, Ng et al. 1999) which give rise to 

the question of how MBD2 can bind to 5mC if it can efficiently remove the methyl 

group. Moreover, further study has shown that MBD2 null mice are viable and also 

exhibited normal methylation patterns (Hendrich et al. 2001). Importantly, the paternal 

pronucleus of MBD2-null zygotes still exhibits normal demethylation activity (Santos et 

al. 2002). All these findings have raised serious doubts on the capacity of MBD2 to serve 

as a DNA demethylase and is now completely given up. 
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1.8.3.2 Radical SAM mechanism 

 

 Efforts to define a protein(s) responsible for the observed paternal genome 

demethylation in zygotes led to propose a possible role of elongator complex protein 3 

(ElP3) in DNA demethylation of embryonic development, and that Fe–S radical SAM 

domain of this protein is required for the demethylation process (Okada et al. 2010). ElP3 

is a member of the core elongator complex (ElP1–ElP3), which associates with an other 

subcomplex (ElP4–ElP6) to form the holo-elongator complex (Hawkes et al. 2002). 

Knockdown of the ElP1 and ElP4 components impaired paternal genome demethylation, 

suggesting that it is likely that the entire elongator complex may be involved in the 

demethylation process (Okada et al. 2010). 

Although the proposed role of SAM domain could provide a clue for an enzymatic 

mechanism of ElP3, other studies suggest that the Cys-rich domain of ElP3 is required 

for the integrity of the elongator complex (Greenwood et al. 2009) raising the possibility 

that the Fe–S radical SAM motif may has a structural rather than an enzymatic role. In 

spite of this proposed role, direct biochemical evidence of the demethylation activity of 

ELP or the elongator complex and genetic evidence using ElP3-null oocytes are still 

lacking.  

 
 

1.8.3.3 Nucleotide Excision Repair (NER) to erase 5mC 

 

 Theoretically, the erasure of 5mC is possible by the excision repair of short 

genomic regions that contain methylated cytosine nucleotides. Via the NER pathway, 

cells can repair bulky DNA lesions formed by exposure to radiation or chemicals. Once 

the bulky DNA lesion is recognized, specific enzymatic activities introduce dual incisions 

flanking the damage region resulting in a single-stranded gap (usually 24–32 

nucleotides). The resulted gap is then filled in by DNA repair polymerases and ligases. 

Supporting to this way, it has been reported that the Gadd45 (growth arrest and DNA-

damage-inducible protein 45), stimulates active DNA demethylation via NER (Barreto et 

al. 2007). However, the role of this protein family in DNA demethylation remains 

uncertain as Gadd45a- and Gadd45b null mice are quite normal and have no global 

alteration in DNA methylation levels (Engel et al. 2009, Ma et al. 2009).  
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1.8.3.4 Direct excision of 5mC followed by Base excision repair (BER) 
 
 One hypothesis, proposed for some time, is that DNA demethylation can be 

achieved through the base excision repair (BER) pathway. This mechanism of repair 

involves a DNA glycosylase that cleaves the N-glycosidic bond between the 5-mC base 

and the deoxyribose to remove the target base resulting in an abasic (apurinic and 

apyrimidinic: AP) site. The DNA backbone is subsequently nicked by an AP lyase 

activity to generate a 5# phosphomonoester and a 3# sugar phosphate residue. An AP 

endonuclease then removes the 3# sugar group leaving a single nucleotide gap that is 

ultimately filled in by DNA repair polymerases and ligases (Sancar et al. 2004). These 

steps lead to remove 5mC without previous modification of this base. This way of active 

demethylation has been reported in flowering plants (e.g., Arabidopsis thaliana), where 

the reaction is mediated by the Demeter (DME)/repressor of silencing 1 (ROS1) family 

of DNA glycosylases and base excision repair (BER) machinery (Gehring et al. 2006, 

Gong et al. 2002). These findings led to think that such a mechanism could also occur in 

mammalian cells. However, mammalian orthologs of DME/ROS1 enzymes have not 

been identified. Therefore, mammalian cells may achieve active DNA demethylation 

using different mechanisms rather than directly removing of 5mC. 

 Evidences demonstrating that mammalian cells first tend to modify the 5mC 

followed by the repair of this modified base. Indeed, two pathways has been reported to 

modify 5mC in mammalian cells, first; hydrolytic deamination of 5mC to thymine (T) 

leading to form a G:T mismatch, and second; oxidation of 5mC to 5hmC, 5fC and 5caC 

by the Tet family (Figure 6). Here we review these two pathways;  
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Figure 6. 5meC modifying pathways. Deamination of 5mC to thymine (T) leading to form a 

G:T mismatch (Left part), and oxidation of 5mC by the Tet family leads to 5hmC, 5fC and 

5caC (Right part).  

 

 

 

1.8.3.5 Hydrolytic deamination of 5mC followed by BER 

 
 The 5mC undergoes spontaneous hydrolytic deamination, which subsequently 

generates thymine (Gehring et al. 2006). Unmethylated cytosine could also be 

deaminated but with a lower rate resulting in the formation of uracil. Both deaminase 

activities towards C or mC are considered mutagenic, because if left unrepaired, the 

resulting G:U and G:T mispairs will give rise to a C to T transitions upon replication.  

 It has been suggested that some members of the vertebrate-specific Activation-

induced Cytidine Deaminase (AID)/Apolipoprotein B mRNA Editing enzyme, Catalytic 

polypeptide (APOBEC) family such as AID (Morgan H. D. et al. 2004, Popp et al. 2010), 

APOBEC1, APOBEC2 (Guo et al. 2011, Morgan H. D. et al. 2004), could play a key role 

in active DNA demethylation. AID and APOBEC proteins are zinc-dependent cytidine 

deaminases acting on single-stranded polynucleotides and deaminate cytosines in 

different contexts (Chelico et al. 2006). Among the AID/APOBEC family, Aid and 

APOBEC1 are expressed in mammalian oocytes and embryos, which points to a possible 

role in global DNA demethylation occurs in these stages (Morgan H. D. et al. 2004). 

Moreover, it has been reported that locus-specific and global demethylation in zebrafish 

embryos is mediated by the AID/Apobec family of deaminases and the DNA glycosylase 

MBD4 (Rai et al. 2008). Overexpression of AID and MBD4 together in zebrafish 
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embryos, causes demethylation of the bulk genome and injected methylated DNA 

fragments. Importantly, overexpression of the glycosylase alone, does not lead to such 

changes demonstrating a deaminase activity of AID towards the 5mC (Rai et al. 2008). 

Moreover, a bisulphite sequencing study indicated that DNA methylation levels of male 

and female PGCs derived from AID-null embryos increased about 4% (from 18% to 

22%) and 13% (from 7% to 20%), respectively, when compared to their wildtype 

counterpart (Popp et al. 2010), suggesting that AID may contribute to primordial germ 

cells (PGC) demethylation. However, DNA methylation levels in AID-null PGCs (~20%) 

are still relatively low compared with ES or somatic cells (70–80%) and significant 

demethylation still occurs in the absence of AID, indicating that other factors could be 

responsible for PGC demethylation.  

 In addition to AID and APOBEC, other studies showed that DNMTs are implicated 

in 5mC deamination, even though they are commonly known for their ability to catalyse 

DNA methylation. The starting evidence, indicating their involvement in the deamination 

process, initially came from studies in bacteria where the methyltransferases M. EcoRII 

(Wyszynski et al. 1994) and M. HpaII (Zingg et al. 1996) were shown to possess 

deaminase activities. Consistent with studies on bacteria, the mammalian counterparts, 

DNMT3A and DNMT3B, have been shown to possess deaminase activity toward 5mC in 

vitro, but this proposed deaminase activity of DNMT1 can only occur under conditions 

where SAM concentrations are very low or absent (Metivier et al. 2008). However, given 

that SAM is present at relatively high levels in all cell types, the physiological relevance 

of this reaction remains uncertain. 

 In support of 5mC deamination/BER mechanism, inhibitors of poly-ADP-ribose 

polymerase 1 (PARP1), a member of the BER pathway proteins, and of 

apurinic/apyrimidinic endonuclease 1 (APE1), an essential downstream enzyme required 

to generate an abasic site, were found to alter paternal-specific DNA methylation 

(Hajkova et al. 2010). 

 Altogether, these observations lead to accept that DNA demethylation can be 

achieved by deamination of 5mC followed by BER to replace the mismatched T with 

unmethylated C.  
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1.8.3.6 Oxidative modification of 5mC 

 

 The searching for enzymatic activity modifying 5mC through oxidation was 

prompted by the discovery of the biosynthesis of ‘‘base J’’ (b-D-glucosyl-

hydroxymethyluracil), a modified base present in the genome of the parasite 

Trypanosome brucei. Biosynthesis of Base J is achieved by a two-step process. First, 

thymine (T) is oxidized to form 5-hydroxymethyluracil (5hmU) by J-binding protein 

(JBP) 1 and 2. These two proteins are members of the Fe (II)/ ! ketoglutarate (!-KG)-

dependent dioxygenase family (Loenarz and Schofield 2011). Then, a glycosyltransferase 

completes the synthesis of base J by adding glucose groups to 5hmU (Borst and Sabatini 

2008). It has also been shown that further oxidation of 5hmU leads to form 5-

formyluracil and 5-carboxyluracil. This later base then undergoes a decarboxylation 

process by isoorotate decarboxylase completing a cycle from T to U, with a putative 

similar mechanistic to 5mC demethylation (Wu S. C. and Zhang 2010). 

 Efforts to find mammalian homologues with similarity to the dioxygenase domains 

of JBP proteins led to the identification of the ten-eleven translocation family of proteins 

(Tahiliani et al. 2009). TET1 was first identified in Purkinje cells of the brain, and later in 

mouse embryonic stem cells (Kriaucionis and Heintz 2009, Tahiliani et al. 2009). Since 

then, two other TET family members, TET2 and TET3, harbouring the dioxygenase 

motif, have been identified (Ito et al. 2010).  

 All TET proteins contain a C-terminal catalytic domain that includes a Cys-rich 

insert and a large double-stranded b-helix (DSBH) domain. TET1 and TET3 proteins also 

contain a N-terminal CXXC domain (Kohli and Zhang 2013) (Figure 7 a). Concerning 

the oxidation activity toward 5mC, overexpression of TET1 in cultured cells results in 

reduction of genomic 5mC level, and recombinant TET1 proteins can oxidize 5mC in 

vitro resulting in 5hmC. Similar to that achieved by JBP1/2, this reaction, requires Fe(II) 

and alpha-ketoglutarate binding to complete the oxidation of 5mC to 5hmC (Tahiliani et 

al. 2009) (Figure 7 b). The same activity was later demonstrated with all TET (TET1-3) 

proteins in mouse (Ito et al. 2010).  
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Figure 7; Schematic and Catalytic reaction of Tet enzymes. a, Schematic of mouse Tet 

enzymes, showing the double-stranded !-helix (DS!H) fold core oxygenase domain, a 

preceding cysteine(Cys)-rich domain and a CXXC domain in Tet1 and Tet3. b, Catalytic 

mechanism for generation of 5hmC by Tet enzymes. An active site Fe(II) (left) is bound by 

conserved His-His-Asp residues in Tet and coordinates water and "-ketoglutarate ("-KG). A 

two-electron oxidation of "-KG by molecular oxygen yields CO2 and enzyme-bound succinate, 

and results in a high-valent Fe(IV)-oxo intermediate (Costello et al.). The intermediate reacts 

with 5mC to yield 5hmC, with a net oxidative transfer of the single oxygen atom to the 

substrate, resulting in regeneration of the Fe(II) species. (Kohli and Zhang., 2013).  

 

 Ito and colleagues have later reported that TET proteins are capable of further 

oxidizing 5hmC to 5fC and 5caC (Ito et al. 2011) (Figure 8). Indeed, the important 

observation that the loss of paternal DNA methylation coincides with a highly increase in 

5hmC levels (Inoue and Zhang 2011, Iqbal et al. 2011, Wossidlo et al. 2011) and 

5fC/5caC (Inoue and Zhang 2011) strengthens the proposed oxidative demethylation 

mechanism as a main pathway in the paternal genome demethylation after fertilization. 

Within the TET family, TET3 is highly enriched (30-fold) in the zygote comparing to 

TET1 and TET2, which makes it as the most likely candidate responsible for the 
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oxidation of 5mC in the paternal genome during this development period (Iqbal et al. 

2011). This role was later confirmed by small interfering RNA (siRNA) approach against 

TET3. Targeting TET3 lead to abrogate 5hmC and to an important increase of 5mC 

levels (Wossidlo et al. 2011). The oxidative demethylation pathway could further include 

a passive dilution of the oxidation products of 5mC (5hmC, 5fC or 5caC) (in a 

replication-dependent manner), or another enzymatic activity to remove the final 

oxidation products (Shen et al. 2013). 

 

 

 
 

Figure 8; TET-induced 5meC oxidation. TET proteins are able to oxidize 5mC to 5hmC and 

further to 5fC and 5caC. 

 

 

 

1.8.3.6.a Passive dilution of oxidized 5mC 

 

 Similar to 5mC, the oxidized products (5hmC, 5fC and 5caC) could be diluted by 

a replication-dependent manner (Figure 9a). The dilution of the oxidized 5mC may be 

effective even in the presence of a functional methylation maintenance machinery 

(DNMT1/UHRF1) because the affinity of this machinery towards the oxidized bases is 

less than towards 5mC. It has been established that DNMT1 is significantly less efficient 

(10-60 fold) in methylating hemihydroxi-methylated (hCG:GC) than hemimethylated 

(mCG:GC) sites in vitro (Hashimoto et al. 2012). The decreased efficiency of DNMT1 to 

methylate the newly strand could also occur, but it is not yet proven, in the presence of 

hemiformylcytosine (fCG:GC) or hemicarboxylcytosine (caCG:GC). 

In summary, TET proteins may initiate a two-step demethylation process in 

proliferating cells that involves initial active modification of 5mC through oxidation and 

subsequent replication-dependent (passive) dilution of 5hmC and potentially 5fC/ 5caC 

(Wu H. and Zhang 2014). 
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1.8.3.6.b Active removal of oxidized methyl group 

 

 Beside the passive dilution of the oxidized bases, it has also been proposed that 

active demethylation could be achieved by two different enzymatic steps, starting with 

the oxidation of 5mC, then followed by one of two possible mechanisms. First, removal 

of the oxidized methyl group, through either dehydroxymethylation of 5hmC by 

DNMT3A/3B under oxidizing conditions but in the absence of SAM (Chen C. C. et al. 

2012), or by decarboxylation of 5caC by a putative decarboxylase (Figure 9b) (Schiesser 

et al. 2012) that may directly convert the oxidized 5mC base (5caC) to unmodified 

cytosine. Second, excision of oxidized 5mC bases by a specific glycosylase including 

removal of 5hmU (deamination product of 5hmC) (Guo et al. 2011) or 5fC/5caC (He et 

al. 2011), which lead to abasic sites that are further repaired by BER to restore 

unmethylated cytosine. The first proposed way (dehydroxymethylation of 5hmC) remains 

unclear regarding that the levels of SAM are relatively abundant in all cell types. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9; TET-induced DNA demethylation. (a), Conversion of 5mC to 5hmC impacts on the 

maintenance activity of Dnmt1 (in vitro) resulting in dilution of 5hmC through DNA 

replication, eventually leading to fully unmethylated DNA. (b) 5hmC can be further converted 

by Tet enzymes to 5fC and 5caC that are targeted for excision by TDG glycosylase followed by 

BER repair. (Hill et al., 2014, Genomics). 
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1.9 DNA glycosylases 

 
 
 After base deamination, a glycosylase activity is needed as an initiator of the BER 

pathway. When cytosine deaminases act on unmodified cytosine, the resulting uracil 

represents a foreign base in DNA independently of whether it is present in a matched or 

mismatched condition. This base is recognised and repaired by uracil DNA glycosylases 

(Olsen et al. 1989). However, the resulting thymine (T) from deamination of 5mC, is a 

normal base in genomic DNA. Thus, mismatch repair proteins should discriminate 

between thymines in a mismatch with guanosines (G:T) from the correctly paired 

thymines with adenosines (A:T). Physical interaction of deaminases with glycosylases 

could be critical for recognition of mismatches generated by deamination of 5mC, and 

therefore participating in the demethylation process. 

 So far, two glycosylases in mammals, Thymine DNA glycosylases (TDG), and 

MBD4, have been reported to selectively recognize G:T mismatches. This selectivity 

comes from their ability to interact not only with the T but also with the opposing base 

(Maiti et al. 2008, Manvilla et al. 2012, Yoon et al. 2003). DNA glycosylases are 

catalytically subdivided into monofunctional and bifunctional enzymes. Monofunctional 

glycosylases perform base excision only, using an activated water molecule for 

nucleophilic attack on the N-glycosidic bond, while bifunctional glycosylases use an 

amino group of a lysine side chain for the same purpose, and subsequently cleave the 

DNA backbone 3# to the lesion (Figure 10) (Jacobs and Schar 2012). Regarding this 

subdivision, MBD4 and TDG have been classified as monofunctional DNA glycosylases 

that do not possess lyase activities.  

 

 

 
 

 

 

 

 

Figure 10; Mono- and Bi-functional glycosylases. a, Monofunctional glycosylase hydrolyses 

N-glycosidic bond between base and ribose creating an abasic site. b, Bifunctional glycosylase 

beside hydrolysing the N-glycosidic bond, has a lyase activity to break DNA backbone at the 3’ 

side of the abasic site creating a nick. 

 



! #(!

1.9.1 Glycosylase activity of MBD4 
 

 MBD4, also known as Methyl-CpG-binding Endonuclease (MED1), is a 

66 kDa protein that belongs to the methyl-CpG-binding domain protein family (MBDs). 

The glycosylase activity of MBD4 was initially described by Hendrich and colleagues 

who identified this protein in a database screening of MBD sequences (Hendrich et al. 

1999). Later, MBD4 was reported to act as a G:T and G:U mismatch-specific thymine 

and uracil glycosylase (Petronzelli et al. 2000b). This protein consists of an N-terminal 

MBD domain and a C-terminal DNA glycosylase domain. The C!terminal region of 

MBD4 shows homology to the glycosylase/endonuclease domains of bacterial repair 

proteins (Bellacosa et al. 1999). Such homology led to suggest two possible functions 

of MBD4, i.e., DNA glycosylase and endonuclease activities. However, all the further in 

vitro experiments failed to provide evidence that MBD4 has endonuclease activity 

(Drummond and Bellacosa 2001). 

 As the CpG dinucleotide is largely represented in a methylated form (Bird A. P. 

1980), the spontaneous hydrolytic deamination of methylated cytosine causes mCpG-

TpG transitions, whereas non-methylated CpG mutates to UpG. Obviously, MBD4 is 

able to excise both mutated nucleotides in order to be repaired (Hendrich et al. 1999). 

The presence of MBD and glycosylase domains increases the possibility of MBD4 

involvement in DNA repair associated with methylated CpG sites (Scharer and Jiricny 

2001). Indeed, MBD4-null mice showed a two to three times higher number of mCpG-

TpG transitions (Millar et al. 2002). These observations demonstrate that the glycosylase 

activity of MBD4 contributes to G:T processing to reduce the mCpG-TpG mutation in 

living cells, and that its role can not be fully compensated by the presence of other 

glycosylases. Moreover, a demethylation of the bulk genome and injected methylated 

DNA fragments has been observed by overexpression of MBD4 with AID in zebrafish 

embryos. Interestingly, this demethylation effect could not be observed with an 

overexpressed catalytically inactive MBD4 (Rai et al. 2008). 

At the locus specific level, MBD4 was reported to control CpG methylation in the 

context of parathyroid (PTH) hormone-induced gene activation. This was shown for the 

CYP27B1 promoter, which undergoes active demethylation upon hormone stimulation 

(Kim M. S. et al. 2009b). Both, promoter activation and cytosine demethylation, 

coincided with and depended on the physical association of MBD4 with downstream 

BER factors. 



! #)!

1.9.2 MBD4/Substrates interaction 

 

 As mentioned above, the specificity of MBD4 towards its substrate is provided by 

its ability to recognize and connect the opposite base in the complementary DNA strand. 

Recent crystal structure of MBD4-glycosylase domain with DNA containing abasic site 

(G:THF [tetrahydrofuran] mismatch, THF was used as an analog for the abasic site) was 

solved at 2.76 Å resolution (Manvilla et al. 2012). This crystal structure showed that the 

glycosylase domain interacts with DNA in the minor groove region and bends the target 

DNA site by 57°, thereby, flipping the abasic nucleotide (THF) completely out of the 

DNA duplex into the MBD4 active site (Figure 11). The complementary DNA strand 

containing the guanine base was nestled into a recognition pocket. In general, the major 

molecular interactions happens via the guanidinium side chain of Arg468, which 

penetrates the DNA minor groove, where it plugs the void in the DNA helix that is 

created by nucleotide flipping and forms the hydrogen bonds with the two “pinched” 

phosphates. These phosphates contacts help in the maintaining of the nucleotide in a 

flipped state. 

