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Summary

DNA methylation has long been considered a very stable DNA modification in mammals that
could only be removed by replication in the absence of re-methylation, i.e. by mere dilution of this
epigenetic mark (so-called passive DNA demethylation). However, in recent years, a significant
number of studies have revealed the existence of active processes of DNA demethylation in
mammals, with important roles in development and transcriptional regulation, allowing the
molecular mechanisms of active DNA demethylation to be unraveled. Here we review the recent
literature highlighting the prominent role played in active DNA demethylation by base excision
repair and especially by Thymine DNA Glycosylase.
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DNA methylation and demethylation

The transformation of cytosine to 5-methylcytosine (5mC) is used by mammals as an
epigenetic modification to regulate transcription [1-3]. Maintenance of proper methylation
patterns is crucial for development, and alterations can result in embryonic lethality [4, 5].
Incorrect methylation patterns have been implicated in cancer, where overall
hypomethylation of the genome and hypermethylation and silencing of tumor suppressor
genes have been observed [6, 7]. DNA methylation is a well-studied process, and as a result,
much is known about the molecular mechanisms: de novo DNA methyltransferases
DMNT3a and DMNT3b are responsible for establishing methylation patterns, and
maintenance DNA methyltransferase DMNT1 that targets newly replicated, transiently
hemimethylated DNA, maintains methylation patterns.

In stark contrast, little is known about the DNA demethylation mechanisms or the enzymes
responsible. Previously, cytosine methylation was thought to be a very stable modification,
and therefore demethylation could only occur in a passive fashion, i.e. by progressive
dilution when replication of methylated DNA is not followed by remethylation by DNMTL.
Although passive demethylation does take place, over the years several instances of active
demethylation in mammals have been described, all involving processes that occur in the
absence of DNA replication and presumably via direct enzymatic actions. Such well-
documented examples include demethylation of the paternal genome following fertilization
[8, 9], removal of the imprinting marks in primordial germ cells [8-11], and demethylation
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during embryonic development and somatic differentiation in order to initiate tissue-specific
gene expression [12, 13]. A related, more recently described phenomenon is the DNA
demethylation occurring in the dentate gyrus of the hippocampus of adult mice as a
consequence of neuronal activity, implying a role in memory and learning [14, 15].

Interestingly, several non-mammalian models have demonstrated the involvement of DNA
repair mechanisms in the process of active demethylation. The nucleotide excision repair
enzymes XPG and XPB are required for demethylation in Xenopus, where the
demethylation process is initiated by Gadd45a, a genome stability and stress sensor protein
[16, 17]. Similarly, Gadd45a promotes demethylation in zebrafish embryos, a process that
occurs in two steps: activation-induced deaminase (AID) or apolipoprotein B RNA-editing
catalytic component 2b and 2a (Apobec2b/2a) deaminate 5-methylcytosine to thymine
which is in turn removed by base excision repair, specifically by the zebrafish thymine
glycosylase MBD4 [18, 19]. Finally, in the flowering plant Arabidopsis, direct removal of 5-
methylcytosine has been ascertained, and base excision repair 5-methylcytosine
glycosylases, such as DEMETER (DME) and REPRESSOR OF SILENCING 1 (ROS1),
play a key role in regulation of imprinting, and prevention of transcriptional gene silencing
of endogenous genes, transgenes and transposons, respectively [20-24]

Thymine DNA Glycosylase and base excision repair

Thymine DNA Glycosylase (TDG), like the class of enzymes from which it derives the
name, catalyzes the first step in the base excision repair pathway, i.e. removal of the
mismatched/damaged base, thus leaving an abasic, apurinic/apyriminic (AP) site, which is
then cleaved by AP endonuclease, for subsequent incorporation of the correct nucleotide by
DNA polymerases. Specifically, TDG removes thymine or uracil from G:T or G:U
mismatches [25-28]. Since TDG and the sequence-unrelated but biochemically related
glycosylase MBD4/MED1 have a preference for mismatches located in the context of CpG
sites, the presumption is that these two enzymes protect CpG sites from the potentially
mutagenic consequences of spontaneous deamination of cytosine and 5-methylcytosine to
uracil and thymine, respectively [18, 29-32]. In fact, removal of the latter two bases prior to
the next round of DNA replication prevents misincorporation of adenine opposite thymine
or uracil, with the consequent fixation of a transition mutation (CpG to CpA or CpG to
TpG).