Other crystal structures study on MBD domain of MBD4 bound to a DNA fragment 

containing the 5mCG/5mCG site or its deamination product, 5mCG/TG showed that the 

MBD domain can also bind to the T opposite to mC, which could facilitate a synergetic 

action with the glycosylase domain towards the target substrates (Otani et al. 2013). 
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Figure 11. Interactions between MBD4 glycosylase domain and DNA sbstrate. (a) An 

interaction map summarizes the electrostatic and van der Waals interactions observed in the 

crystal structure (broken and curvy lines, respectively). The catalytic loops colored in red and 

include !2–!3 (N467–S470), !5–!6 (K504–L508), and !9–!10 (V556–D560). Nucleotides in 

the target DNA strand are yellow, including the flipped THF abasic analog. Complementary 

DNA is light orange, and the mismatched guanine is in green. (b) Interactions between MBD4 

glycosylase and the lesion-containing DNA strand. MBD4 residues that contact the DNA are 

colored cyan, and the K+ ion is in purple. The complementary strand is omitted, except for the 

mismatched guanine (green). (Manvilla et al. 2012) 
 

 

 

1.9.3 Glycosylase activity of TDG; 
 

 

 In the search for a specialized activity able to remove mismatched thymines, Jiricny 

Brown and Jiricny (1988) were able (by using transfection experiments with G:T 

mismatched SV40 DNA) to identify the first G:T directed repair activity in African green 

monkey kidney cells that efficiently replace the T with C (Brown and Jiricny 1988). 

The discovery of the human TDG came as a result of subsequent purification of a 

G:T binding and processing enzyme from nuclear extracts of HeLa cells and the 

molecular cloning of the respective cDNA (Neddermann and Jiricny 1993). It was the 

first mismatch-specific DNA glycosylase able to hydrolyze thymine and uracil from G:T 

and G:U mispairs in vitro (Neddermann et al. 1996). Since then, orthologs of TDG has 

been defined in bacteria, yeast, insects, frogs, and vertebrates (Gallinari and Jiricny 1996, 

Hardeland et al. 2003). Sequence analysis of vertebrate orthologs shows that TDG 
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possesses a highly conserved central region containing the active site, and more divergent 

amino and carboxy-terminal regions (Cortazar et al. 2007). 

Interestingly, beside its role in processing G:T/U mismatch repair, TDG has recently 

been shown of being able to excise the oxidation products of 5hmC (5fC and 5caC) 

(Maiti and Drohat 2011, Zhang L. et al. 2012), which further implicates the thymine 

glycosylases in active demethylation. Supporting to this pathway, overexpression of TET 

and TDG in HEK293 cells, rapidly depleted 5fC and 5caC (He et al. 2011). Moreover, 

other study reported that TDG-deficiency in mouse ESCs caused a 5- to 10- fold increase 

in 5fC and 5caC levels (Shen et al. 2013). The molecular basis for excision of 5fC/5caC 

by TDG could be explained by the effect of 5fC and 5caC in destabilizing the base-sugar 

binding (N-glycosidic bond) resulting in a cytosine with a weakened N-glycosidic bond. 

Destabilizing N-glycosidic bond has been described as a recruiting event of TDG to its 

substrates (Bennett et al. 2006). 

 

 

 1.9.4 TDG/Substrate interaction 
 
 It has been shown that hTDG has an activity of around 18,000 fold higher on T/G 

than that on T/A (Morgan M. T. et al. 2007). This fact leads to think that the substrate 

selectivity of TDG depends on its ability to specifically recognize and interact with the 

nucleotide in complementary position to avoid the potential attack of the normal DNA 

bases. The crystallographic analysis provided insight to the mechanistic bases of G:T/U 

specificity of TDG. Maiti et al solved a crystal structure of hTDG catalytic domain 

(hTDGcat, residues 111–308) binds to a 22-bp DNA containing a tetrahydrofuran 

nucleotide (THF), a chemically stable mimic of the natural AP product, this structure 

showed that TDG forms with the substrate a 2:1 complex: one subunit at the abasic site 

(product complex) and the other at an undamaged site (nonspecific complex), and that the 

catalytic pocket establish a specific hydrogen-bonding interactions with the guanine base 

opposite to the AP-site (in the complementary strand) (Figure 12) (Maiti et al. 2008). 

Following the base release, contacts with G base and the non-specific DNA contacts 

mediated by the N-terminus cooperate to prevent free dissociation of TDG from the AP-

site (Cortazar et al. 2007). A structure analysis of the TDG core, along with kinetic 

studies of both core and full-length proteins, has shown that the amino-terminus is critical 

for the TDG glycosylase function. Experimental evidence supports a mechanistic model 

in which the N-terminal domain of TDG forms a flexible “clamp” that holds the 
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glycosylase onto the DNA (Steinacher and Schar 2005). In this state, TDG may slide 

along the DNA in search of a G mismatched substrate. Without the N-terminus region, 

TDG binds less stably to DNA and loses the ability to excise thymine from G:T mispairs 

while retaining G:U processing activity (Steinacher and Schar 2005). 

Other independent crystallographic analysis performed on hTDG catalytic domain 

bound with 5caC-containing dsDNA. This study showed that the active site of TDG 

specifically recognizes and binds with the backbone of the 5caC-containing strand via 

electrostatic interaction and bends the dsDNA backbone by ~45° towards the active site, 

then it inserts the side chain of Arginine 275 through the dsDNA minor groove to push 

the 5caC base out of the DNA groove. Besides to the arginine 275, the catalytic domain 

of TDG recognizes by other small pocket the the 5-carboxyl moiety of 5caC that 

strengths the binding. ( Figure 13) (Zhang L. et al. 2012).  

 

Figure 12; Overview of TDG/ 

substrate structure. (A) The hTDG 

catalytic domain binds a 22-bp 

DNA containing a tetrahydrofuran 

(THF) in a 2:1 complex: 

nucleotide one subunit at the 

abasic site (product complex) and 

the other at an undamaged site 

(nonspecific complex). DNA shown 

includes a full 22-bp duplex and 

part of the adjacent duplex joined 

by 3' A/T overhangs (blue arrow). 

Overall, the two subunits are 

highly similar. (B) Schematic 

overview of the enzyme-DNA 

interactions and the dimer 

interface. The 22-bp DNA is 

yellow with phosphates shown as 

orange circles. The adjoining DNA 

fragment (purple) shows contacts 

with K246 and K248 from the NS 

subunit. The arrows represent 

hydrogen bonds involving side-

chain or main-chain (mc) atoms of 

the enzyme. In the product 

complex, the flipped (THF) is a red 

pentagon, the “opposing G” is 

magenta, and the “3"-G” is cyan. 

A277 intercalates the 

complementary strand, disrupting 

base-stacking interactions between 

the opposing G and its 5" neighbor. 

Contacts involving N157, S273, 

and A274 for hTDGcat. (Maiti A et 

al. 2008). 
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Figure 13; (a) Overview of the structure of hTDGcat (N140A) bound with 5caC-containing 

dsDNA. The 5caC (colored in magenta) penetrates into the active site pocket and holded by wedge 

residue Arg275 (shown as sticks and colored in green). (b) A network of hydrogen bonds in the 

active site of hTDG specifically recognizes 5caC. Residues involved in the interactions are labeled 

and shown as sticks, and hydrogen bonds are shown as yellow dashes. (c) The interactions 

involved in the 5-carboxyl–binding pocket. The atoms involved are presented as transparent 

spheres with nitrogen in blue, oxygen in red and carbon in green. (d) Superposition of 5caC and #-

F-5caC in the active site pocket of the hTDGcat (N140A)–A·5caC and hTDGcat–G·#-F-5caC 

structures. Residues involved in the interactions in the #-F-5caC structure are shown as sticks and 

colored in yellow and orange. The fluorine atom is labeled in dark green. The hydrogen bond 

interaction between #-F-5caC and Ser271 is shown in yellow dashes. (Zhang et al., 2012). 

 

 

1.9.5 TDG/AP site dissociation  

 The strong fixation of TDG on the substrate DNA, after the base release, predicts 

the need for a release factor that stimulates the displacement of TDG so that BER can 

further proceed. In this context, the carboxy-terminal of TDG plays a role in its turnover 

from the abasic site. It has been shown that the TDG is modified by the Small Ubiquitin-

Like Modifiers (SUMOs) SUMO-1 and SUMO-3, and the covalent attachment of SUMO 

to lysine residue (K330) in the carboxy-terminal of human TDG reduces the affinity for 
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the AP-site, in vitro, and allowing the turnover of TDG from its substrate (Hardeland et 

al. 2002). This SUMO modification might be triggered by the presence of downstream 

acting BER factors. Interestingly, the N-termial is also needed in C-terminal-induced 

TDG turnover. The SUMOylation of C-terminal in TDG truncated of its N-terminal 

domain did not favor the detach of TDG from the AP-site, suggesting that the C-terminal 

SUMOylation may influence the structure of N-terminal region in the full-length TDG 

(Steinacher and Schar 2005). Another possible candidate has been proposed to induce or 

participate in the release of TDG from the AP-site, which is the AP-endonuclease 1 

(APE1), a BER enzyme acting downstream of TDG. This appears likely to occur since 

the AP-sites are chemically unstable and lack base coding potential. In this case the 

binding of the glycosylase might serve to protect cells against their cytotoxic and 

mutagenic effects, so that the release of the AP-site is coordinated with the recruitment 

and assembly of the downstream acting BER factors. Indeed, experiments with purified 

human proteins showed that APE1 is able to stimulate the turnover of TDG from a G:T 

substrate (Waters and Swann 1998). However, the fact that any other AP-site interacting 

protein tested has a similar stimulatory impact on TDG turnover implicates that these are 

passive rather than active and specific effects.  

 

 In light of all these findings, we can conclude that two main models, for a role of 

TDG in active DNA demethylation, are likely to occur, both involving an initial 

modification of 5mC to another moiety followed by TDG glycosylase activity. First, 

TDG could functionally cooperate with a DNA deaminase, propably AID or APOBEC, 

which generates G-T, G-U, or G-5hmU mispairs from G-5mC, G-C, and G-5hmC 

respectively. TDG can then excise each of these mispairs to be repaired via BER 

mechanisim (Cortazar et al. 2007). In support of this model, Cortellino and colleagues 

showed that TDG forms a complex with AID and Gadd45a, a BER protein, and this 

complex is implicated in DNA demethylation (Cortellino et al. 2011). Additionally, 

global erasure of DNA methylation during reprogramming of mouse primordial germ 

cells requires AID (Popp et al. 2010). Moreover, at the loci specific level, Metivier et al 

showed that TDG plays an important role in the cyclical DNA methylation of the 

transcriptionally active estrogen responsive pS2/TFF1 gene. This process takes place 

when TDG is recruited to the promoter along with DNMT3A and B, as well as the BER 

proteins APE, DNA ligase, and DNA polymerase " (Metivier et al. 2008).  

 Second, TET proteins oxidize 5mC to 5hmC and further to 5fC and 5caC. Both 5fC 
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and 5caC are TDG substrates, and subsequently, BER generates unmodified cytosine. In 

support of this second model, He and colleagues (2011) found that TET-2 catalyzes the 

formation of 5caC in human cells and that modified base accumulates in the absence of 

TDG (He et al. 2011). Indeed, among all DNA glycosylases, only TDG can efficiently 

excise 5fC/5caC (Maiti and Drohat 2011). Importantly, unlike other DNA glycosylases, 

TDG is indispensable for embryonic development, since TDG knockout in mice led to 

embryonic lethality at E12.5 (Cortazar et al. 2011, Cortellino et al. 2011). Of note, 

embryos carrying mutation in the glycosylase domain (N151A) led to the same 

developmental defects observed in Tdg-null embryos, demonstrating an important role of 

the glycosylase activity of TDG (Cortellino et al. 2011). These findings suggest that TDG 

plays an important unique role of in embryonic development. 

The ability of TDG to cooperate with and excise both 5mC deamination and 

oxidation products give rise to the needs for further efforts to understand the substrate 

selectivity and affinity of TDG towards its substrates. It is possible that, under certain 

circumstances, or by the control of other partner protein(s), TDG is guided to a substrate, 

where its glycosylase activities is needed. 
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1.10 Aims of this study 

 

DNA methylation has long been viewed as a stable epigenetic mark, but it has 

become apparent that in some circumstances DNA methylation pattern can rapidly 

change by mechanisms involving active DNA demethylation processes. Two pathways 

have been proposed to manage DNA demethylation. In a first hypothesis, a cytosine 

deaminase catalyzes the deamination of a 5-methylcytosine (5mC) into a thymine, 

leading to the formation of a G/T mismatch. In a second mechanism, 5mC undergoes 

several steps of oxidation leading to the formation of 5-hydroxymethylcytosine (5hmC), 

5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). In both cases, the DNA 

demethylation process is accomplished by DNA glycosylases, which cleave the N-

glycosidic bond between the base and the sugar, leading to the formation of an abasic 

site, which is a signal to initiate base excision repair (BER). In mammalian cells, G/T 

mismatch can be specifically recognized by the glycosylases MBD4 and TDG. TDG has 

also the ability to bind and excise 5fC and 5caC. Each of these glycosylases (TDG and 

MBD4) shows specific biochemical features suggesting specific function in DNA 

methylation dynamics. TDG shows a wide substrate diversity by acting on the 5mC 

deamination and oxidation products, whereas MBD4 has an unique architecture having a 

methyl-CpG-binding domain associated with the glycosylase domain, which could target 

this protein only to highly methylated region.  

In order to clarify the function of MBD4 and TDG in DNA methylation dynamics, it 

is essential to identify proteins interacting specifically with MBD4 and TDG in vivo. 

Toward this goal, we aimed to purify the MBD4 and TDG complexes from HeLa cell 

lines and from mouse embryonic fibroblasts, as well. This would allow us to identify 

several functional partners specifically interacting with MBD4 and TDG in vitro and in 

vivo. Biochemical studies of MBD4 and TDG associated or not to their functional 

partners, will allow us to highlight the specific enzymatic activities and to suggest 

specific function of MBD4 and TDG in DNA methylation dynamics in vivo. The putative 

roles will be validated by analyzing the impact of down-regulating of TDG, MBD4 or the 

different identified partners on 5mC, 5hmC, 5fC and 5caC genomic patterns. We sought 

to carry out these studies at genome-wide using high-throughput sequencing techniques 

(DIP-seq, RRBS, RNA-seq and ChIP-seq). 
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Figure 1. MBD4 interacts with mismatch repair proteins in vivo. (a) MBD4complex (e-

MBD4.com) was purified by double immunoaffinity from HeLa cell linestably expressing 

MBD4 fused with N-terminal Flag- and HA-epitope tags (e-MBD4)and was run on a SDS 

PAGE. Silver staining of the SDS gel (top panel) andimmunoblotting detection (bottom 

panel) of the proteins associated with e-MBD4 areshown. (b) The major polypeptides 

detected by mass spectrometry analyses of threeindependent e-MBD4.com purifications. (c) 

Glycerol gradient fractionation of the e-MBD4 complex and western blot analysis of the 

different glycerol fractions separatedon SDS PAGE by using antibodies against the 

designated proteins. (d) EndogenousMBD4 specifically co-precipated with MLH1 and PMS2. 

(e) Endogenous MLH1 co-precipated with MBD4 and PMS2. (f) Western blot analysis of e-

MBD4.com purifiedby double immunoaffinity from MEFs. 
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Figure 2. MBD4 is a methyl-directed mismatch endonuclease. (a) SDS PAGE silver 

staining of purified e-MBD4 and e-MBD4-com. (b) Unmethylated or full methylated G/T 

mismatch containing substrates were incubated with increasing amounts of recombinant 

protein MBD4 or with e-MBD4.com and analyzed as described Supplemental Figure 1a. The 

reaction products were not treated with NaOH. (c) Quantification of the data presented in (b). 

The means of three independent experiments are shown. (d-g) The methyl binding domain of 

MBD4 is required for its G/T mismatch and 5mCG-dependent endonuclease activity. R97G 

single point mutation was introduced in the coding sequence of e-MBD4 to generate a dead 

methyl binding MBD4 mutant (e-MBD4 R97G) and HeLa cell lines stablyexpressing e-
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MBD4 R97G were generated. SDS PAGE gel silver staining (d) and immunobloting analysis 

(e) of e-MBD4.com (WT) and e-MBD4.com R97G complexes. (f) Nucleases assays for e-

MBD4.com (WT) and e-MBD4.com R97G. Full-methylated (red), hemi-methylated (blue and 

green) or unmethylated (black) G/T mismatch containing substrates were incubated in the 

presence of either e- MBD4.com (WT) or e-MBD4.com R97G and increasing amounts of 

carrier DNA. The experiments were carried out as described Supplemental Figure 1a. The 

reaction products were not treated with NaOH. (g) Quantification of the results presented in 

(f). Red, green and blue, and black curves correspond to full-, hemi- and un-methylated G/T 

containing substrates, respectively.   

 

 

 

 

 

 

 

 

 

 



             

 

Figure 3. MBD4 is a bifunctional DNA glycosylase/AP lyase enzyme. (a-c) The 

glycosylase domain of MBD4 is required for its endonuclease activity. HeLa cell lines stably 

expressing the e-MBD4 glycosylase dead mutant (e-MBD4 D554A) were used to purify by 

double immunoaffinity the e-MBD4 D554A complex. Silver staining of the SDS PAGE gel 

(a) and immunoblotting (b) for e-MBD4.com (WT) and the mutant e- MBD4 D554A.com. (c) 

Nuclease assay for e-MBD4.com (WT) and both mutant e- MBD4.com R97G and e-MBD4 

D554A.com. The experiments were carried out as described Supplemental Figure 1a. The 

reaction products were not treated with NaOH (d) Unmethylated and full-methylated G/T 

mismatch substrates were incubated with MBD4 protein or with e-MBD4 complex as 

described Supplemental Figure 1a. Both reaction products as well as the products of 
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Maxam&Gilbert sequencing assay were separated on PAGE under denaturing conditions. The 

« T » in red indicates the migration of the respective cleavage « T » product obtained by the 

Maxam&Gilbert sequencing reaction. (e) Schematics of the bi-functional glycosylase/AP-

lyase activity of MBD4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 4. The methyl-directed nuclease activity of MBD4 is dependent to its physical 

interaction with MLH1. (a) SDS PAGE coomassie staining of the purified MBD4 protein, 

MBD4/MLH1 and MBD4/MLH1/PMS2 complexes co-expressed in the baculovirus system. 

(b) Nuclease assays. The indicated combinations of recombinant proteins were mixed with 

methylated G/T or abasic-containing substrates and the cleavage reaction was carried out and 

analyzed as described Supplemental Figure 1a. The reaction products were not treated with 

NaOH. (c) Nuclease assays using either the recombinant MBD4 protein or the purified 

MBD4/MLH1 complex on unmethylated substrates (left panel), fully methylated substrates 

(middle panel), or abasic site-containing substrates (right panel). Note that any activity was 

detected with substrates containing an abasic-site excluding the presence of nuclease 

contaminant. (d) Unmethylated or full-methylated substrates were incubated with identical 

amount of either MBD4 alone (upper panel) or MBD4 in complex with MLH1 (lower panel) 

for the indicated times and analyzed as described in Supplemental Figure 1a. The reaction 

products were not treated with NaOH. (e) Quantification of the data presented in (d). The 

means of three independent experiments are shown.  
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Figure 5. MBD4 preserves DNA methylation within CGI. (a-f) Quantification of CGI 

methylation level in MEFs WT or KO for Mbd4 by RRBS. (a-c) Tables summarizing the 

number of CG (a), the coverage depth of CG (b), and the number of 5mCG (c) within CGI 

detected by RRBS in WT and KO cells. (d) Methylation level distribution of 5mCG within 

CGI in WT and KO cells. (e, f) Methylation level of 5mCG in function of the CG density (e) 

or in function of the percentage of 5mCG (f) of CGI. (g-i) Upregulation of demethylated 

promoters in absence of MBD4. Scatter plots comparing methylation levels of differentially 

methylated proximal regions (determined by RRBS, g) and transcription levels of 
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corresponding genes (quantified by RNA-sequencing, h) between MEFs WT or KO for 

Mbd4. Analyses were restricted to the most significantly demethylated proximal region in 

absence of MBD4 (methylation level KO/WT > 2, number of CG > 10, P < 0.01, distance to 

nearest TSS < 5 kb). (i) Clonal bisulfite sequencing confirmation of the hypomethylation 

phenotype at the proximal regions of Zic5, Tox and Lrtm2 (i). White and black squares 

indicate CG and 5mCG, respectively. (j) Model for the function of MBD4 in vertebrates. 

MBD4 bind methylated CGI promoters through its methyl-binding domain (MD). If a 

spontaneous deamination conversion of 5-methylcytosine to thymidine occurs, MLH1 

activates MBD4, which, through the glycosylase/AP lyase activity of its glycosylase domain 

(GD), removed the thymine base and cleaved the phosphate backbone. The generated abasic 

3’ cleaved site is then repaired by BER. Finally, the methylation mark is restored through the 

action of the DNA methylation maintenance pathway.  
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Supplemental Figure 1. The MBD4 complex exhibits G/T mismatch specific 

endonuclease activity. (a) In vitro glycosylase/nuclease assays. e-MBD4.com was mixed 

with the indicated substrates (* indicates the labelled strand), incubated for 20 minutes at 

37°C and the products of the reaction were run on PAGE under denaturing conditions. Note 

that the generation of cut products does not require NaOH treatment. (b, c) e-MBD4.com 

were incubated with indicated substrates (* indicates the labelled strand) as described in (a). 

Reaction products were not treated with NaOH.  
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Supplemental Figure 2. MBD4 protects 5-methylcytosines in vivo. (a) Table summarizing 

the data obtained by RRBS after filtering and alignment of the raw reads. (b, c) Dot blots 

representing the methylation level of 5mCG by CGI in function of their CG density (number 

of CpG dinucleotides per 100 bp, b) or in function of their percentage of mCG (c) in MEFs 

WT (left pannels) and KO (right pannels) for Mbd4. (d) Scatter plot comparing global gene 

expression levels between WT and KO cells. (e) Number of significantly differentially 

expressed genes in absence of MBD4.  
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Abstract 

DNA methylation is an essential epigenetic modification, present in both unique DNA 

sequences and repetitive DNA elements, but its role in both normal and pathological 

situations remains obscure. Here, we describe a genome-wide comparative analysis 

of the 5mC, 5hmC, 5fC and 5caC profiles of repetitive elements in mouse embryonic 

fibroblasts and mouse embryonic stem cells. We provide evidence for distinct and 

highly specific DNA methylation/oxidation patterns of the repetitive elements in both 

cell types, which mainly affect CA repeats and evolutionary conserved mouse-

specific transposable elements including IAP-LTRs, SINEs B1m/B2m and L1Md-

LINEs. These repeated elements are clustered at specific locations in the mouse 

genome and we show that TDG is implicated in the regulation of their unique DNA 

methylation/oxidation signatures and their dynamics. Our data suggest the existence 

of novel epigenetic code for the most recently acquired evolutionary conserved 

repeats that could play a major role in cell differentiation.   
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Introduction  

DNA methylation is an epigenetic modification essential for mammalian 

development (Okano et al. 1999). In mammals, the cytosine bases at position 5 in 

CpG dinucleotides are modified genome wide by dedicated methyl-transferases to 

produce 5-methylcytosine (5mC), which can be further successively oxidized by the 

Ten eleven translocation (TET1, 2 and 3) enzymes (Tahiliani et al. 2009; Ito et al. 

2010; He et al. 2011; Ito et al. 2011) to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC). Recent data showed that both 

5fC and 5caC can be excised and repaired to regenerate unmodified cytosines by 

the concerted action of thymine-DNA glycosylase (TDG) and the base excision repair 

(BER) enzymes (Cortellino et al. 2011; He et al. 2011; Maiti and Drohat 2011). In 

mammalian genomes, the CpG dinucleotides are under-represented. Unusually 

dense clusters of CpG dinucleotides, called “CpG islands (CGIs), are present and 

overlap with the promoter regions of more than 70% of the genes (Illingworth et al. 

2010; Deaton and Bird 2011). Despite their high GC content, CGIs are mainly 

unmethylated. The current view holds that the CpG dinucleotide remains the primary 

site for DNA methylation, but there is emerging evidence for non-CpG methylation in 

several mammalian cells and tissues, including embryonic stem cells (ESCs), 

induced pluripotent stem cells (iPSC), oocyte and brain (Lister et al. 2009; Laurent et 

al. 2010; Tomizawa et al. 2011; Xie et al. 2012; Lister et al. 2013; Ziller et al. 2013).  

 Over two third of the mammalian genome consists of repeated sequences (de 

Koning et al. 2011), including long terminal repeats (LTR), long (LINE) and short 

(SINE) interspersed nuclear elements, major satellites and simple repeats (Mouse 

Genome Sequencing et al. 2002). Previous data suggest that at least some of these 

repeated elements are methylated in ESCs (Shen et al. 2013) and undergo an 

extensive demethylation during plant development (Gehring et al. 2009). No 

comprehensive data are, however, available for the DNA genome-wide methylation 

pattern of repeated elements in differentiated mammalian cells. The biological 

significance of repetitive element methylation/oxidation remains elusive. Whereas the 

hypomethylation of repetitive elements is a recognized hallmark of cancer cells 

(Howard et al. 2008; Ehrlich 2009; Baba et al. 2010), how this is related to cancer 

development is poorly understood.  

 In this study, by using DNA-immunoprecipitation-sequencing (DIP-seq), we 

have carried out a genome-wide comparative analysis of the DNA 
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methylation/oxidation patterns of repetitive elements in both differentiated mouse 

embryonic fibroblasts (MEFs) and pluripotent ESCs. This approach allows a high 

coverage of repetitive elements and profiling of all CpNs within the genome (Down et 

al. 2008). Our data revealed distinct patterns of DNA methylation/oxidation for these 

two types of cells, suggesting that cell differentiation is concomitant with profound 

global genome-wide changes in DNA methylation of repetitive elements. The 

methylation profiles are dynamically regulated by TDG. The most recently acquired 

and most conserved lineage-specific repetitive elements showed the most striking 

methylation patterns and are not distributed randomly throughout the mouse 

genome, but instead cluster at specific loci. These data highlight a dynamic 

combinatorial DNA methylation code at repetitive elements and define novel DNA 

regulatory regions within the mouse genome. 

 

Results 

Accumulation of cytosine modifications at repeats in MEFs. 

As we considered that TDG might be implicated in the dynamics of genome-

wide distribution of 5mC and its oxidized forms in differentiated cells, we performed 

5mC, 5hmC, 5fC and 5caC DIP-seq experiments in wild-type and Tdg-deficient 

MEFs (Supplemental Fig. 1a). Analysis of genome-wide sequencing data identified 

64% to 76% of multihit reads, mapping to multiple genomic regions (Fig. 1a). The 

majority of these reads overlapped with the UCSC Repeat-Masker (RMSK) (Dreszer 

et al. 2012) sequences mainly representing repetitive elements in the murine 

genome. On the other hand, genome browser visualization of wig track files obtained 

with uniquely mapped reads showed an enrichment of each cytosine modifications at 

specific genomic regions (Supplemental Fig. 1b). From 77% to 90% of the called 

peaks overlapped with RMSK data further supporting our finding that the repetitive 

elements in MEFs represent the vast majority of cytosine modifications enriched 

region (Figure 1b). Accordingly, modified cytosines were strongly under-represented 

at CGIs (Supplemental Figure 1c). 5mC enrichment was found to occur at all repeats, 

but with a marked preference for SINEs, while 5hmC, 5fC and 5caC enrichment were 

found predominantly at simple repeats (Fig. 1b). In agreement, a strong overlap 

between 5hmC, 5fC and 5caC peaks was observed (Fig. 1c), a result that was further 

confirmed by the correlation matrix coefficient showing a close clustering between 

these three oxidized forms (Supplemental Fig. 1d-g). 5fC and 5caC peaks at simple 
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repeats were increased by approximately 2-fold in response to Tdg knockdown 

suggesting an involvement of TDG in the regulation of their DNA 

methylation/oxidation patterns. In contrast, neither 5mC nor 5hmC showed significant 

changes at these repeats upon Tdg knockdown (Fig. 1b,c).  

The unexpected enrichment of cytosine modifications at repetitive elements 

prompted us to perform a global and systematic computational analysis of Tdg-

deficient-dependent changes in DNA methylation patterns at each family of repeats 

in MEFs. We first characterized these changes at individual repeats by analyzing 

uniquely mapped reads (Supplemental Fig. 1d,e) and then performed a second 

independent analysis to include multihit reads mapping to unique repeat families (see 

Methods and Supplemental Fig. 1f,g). These analyses allowed extension of the 

results of individual repeat elements to their corresponding family. 

 

Methylation patterns at LTRs in differentiated MEFs and pluripotent ESC cells. 

In order to perform a comparative analysis of cytosine modification patterns 

between the repeated elements in differentiated MEFs and pluripotent ESCs, we 

compared our data on MEFs with reads overlapping with RMSK database from the 

previously published data sets for ESCs (Shen et al. 2013) that we reanalyzed 

independently.  We first characterized the Tdg-deficient-dependent changes in DNA 

methylation at LTR retrotransposons (also known as endogenous retroviruses ERVs) 

in MEFs. For simplicity we will further refer to LTR retrotransposons as LTRs. RMSK 

database distinguishes between elements corresponding to external domains 

(LTRext, containing the regulatory regions of the LTR) from those corresponding to 

internal domains (LTRint, containing the coding sequences of the proteins, necessary 

for the life cycle of the integrated viruses) (Fig. 2a) within the different LTR families. 

Bearing this in mind, we carried out independent analyses for these two regions. 

Heatmaps were generated using uniquely mapped reads on internal domains (LTRint) 

with a 2 kb cutoff to eliminate truncated and degenerate LTRs (Figure 2b). The 

corresponding normalized density of 5mC, 5hmC, 5fC and 5caC signals is presented 

in Supplemental Figure 2a. Our data revealed a striking enrichment of 5mC 

exclusively at the external repeats of the IAP (Intracisternal A Particle) LTR subfamily 

(ERVK class). Of note, IAP repeats are the evolutionarily least truncated LTR 

subfamily (Fig. 2c) and with the highest CG content (Fig. 2d and Supplemental Fig. 

2b).  
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Relative enrichment calculation including multihit reads (Fig. 2e left panel and 

Supplemental Fig. 2c left panel) further confirmed the 5mC enrichment of the IAP-

LTR external regions (!10-fold), but also revealed a moderate 5mC enrichment of 

ERV1 and ERVK families at their internal domains (!2-fold). This moderate 

methylation was barely observed in the heatmap generated with uniquely mapped 

reads (Fig. 2b). We hypothesized that the high conservation score (3,500, 5,000 and 

10,000 for ERV1, ERVK and IAP, respectively) of these internal domains complicates 

their mapping at unique loci. Our data reveal a direct correlation between the 

observed methylation level and the CG density of the different LTR retro-element 

regions (Fig. 2d, 2e left panel and Supplemental Fig. 2c left panel). Overall, we 

observe 5mC enrichment at every LTR region whenever the CG density exceeds the 

average mouse genome density (0.83). The depletion of TDG does not, however, 

affect this 5mC enrichment of the LTRs.  

The methylation patterns of the LTRext of all LTR retrotransposons in ESCs 

showed, however, striking differences when compared to these in MEFs. For 

example in ESCs, IAPs exhibited a four fold lower enrichment for 5mC than MEFs 

and an enrichment for all three 5mC oxidized forms, accumulating 5fC and 5caC in 

response to Tdg knockdown (Fig.2e, upper right panel and Supplemental Fig. 2c 

right panel). Non-IAP ERVKs and ERV1s showed an enrichment of the LTRext for the 

oxidized methylated cytosines with a specific accumulation of 5caC in absence of 

TDG (Fig. 2e right panel and Supplemental Fig. 2c right panel). Importantly, ERVK 

and ERV1 internal domains (LTRint) tend to be depleted in 5mC (Fig. 2e, the lower 

two panels). Taken as a whole, these data suggest that the evolutionary conserved 

LTRs harboring a high CG content are dynamically regulated by TDG in ESCs, but 

stably methylated during cell differentiation.  

 

Methylation profiles of mouse-specific SINEs 

SINEs are interspersed repeats that make up to 7.5% of the mouse genome 

(Supplemental Fig.6c) and comprise two mouse-specific families, B1m and B2m 

(Mouse Genome Sequencing et al. 2002). Heatmaps of 5mC/5hmC/5fC/5caC at 

SINEs ranked by families revealed TDG-dependent specific cytosine methylation 

patterns for the mouse-specific families B1m and B2m in MEFs (Supplemental Fig. 

3a). Heatmaps ranked by conservation scores for the B1m and B2m families 

illustrated a strong correlation between the density of cytosine modification (Fig. 3a), 



! "

conservation and CG density (Fig. 3b and Supplemental Fig. 3b). Normalized density 

curves clearly showed that the mouse-specific SINEs are highly methylated, weakly 

hydroxymethylated/carboxylated and dynamically regulated by TDG (Fig. 3c). 

Calculation of relative enrichment using total reads further confirmed the global 

hypermethylation of mouse-specific SINEs over ancestral SINEs and their TDG-

dependent regulation in MEFs (Fig. 3d upper panel and Supplemental Fig. 3c left 

panel). Comparative analysis revealed a specific hydroxymethylation of these 

mouse-specific SINEs in ESCs (Fig. 3d lower panel and Supplemental Fig. 3c right 

panel). 

Since SINEs have been implicated in gene regulation and chromatin domain 

anchoring (Lunyak et al. 2007; Ichiyanagi 2013), we sought to determine whether 

these species-specific SINEs are located at specific functional loci within the mouse 

genome. Genome browser visualization revealed that methylated mouse-specific 

SINEs are clustered around CGIs (Fig. 3e upper panel and Supplemental Fig. 3d), 

but close to the TSS (Fig. 3e lower panel). Further calculation showed a perfect 

correlation between SINE conservation and proximity to TSS (Fig. 3f,g). All together, 

our data revealed that species-specific SINEs are preferentially integrated around 

TSS, hydroxymethylated in ESCs, but highly methylated and relatively weakly 

hydroxymethylated/carboxylated in MEFs where their methylation state is regulated 

in a TDG-dependent manner (Figure 3h). 

 

DNA methylation patterns of LINEs. 

LINEs are autonomous retrotransposons making up about 20% of the mouse 

genome (Mouse Genome Sequencing et al. 2002) (Supplemental Fig. 6c). Most of 

LINEs are defective due to truncation or accumulation of mutations over time (for 

review see refs(Edgell et al. 1987; Sookdeo et al. 2013). Indeed, only 1% of 

annotated LINEs are intact (length > 5 kb) and potentially active (Castro-Diaz et al. 

2014). The majority of full-length LINEs is represented by the strongly conserved 

mouse-specific L1Md family, which also exhibits the highest CG density (Fig. 4a,b). 

This family contains a 5´UTR functioning as a promoter, two open reading frames, 

ORF1 and ORF2, and a 3´UTR containing a polyA signal. To analyze the distribution 

of 5mC/5hmC/5fC/5caC at these LINEs in MEFs, we divided the L1Md database into 

two groups according to their genomic orientation (sense or antisense strand) and 

normalized their lengths (see Methods for details). Tag count clustering revealed two 
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distinct clusters for each group (clusters 1 and 2 for positive-sense L1Md, and 

clusters 3 and 4 for negative-sense L1Md) (Fig. 4c). Normalized density of 5mC, 

5hmC, 5fC and 5caC signals at L1Md clusters in control and Tdg-deficient MEFs 

reveal two distinct profiles (Fig. 4c,d). The first profile corresponds to L1Md 

containing a hypermethylated 5’ UTR region (cluster 1, on positive strand, and cluster 

3 on negative strand). The second profile corresponds to L1Md showing an un-

methylated 5’ UTR and a methylcytosine oxidation pattern along their ORF 

dynamically regulated by TDG (cluster 2 for positive-sense L1Md, and cluster 4 for 

negative-sense L1Md) (Fig. 4d). Three individual L1Md elements representative of 

the four described elements are visualized in (Supplemental Fig. 4a). This L1Md 

family-specific pattern was further validated by analyses of total mapped reads (Fig. 

4e left panel and Supplemental Fig. 4b left panel).  

We hypothesized that the 5’UTR hypermethylated LINEs (clusters 1 and 3) are 

transcriptionally inactive whereas LINEs characterized by a methylcytosine oxidation 

patterns along their ORFs (clusters 2 and 4) are active. Accordingly, analysis of 

H3K4me1, H2A.Z and Pol II distribution by ChIP-seq experiments at clusters 2 and 4 

revealed a clear enrichment of these transcriptionally active marks along their ORFs 

strongly suggesting that transcription of LINEs is regulated by DNA methylation, i.e. 

LINEs are silenced by cytosine methylation of their 5’UTR whereas active LINEs are 

regulated by methylcytosine oxidation in a TDG-dependent manner.  

We next analyzed whether the L1Md LINEs are randomly distributed 

throughout the genome or integrated at precise locations. We observed a high 

concentration of intact L1Md LINEs around gene clusters (1 L1Md/every 60 kb vs 

1/180 kb for the rest of the genome) such as the Skint and Vmn2r clusters (see 

Supplemental Fig. 4c). Surprisingly, in ESCs L1Md were depleted in cytosine 

modifications (Fig. 4e right panel and Supplemental Fig. 4b right panel), suggesting 

that the TDG-dependent regulation of LINE transcription by methylation takes place 

during differentiation.  

 

TDG-dependent methylation patterns of simple repeats. 

We next investigated the DNA methylation patterns of simple repeats. Simple repeats 

are made up by variable numbers of successive repeating units with various lengths 

(for review see ref(Ellegren 2004). Heatmaps of 5mC/5hmC/5fC/5caC levels for 

simple repeats revealed a clear enrichment of all 5mC oxidized forms specifically in 
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CA repeats in MEFs (Fig. 5a). Note that the antibodies we have used are highly 

specific for the individual 5mC oxidized forms of the CA repeats, thus ruling out the 

possibility of non-specific association of the antibodies with the repeats 

(Supplemental Fig. 5a). Since the CA repeats exhibit a 50 fold higher CA than CG 

density (Supplemental Fig. 5b), the above results suggest that the cytosine within the 

CpA dinucleotides could also be methylated. To further validate this claim, CA 

repeats were ranked by conservation score and heatmaps were generated. 

Interestingly, a strong correlation could be seen between CA density and 

5hmC>5caC>5fC densities (Fig. 5b). Normalized density curves (Fig. 5c) and 

genome browser views (Supplemental Fig. 5c,d) confirmed that CA dinucleotides are 

mainly hydroxymethylated and dynamically formyl/carboxyl-ated in a Tdg-dependent-

deficient manner. Indeed, Tdg knockdown leads to a strong density accumulation of 

both 5fC (2 folds) and 5caC (1.6 folds) (Figure 5c). Of note, the depletion of TDG 

affects weakly the density of both 5mC and 5hmC (Fig. 5c, the two upper panels). 

Relative enrichment calculation including multihit reads for each cytosine modification 

at different simple repeats families confirmed that CA repeats are specifically 

enriched in 5mC oxidized form in both MEFs and ESCs (Fig. 5d and Supplemental 

Fig. 5e upper panel). Strikingly, CA repeats showed a strong 5mC enrichment in 

ESCs but not in MEFs (Fig. 5d). Clustered heatmap density of 5mC/5hmC/5fC levels 

at CA repeats in ESCs and MEFs revealed that the highly methylated CA repeats in 

ESCs correspond to those harboring the strongest 5mC oxidized forms in MEFs 

(Supplemental Fig. 5f). Together our data show that the densest CA repeats are 

preferentially methylated in ESCs, oxidized and dynamically regulated by TDG during 

differentiation. 

Since CA methylation has been shown by bisulfite sequencing to occur in Drosophila 

and mammals mainly in the CAC trinucleotide context (Laurent et al. 2010; Lister et 

al. 2013; Guo et al. 2014; Takayama et al. 2014), we investigated whether this motif 

is also preferentially modified at simple repeats. Our analysis identified the CAC 

trinucleotide as the main motif targeted by 5mC oxidation at simple repeats in MEFs 

(Supplemental Fig. 5e lower panel).  

The occurrence of 5mC oxidation at CA repeats, prompted us to analyze 

whether TDG could excise an oxidized cytosine introduced in a non-CpG context. In 

vitro assays showed that recombinant TDG efficiently excised a formylcytosine 
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introduced in a CpA context, but not in CpC or CpT context (Fig. 5e). Likewise, the 

dioxygenase activity of the Naegleria Tet-like protein has a strong preference for 

5mCpG and 5mCpA (Hashimoto et al. 2014). These results further validated the 

occurrence of DNA methylation/oxidation at CA repeats in MEFs and ESCs. 

Since CA repeats have been implicated in transcription and splicing regulation 

(Naylor and Clark 1990; Gebhardt et al. 1999; Pravica et al. 1999; Shimajiri et al. 

1999; Gabellini 2001; Hui et al. 2003b), we sought to determine whether CA repeat 

modifications occurred randomly or at specific loci within the mouse genome. Our 

data revealed a high correlation between CA repeat density, proximity to TSS (Fig. 

5f) and cytosine hydroxymethylation (Fig. 5g). Collectively, these results highlight 

TDG-dependent DNA methylation dynamics at conserved CA repeats that are 

located closer to TSS compared to degenerate CA repeats. The distinct 

methylation/oxidation patterns found in MEFs and ESC may reflect an active role of 

these modifications in shaping the transcriptional re-programming taking place during 

differentiation. 

 

We finally analyzed the occurrence of cytosine modifications at major satellites 

and DNA transposons. Major satellites showed a unique cytosine modification 

pattern conserved between MEFs and ESCs, characterized by a specific 5mC, 5fC 

and 5caC enrichment (Supplemental Fig. 6a). DNA transposons did not show any 

enrichment in cytosine modifications (Supplemental Fig. 6b). 