In addition to this presumed antimutagenic role, TDG has also been implicated in
transcriptional regulation, as it was found to interact with a host of transcription factors,
including retinoic acid receptor (RAR), retinoid X receptor (RXR) [33], estrogen receptor
(ERa) [34], c-jun [35] and thyroid transcription factor 1 (TTF1) [36]. Furthermore, TDG
interacts with and is acetylated by the histone acetyl-transferases (HAT) p300 and the
CREB-binding protein (CBP) [37], and binds to the transcriptional activator p160 [38]. In
vitro transactivation assays of reporter constructs following TDG overexpression, suggested
a role of TDG in modulating the activity of nuclear hormone receptors (ERa, retinoic acid
and retinoic X receptors), as well as of transcriptional activators (CBP and p160 CHECK)
[33, 34, 36, 37].

Biochemical studies had initially suggested an involvement of both chicken and human
TDG in DNA demethylation associated with transcriptional activation, and this effect was
ascribed to a modest glycosylase activity of TDG on 5-methylcytosine [39-41]. This
mechanism would be similar to the direct removal of 5-methylcytosine in Arabidopsis by the
5-methylcytosine glycosylases DME and ROS1 [20-23], mentioned above. The modest
glycosylase activity of TDG on 5-methylcytosine has not been confirmed and likely was due
to impurities in the substrate DNA.
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More recent evidence suggested a role of TDG in active promoter demethylation. In fact,
dynamic cycles of DNA methylation and demethylation at some promoters have been
described in breast cancer lines during ERa activation, and TDG loading on these promoters
was synchronous with the demethylation phase [42, 43]. TDG is known to interact with the
de novo DNA methyltransferases DNMT3a [44] and DNMT3b [45], and it was proposed
that TDG could mediate demethylation by acting on G:T mismatches created by the
controlled deaminase activity of DNMT3a and DNMT3b [43].

Embryonic lethality associated with TDG inactivation in the murine germ

line

A better understanding of the role of TDG in DNA demethylation, epigenetic regulation and
mammalian development could only be obtained when mice with targeted inactivation of
TDG in the germ line were derived and characterized by three research groups, including the
groups of Primo Schar, Yoshihiko Uehara and ours [46-48].

During the process of creating a knockout mouse for TDG, we observed no live births of
Tdg'~ mice. Timed matings between 7dg*’- mice revealed that 7o null embryos were
developmentally arrested at embryonic day (E) 11.5 with a complex phenotype.
Macroscopic abnormalities included liver and pericardial hemorrhage, hypoplastic branchial
arches, delayed limb development, prominent telencephalic vesicles and diffuse
hemorrhagic lesions, while microscopic investigation showed specific patterning defects of
the heart, stenosis of the dorsal aorta and abnormal vascular branching of the internal
carotids and coronaries [47]. The null allele we generated bears a deletion of TDG exons
3-7. Embryonic lethality of 7dg-null embryos was also described by Cortazar et al. who
deleted exons 6 and 7 [46], and by Saito and coworkers who used a targeting vector that
replaced parts of exons 8 and 9, corresponding to a portion of the domain required for
glycosylase activity, as well as in vitro interactions with transcription factors RARa and
RXRa [47].

We noted that some specific phenotypic features of the 7ag-null embryos, including the
cardiovascular defects, resemble developmental defects previously noted in embryos null for
the histone acetyltransferases p300 and CBP, and for factors of the retinoic acid signaling
pathway, such as RAR, RXR, and Raldh2 [49-52]. This observation was substantiated by
molecular analyses demonstrating a role of TDG in RAR/RXR- and p300-dependent
transcription (vide infra). Thus, the lethality phenotype is most likely due, at least in part, to
the absence of this transcription-related function of TDG required for proper embryonic
development.