 

 

Discussion 

Here, we present a genome-wide comparative analysis of DNA methylation/oxidation 

profiles of repetitive elements in both MEFs and ESCs. We found major differences 

in the DNA methylation/oxidation patterns of repetitive elements in these cells. A 

majority of DNA methylation/oxidation patterns is dynamically regulated by TDG and 

occur mainly at CA repeats and at the most recently acquired transposable elements 

corresponding to mouse-specific repeats with high CG content. We show that these 

elements are not distributed randomly throughout the mouse genome, but are 

clustered with respect to the TSS and hence may act as novel cis-acting regulatory 

elements (Supplemental Fig. 6d).  
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We observe enrichment methylation at every conserved repeat whenever the 

CG density exceeded 0.83, the average mouse genome density. For example, the 

IAP retroviruses, that have the highest CG density, showed the highest methylation 

enrichment. In ESCs, this subfamily was partially methylated and enriched in 5hmC, 

but was fully methylated in MEFs, which suggest their permanent inactivation during 

differentiation to prevent insertion mutagenesis. Accordingly, IAP transcription is 

constrained by methylation (Walsh et al. 1998) and LTR elements were found 

excluded from gene-rich regions (Medstrand et al. 2002), likely because of their 

potential to alter transcription. LTR families harboring an intermediate CG density 

such as ERV1 and non-IAP-ERVK, showed TDG-dependent oxidation dynamics 

specific to ESCs, while the evolutionary oldest CG-poor ERVL family escaped 

methylation. Collectively, our data suggest that methylation level of CG rich LTRs is 

highly dynamic during differentiation. 

The mouse specific SINEs, B1m and B2m, are concentrated around CGIs. 

This peculiar localization could have profound consequences on neighboring gene 

expression. Accordingly, human B1 SINEs have been shown to influence the activity 

of downstream gene promoters, with acquisition of DNA methylation and loss of 

active histone marks (Estecio et al. 2012). Mouse B1m and B2m SINEs might act as 

boundary elements that protect CGIs against pervasive methylation and hence they 

could be used by ESCs (where the SINEs are not methylated) to maintain the 

undifferentiated state. This claim is supported by the observation of SINE 

hydroxymethylation in ESCs and their hypermethylation in MEFs. The 

hydroxymethylation could regulate the transcriptional circuit that sustains the 

pluripotent state before subsequent methylation silencing during differentiation. 

The lineage-specific LINE L1Md showed TDG-dependent cytosine 

modification dynamics in MEFs. This family clusters in two classes: the first class 

presenting a mainly hypermethylated 5’UTR and a second-class showing TDG-

dependent methylation dynamics throughout their ORFs. We hypothesize that LINEs 

with hypermethylated 5’UTRs are transcriptionally inactive whereas LINEs 

characterized by a highly dynamic 5hmC/5fC/5caC profile following transcriptional 

directionality, peaking at the beginning of the first ORF and diminishing toward the 

3’UTR, are active. Accordingly, these L1Mds are characterized by high Pol II, H2A.Z 

and H3K4me1 levels. These intact LINEs also exhibited a non-random genomic 

distribution being concentrated around gene clusters. The biological significance of 
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this genomic distribution is not understood, but could be implicated in gene regulation 

and genome organization given that LINEs have been implicated in several 

fundamental processes such as differentiation and development (Speek 2001; 

Nigumann et al. 2002; Matlik et al. 2006; Slotkin and Martienssen 2007; Faulkner et 

al. 2009).  Accordingly, DNA methylation dynamics at L1Md was not observed in 

ESCs suggesting that it takes place only during differentiation.  

Another important aspect of this study is the identification of CA methylation 

enrichment at simple repeats. Our data show that the densest CA repeats are 

preferentially methylated in ESCs, but hydroxymethylated and dynamically 

formyl/carboxyl-ated in a TDG-dependent manner in MEFs. The biological 

significance of the switch from methylation to oxidation during differentiation remains 

unclear for the moment, but the occurrence of 5mC/5hmC on CA repeats at close 

distances to the TSS suggests an important role of these elements in the regulation 

of genome activities such as splicing regulation (Hui et al. 2003a; Hui et al. 2003b). 

The ability of recombinant TDG protein to excise formylcytosine exclusively in CpG 

and CpA contexts further validates the implication of CA repeats in genome 

regulation/organization. Our data support previous observations, obtained by bisulfite 

sequencing approaches, describing non-CG methylation in brain, oocytes, ESCs, 

iPSC and flies (Laurent et al. 2010; Tomizawa et al. 2011; Xie et al. 2012; Lister et al. 

2013; Ziller et al. 2013) and provide clear evidence for its occurrence in the CAC 

motif at simple repeats. 

We hypothesize that the TDG-dependent dynamic cytosine DNA 

methylation/oxidation process, specific to both CA repeats and the youngest lineage-

specific transposable elements, may constitute a novel epigenetic code with an as 

yet unknown role in genome organization and function (Fig. 6).  Alterations of this 

code could be associated with disease development. This may be particularly true for 

tumorigenesis, since strong hypomethylation of the repeats is observed in cancer 

cells (Howard et al. 2008; Ehrlich 2009; Baba et al. 2010). Since retroelement 

insertions are major drivers of evolutionary changes within species (Cordaux and 

Batzer 2009; Burns and Boeke 2012), the observed retroelement methylation 

dynamics could be strongly implicated in evolution. 

 

 

Methods  
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Isolation of primary MEFs 

Embryonic fibroblasts were isolated from mouse embryos at embryonic day 10.5 

(genetic background C57BL/6) as previously described (Obri et al. 2014). MEFs were 

kept in culture for no more than 1 month. 

 

Lentiviral knockdown of Tdg 

shRNA targeting Tdg (shTDG-1, 5’-GAACGAAATATGGACGTTCAA-3’ and shTDG-

2, 5’-CAGGGTTCCCTGAGCTATATG-3’) or the control shRNA (5’-

CCTAAGGTTAAGGTTAAGTCG-3’) were cloned into pLKO.1-blast vector 

(Addgene). To generate lentiviruses, the transducing vectors were cotransfected into 

293T cells using Effectene® Transfection Reagent (Qiagen). The supernatant was 

harvested at 48 hr after transfection. To generate control and Tdg-knockdown cells, 

MEFs were infected with lentivirus in a 6-well plate. 24 hr after infection, blasticidine 

(10 !g/ml) was added to the medium (DMEM containing 10% FBS) for selecting 

infected cells. Cells were selected by blasticidine for 10 days and were split when 

necessary until being harvested. 

 

RT-qPCR Analysis 

Total RNAs were purified from MEFs using standard methods and subjected to 

reverse transcription using random primers (Promega) and the Superscript II reverse 

transcriptase (Invitrogen). Real-time quantitative PCR was done with the LightCycler 

480 SYBR Green I Master kit (Roche) and the Mastercycler Realplex apparatus 

(Eppendorf). PCR were performed with the oligonucleotide pairs 5’-

GCCAGATGTGCTCAGTTTCC-3’ and 5’-CTGCCTCATAGCCTGGATCA-3’ for Tdg 

and 5’-GGCTGTATTCCCCTCCATCG-3’ and 5’-CCAGTTGGTAACAATGCCATGT-3’ 

for Actin. Results were normalized to Actin.  

 

5mC/5hmC/5fC/5caC DNA immunoprecipitation assays 

DNA immunoprecipitation assays were done as previsously described(Shen et al. 

2013). Briefly, 10 !g of DNA was used as input, and 2 !l of 5mC antibody (Active 

Motif, 39649), 4 !l of 5hmC antibody (Active Motif, 39791), 1 !l of 5fC anti-serum (Yi 

Zhang) and 0.5 !l of 5caC anti-serum (Yi Zhang) was used to immunoprecipitate 

modified DNA. DNA and antibodies were incubated at 4°C overnight in a final volume 
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of 500 !l of DIP buffer (10 mM sodium phosphate pH 7.0, 140 mM NaCl, 0.05% 

Triton X-100). The bound material was recovered after incubation with 30 !l of 

blocked protein G Dynabeads (beads washed three times with 1 ml of DIP buffer and 

incubated for 4 hr minimum with BSA 1 mg ml-1 and yeast tRNA 0.5 mg ml-1). The 

beads were washed three times with 1 ml of DIP buffer, then treated overnight with 

RNase at 65°C in presence of 300 mM NaCl and then treated 4 hr with proteinase K 

at 55°C. Immunoprecipitated DNA was purified by phenol-chloroform extraction 

followed by ethanol precipitation. Four independent DNA immunoprecipitations were 

pooled for each condition before sequencing analysis. 

 

ChIP assay 

H3K4me1 and PolII ChIP experiments were performed as previsously described 

(Obri et al. 2014). Briefly, 50 !g of sonicated chromatin isolated from sub-confluent 

MEFs was immunoprecipitated using 1 !l of antibody anti-H3K4me1 (Abcam, 

ab8898) or 5 !g of antibody anti-Pol2 (Santa Cruz, sc-9001 X). Five independent 

chromatin immunoprecipitations were pooled for each antibody before sequencing 

analysis. 

 

ChIP-seq, DIP-seq and computational analyses 

ChIP-seq and DIP-seq were performed on an Illumina Hiseq 2500 as single-end 50 

base reads following Illumina’s instructions. Image analysis and base calling were 

performed using RTA 1.17.20 and CASAVA 1.8.2. Reads were mapped to the mouse 

genome (mm9) using bowtie(Langmead et al. 2009) to determine the total numbers 

of unmappable, multihit, and uniquely mapped reads. 

Peak detection was performed using MACS (Zhang et al. 2008) 

(http://liulab.dfci.harvard.edu/MACS/) under settings where the input fraction was 

used as negative control. Peak summits detected were annotated using HOMER 

(http://biowhat.ucsd.edu/homer/ngs/annotation.html). Heatmaps, global clustering 

and quantitative comparisons of the ChIP-seq/DIP-seq data were performed using 

seqMINER (Ye et al. 2011) (http://bips.u-strasbg.fr/seqminer/). As reference 

coordinates, we used the annotated RepeatMasker (RMSK) database of mouse 

genome (mm9). Tag densities were collected in 50 bp sliding windows spanning 0.5 

kb (for SINEs) or 1 kb (for CA repeats) of the peak/repeat element center. To 

normalize the LTRint and the L1Md lengths, the sequences were divided in 40 bins 
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and the adjacent 0.5 kb sequences in 10 bins. When clustered, the collected values 

were subjected to k-means clustering coupled to linear-based normalization. 

 

Generation of Wig tracks for peak visualization  

To visualize peaks in the genome browser, we generated wig track files for each data 

set using WigMaker. We normalized tag counts in each bin to the total number of 

uniquely mapped reads (reads per million reads, rpm or reads per ten millions reads, 

rp10m, as indicated). 

 

Repeat Analysis 

Repeat analysis was performed as follow. Reads were aligned to repetitive elements 

in two passes. In the first pass, reads were aligned to the non-masked mouse 

reference genome (NCBI37/mm9) using BWA (Li and Durbin 2009) v0.6.2. Positions 

of the reads uniquely mapped to the mouse genome were cross-compared with the 

positions of the repeats extracted from UCSC (RMSK table in UCSC database for 

mouse genome mm9) and reads overlapping a repeat sequence were annotated with 

the repeat family. In the second pass, reads not mapped or multi-mapped to the 

mouse genome in the previous pass were aligned to RepBase(Jurka et al. 2005) 

v18.07 repeat sequences for rodent. Reads mapped to a unique repeat family were 

annotated with the family name. Finally, we summed up the read counts per repeat 

family of the two annotation steps. 

 

Dot blot assay 

10 ng of denatured oligos (CG-containing oligos : 5’-GCA TCG TAC GGA ATC GCT 

TCT AGC CGG ACA TTA GCG ATX GAT CGA TC AGG CTC GTA GGT ACT CGA 

CGG CAA TCG TTA G-3’ or (CA)9-containing oligos : 5’-CTA ACG ATT GCC GTC 

GCA CAC ACA XAC ACA CAC AGA TCG CTA ATG TCC GC-3’; X = C, 5mC, 

5hmC, 5fC or 5caC) were spotted onto a positive charged membrane (Amersham 

HybondTM-XL). Membrane was then baked at 80° and blocked for 1 hour with 5% 

non-fat milk in TBS containing 0.1% Tween-20 (TBST). Membranes were then 

incubated overnight with 1:500 dilution of 5mC, 5hmC, 5fC or 5caC antibodies. After 
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three rounds of washing with the blocking solution, membranes were incubated with 

1:20,000 dilution of HRP-conjugated anti-mouse (for 5mC) or anti-rabbit (for 5hmC, 

5fC and 5caC) IgG secondary antibody. The membranes were then washed with 

TBST and treated with ECL. 

 

TDG purification 

The mouse His-tagged TDG protein was cloned in a pET28b vector and expressed in 

the BL21-CodonPlus-RIL-pLysS (Stratagene) strain. A 1 L culture was grown in LB 

medium at 37°C until D600 of 0.5 was reached before induction with 1 mM IPTG for 3 

hr at 25°C. Cells were lysed in 15 mL of a buffer containing 20 mM Tri-HCl pH 7.65, 

500 mM NaCl, 10% glycerol, 0.01% NP40, 20 mM Imidazole, 0.2 mM PMSF and 

protease inhibitor cocktail tablets (Roche) in the presence of lysozyme at 1 mg/mL 

and sonicated on ice. The clarified supernatant was applied to His-Tag Purification 

Resin (Roche), washed with 50 mM Imidazole and eluted with 300 mM Imidazole 

using a buffer containing 10 mM Tri-HCl pH 7.65, 150 mM NaCl, 10% glycerol, 

0.01% NP40. The eluate fraction was diluted two times with sodium phosphate buffer 

(50 mM sodium phosphate pH 7, 1 mM DTT, 1 mM EDTA), incubated with SP 

sepharose fast flow bead (GE Healthcare), extensively washed with sodium 

phosphate buffer containing 100 mM NaCl and elutated with sodium phosphate 

buffer containing 500 mM NaCl. The eluate fraction was desalted with PD-10 

Sephadex G-25 columns (GE Healthcare) equilibrated with TGEN buffer (20 mM 

Tris-HCl pH 7.65, 10% glycerol, 3 mM MgCl2, 0.1 mM EDTA, 0.01% NP40). 

 

Glycosylase assay 

The DNA substrates for enzymatic activity assays were prepared by annealing 

equimolar amounts of the following oligonucleotides (top_78mer, 5’ CTA ACG ATT 

GCC GTC GAG TAC CTA CGA GCC TGA TCG ATC XAT CGC TAA TGT CCG GCT 

AGA AGC GAT TCC GTA CGA TGC 3’ ; X= G, A, T or C, and bottom_78mer, 5’ 

GCA TCG TAC GGA ATC GCT TCT AGC CGG ACA TTA GCG AT5fC YAT CGA 

TCA GGC TCG TAG GTA CTC GAC GGC AAT CGT TAG 3’; Y=G, A, T or C; ) in a 

buffer containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 100 mM NaCl. DNA 

substrates were 5’-end labelled on the bottom strand (bottom_78mer) with [!-

32P]ATP and T4 polynucleotide kinase. Reaction mixtures (10 !L) containing 20 mM 

Tris-HCl pH 7.65, 50 mM NaCl, 5% glycerol, 1 mM DTT, 0.1 !g/!l BSA and 2 nM of 
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end-labeled substrates was incubated 15 minutes at 37°C with the indicated 

concentration of TDG (from 5 to 100 nM). The reaction was stopped by adding 1 !L 

of 1 M NaOH and 10 !L formamide buffer (90% formamide, 10 mM EDTA, 0.1% blue 

bromophenol). The mixture was heated 5 min at 95°C before loading on a 12% 

denaturing polyacrylamide gel.  

 

Published datasets 

To calculate normalized density of H2A.Z at L1Md in Figure 4f, we used our 

previously published data sets obtained in MEFs and deposited in GEO under 

accession number GSE51579 (Obri et al. 2014). To determine the relative 

enrichment for each cytosine modification at repeat families in control and Tdg-

deficient ESCs. We downloaded data sets deposited in GEO under accession 

number GSE42250 (Shen et al. 2013) and performed an independent analysis of 

reads as described in the “repeat analysis” section. 

 

Accession Numbers 

The ChIP-seq and DIP-seq datasets obtained in MEFs have been deposited in Gene 

Expression Omnibus (GEO) under the accession number XXX. 
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Figure legends 

 

Figure 1. Preferential accumulation of 5mC, 5hmC, 5fC and 5caC at repetitive 

sequences in MEFs. (a) Percentages of uniquely mapped and multihit reads. (b) 

Percentages of peaks overlapping with repetitive elements using the UCSC 

RepeatMasker database. (c) Venn diagrams showing the overlap between 5mC, 

5hmC, 5fC and 5caC peaks in control (shSCR) and Tdg-deficient MEFs (shTDG).  

 

Figure 2. DNA methylation profiles at the evolutionarily youngest IAP-LTR 

family in MEFs and ESCs. (a) RepeatMasker database distinguishes within the LTR 

families, elements corresponding to the external terminal repeats (LTRext) from those 

corresponding to the internal coding region (LTRint). (b) Heatmaps of 

5mC/5hmC/5fC/5caC levels at full-length LTRs (LTRint > 2 kb) in control and Tdg-

deficient MEFs. LTR retro-elements were ranked by families. (c) Distribution of LTR 

classes in mouse genome (total or full-length retro-elements). (d) Average 

conservation scores (black columns) and CG density (number of CG dinucleotides 

per 100 bp, red columns) of LTR families within both LTRext (upper panel) and LTRint 

(lower panel) regions. (e) Relative enrichment for each cytosine modification in MEFs 

(left panel) and ESCs (right panel) for the indicated LTR families (LTRext regions, 

upper panel and LTRint regions, lower panel).  

 

Figure 3. DNA methylation profiles of mouse-specific SINEs (a) Heatmaps of 

5mC/5hmC/5fC/5caC levels at mouse-specific SINE families B1m and B2m in control 

and Tdg-deficient MEFs. Within each family, elements were ranked by conservation 

scores. (b) The methylation level of SINE families correlates with their CG density 

and their evolutionarily conservation. Average conservation scores (black columns) 

and CG density (number of CG dinucleotides per 100 bp, red columns) of different 

SINE families. (c) Normalized density of 5mC, 5hmC, 5fC and 5caC signals at 

mouse-specific SINEs in control and Tdg-deficient MEFs. (d) Relative enrichment for 

each cytosine modification at SINEs in control and Tdg-deficient MEFs (upper panel) 

and ESCs (lower panel). Note that mouse-specific SINEs are specifically 

hydroxymethylated in ESCs. (e) Genome browser views indicating that 5mC peaks 

overlap with mouse-specific SINEs in control and Tdg-deficient MEFs (upper panel). 
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Hypermethylated SINEs are concentrated at close distances around CGIs (zooms 1, 

2 and 3, lower panel). (f) Dot plot of conservation scores to TSS distances for each 

individual mouse-specific SINE. (g) Average distances to TSS of mouse-specific 

SINEs in function of their conservation scores. (h) Diagram illustrating the 

relationship between DNA methylation, CG density and distance to TSS for mouse-

specific SINEs.  

 

Figure 4. Distinct TDG-dependent DNA methylation patterns of full-length 

LINEs-L1Md in MEFs and ESCs. (a) Percentage of L1Md LINEs in mouse genome 

(total elements or full-length LINEs, length > 5 kb). (b) Average conservation scores 

(black columns) and CG density (number of CG dinucleotides per 100bp, red 

columns) of LINEs. (c) Heatmaps of 5mC/5hmC/5fC/5caC levels at full-length L1Md 

in control and Tdg-deficient MEFs. The L1Md database was divided in two groups in 

function of their orientation in mouse genome (positive or negative-sense). Tags 

counts clustering reveals two distinct clusters in each group (clusters 1 and 2 for 

positive-sense L1Md, and clusters 3 and 4 for negative-sense L1Md). (d) Normalized 

density of 5mC, 5hmC, 5fC and 5caC signals at L1Md clusters in control and Tdg-

deficient MEFs reveal two distinct profiles. The first profile corresponds to L1Md 

containing a hypermethylated 5’ UTR region (cluster 1, for positive-sense L1Md, and 

cluster 3 for negative-sense L1Md). The second profile corresponds to L1Md 

showing a TDG-dependent accumulation of cytosine modification along their coding 

sequence (cluster 2 for positive-sense L1Md, and cluster 4 for negative-sense 

L1Md). (e) Relative enrichment for each cytosine modification at different LINE 

families in control and Tdg-deficient MEFs (left panel) and ESCs (right panel). (f) 

Normalized density of H3K4me1, H2A.Z and Pol2 in MEFs at positively (upper panel) 

and negatively (lower panel) orientated L1Md in function of their cytosine modification 

pattern (hypermethylated 5’ UTR, clusters 1 and 3, and hydroxymethylated coding 

sequence regulated by TDG, clusters 2 and 4).  

 

Figure 5. DNA methylation patterns of simple CA repeats. (a) Heatmaps of 

5mC/5hmC/5fC/5caC levels of simple repeats in control and Tdg-deficient MEFs 

showing a specific enrichment of oxidized forms of 5mC at CA repeats. Tags were 

counted within 1 kb around the simple repeats center. (b) Heatmaps of 

5mC/5hmC/5fC/5caC levels at CA repeat in control and Tdg-deficient MEFs, 
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elements were ranked by conservation scores. (c) Normalized density of 5mC, 

5hmC, 5fC and 5caC signals showing a Tdg-deficient-dependent accumulation of 5fC 

and 5caC at CA repeats in MEFs. (d) Relative enrichment of each cytosine 

modification at different simple repeat families in control and Tdg-deficient MEFs 

(upper panel) and ESCs (lower panel). The A/T family encompasses all simple 

repeats containing exclusively adenine and/or thymine in their repeat motif sequence. 

(e) In vitro glycosylase assays revealing that the recombinant TDG protein can 

excise formylcytosine exclusively in CpG and CpA context. (f) Average distances to 

TSS of CA repeats in function of their conservation scores. Inset: Dot plot of 

conservation scores to TSS distances for each CA repeat element. (g) Diagram 

illustrating the relationship between DNA hydroxymethylation, CA density and 

distance to TSS for CA repeats. 

 

Figure 6. Combinatorial DNA methylation code at repetitive elements in both 

ESCs and MEFs. Schematic diagram describing DNA methylation/oxidation patterns 

of repetitive elements in both ESCs and MEFs, which mainly affect evolutionary 

conserved mouse-specific transposable elements (IAP-LTRs, SINEs B1m/B2m and 

L1Md-LINEs) and CA repeats. These repeated elements are clustered at specific 

locations in the mouse genome and TET/TDG are implicated in the regulation of their 

unique DNA methylation/oxidation signatures and dynamics. 

 

 

Supplemental Figures 

 

Supplemental Figure 1. Genome-wide distribution of 5mC/5hmC/5fC/5caC in 

control and Tdg-deficient MEFs. (a) RT-qPCR (upper panel) and immunoblotting 

(lower panel) analyses of TDG expression levels in control (shSCR) and Tdg-

deficient (shTDG) MEFs. (b) Genome browser views indicating 5mC, 5hmC, 5fC and 

5caC peaks in control and Tdg-deficient MEFs. (c) Normalized density of 5mC, 

5hmC, 5fC and 5caC signals showing a specific depletion of cytosine modification at 

CGIs. Tags were counted within 5 kb around CGIs. (d-g) Flowchart of computational 

analyses used in this study (d and f) and correlation matrix for the repetitive elements 

(e and g), using uniquely mapped reads (d and e) and including multihits mapped 

reads (f and g). Heatmaps with hierarchical clustering showing Spearman’s rank 
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correlations between all pair-wise comparisons. Spearman correlations 

were calculated using the raw read count across all types of repeats analyzed. Blue: 

shSCR. Grey: shTDG. Note that the 5hmC, 5fC and 5caC profiles were closely 

clustered. 

 

Supplemental Figure 2. DNA methylation dynamics at CG-rich LTR in MEFs and 

ESCs. (a) Normalized density of 5mC, 5hmC, 5fC and 5caC signals at IAP LTR 

retro-elements (LTRint > 2 kb) in control and Tdg-deficient MEFs. (b) Alignment of ten 

representative LTRs within ERV1 family (upper panel), IAP family (middle panel) and 

ERVL family (lower panel). CpG dinucleotides are highlighted in red. The average 

CG density of selected LTR retro-elements is indicated on the left. (c) Dot blot of 

enrichment in 5mC, 5hmC, 5fC and 5caC at each LTR family in control (blue circles) 

and Tdg-deficient (red circles) in MEFs (left panel) and ESCs (right panel). LTRext 

and LTRint regions were analyzed separately. LTR families were sorted by classes. 

Note that several LTRext families of the ERV1 class are specifically hypermethylated 

in MEFs (orange ovals). In contrast, ESCs show a specific enrichment in 5hmC at the 

majority of LTRext families of the ERVK class (green ovals). Of note, we observed a 

strong accumulation of 5caC at these regions in absence of TDG (purple ovals). 

 

Supplemental Figure 3. Correlation between SINE DNA methylation dynamics  

and evolutionarily age. (a) Heatmaps of 5mC/5hmC/5fC/5caC levels at SINEs. 

SINE elements were ranked by family. Tags were counted within 500 bp around the 

SINE center. (b) Alignment of ten representative SINEs B1 from the ancestral group 

(upper panel) and the mouse-specific group (lower panel) showing that recent SINEs 

B1 (mouse-specific) show a high CG density comparing to ancestral SINEs B1 

(common in rodents). (c) Dot blot shows enrichment in 5mC, 5hmC, 5fC and 5caC of 

each SINE family in control (blue circles) and Tdg-deficient (red circles) MEFs (left 

panels) and ESCs (right panels). SINE families were sorted in two groups relatively 

to their appearance in the rodent lineage, the mouse-specific group and the ancestral 

group (common in rodents). Note that mouse-specific SINEs are specifically 

hypermethylated in MEFs but hydroxymethylated in ESCs (green ovals). (d) Genome 

browser views indicating 5mC, 5hmC, 5fC and 5caC distribution in MEFs at genomic 

region showing a high concentration of mouse-specific SINEs.  
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Supplemental Figure 4. The TDG-dependent dynamics of cytosine 

modifications at LINEs correlates with their evolutionarily age. (a) Genome 

browser views indicating 5mC, 5hmC, 5fC and 5caC peaks in control and Tdg-

deficient MEFs at three selected L1Md elements representative of each clusters 

described in Figure 4. (b) Dot blot shows enrichment in 5mC, 5hmC, 5fC and 5caC at 

each LINE family in control and Tdg-deficient MEFs (left panels) and ESCs (right 

panels). LINE families were sorted in two groups relatively to their appearance in the 

rodent lineage (mouse-specific and ancestral). Elements from the mouse-specific 

LINE group were sorted according to their evolutionarily age in the mouse lineage. 

(c) L1Md elements are concentrated around gene clusters in mouse genome. 

Genome browser views indicating the position of full-length L1Md at representative 

gene clusters Skint (upper panel) and Vmn2R-Olfr (lower panel).  

 

Supplemental Figure 5. Specific accumulation of 5hmC, 5fC and 5caC at simple 

repeats containing CAC motif. (a) Dot blot assays showing that 5mC, 5hmC, 5fC 

and 5caC antibodies specifically recognize 5mC, 5hmC, 5fC and 5caC-containing 

oligos in both CG and (CA)9 repeat contexts. (b) Average CA density (blue) and CG 

density (red) (number of dinucleotides per 100 bp) of CA repeats, CGIs and the 

mouse genome. (c) Genome browser views showing that 5hmC peaks overlap with 

CA repeats. The zoom view show the sequence of a strongly hydroxymethylated CA 

repeat element. CpG, CpA, CpC and CpT dinucleotides are highlighted in green, red, 

yellow and blue, respectively. (d) Genome browser views showing that 5hmC, 5fC 

and 5caC peaks overlap with CA repeats in control and Tdg-deficient MEFs. (e) 

Relative enrichment for each cytosine modification at different simple repeat families 

in control and Tdg-deficient MEFs. The CA, CT, CC and CG families regroup simple 

repeats containing a cytosine in their repeat motif followed by a A, T, C or G, 

respectively (upper panel). The CAC, CAG, CAT and CAA families regroup simple 

repeats containing the CpA dinucleotides in their repeat motif followed by a C, G, T 

or A respectively (lower panel). (f) Heatmaps of 5mC/5hmC/5fC levels at CA repeats 

in control and Tdg-deficient ESCc and MEFs. Tag counts clustering revealed three 

distinct clusters according to cytosine modification density (high, middle and low 

enrichment). Tags were counted within 1 kb around the simple repeats center. Note 

that the strongly methylated CA repeats in ESCs are specifically highly enriched in 

5mC oxidized form in MEFs. 
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Supplemental Figure 6. Similar DNA methylation patterns at major satellites 

and DNA transposon in MEFs and ESCs. 

(a-b) Relative enrichment for each cytosine modification at major satellites (a) and 

DNA transposons (b) in control and Tdg-deficient MEFs (left panels) and ESCs (right 

panels). Note that major satellites show a unique cytosine modification pattern 

characterized by a specific 5mC, 5fC and 5caC enrichment. (c) Composition of 

interspersed repeats in the mouse genome (total elements, left panel, and families 

showing a specific TDG-dependent DNA methylation dynamic during differentiation, 

right panel).  



!"

#!"

$!

%!"

&!"

'!!"

(
)
*
+
,
"

(
)
-
.
/
"

(
)
*
+
,
"

(
)
-
.
/
"

(
)
*
+
,
"

(
)
-
.
/
"

(
)
*
+
,
"

(
)
-
.
/
"

01+" 0)1+" 02+" 034+"

56789:")7; <9=;7>=:")7;(
?
"-
@
;4
="
1
4
>
>
:
A
"B
:
4
A
(

4

C

D
EF
G
"

*
EF
G
"

D
-
,
"

*
71
>
=:
"B
:
>
:
4
;(
"

H
;)
:
B"
B:
>
:
4
;"

F
@
"B
:
>
:
4
;"

(
)
*
+
,
"

(
)
-
.
/
"

(
)
*
+
,
"

(
)
-
.
/
"

(
)
*
+
,
"

(
)
-
.
/
"

(
)
*
+
,
"

(
)
-
.
/
"

F
9
1
C
:
B"
@
2"
>
:
4
I
(

!
#
!
J!
!
!

$
!
J!
!
!

%
!
J!
!
!

&
!
J!
!
!

'
!
!
J!
!
!

'
#
!
J!
!
!

034+02+0)1+01+

!"#$%&'(

02+
034+

01+

02+
034+

%KJL'K

M#J##K
'!J'$M

MJ!M# %J$0#

0J!&&

#&J&#'

02+ 034+

01+

0'JLMK

$J&$M

'#J!'M

0J#&$

M#J&!' %'J&#$ $%J%L$

02+ 034+

0)1+

#KJ##$ $0J%!&

MMJM0L

$!J$&0

&J$#! %J'0!

$J%!$

02+
034+

0)1+

'KJ&K%

#'J#$#

M#J#M!
''JK&'

'!J0&&

'$J$&'

$J%ML

01+

0)1+

''J$LM

LMJ$$&

0$JLM$

01+

0)1+

KJK'#

%MJKL#

$KJL$L

()*+, ()-./
3



!

"
#
$
%
&
'

#
$
(
)
*

+,-./

#
$
%
&
'

#
$
(
)
*

01&

#
$
%
&
'

#
$
(
)
*

0$1&

#
$
%
&
'

#
$
(
)
*

02&

#
$
%
&
'

#
$
(
)
*

03!&

4
(
'
#
56
4
(
'
7,
/58
59
5:
"
;

&<!##5+

6='>?;

,@5?ABCD

&<!##5++

6='>E;

,@5FAGHH

&<!##5+++

6='>4;

,@5?A?F9

+IJ

,@59A0BB

#/
!K
/

L,
M

NB
O0
5:
"

PB
O0
5:
"

4('
7,/

?B5Q

HR5Q

B5 9B5 FB5 CB5 GB ?BB

='>?

+IJ5

='>4

/S/!<

4('
7,/

8595:"

='>E

Q54('#

3
4('

LT/
U!UA-S<5!,MVSK5L,W

4('
7,/

4('
LT/

4('#5X

M

='>? ='>E ='>4 +IJ

%
3
S
KL

B5

0BB5

?ABBB5

?A0BB5

9ABBB5

9A0BB5

HABBB5

&
*
5M
L
,
#
7/Y

B5

?5

95

H5

F

0
4('

LT/

%
3
S
KL

='>? ='>E ='>4 +IJ
B5

9O?BH5

FO?BH5

CO?BH5

GO?BH5

?BO?BH5

?9O?BH

&
*
5M
L
,
#
7/Y

B5

BO05

?5

?O05

9

9O0
4('

7,/

L

NH5

N95

N?5

B5

?5

95

H5

F5

NH5

N95

N?5

B5

?5

95

H5

F5

NH5

N95

N?5

B5

?5

95

NH5

N95

N?5

B5

?5

95

#
$
(
)
*
5

#
$
%
&
'
5

#
$
(
)
*
5

#
$
%
&
'
5

#
$
(
)
*
5

#
$
%
&
'
5

#
$
(
)
*
5

#
$
%
&
'
5

01& 0$1& 02& 03!&

#
$
(
)
*
5

#
$
%
&
'
5

#
$
(
)
*
5

#
$
%
&
'
5

#
$
(
)
*
5

#
$
%
&
'
5

#
$
(
)
*
5

#
$
%
&
'
5

01& 0$1& 02& 03!&

4('
LT/

4('
7,/

4('
7,/

4('
LT/

Z=[# =%&#

='>? ,S,N+IJ5='>E ='>4+IJ

=
,
K7
3
$
1
L
,
/A
5<
S
U
9
6!
,
/7
"
S
M
Y
V7
,
-
.
/;

!"#$%&'(



! " #

$

%
&
'
(
)

%
&
*
+
,

%
&
'
(
)

%
&
*
+
,

%
&
'
(
)

%
&
*
+
,

%
&
'
(
)

%
&
*
+
,

%
&
'
(
)

%
&
*
+
,

-./01 23( 2&3( 24( 2#!(
3
5
0
%
$
6%
/
$
#
74
7#
8'
-9
:
%

%
#
5
;$

<

6<
=2
>
"

?
<
=2
>
"

%
#
5
;$

@
A
3

@
B
3

4

+7%1!.#$8158.$!;$%18*''8C>"D

'
#
5
;$

<

6A
E<
<
<

A
E<
<
<

AE<<<

AEB<<

AEF<<

AEG<<

AEH<<

BE<<<

I$1&JK!175.

+7%1!.#$8158.$!;$%18*''

(,8L$.%71J

L

:
.
;7
#
&
3
$
.
1E
8K
5
M
B
C!
.
17
"
5
L
J
N7
.
/
0
1D

#&;AOP

G8Q

<8Q
G8Q

<8Q
G8Q

<8Q
G8Q

<8Q

%&'()

%&*+,

%&'()

%&*+,

-./01

23(

(/,87%K!.L%

%&'()
%&*+,

23(8/$!>%

'-9:%8C350%$6%/$#747#D

9
5
;3
!
K7R
$
L
8;
$
!
L
%
8#
5
0
.
1%

C;
/
A
<
3
D

#&;AOP

%&'()

%&*+,

%&'()

%&*+,

-./01

23(

(/,87%K!.L%

%&'()
%&*+,

23(8/$!>%

9
5
;3
!
K7R
$
L
8;
$
!
L
%
8#
5
0
.
1%

C;
/
A
<
3
D

'-9:%8C350%$6%/$#747#D

BSEOH<E<<<
28Q

<8Q
28Q

<8Q
28Q

<8Q
28Q

<8Q

BGEBA<E<<< BGEBB<E<<< BGEBS<E<<< SFE<O2E<<<

B2E<<<E<<< S<E<<<E<<< S2E<<<E<<<

T5538A T5538B T5538S

T5538A T5538B T5538S

9
5
;3
!
K7R
$
L
8L
$
.
%
71
J
E

U
"
86
8-
.
/
0
18
C;
/
3
D

+7%1!.#$8158'-9:8#$.1$;8C>"D8

<=S

<=B

<=A

<

%&'()8
%&*+,8

23( %&'()8
%&*+,8

2&3( %&'()8
%&*+,8

24(

6<=B2 ?<=B2<

2#!( %&'()8
%&*+,8

6<=B2 ?<=B2<6<=B2 ?<=B2<6<=B2 ?<=B2<

&

B<<8

F<<8

G<<8

H<<8

AE<<<8

AEB<<8

%
#
5
;$

@
A
3

@
A
;

@
B
3

@
B
;

@
F -+

V
@
A

I
-)

350%$6%/$#747#

< <

A

B

<=2

A=2

(
,
8L
$
.
%
71J

'#5;$

M

!"#$%&'(

6B8

6A8

<8

A8

6B8

6A8

<8

A8

K7.$!M$6%/$#747#8C350%$D

!.#$%1;!K8C;5L$.1D

151!K

K7.$!M$6%/$#747#8C350%$D

!.#$%1;!K8C;5L$.1D

151!K

%
&
*
+
,
8

%
&
'
(
)
8

2#!(

%
&
'
(
)
8

%
&
*
+
,
8

24(

%
&
'
(
)
8

%
&
*
+
,
8

2&3(

%
&
'
(
)
8

%
&
*
+
,
8

23(

I:W%

:'(%

AE
<<
<

AE
A<
<

AE
B<
<

AE
S<
<

AE
F<
<

AE
2<
<

AE
G<
<

F<

G<

H<

A<<

AB<

AF<

+
L
7%
1!
.
#
$
81
5
8.
$
!
;$
%
18
*
'
'
8C
>
"
D



! "

#

$

% &%' (%' )%' *%' +%%

,'-'./

012!3

4+5"'$!6738' 92:#;'$!6737#<

=

>'4?@A<

<
:
B
C
D

<
:
0
E
F

<
:
B
C
D

<
:
0
E
F

<
:
B
C
D

<
:
0
E
F

<
:
B
C
D

<
:
0
E
F

<
:
B
C
D

<
:
0
E
F

?GHI2 -6C -:6C -$C -=!C

4
?@
A
<
'4
+
5
"
'J
,
'-
'.
/
K

C3I<2#;'&
G'L'+M-N%

C3I<2#;'+
G'L'(MO%*

C3I<2#;'(
G'L'&M+O+

C3I<2#;'O
G'L'(MP++

B
2;
!
G
"
'Q

B
2;
!
G
"
'R

<2
!;
2

#G
"

R%
S-
'.
/

Q%
S-
'.
/

4+5"

%'

%S+'

%S&'

R%
S-
'.
/

Q
%
S-
'.
/

<
2!
;2

#
G
"

4+5"

=3I<2#;'+
=3I<2#;'&

%'

%S+'

%S&'

Q
%
S-
'.
/

R%
S-
'.
/

#
G
"

<
2!
;2

4+5"

=3I<2#;'O
=3I<2#;'(

=3I<2#;'+
=3I<2#;'&

%'

%S+'

%S&'

R%
S-
'.
/

Q
%
S-
'.
/

<
2!
;2

#
G
"

4+5"

R%
S-
'.
/

Q
%
S-
'.
/

<
2!
;2

#
G
"

4+5"

%'

%S+'

%S&'

=3I<2#;'O
=3I<2#;'(

%'

%S+'

%S&'

Q
%
S-
'.
/

R%
S-
'.
/

#
G
"

<
2!
;2

4+5"

=3I<2#;'+
=3I<2#;'&

Q
%
S-
'.
/

R%
S-
'.
/

#
G
"

<
2!
;2

4+5"

%'

%S+'

%S&'
=3I<2#;'O
=3I<2#;'(

B
2;
!
G
"
'Q

B
2;
!
G
"
'R

T&USV W13&TOX(6#+

@
1
;6
!
37Y
#
"
';
#
!
"
<
'=
1
I
G
2<
'J
;H
6
K

/

%'

&M%%%'

(M%%%'

)M%%%'

*M%%%'

+%M%%%'

4
+
5
"
'

9
2:
#
;

$!
6
737
#
<
'

<
=
1
;#

C
F
'"
#
G
<
728

%'

%S&'

%S('

%S)'

%S*

+

C3I<2#;'+ C3I<2#;'&

B2;!G"'Q B2;!G"'R

R%
S-
'.
/

Q
%
S-
'.
/

<
2!
;2

#
G
"

4+5"

R%
S-
'.
/

<
2!
;2

#
G
"

4+5"

C3I<2#;'(

Q
%
S-
'.
/

R%
S-
'.
/

#
G
"

<
2!
;2

4+5"

%'

%S+'

%S&'

%SO'

%S('

%S-'

%'

%S+'

%S&'

%'

%S+'

%S&'

%'

%S+'

%S&'

@
1
;6
!
37Y
#
"
'"
#
G
<
72
8
M'
U
/
'R
'?
G
H
I
2'
J;
H
6
K

C3I<2#;'O

Q
%
S-
'.
/

R%
S-
'.
/

#
G
"

<
2!
;2

4+5"

<:BCD'

<:0EF'

<:BCD'

<:0EF'

<:BCD'

<:0EF'

<:BCD'

<:0EF'
-6C

-:6C

-$C

-=!C

!"#$%&'(

A
G
;7
=
:
6
#
G
2M
'3
1
Z
&
J!
G
27
/
1
"
8
[7
G
H
I
2K

R&'

R+'

%'

+' 4+5"'$!6738

92:#;'$!6737#<

012!3

4+5"'$!6738

92:#;'$!6737#<

012!3

<
:
0
E
F
'

<
:
B
C
D
'

-=!C

<
:
B
C
D
'

<
:
0
E
F
'

-$C

<
:
B
C
D
'

<
:
0
E
F
'

-:6C

<
:
B
C
D
'

<
:
0
E
F
'

-6C

<
:
0
E
F
'

<
:
B
C
D
'

-=!C

<
:
B
C
D
'

<
:
0
E
F
'

-$C

<
:
B
C
D
'

<
:
0
E
F
'

-:6C

<
:
B
C
D
'

<
:
0
E
F
'

-6C

5A\< ABC<

Q
%
S-
'.
/



!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

)*+,- ./$ ."/$ .0$ .12$

#
1
3
45

6

78
9
:

;
8
9
:

$
<
=4
5
+
5
2
-!

5

'>!-2*15=-3=$<=45+52-=?9:@=

6=

6AB=

6AC=

6AD=

6AE= ./$ !"#$%=
!"&'(=

.0$ !"#$%=
!"&'(=

F
3
4/
2
G>H
5
I
=I
5
*
!
>-
J
K=
<
:
=7
=)
*
+
,
-=
?4
+
/
@

."/$ !"#$%=
!"&'(=

.12$ !"#$%=
!"&'(=

76A. ;6A.=6

I

'>!-2*15=-3=*5245!-=&##

LJI43MJ/5-"JG2->3*

$<=I5*!>-J

N

.6B66 . 86 &'(=?*O@

!,:!-42-5

+43I,1-
.0$+(

.0$+<

.0$+&

.0$+$

866

!"#$%&'(

2

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

!
"
#
$
%

!
"
&
'
(

)*+,- ./$ ."/$ .0$ .12$

P
-"
5
4=
!
>/
+
G5
=4
5
+
5
2
!
-K
=*
Q
R
S
6
KS
.
D

$
<
=4
5
+
5
2
-!
K

*
Q
S
6
E
KR
S
T

#
>/
+
G5
=4
5
+
5
2
-!

6

78
9
:

;
8
9
:

:
1

6=

6AB=

6AC=

6AD=

6AE=

6=

6AB=

6AC=

6AD=

6AE=

6=

6AB=

6AC=

6AD=

6AE=

78 ;8

0

?<U&@*

?$<@*

V
*
4>
1
"
/
5
*
-K
=G
3
N
B
?2
*
->
:
3
I
J
U>
*
+
,
-@

!
"
&
'
(
=

!
"
#
$
%
=

.12$

!
"
#
$
%
=

!
"
&
'
(
=

.0$

!
"
#
$
%
=

!
"
&
'
(
=

."/$

!
"
#
$
%
=

!
"
&
'
(
=

./$

7S=

7B=

78=

6=

8=

B=

7B=

78=

6=

8=

B=

S=

OVW!

V#$!

?<U&@*

?$<@*

!1345

8
K6
6
6

8
K8
6
6

8
KB
6
6

8
KS
6
6

C
6
6

.
6
6

D
6
6

R
6
6

E
6
6

T
6
6

8B6

8S6

8C6

8.6

8D6

8R6

8E6

I
>!
-2
*
1
5
=-
3
=*
5
2
45
!
-=
&
#
#
=?
9
:
@

I>!-2*15

-3=&##=?9:@

#
1
3
45

6
78
K6
6
6

;
8
K6
6
6

8KB66

8KD66

C66

E66

I>!-2*15

-3=&##=?9:@

#
1
3
45

6
78
K6
6
6

;
8
K6
6
6

8KB668KB66

C66

E66



!"#$"%&$

'()'*+%,-"

.(!/+.,-"

&0+123245

6272$+89:$521

!!

&6,

!!

&6,

,0;+.<=

! !

>##

>-

! !

!! !!

<%%

! !

<%%

! !

!
?@A&

!
?A&

2B5 C75 2B5

!! !!

2B5 C75 2B5

!! !!!

<"<)<D6E

/2327/275

/F74AC8

Figure 6



!"#$%&
!"'()& *+$

!"#$%&
!"'()& *"+$

!"#$%&
!"'()& *,$

!"#$%&
!"'()& *-.$

(/!0.1-2&03&$)4&5678&

9:;

9

9:<

9=<=> < >

9:?

9&

9:<&

9:>&

9:@&

9:A&

;&

+
%
B
C
&5
!
"
#
D$
%
&'
(
8

'()

)CE(F

.

!"
#
$
%

!"
'(
)
=;

!"
'(
)
=<

!"##$%&%'()$*+,-.*/

G1/HI2JK&L&+IJ0/MJ2"/0!

+.MM2N&O2.N!

CJ/P12+210

Q3P
<
&21O/-"+210

5.10/73NK&3R2O&/1MI08

%2M2.0

,.+/JK&-3I10

%2M2.0&,.+/JK&.1130.0/31

G1/HI2JK&+.MM2N&O2.N!

CJ/P12+210

E2.6&-.JJ/1P F2.0+.M

(21!/0K

-IOR2!

41N/R/NI.J

O2M2.0

2J2+210

.1130.0/31

)213+2

7O3S!2O

R/2S!

7
-"O;@T

%2,#2H

?;U999U999 ?<U999U999 ??U999U999 ?>U999U999 ?*U999U999

@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V
@&V

9&V

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

!"#$%

!"'()

41MI0

*+$

*"+$

*,$

*-.$

1
3
O+
.
J/W
2
N
&O
2
.
N
!
&-
3
I
1
0!
&5
OM
;
9
+
8

*+$

*"+$

*,$

*-.$

M
2
.
6
!

2N ,

41MI0&!"'()

41MI0&!"#$%

*+$&!"'()

*+$&!"#$%

*"+$&!"'()

*,$&!"#$%

*-.$&!"#$%

*"+$&!"#$%

*,$&!"'()

*-.$&!"'()

9:< 9:@ ;

*+$&!"#$%

*+$&!"'()

41MI0&!"#$%

41MI0&!"'()

*,$&!"'()

*"+$&!"'()

*"+$&!"#$%

*,$&!"#$%

*-.$&!"'()

*-.$&!"#$%

9:
X@
9:
XA
;

*
+
$
&!
"
#
$
%

*
+
$
&!
"
'
(
)

41
M
I
0&
!
"
#
$
%

41
M
I
0&
!
"
'
(
)

*
,$
&!
"
'
(
)

*
"
+
$
&!
"
'
(
)

*
"
+
$
&!
"
#
$
%

*
,$
&!
"
#
$
%

*
-
.
$
&!
"
'
(
)

*
-
.
$
&!
"
#
$
%

-

P

B
3
O+
.
J/W
2
N
&N
2
1
!
/O
K
&5
OM
+
8

41
M
I
0&
!
"
'
(
)

41
M
I
0&
!
"
#
$
%

*
+
$
&!
"
'
(
)

*
+
$
&!
"
#
$
%

*
"
+
$
&!
"
'
(
)

*
,$
&!
"
#
$
%

*
-
.
$
&!
"
#
$
%

*
"
+
$
&!
"
#
$
%

*
,$
&!
"
'
(
)

*
-
.
$
&!
"
'
(
)



!"##$%&%'()$*+,-.*/



!

"#$%&'()*+,-./&+01

23443#+5#+(36%#'&
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;3<+2=+6%#&5'8

B1_Mur3-21683    -----GGCA-TGGTGGCACACATCTTTAATGCC-AGCACTCAGGAGGCAAAGGCAGGTG------GATGTCTGTG----AATTCTAGGCCAGCCTGATCTACAGGTAGAGTTCCAAGATAGCCAGGACTACTCACAGAGAAACCCT
B1_Mur2-11212    AGCTGGGCA--------GAGTGCCTTTTATTTC-AGCACTTGCAAGGCAGAGGTAGATGTAGATGGATCTCTGTG----AGTTCGAGGCCAGCCTGGTCTACATGTTGAGTTCCAGGACAACCAGAGCTAT
B1_Mur2-29655    -GCTAGGTG-TGGTGGCACAGGCCTTCAATCCC-AGCTCTAGGGAGGCAGAGGCAGGAG------GATCTCTGTG----AGTTTGAGATCAGTTTGGTCTATATAGTGAGTTCCAGGATAGCCAGGGCTAC
B1_Mur1-11789    ----GGGTG-TGTTGGTGCACACCTTTAATCCC-AGTACTCTGGAGACA--GGAAAGTG------GATCTCTATGAGTTAGTTCAAAGCCAGCCTGGTCTACACAGTGAGTTCTAGGCCAGCCAAAGTTC
B1_Mur1-27164    ----GGGTG-TGTTGGTGCACACCTTTAATCCC-AGTACTCTGGAGACA--GGAAAGTG------GATCTCTATGAGTTAGTTCAAAGCCAGCCTGGTCTACACAGTGAGTTCTAGGCCAGCCAAAGTTC
B1_Mur2-19132    -----GGCA-TACTGGCACAC--CTTTAATCCC-AGCACTCAGGATGTAGAGGCAGGTG------GATCTCTGTG----AGTTAGAGGCCAGCATAGTCTACATAGTAAGTTTCAGGACAGCCAGAGCTAT
B1_Mur1-11385    ----------TGGTGGCACACACCTTTAATCCC-AGCACTCAGAAGGTAGAGGCAGGTG------ACTCTCTGTC----AGTTTGAGGTCAACCTGGTCTATATAGTGAGTTCCAAACCAGCCATAGCTAC
B1_Mur3-871      AACCCAGCA-TGGTTGTGTACGCCTTTAATTCCCAGCACTTGGGAGGCAGAGGCAAAAG------GATCTCTCTG----AGTTTGAGGCTAGCCTGCTCTACAGAACAAGTTCCAGTACAGCCAGGGCTAC
B1_Mur3-17317    AGCTGAGCA-TGGCAATGCATGCCTTTAATGCC-AGCACTAGGGAGGTAAAAGCATGCA------GGTCTCA--G----AGTTCGAGACCAGCCTGATCTACAGAGCGAGTTCCAGGACAGCCAGGGCTAC
B1_Mus1-53287    ---CGGGCGGTGGTGGCGCACGCCTTTAATCCC-AGCACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAACTTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTAC
B1_Mus1-39458    -GCCGGGTGGTGGTGGCACACGCCTTTGATCCT-AGCACTTGGGAGGCAGAGGCAGAAG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTAC
B1_Mus2-60875    -GCCGGGCG-TGGTGGCACACGCCTTTAATCCC-AGCACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGACAGCCA
B1_Mus1-24724    --CCAGGCAGTGGTTGCGCACACCTTTAATCCC-AACACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTAT
B1_Mus2-53621    -GCCGGGCG-CGGTGGCGCACACCTTTTATCCC-AGCACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTAC
B1_Mus2-57941    AGCCGGGCG-TGGTGGCGCACGCCTTTAATCCC-AGCACTCGGGAGGCAGAGGCAGGCA------GATTTCTG------AGTTCGAGGCCAGCCTGGTTTACAAAGTGAGTTCCAGGACGGCCAGGGCTAC
B1_Mm-1031       -GCCGGGCG-TGGTGGCGCACACCTTTAGTCCC-AGCACTCTGGAGGCAGAGGCCGTCG------GATTTCTG------AGTTCAAGGCCAGCCTGGTCTACAAAGTGCGTTCCAGGACAGCCAGGGATAT
B1_Mm-36160      AGCTGGGCG-TGATGGTGCATGCCTTTAATCCC-AGCACTCAGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTAT
B1_Mm-18714      AGCCGGGTG-TGGTAGCATACGCCTTTAATTCC-AGCACTCAGGAGGCAAAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTAT
                                         ***   *    *   **    *   *   *               * **        * **  *    *   *  * ** *      ***  *    
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B1_Mur3-21683    -----GGCA-TGGTGGCACACATCTTTAATGCC-AGCACTCAGGAGGCAAAGGCAGGTG------GATGTCTGTG----AATTCTAGGCCAGCCTGATCTACAGGTAGAGTTCCAAGATAGCCAGGACTACTCACAGAGAAACCCT-GTCT--TGAAA---AAACCAAA- 146 
B1_Mur2-11212    AGCTGGGCA--------GAGTGCCTTTTATTTC-AGCACTTGCAAGGCAGAGGTAGATGTAGATGGATCTCTGTG----AGTTCGAGGCCAGCCTGGTCTACATGTTGAGTTCCAGGACAACCAGAGCTAT--GTAGTAAAACCCT-GTCT--CAAAA---AAC-CAAAA 148 
B1_Mur2-29655    -GCTAGGTG-TGGTGGCACAGGCCTTCAATCCC-AGCTCTAGGGAGGCAGAGGCAGGAG------GATCTCTGTG----AGTTTGAGATCAGTTTGGTCTATATAGTGAGTTCCAGGATAGCCAGGGCTAC--AAAGTGAGATGCT-ATCTAACAGAC---AAA-CAA-- 148 
B1_Mur1-11789    ----GGGTG-TGTTGGTGCACACCTTTAATCCC-AGTACTCTGGAGACA--GGAAAGTG------GATCTCTATGAGTTAGTTCAAAGCCAGCCTGGTCTACACAGTGAGTTCTAGGCCAGCCAAAGTTCC--GCGGTGAGGCCTT-GTCTCACAATA---AA--CAA-- 146 
B1_Mur1-27164    ----GGGTG-TGTTGGTGCACACCTTTAATCCC-AGTACTCTGGAGACA--GGAAAGTG------GATCTCTATGAGTTAGTTCAAAGCCAGCCTGGTCTACACAGTGAGTTCTAGGCCAGCCAAAGTTCC--GCGGTGAGGCCTT-GTCTCACAATA---AA--CAA-- 146 
B1_Mur2-19132    -----GGCA-TACTGGCACAC--CTTTAATCCC-AGCACTCAGGATGTAGAGGCAGGTG------GATCTCTGTG----AGTTAGAGGCCAGCATAGTCTACATAGTAAGTTTCAGGACAGCCAGAGCTAT--GTAGTGAGACCCT-GTCTTGCAAAACAAAAAACAAAA 148 
B1_Mur1-11385    ----------TGGTGGCACACACCTTTAATCCC-AGCACTCAGAAGGTAGAGGCAGGTG------ACTCTCTGTC----AGTTTGAGGTCAACCTGGTCTATATAGTGAGTTCCAAACCAGCCATAGCTAC--CTAATGAGACCTTCATATATCAAAACACAA--CAGAA 145 
B1_Mur3-871      AACCCAGCA-TGGTTGTGTACGCCTTTAATTCCCAGCACTTGGGAGGCAGAGGCAAAAG------GATCTCTCTG----AGTTTGAGGCTAGCCTGCTCTACAGAACAAGTTCCAGTACAGCCAGGGCTAC--ATAAAGAAACCCT-GCCT--CAAA---------AAAA 145 
B1_Mur3-17317    AGCTGAGCA-TGGCAATGCATGCCTTTAATGCC-AGCACTAGGGAGGTAAAAGCATGCA------GGTCTCA--G----AGTTCGAGACCAGCCTGATCTACAGAGCGAGTTCCAGGACAGCCAGGGCTAC--ACAGAGAAACCCT-GTCT--CAAAT---AA--CAAAA 146 
B1_Mus1-53287    ---CGGGCGGTGGTGGCGCACGCCTTTAATCCC-AGCACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAACTTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTAC--ACAAAGAAACCCT-GTCT--CGAAA---AAGCCAAA- 145 
B1_Mus1-39458    -GCCGGGTGGTGGTGGCACACGCCTTTGATCCT-AGCACTTGGGAGGCAGAGGCAGAAG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTAC--ACAGAGAAACCCT-GTCT--TGAAA---AA--CAAA- 145 
B1_Mus2-60875    -GCCGGGCG-TGGTGGCACACGCCTTTAATCCC-AGCACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGACAGCCACGGCTAT--ACAGAAAAACCCT-GTCT--CGAAA---AA--CAAAA 145 
B1_Mus1-24724    --CCAGGCAGTGGTTGCGCACACCTTTAATCCC-AACACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAGAGTGAGTTCCAGGACAGCCAGGGCTAT--ACAGAGAAACCCT-GTCT--CGAAA---AA--CAAA- 144 
B1_Mus2-53621    -GCCGGGCG-CGGTGGCGCACACCTTTTATCCC-AGCACTTGGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTAC--ACGGAGAAACCCT-GTCT--CGAAA---AAA-CAAA- 145 
B1_Mus2-57941    AGCCGGGCG-TGGTGGCGCACGCCTTTAATCCC-AGCACTCGGGAGGCAGAGGCAGGCA------GATTTCTG------AGTTCGAGGCCAGCCTGGTTTACAAAGTGAGTTCCAGGACGGCCAGGGCTAC--ACAGAGAAACACT-GTCT--CGAAA---AA--CAAA- 145 
B1_Mm-1031       -GCCGGGCG-TGGTGGCGCACACCTTTAGTCCC-AGCACTCTGGAGGCAGAGGCCGTCG------GATTTCTG------AGTTCAAGGCCAGCCTGGTCTACAAAGTGCGTTCCAGGACAGCCAGGGATAT--TCAGAGAAACCCT-GTCC--CCAAA---AA--CAAAA 145 
B1_Mm-36160      AGCTGGGCG-TGATGGTGCATGCCTTTAATCCC-AGCACTCAGGAGGCAGAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTAT--ACAGAGAAACCCT-GTCT--CGAAA---AA--CAAA- 145 
B1_Mm-18714      AGCCGGGTG-TGGTAGCATACGCCTTTAATTCC-AGCACTCAGGAGGCAAAGGCAGGCG------GATTTCTG------AGTTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAGCCAGGGCTAT--ACAGAGAAACCCT-GTCT--CGAAA---AG--CCAA- 145 
                                         ***   *    *   **    *   *   *               * **        * **  *    *   *  * ** *      ***  *      ***    *          *     *                         
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3. Discussion 
 

  
3.1. MBD4 preserve silenced CGI-containing promoters from demethylation 

 

In vivo, MBD4 has a protective function against mutagenesis and tumorigenesis. Mice 

deficient for the MBD4 gene are viable and fertile but have a predisposition to the 

development of intestinal tumors due to an increase in C to T transition at the methylated 

CpG (Millar et al. 2002, Wong et al. 2002). Consistent with these observations, between 

26 and 43% of cancers, characterized by microsatellite instability (endometrial cancer, 

gastric cancer, colorectal cancer or pancreatic cancer) have a mutation in the Mbd4 gene 

(Riccio et al. 1999, Yamada et al. 2002). The anti-cancer role of MBD4 comes from its 

putative ability to function as a DNA methylation repair enzyme. 

 MBD4 is the sole mammalian protein having a methylated DNA binding domain 

(MBD) associated with a glycosylase domain. In vitro, MBD4 can bind a 5mC in a CpG 

context via its MBD domain. The methylated cytosine is sensitive to spontaneous 

deamination that results in producing T and thus to G/T mismatch. The unique 

architecture of MBD4 allows it to bind both to the substrate and the product of 5mC 

deamination, and it has been proposed, that the resulted T may be cleaved by the 

glycosylase domain of MBD4 (Hendrich et al. 1999, Petronzelli et al. 2000a). The 

significance of this unique domain organization remains elusive. To elucidate the 

importance of possessing these two domains in MBD4, and thus to decipher in more 

depth its role in DNA methylation dynamic, we purified the MBD4 complex to define 

interesting partner(s) of MBD4 with putative regulatory activities or conferring 

unreported activities to MBD4. 

 

3.1.1 MBD4 interacts with mismatch repair proteins 

  

 We have shown that, in cells MBD4 binds DNA mismatch repair proteins (MMR = 

Mismatch Repair), the MLH1/PMS2 complex and the MSH2/MSH6 complex, and that 

MLH1 is the most abundant subunit in MBD4 complex. Consistently with our results, it 

has been earlier shown that MBD4 interacts with MLH1 and DNMT1 and accumulates at 

DNA damage sites (Ruzov et al. 2009). Interestingly, despite MBD4 has been reported to 

have a monofunctional glycosylase activity (Hendrich et al. 1999, Petronzelli et al. 

2000b), our results show that the MBD4 catalyzes a bifunctional glycosylase/lyase 
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activity. Interestingly, while the nuclease activity of MBD4 is low and is not sensitive to 

methylation, the complex MBD4/MLH1 shows intense nuclease activity strongly induced 

by the methylation, and the biochemical analysis of MBD4 point mutants reveals that the 

integrity of MBD and glycosylase domains is required for this function. These activities 

ensure both the removal of the thymine base and cleavage of the DNA phosphate 

backbone at 3’ end of the abasic site. Importantly, in experiments with highly purified 

recombinant, we could show that this activity is specific for a G/T, induced by DNA 

methylation, and requires the binding of MBD4 to MLH1 as enhancer of MBD4-AP 

lyase activity. Such an enhancer function for MLH1 has already been observed for EXO1 

and PMS1 proteins, two nucleases implicated in MMR pathway in eukaryotes. Indeed, 

the physical interaction between MLH1 and EXO1 is required for the endonuclease 

function of EXO1 in MMR pathway (Dherin et al. 2009). Moreover, a recent structural 

study has revealed that the strictly conserved C terminus of MLH1 forms part of the 

PMS1 endonuclease catalytic site (Gueneau et al. 2013). All together, these data define 

MLH1 as a nuclease effector protein. We, therefore, do not exclude a similar pooling 

between some amino acids of MBD4 and some of MLH1 to form a complete part of an 

endonuclease catalytic site.  

  

3.1.2 MBD4 is a bifunctional glycosylase/lyase enzyme when associated to MLH1. 

 

 DNA glycosylases, as members of the base excision repair machinery, protect DNA 

in cells from the damaging effects of oxidation, alkylation and deamination. Whereas the 

alkylation-induced damages are repaired by mono-functional glycosylases (MPG, 

Methylpurine glycosylase which remove 3-meA, 3-meG,7-meG and hypoxanthine), the 

vast  majority of oxidation-induced damages is repaired by bifunctional glycosylases [ 

OGG1 (8-OxoG DNA glycosylase 1, that remove 8oxo-G and FaPy opposite C),  NTHL1 

(Endonuclease III-like1) acts on Tg, FaPyG, 5-hC and 5-hU and NEHL (Endonuclease 

VIII-like glycosylase1) family members NEHL1, 2 and 3 , act on Tg, FaPyG, FaPyA, 8-

oxoG, 5–hU, and 5–hC)] (Jacobs and Schar 2012). Note that glycosylase enzymes 

implicated in DNA demethylation pathway in plants (DME/ROS family, that acts on mC) 

show similar bifunctional activity. Monofunctional glycosylase catalyse the cleavage of 

the glycosidic bond between the sugar and the damaged-base, leading to an AP site. For 

bifunctionnal enzymes, this activity is concomitant with the cleavage of the 

phosphodiester bond at the 3’ side of the AP site (" elimination), leading to a DNA 
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single-strand break. The 3’phosphor unsaturated aldehyde (3’-PUA) can be further 

processed by ARP (Apurinic endonuclease-redox protein) to remove the abasic sugar (# 

elimination) which can be filled with a nucleotide via the action of DNA 

polymerase/ligase.  

All enzymes known to repair the third type of deamination-induced damage such as 

UNG (Uracil-N glycosylase, that act on U and 5-FU), SMUG1 (Single-strand-specific 

monofunctional uracil DNA glycosylase 1, that act on U, 5–hmU and 5-FU), MBD4 and 

TDG have been described as mono-functional.  

 Concerning MBD4, we have observed that enzyme has a bifunctional activity 

conducting to an abasic site with the concomitant cleavage of the ribose backbone, thanks 

to the cooperation with MLH1. However, an important question still remains to be 

answered. How is the sugar eliminated? The presence of Pol l in the MBD4 complex 

would support the idea that it is the candidate enzyme that could catalyses this reaction 

and further generates hemi-methylated DNA, the substrate of the UHRF1/DNMT1 

tandem. The response to our answer will provide evolutionary insights into how animals 

and plants have evolved distinct or similar DNA demethylation mechanisms for 

epigenetic gene regulation. 

 

3.1.3 Function of MBD4/MMR complex in the protection of methylcytosine 

 

During evolution, the appearance of MBD4 protein seems to have coincided with the 

vertebrate lineage establishment (Hendrich and Tweedie 2003). This event parallels the 

transition from mosaic to global DNA methylation of the genomes, and consequently 

would reflect the onset of a CpG-poor genomic landscape due to spontaneous 

deamination of 5mC and its transition into T. In this context, MBD4 appears to have an 

essential role during evolution in protecting a subset of promoters that necessary for cell 

life. But beside its role in protecting the methylated CpGs, it can participate in a DNA 

active demethylating mechanism together with a deaminase (via its glycosylase domain). 

This ambiguity is found in the literature since MBD4 has been implicated in 

transcriptional repression but also in the DNA demethylation (Kondo et al. 2005, Rai et 

al. 2008). Interestingly, like MBD4, UHRF1 also appeared with the vertebrate lineage 

(Bronner et al. 2007) suggesting a mutual need to ensure each respective role. Finally, we 

might suggest that the MBD4/MLH1/UHRF1/DNMT1 quatuor ensures faithful DNA 

methylation inheritance. 
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In this study, we showed by genome-wide methylome and transcriptome analyses 

that the absence of MBD4 results in alterations in both promoter methylation and 

transcriptional activity of a large number of genes in MEFs. Interestingly, methylation 

loss was preferentially observed in CGIs exhibiting both higher CG density and low 

methylation level. 76 genes exhibited a marked increase in transcription level in absence 

of MBD4. The vast majority  of the hypomethylated CGI promoters were 

transcriptionnnally up-regulated in absence of MBD4. These observations allow us to 

conclude that MBD4 is designed to preserve the methylation state of CGIs at the 

promoters of methylation-dependent repressed genes. With this function, MBD4 is 

unique within the MBD class of proteins, as it has been shown that the siRNA depletion 

of other MBD proteins (MBD1, MBD2 or MeCP2), resulted only in derepression of the 

respective genes and not in demethylation of their promoters (Boeke et al. 2000, Fujita et 

al. 2000, Jones P. L. et al. 1998, Nan et al. 1998, Sarraf and Stancheva 2004). This 

functional difference with the other MBDs, stresses the role of MBD4 glycosylase 

domain in preserving the methylation level of the CpGs at its target gene promoters. 

All these findings allow us to propose that in vivo, MBD4 is bound through its MBD 

to the methylated CGI-containing promoters of its target genes. In this way, MBD4, 

either by steric hindrance or/and by recruiting repressive complexes, keeps the promoter 

in a methylated state and silenced. Since MBD4 is present at high concentration at the 

methylated promoter, it easily excises T, via its glycosylase/AP lyase activity, in G/T 

mismatch that was formed as a result of the spontaneous deamination of 5mC. Then, the 

BER machinery further repairs the resulted “gap” and fill it with unmethylated C, 

resulting in a hemi-methylated DNA raising the need to methylate the replaced cytosine 

to render the full methylated state of these regions. Interestingly, recent study showed 

that DNMT1 and UHRF1 are partners of MBD4 (Laget et al. 2014, Meng et al. 2015) 

that indicate a very likely role of UHRF1/DNMT1 tandem in methylating the hemi-

methylated DNA lesion resulted by MBD4/BER. However, we do not yet know which 

are the candidates that might jump in at the right moment between MBD4 and the 

UHRF1/DNMT1 tandem. 

 

3.2. TDG-dependent methylation/oxidation dynamic at repetitive elements 

 

In this work, we present a genome-wide comparative analysis of DNA 

methylation/oxidation profiles of repetitive elements in both MEFs and ESCs. We found 
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major differences in 5mC/5hmC/5fC and 5caC distributions in these cells, showing that 

these modifications are dynamic during differentiation. The majority of the DNA 

methylation/oxidation patterns are dynamically regulated by TDG and occur mainly at 

CA repeats and at the mouse-lineage specific retro-elements including IAP-LTRs, SINEs 

B1m/B2m and L1Md-LINEs, which correspond to the most conserved, CpG-rich, and 

recently integrated young elements. Our analysis show that these conserved lineage 

specific retro-elements are not distributed randomly throughout the mouse genome but 

are instead clustered at specific loci that could define novel DNA regulatory regions 

 

3.2.1 Methylation dynamics at IAP LTRs 

 

We observed methylation enrichment at every conserved repeat whenever the CG 

density exceeded 0.83, which is the average mouse genome density. For example, the 

IAP and LTRs, which have the highest CG density, showed the highest methylation 

enrichment. This subfamily was found partially oxidized (5mC/5hmC enriched) in ESCs 

and fully methylated in MEFs, which suggest its permanent inactivation during 

differentiation to prevent insertional mutations. Accordingly, transcription of IAP is 

constrained by methylation (Walsh et al. 1998), and LTR elements were found to be 

excluded from gene regions (Medstrand et al. 2002), likely because of their potential to 

alter gene transcription. LTR families harboring an intermediate CG density such as 

ERV1 and non-IAP-ERVK, are dynamically regulated by TDG, while the evolutionary 

oldest CG-poor ERVL family escaped methylation. Collectively, our data suggest that 

methylation level of CG rich LTRs is highly dynamic during differentiation. 

 

3.2.2 Methylation dynamics at mouse-specific SINEs 

 

Our analysis revealed that the lineage-specific SINEs, B1m and B2m are 

hydroxymethylated in ESCs and fully methylated in MEFs. Furthers calculation showed a 

perfect correlation between SINE conservation, modified cytosine enrichment and 

proximity to TSS. This suggests that lineage-specific SINEs could have profound 

consequences on neighboring gene expression. Accordingly, human B1 SINEs have been 

shown to influence the activity of downstream gene promoters, with acquisition of DNA 

methylation and loss of activating histone marks (Estecio et al. 2012). We proposed that 

B1m and B2m SINEs might act as boundary elements that protect CGIs against pervasive 
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methylation. SINEs hydroxymethylation in ESCs could regulate transcriptional circuit 

that sustains the pluripotent state before subsequent methylation silencing during 

differentiation. 

 

3.2.3 Methylation dynamics at mouse-specific intact L1Md LINEs 

 

The intact lineage-specific LINEs L1Md showed a TDG-dependent cytosine 

modification dynamics in MEFs. Distribution of 5mC/5hmC/5fC and 5caC at these 

LINEs revealed two distinct profiles in MEFs. The first profil corresponds to L1Md 

containing a hypermethylated 5’UTR region. The second profil corresponds to L1Md 

showing a highly dynamic 5hmC/5fC/5caC patterns throughout their ORFs and regulated 

by TDG. We hypothesise that LINEs, with hypermethylated 5’UTR, are transcriptionally 

inactive whereas LINEs characterized by a methylcytosine oxidation patterns along their 

ORFs are active. Accordingly, these L1Mds are characterized by high PolII, H2A.Z and 

H3K4me1 levels. These intact LINEs also exhibited a non-random genomic distribution 

and are concentrated around gene clusters (1 L1Md/every 60 kb vs 1/180 kb for the rest 

of the genome). The biological significance of this genomic distribution is not understood 

but this specific LINEs distribution could be implicated in gene regulation and genome 

organization given that LINEs have been involved in several fundamental processes such 

as differentiation and development (Faulkner et al. 2009, Speek 2001). Accordingly, 

L1Md were depleted in cytosine modifications in ESCs suggesting that the TDG-

dependent regulation of LINE transcription by methylation takes place during 

differentiation. 

 

3.2.4 Methylation dynamics at CA repeats 

 

Another important aspect of this study is the identification of modified cytosine 

enrichment at microsatellite CA repeats. The modified cytosine enrichment level 

correlates with the CA density within the CA repeats, suggesting that the modifications 

target cytosine in the CpA repeat motif.  

Non-CpG methylation has long been controversial and lacks the certitude, which 

may be attributed to the highly dynamic of modified bases at these regions, and because 

these modified bases are in asymmetric form that can not be faithfully maintained during 

replication. For this reason, genome-wide sequencing combined to bisulfite treatment, 
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make it difficult to get full information about CA methylation regarding the expected low 

methylation level in a CA context. Accordingly, a recent study presented a new sensitive 

approach to map genome-wide 5hmC and 5fC at single base resolution, by combining 

5hmC-specific restriction enzyme with a 5hmC chemical labeling enrichment method 

(Sun et al. 2015). This approach enables detection of low-abundance modified cytosine 

sites. The authors detected for the first time several millions of 5hmC and 5fC sites in 

CpA context in ESCs, and showed that 5hmC and 5fC in non-CpG context exhibit lower 

abundance, more dynamically, than those in CpG context. These data were supported by 

a recent paper from the Greenberg lab (Gabel et al. 2015), showing that 5mCA and 

5hmCA are specifically recognized and bound by MeCP2. Authors showed also that 

conditionally depletion of Dnmt3a in mouse brain eliminates methylation in CpA context 

but not in CpG context. These recently published data support previous observations, 

obtained by bisulfite sequencing approaches, describing non-CG methylation in brain, 

oocytes, ESCs, iPSC and flies (Laurent et al. 2010, Lister et al. 2013, Xie et al. 2012). 

Our data show that the densest CA repeats are preferentially methylated in ESCs 

but hydroxymethylated and dynamically formyl/carboxyl-ated in a TDG-dependent 

manner in MEFs. The biological significance of the switch from methylation to oxidation 

during differentiation remains unclear for the moment, but the occurrence of 5mC/5hmC 

on CA repeats located at close distance to TSS suggests an important role of these 

elements in the regulation of genome activity.  

Altogether our data show a specific methylation/oxidation distribution profile 

specific to both CA repeats and the youngest lineage-specific transposable elements. We 

hypothesized that the TDG-dependent methylation dynamic observed at these repetitive 

elements, may constitute a novel epigenetic code with as yet unknown role in genome 

organization and functioning. Alterations of his code could be associated with disease 

development. This might be particularly true for tumorogenesis, since strong 

hypomethylation of the repeats is observed in cancer cells (Baba et al. 2010, Ehrlich 

2009, Howard et al. 2008). Since retroelements are the major drivers of evolutionary 

changes within species (Burns and Boeke 2012, Cordaux and Batzer 2009), the observed 

retroelement methylation dynamics could be strongly implicated in evolution. 
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4. Conclusion and perspectives 

 

Deciphering the molecular mechanisms that control the dynamics of 5mC has 

become a major challenge in understanding gene expression regulation that governs 

many biological processes such as development, genome stability and phenotype 

inheritance. The recent discovery of 3 new bases of DNA corresponding to the oxidized 

forms of 5mC profoundly changed the field and the next years will be crucial in 

understanding the role of 5hmC, 5fC 5caC in the biological processes mentioned above 

but also in diseases such as tumorigenesis and neuro-degenerative diseases. For instance, 

the analysis of cancer cell methylome was the subject of a considerable number of 

publications in recent years, which showed that aberration of the methylation profile is a 

main feature of a cancer cells (Ehrlich 2009). Indeed, phenotype associated with cellular 

transformation is characterized by a localized hypermethylation of CGI and a more 

genome-wide hypomethylation mainly at repeated elements (Baba et al. 2010, Howard et 

al. 2008). These data strongly suggest that a disturbance of the dynamics of 5mC plays an 

essential role in the development of cancer. Consistently, mutations of TDG and MBD4 

have been shown to be involved in many cancers (Dalton and Bellacosa 2012, Riccio et 

al. 1999, Sjolund et al. 2013, Yamada et al. 2002).  

During my thesis, we have shown in mice that TDG regulates the dynamics of 

methylation/demethylation at repeated sequences during differentiation. Conversely, 

MBD4 targets promoters that are repressed by methylation, by protecting them from 

deamination and might protect them also from oxidation to maintain them in a 

methylated state. These data define TDG and MBD4 as essential enzymes to control the 

dynamics of methylomes and suggest that their enzymatic activities are finely regulated. 

The genome wide analysis shows that TDG regulates DNA methylation at repeated 

sequences. However, it is not yet known how and with whom TDG can exert such 

regulatory activity. Towards this goal, we have already started to identify the partner 

protein(s) that could be regulators of its activity. We purified from HeLa cells the protein 

complex associated with TDG in vivo and we got interesting preliminary results. The 

analysis by mass spectrometry identified BIN1 (Box-dependent MYC-Interacting protein 

1) and P15 protein as two major partners of the TDG complex. BIN1 is an essential 

protein in mammals, initially identified as a tumor suppressor gene through its interaction 

with c-Myc. BIN1 was studied primarily for its function in the cytoplasmic actin 

dynamics, organization of the plasma membrane and cellular polarity (Prendergast et al. 
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2009). Interestingly, an analysis of the protein sequence of P15 shows strong sequence 

homology between P15 and the catalytic domain of the protein family of cytidine 

deaminases (AID, APOBEC family) suggesting a potential deaminase activity of P15. 

The in vitro analysis shows that TDG complex is able to exert endonuclease activity 

after having created an abasic site in a G:T, 5fC or 5caC-containig DNA substrates. Our 

results reveal that both TDG and MBD4 possess glycosylase and unexpected lyase 

activities, providing that they were associated with their co-factor, i.e., MLH1 and p15, 

respectively. This property has never been reported neither for MBD4 nor for TDG, since 

the literature has described MBD4 and TDG as a monofunctional glycosylase (Hendrich 

et al. 1999, Wiebauer and Jiricny 1989). This was completely surprising for us, 

considering that the structural domains involved in the catalytic enzymatic domain for 

each glycosylase are completely different. The differences are more responsible for the 

specificity towards the substrate rather than for the catalytic reaction. We might suggest 

that the co-activator is participating in the recognition of the substrate and little in the 

reaction itself. However, so far we cannot exclude that these co-activator might 

participate in the formation of the catalytic site of the glycosylases. The crystallographic 

structures of each glycosylase bound to its partner will help us to understand the 

contribution of MLH1 and P15 to the functions of MBD4 and TDG. 

Our data clearly show that MBD4 is involved in the repair of deaminated 5meC in 

methylated CGIs but it is possible that this enzyme play also a role at other genome 

regions. For that, it is important to extend our analysis to the whole genome of MEF 

MBD4+/+ and MBD4-/- by WGBS (Whole Genome Bisulfite Sequencing). This data will 

help us to identify the methylation status of each CpG throughout the genome, 

particularly in repeated sequences in the presence and absence of MBD4. We want to 

corroborate the results obtained by DIP-seq experiments to determine the genomic 

distribution of 5mC, 5hmC, 5fC and 5caC. Indeed, we cannot rule out an ectopic 5mC 

oxidation in the absence of MBD4, which can also lead to demethylating events. These 

will help to identify the genome wide areas controlled by MBD4 complex, and define the 

molecular mechanisms by which MMR proteins regulate MBD4 activity in controlling 

methylation DNA. 

 Altogether, our results highlight new functions for two glycosylases, among 

which the endonuclease activity may represent an important breakthrough in the 

understanding of DNA methylation maintenance, protection and dynamic. 
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I. INTRODUCTION 

  

Chez les mammifères, la méthylation est une marque épigénétique ciblant le carbone 5 

des cytosines principalement dans un contexte CpG, produisant une methylcytosine (5mC). La 

majorité des CpGs (70 à 80%) chez les mammifères sont méthylés. Bien que les 5mC soient 

retrouvées principalement au niveau des séquences répétées, l’étude du méthylome de ces régions 

a été longtemps ignorée au profit de régions supposées plus importantes fonctionnellement 

comme les îlots CpGs (CGI). Les CGI sont des régions très denses en CpG, localisées au niveau 

des promoteurs de 70% des gènes.  

 

 I. 1 Les îlots CpG, plateforme pour la régulation de l’expression génique 

 

Les méthylcytosines (5mC) sont fortement sensibles à une déamination spontanée 

conduisant à la formation d’une thymine  (1,2) (T). Par conséquent, le génome des vertébrés est 

caractérisé par une forte diminution en dinucléotides CpG. Ce paysage génomique fortement 

méthylé et pauvre en CpG est toutefois ponctué par des régions denses en CpG et globalement 

non méthylées, les îlots CpG (CGI=CpG Island). Les CGI sont situés sur des loci associés à une 

activité transcriptionnelle  (3,4). Ils semblent donc avoir été maintenus au cours de l’évolution 

par une pression de sélection sous-jacente à un rôle majeur dans la régulation de l’expression 

génique. Chez les mammifères, 70% des promoteurs de gènes codant ont un CGI. Ces CGI sont 

reconnus par des protéines à doigt de zinc de type ZF-CxxC, comme les protéines CFP1, 

KDM2A et TET1. 

La protéine CFP1 lie les CGI et y recrute le complexe à activité methyltransférase SET1, qui 

catalyse la tri-méthylation de la lysine 4 de l’histone H3  (5-8). La modification H3K4me3 sert en 

suite de plateforme au recrutement des protéines à domaine PHD (Plant Homeo Domain) 

impliquées dans l’initiation de la transcription tel que TFIID, ING4 ou encore NURF  (9). De la 

même façon, KDM2A lie spécifiquement les CGI et catalyse la déméthylation de H3K36me2  

(10), modification reconnue par les complexes à activité histone déacétylase HDAC qui inhibent 

la transcription. Ainsi, les protéines à domaine ZF-CxxC coopèrent pour former au niveau des 

CGIs une architecture chromatienne unique ,enrichie en H3K4me3 et dépourvue en H3K36me2, 

qui favorise l’initiation de la transcription. 

Les CGIs sont également reconnus par la protéine TET1 qui, à l’inverse des protéines 

CFP1 et KDM2A, est impliquée dans le recrutement des complexes répresseurs de la famille 

polycomb PRC1 et PRC2 (11). TET1 recrute PRC2 qui catalyse la tri-méthylation de la lysine 27 
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de l’histone H3. La modification H3K27me3 est ensuite reconnue par PRC1, qui inhibe 

l’élongation de la transcription en favorisant l’ubiquitinylation de l’histone H2A et la compaction 

de la chromatine  (12-14). Notez que ce mécanisme de répression est indépendant de la 

méthylation des CGI. 

L’analyse de la distribution de la méthylation à l’échelle du génome entier (ou 

méthylome) a montré qu’au sein des cellules somatiques, une fraction des CGI se méthyle de 

façon tissu-spécifique au cours du développement  (15-18). La majorité des promoteurs de type 

CGI qui acquièrent la méthylation au cours de la différenciation cellulaire, est déjà réprimée par 

les protéines polycomb, au sein des ESCs (19). La méthylation de l’ADN n’est donc pas un 

événement initiateur de la répression transcriptionnelle, mais agit plutôt comme un marqueur 

épigénétique héritable qui maintient une répression dans le temps. Cette mise sous silence se fait 

principalement par l’intermédiaire de deux mécanismes. D’une part, la méthylation des cytosines 

prévient la liaison des protéines CFP1 et KDM2A et ainsi, inhibe la mise en place d’une 

chromatine favorable à l’initiation de la transcription. D’autre part, les 5mC sont reconnues 

spécifiquement par les protéines de la famille MBD (Methyl-CpG Binding Domain) qui recrutent 

des enzymes de modification des histones impliquées dans la répression transcriptionnelle (19) 

Malgré le role important dans la regulation de la transcription les CGIs ne contiennent que 

7% des CpG et sont globalement dépourvus de méthylation. A l’inverse, les séquences répétées, 

fortement méthylées dans des cellules saines, sont spécifiquement ciblées par un processus de 

déméthylation dans des cellules cancéreuses. Les séquences répétées couvrent près de la moitié 

du génome des mammifères. Parmi elles, on distingue les éléments transposables (SINEs, LINEs, 

LTRs et transposons) des répétitions en tandem (appelées également satellites) faites de 

séquences successivement répétées. Selon la taille de l’unité de répétition et le nombre de 

répétitions, on distingue les satellites mineurs, les satellites majeurs et les microsatellites. 

 

 

I. 2 Déméthylation de l’ADN par excision de base 

 

Plusieurs études ont mis en évidence dans des cellules somatiques une déméthylation 

rapide d’une fraction des CGIs en réponse à différents stimuli environnementaux, conduisant à 

une réactivation des gènes affectés (20-24). Ces observations sont à l’origine des nombreux 

efforts de la communauté scientifique pour identifier les enzymes impliquées dans ce processus. 

La déméthylation active de l’ADN peut être accomplie par une glycosylase qui excise 

directement une 5mC. Bien que de nombreuses données biochimiques et génétiques supportent 

l’utilisation de ce mécanisme chez la plante (avec la famille ROS1) (25), aucune glycosylase 
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spécifique des 5mC n’a été identifiée chez les mammifères. Toutefois sur la base d’études 

biochimiques, il a été proposé que les glycosylases MBD4 et TDG, capables de cliver les produits 

de la déamination et de l’oxydation des 5mC, seraient impliquées dans ce processus. Deux voies 

mécanistiques ont alors été proposées pour déméthyler l’ADN (Fig. I). Dans une première 

hypothèse, le processus s’initie par la déamination d’une 5mC en T conduisant à la formation 

d’un mésappariement G/T dans un contexte CpG. Le mésappariement G/T est ensuite reconnu 

par l’activité glycosylase de MBD4 ou TDG qui clive spécifiquement la thymidine mésappariée  

(26-29). Dans un second mécanisme, les 5mC subissent plusieurs étapes d’oxydation par les 

protéines TET conduisant à la formation de 5fC et de 5caC, qui sont reconnus et clivés par TDG. 

Cette voie a été proposée suite aux résultats de deux études récentes montrant que TDG peut 

cliver avec la même affinité un mésappariement G/T, une 5fC ou une 5caC dans un contexte CpG 

(30,31). Dans les deux hypothèses, l’activité de MBD4 ou de TDG se traduit par la formation 

d’un site abasique nécessitant l’intervention d’une enzyme à activité AP-lyase pour finaliser la 

réaction de clivage.  En l’absence de cette AP-lyase putative, les deux modèles restent incomplets 

et controversés. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I : Schématisation des deux voies hypothétiques de déméthylation de l’ADN chez 
les mammifères.  
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II. RESULTATS  

 

II. 1 Déchiffrage d’un code de méthylation au niveau des séquences 

répétées.  

 

 Les modifications 5fC et 5caC sont spécifiquement reconnues et clivées par la protéine 

TDG et sont donc potentiellement des marques dénotant un processus actif de déméthylation.  

Nous avons caractérisé la distribution des cytosines modifiées (5mC, 5hmC, 5fC et 5caC) par des 

expériences d’immunoprécipitation d’ADN suivit de séquençage haut-débit (DIP-seq), dans des 

MEFs. De manière frappante, nos résultats révèlent un enrichissement en cytosines modifiées 

spécifiquement au niveau des séquences répétées (Fig. 1). Alors que les 5mC ciblent l’ensemble 

des séquences répétées avec une préférence pour les SINEs, les formes oxydées (5hmC, 5fC et 

5caC) sont retrouvées préférentiellement au niveau des microsatellites (Simple repeats). Nous 

avons ainsi décidé d’effectuer une étude comparative systématique et globale de la distribution 

des cytosines modifiées au niveau des séquences répétées dans des cellules totipotentes 

(ESCs=embryonic stem cells) et différenciées (MEFs). 

 

Figure 1 : Accumulation des cytosines modifiées au niveau des séquences répétées dans les 
MEFs. a. Visualisation par le navigateur UCSC de la distribution des 5mC, 5hmC, 5fC et 5caC ainsi que 
les pics d’enrichissement correspondant identifiés par le logiciel MACS. b. Annotation des pics 
d’enrichissement par le logiciel HOMER. Notez qu’entre 75 et 90% des pics correspondent à des 
régions répétées. 
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La distribution des 5mC, 5hmC, 5fC et 5caC au niveau des SINEs dans les MEFs (Fig. 2) 

révèle une dynamique de ces modifications, régulée par TDG, uniquement au niveau des SINEs 

de la famille B1m et B2m (Fig. 2a). Les calculs de densité révèlent un fort enrichissement en 

5mC, et un léger enrichissement en 5hmC et 5caC régulé par TDG, indiquant un processus actif 

de méthylation/déméthylation au niveau des SINEs B1m et B2m. De manière intéressante, ces 

familles sont conservées, riches en CG et sont évolutivement les plus récentes (spécifiques du 

lignage souris). Dans les ESCs, les SINEs B1m et B2m sont également les seuls à être modifié 

mais sont spécifiquement enrichis en 5hmC (Fig. 2c). L’analyse de la distribution génomique des 

SINEs B1m et B2m montrent que les SINEs spécifiques de la lignée souris sont d’autant plus 

conservés qu’ils sont proches d’un TSS (Transcription Start Site), suggérant une fonction  

Figure 2 : TDG régule la méthylation des SINEs évolutivement les plus récents lors de la 
différentiation. a-b. Heatmap (a) et densité moyenne (b) des 5mC, 5hmC, 5fC et 5caC au niveau des 
SINEs B1m et B2m dans les MEFs. Les éléments ont été classés par conservation (score) au sein de 
chaque famille (a). c. Analyse comparative de l’enrichissement en cytosines modifiées pour chaque 
famille de SINEs dans les MEFs et les ESCs. Notez que les SINEs spécifiques du lignage souris sont 
exclusivement enrichis en 5hmC dans les ESCs (ronds verts). d. Courbe représentant la distance 
moyenne au TSS le plus proche des SINEs B1m et B2m en fonction de leur conservation (score).  
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importante dans la régulation de l’expression génique (Fig. 2d). En conclusion, ces résultats 

mettent en évidence une vague de méthylation/déméthylation au niveau des SINEs récemment 

intégrés, induite par la différentiation et régulée par TDG. 

Cette dynamique a été également observée pour les LTRs et les LINEs. De manière similaire aux 

résultats obtenus pour les SINEs, la régulation TDG-dépendante par la méthylation est observée 

uniquement au niveau des rétro-éléments évolutivement les plus récents (spécifiques de la lignée 

souris), la famille L1Md pour les LINEs et la famille IAP pour les LTRs. Ces familles regroupent 

la majorité des rétro-transposons pleine-taille et donc potentiellement mobiles. Nous avons 

montré que les IAPs sont enrichis en 5mC et 5hmC dans les ESCs mais uniquement au niveau 

des extrémités répétées des LTRs. Dans les MEFs, les IAP accumulent la méthylation tout le long 

du rétro-élément, suggérant une inactivation transcriptionnelle par la méthylation pendant la 

différentiation. 

Par ailleurs, on observe une dynamique des cytosines modifiées dépendante de TDG au 

niveau des LINEs de la famille L1Md spécifiquement dans les MEFs (Fig. 3). Dans ces cellules, 

70% des L1Md ont un promoteur hyperméthylé (Fig. 3a, cluster 1) et 30% sont hydroxyméthylés 

le long de leur séquence codante (Fig. 3a, cluster 2). En absence de TDG, l’enrichissement en 

5hmC disparaît au profit de 5caC, mettant en évidence une dynamique de 

méthylation/déméthylation. La présence de H2A.Z et de la PolII le long de la séquence codante 

des L1Md appartenant au cluster 2, suggère qu’ils sont actifs en transcription, alors que ceux 

appartenant au cluster 1 sont réprimés par la méthylation (Fig. 3b). En conclusion, ces résultats 

montrent que l’activité transcriptionnelle des LINEs au sein des cellules différenciées, est régulée 

par des cycles de méthylation/déméthylation dépendants de TDG. 
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Une autre donnée importante de cette étude est l’enrichissement en 5hmC, 5fC et 5caC 

observé au niveau des microsatellites dans les MEFs (Fig. 4). Nous avons montré que ces 

modifications ciblent spécifiquement les répétitions de type CA (CA repeat) de manière 

proportionnelle à leur densité en CpA (Fig. 4a), suggérant que l’oxydation des méthylcytosines 

cible les dinucléotides CpA. De manière importante, en absence de TDG on observe une 

accumulation spécifique des modifications 5fC et 5caC (Fig. 4b). De plus, TDG clive in vitro une 

formylcytosine uniquement dans un contexte CpG ou CpA (Fig. 4c). Dans les ESCs, les 

répétitions CA sont principalement enrichies en 5mC et 5fC et ne sont pas régulées par TDG 

(Fig. 4d). L’analyse de la distribution génomique des répétitions CA montre qu’une répétition 

CA est d’autant plus proche d’un TSS qu’elle est dense en CpA. Ensemble, ces résultats 

Figure 3 : TDG régule la méthylation des LINEs actifs en transcription. a. Distribution des 
5mC, 5hmC, 5fC et 5caC au niveau des LINEs L1Md dans les MEFs. Le cluster 1 regroupe 
les LINEs dont le promoteur est hyperméthylé. Le cluster 2 contient les LINEs enrichis en 
5hmC le long de leur séquence codante, et régulés par TDG. b. Distribution de H2A.Z et Pol2 

déterminée par ChIPseq le long des LINEs L1Md. 
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suggèrent que les microsatellites de type CA subissent des cycles de méthylation/déméthylation 

régulés par TDG pendant la différentiation cellulaire.  

Dans ce travail nous avons mis en évidence un code de méthylation au niveau des 

séquences répétées, dynamique au cours de la différentiation et régulé par TDG. Ces 

modifications ciblent spécifiquement les répétitions CA ainsi que les rétro-éléments spécifiques 

du lignage souris, qui correspondent aux éléments les plus conservés, denses en CpG, et 

récemment intégrés au sein de l’espèce. Nous proposons que la dynamique des rétro-éléments 

contrôlée par la méthylation, qui exerce une force évolutive majeure au sein des espèces, soit 

aussi un mécanisme fondamental de régulation de la transition d’une cellule d’un état totipotent 

vers un état différencié. Cette étude fait l’objet d’un article que je signe comme premier auteur et 

actuellement soumis pour publication (Papin et al, Submitted_1)
1
. 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
 
 

Figure 4 : TDG régule la méthylation des répétitions CA au sein des cellules différentiées. 
a. Heatmap (a) et densité moyenne (b) représentant le niveau de 5mC, 5hmC, 5fC et 5caC au 
niveau des répétitions CA dans des MEFs. Les éléments ont été classés par densité en CpA 
(score). c. Test glycosylase in vitro montrant que TDG clive une formylcytosine uniquement dans 
un contexte CpG ou CpA. d. Analyse comparative (MEFs vs ESCs) de l’enrichissement en 
cytosines modifiées au niveau des répétitions de type A/T ou CA. Notez l’enrichissement en 5mC 
exclusivement dans les MEFs.e. Courbe représentant la distance moyenne au TSS le plus proche 
des répétitions CA en fonction de leur densité en CpA (score).  
 



 

 

II. 2 Régulation épigénétique de l’activité transcriptionnelle par MBD4 

 

  MBD4 est particulièrement intrigante puisqu’elle est la seule protéine des mammifères 

possédant un domaine de liaison à l’ADN méthylé (MBD, Methyl Binding Domain) associé à un 

domaine glycosylase (Fig. 5). In vitro, la protéine MBD4 a une activité glycosylase 

monofonctionnelle qui clive spécifiquement la liaison N-glycosidique d’une thymidine 

mésappariée à une guanine (G/T), conduisant à la formation d’un site abasique (Fig. 6). 

 

 

 

 

 

 

 

 

 La déamination d’une 5mC en T produisant un mésappariement G/T, l’architecture unique de 

MBD4 lui permet de lier à la fois le substrat et le produit de la déamination d’une 5mC (Fig. 5). 

Par conséquent MBD4, en liant les 5mC peut les protéger de la déamination, mais en clivant un 

G/T peut aussi participer à un mécanisme actif de déméthylation de l’ADN en association avec 

une déaminase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 : Biochimie des glycosylases. Les glycosylases monofonctionnelles rompent la 
liaison N-glycosidique (en vert) entre la base et le sucre formant un site abasique. Pour 
visualiser une activité monofonctionnelle sur gel dénaturant, le squelette d’ADN doit être clivé 
par un traitement NaOH qui clive les liaisons phosphodiester en 5’ et 3’ du site abasique (en 
rouge). Pour les enzymes bifonctionnelles, l’activité glycosylase est couplée à une activité 
lyase (en bleu) qui coupe directement la liaison phosphodiester en 3’ du site abasique. 

Figure 5 : Représentation schématique de la 
protéine MBD4. MBD4 peut lier une méthylcytosine 
par son domaine MBD (en rouge) mais également un 
mésappariement G/T par son domaine glycosylase 
(en vert). 
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Afin de clarifier la fonction de cette enzyme dans la dynamique des 5mC, il est essentiel 

d’identifier les protéines associées à MBD4 in vivo. Dans ce but, j’ai purifié le complexe MBD4 

à partir de cellules HeLa. L’analyse par spectrométrie de masse de ce complexe montre que 

MBD4 est associé aux protéines PMS2, MLH1, MSH2 et MSH6, quatre protéines impliquées 

dans la réparation des mésappariements d’ADN (MMR, MisMatch Repair). Les tests 

enzymatiques in vitro montrent que le complexe MBD4/MMR possède une activité 

bifonctionnelle glycosylase/lyase spécifique d’un G/T et dirigée par la méthylation (Fig. 7). 

L’analyse biochimique de mutants ponctuels de MBD4 révèle que l’intégrité des domaines MBD 

et glycosylase est requise pour cette fonction. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 : Le complexe MBD4/MMR possède une activité bifonctionnelle 
glycosylase/lyase induite par la méthylation. La protéine MBD4 ou le complexe MBD4/MMR 
ont été incubés avec un substrat contenant un mésappariement G/T, méthylé ou non-méthylé. 
Les produits de la réaction ont été traités ou pas au NaOH, dénaturés à 95°C et séparés par 
électrophorèse sur gel dénaturant. Les pistes annotées G>A et C+T correspondent aux produits 
d’une réaction de séquençage Maxam-Gilbert. Notez qu’en absence de NaOH, la réaction de 
clivage se fait en 3’ du T mésapparié (en rouge), ce qui est caractéristique d’une activité lyase 
(voir Fig. 6). 



 ✶✶

 

 

Il est important de rappeler que d’après la littérature, la protéine MBD4 recombinante 

possède une activité glycosylase monofonctionnelle non induite par la méthylation. Nos données 

suggèrent donc un rôle activateur et/ou enzymatique des protéines du MMR dans l’activité 

bifonctionnelle du complexe MBD4.  Pour vérifier cette hypothèse, nous avons purifié la protéine 

recombinante MBD4, le dimère PMS2/MLH1 et le dimère MSH2/MSH6, et vérifié que la 

protéine MBD4 interagit physiquement avec les protéines du MMR. In vitro, une faible activité 

nucléase n’est détectée qu’avec la protéine MBD4 suggérant que l’activité enzymatique du 

complexe natif MBD4/MMR est catalyzée par MBD4 et régulée par les protéines du MMR. 

 La protéine MLH1 étant la sous-unité du complexe MBD4 la plus abondante dans nos 

analyses par spectrométrie de masse, nous nous sommes demandés si MLH1 pouvait agir comme 

activateur de MBD4 au sein du complexe MBD4/MMR. En accord avec cette hypothèse, j’ai pu 

reconstituer un complexe MBD4/MLH1 (Fig. 8A). De manière intéressante, alors que l’activité 

nucléase de MBD4 est faible et n’est pas sensible à la méthylation, le complexe MBD4/MLH1 

montre une activité nucléase intense fortement induite par la méthylation (Fig. 8B-C). L’absence 

d’activité enzymatique détectée avec le complexe purifié à partir d’un mutant catalytique de 

MBD4 (MBD4 D554A/MLH1), montre que la réaction de coupure est catalysée par MBD4 mais 

dépendante de sa liaison à MLH1.  

 Par ailleurs, aucune activité nucléolytique n’est observée avec les différentes protéines 

purifiées sur un substrat contenant un site abasique (Fig. 8B), excluant la présence d’une 

endonucléase contaminante. En conclusion, nous avons reconstitué à partir de protéines 

recombinantes le complexe minimal ayant les mêmes propriétés enzymatiques que le complexe 

MBD4 natif.  
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Figure 8 : MLH1 active MBD4 in vitro. A. Purification des protéines MBD4 et des complexes 
MBD4/MLH1 séparés sur gel SDS-PAGE. B. L’activité enzymatique des protéines indiquées a été 
analysée comme décrit Fig. 3. Les produits de la réaction n’ont pas été traités au NaOH. C. Cinétique 
de coupure de la protéine MBD4 seule ou associée à MLH1 sur un substrat non-méthylé (à gauche) ou 
méthylé (à droite). La quantification montre clairement que l’activité nucléase de MBD4 induite par la 
méthylation, est dépendante de sa liaison à MLH1. 

Figure 9 : MBD4 est un régulateur de 
l’expression génique. Analyse comparative 
du transcriptome des MEF Mbd4

+/+ 
(WT) et 

des MEF Mbd4
-/-

 (KO). Les gènes 
significativement dérégulés sont indiqués en 
rouge (P < 0,05). 

Figure 10 : MBD4 maintient les 
promoteurs de type CGI dans un état 
réprimé en les protégeant de la 
déméthylation. Exemple du gène Cdh4. -/- 
indique les MEF KO pour MBD4, +/+ indique 
les MEF WT pour MBD4. A. RT-qPCR. Cdh4 
est surexprimé en absence de MBD4. B. 
Immunoprécipitation de chromatine. MBD4 
lie le promoteur de Cdh4. C. Séquençage 
après traitement au bisulfite. Chaque carré 
blanc indique un CpG non-méthylé, chaque 
carré noir un CpG méthylé. Chaque ligne 
représente un clone. Le CGI de Cdh4 est 
déméthylé en absence de MBD4.  
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L’ensemble de ces résultats montre que la protéine MBD4 est spécialement conçue pour 

réparer des mésappariements G/T dans un contexte riche en 5mC. Dans le génome des vertébrés, 

des régions denses en 5mC sont retrouvées au niveau des promoteurs contenant un CGI, réprimés 

par la méthylation. Une des fonctions de MBD4 in vivo pourrait donc être de protéger les CGI 

méthylés de la déamination. Pour vérifier cette hypothèse, j’ai d’abord mis en évidence une 

fonction régulatrice de MBD4 dans l’expression génique. En effet, l’analyse par RNA-seq du 

transcriptome de MEFs isolées à partir d’embryons de souris sauvages (WT) ou dépourvues du 

gène Mbd4 (KO), montre que 215 gènes sont significativement dérégulés (P < 0,05) en absence 

de MBD4 (Fig. 9). J’ai montré que les gènes réprimés ne sont pas directement régulés par 

MBD4. En effet les promoteurs réprimés ne sont pas liés par MBD4 dans la situation sauvage, et 

ne montrent pas de variation significative de leur taux de méthylation en absence de MBD4. A 

l’inverse, les promoteurs des gènes surexprimés montrent une perte de la méthylation au niveau 

de leur CGI en absence de MBD4 (le cas du gène Cdh4 est donné à titre d’exemple Fig. 10).  

 Nous proposons que MBD4, en liant les 5mC par son domaine MBD, protège les 

promoteurs de type CGI réprimés par la méthylation. Si une déamination a lieu, MBD4 clive par 

son domaine glycosylase le mésappariement G/T, conduisant à la formation d’un site abasique 

clivé à son extrémité 3’. Cet intermédiaire est un signal d’activation de la voie de réparation par 

excision de base (BER=Base Excision Repair), qui en association avec la voie de maintenance de 

la méthylation, réincorpore une méthylcytosine.  

 En conclusion, ce travail a mis en évidence une interaction entre la protéine MBD4 et les 

protéines du MMR. De manière importante, la protéine MBD4 montre une activité 

bifonctionnelle glycosylase/lyase dépendante de sa liaison à MLH1, et induite par la méthylation 

de l’ADN. In vivo, MBD4 maintient les promoteurs de type CGI dans un état réprimé en les 

protégeant de la déméthylation. Cette étude fait l’objet d’un article que je signe comme premier 

auteur et actuellement soumis pour publication (Papin et al, Submitted_2)
2
. 
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