On the other hand, Saito and colleagues commented on the similarity of the embryonic
lethality with that of GATA3 deficient mice. Embryonic lethality of the GATA3 mutant
mice is reported to be caused by lack of dopamine and noradrenaline [53] catecholamines
confirmed to be required for normal development [54-56]. In order to explore this similarity
further, Saito and colleagues detected reduced levels of dopamine and, especially,
noradrenaline in 7dg-null embryos. They then measured mRNA levels of the catecholamine
biosynthetic enzymes, tyrosine hydroxylase (TH, that converts L-tyrosine to L-DOPA), L-
aromatic amino acid decarboxylase (AADC, that decarboxylates L-DOPA to dopamine) and
dopamine beta-hydroxylase (DBH, that converts dopamine to noradrenaline). They reported
a significant depletion of DBH mRNA in 7dg-null embryos [48]. It has been shown that
GATA3-mutant embryos with noradrenaline deficiency can be rescued by feeding dams
with precursors to noradrenaline, such as D,L threo-3,4-dihydroxyphenylserine (DOPS) that
is directly converted to noradrenaline by AADC [53]. Saito and colleagues found that DOPS
fed to pregnant 7dg heterozygous females was able to partially rescue 7ag-null embryaos,
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prolonging their survival up to 14.5dpc [48]. The partial rescue by DOPS suggests that the
lethality of the TDG mutant embryos is due only in part to reduced noradrenaline levels.

Role of TDG in transcription and chromatin regulation

In order to conduct functional investigations in a cell culture system, we and others
established mouse embryonic fibroblast (MEF) lines with different 7dg genotypes. We
detected significant changes in the expression profile of 7dg-null and control MEFs, with
retinoic acid signaling being the main pathway compromised. Mechanistically, we found
that transactivation of p300 and RAR/RXR reporters was reduced in 7ag-null MEFs,
confirming the proposed role of TDG as a transcriptional coactivator for nuclear hormone
receptors previously demonstrated only in TDG overexpression systems [33, 34, 36, 37]. We
also found that TDG is required for the formation of complexes of RAR/RXR with p300
both off and on the DNA, the latter phenomenon consistent with a direct role in the
transcriptional regulation of the Crabp2and RbpI genes. Since, in chromatin
immunoprecipitation (ChlP) experiments, RAR/RXR were bound equally well to these two
promoters in both 7dg-null and wild type MEFs, TDG appears to be required at a later step
that triggers the recruitment of p300, presumably via the direct interactions of TDG with
both the nuclear hormone receptors and the histone acetyltransferases [33, 34, 36, 37], and
the consequent histone H3 acetylation. This suggests an important general function of TDG
in retinoic acid-dependent transcription [47].

Cortazar and coworkers also used ChlP to conduct a detailed characterization of the
association of TDG with promoters of differentially expressed genes Hoxal0, Hoxd13,
Sfrp2, Twist2and Rarb, which were found to be downregulated in MEFs deficient for TDG.
They found that in comparison to random intergenic sequences and silent promoters of Oct4
and 7uba3, the promoters for these genes were enriched in TDG precipitates, indicating that
TDG may be targeted to certain promoters to prevent silencing. The data also revealed
promoter-specific patterns of the loss of activating (H3K4me2) and the increase of
repressive histone marks H3K27me3 and H3K9me3. Further evidence of these specific
patterns was illustrated when Sfrp2and Twist2 genes had restored activity by the expression
of a TDG cDNA, but Hoxal0and Hoxd13did not. Therefore, in the case of the latter two,
the loss of H3K4 methylation paired with H3K9 and H3K27 methylation and aberrant CpG
methylation (vide infrd) maintains chromatin in a repressive state even in the presence of re-
expressed Tdg [46].

Again using ChIP, Cortazar and colleagues demonstrated that the promoters of differentially
expressed genes in embryonic stem (ES) cells undergoing differentiation into neuronal
progenitor cells were enriched with TDG. They found that TDG associates with promoters
of Oct4and Nanog in ES cells, but not in neuronal progenitor cells and MEFs, presumably
losing the interaction during heterochromatinization. They hypothesize that an inability to
associate with heterochromatized promoters could explain why Hoxal0and Hoxd13 activity
could not be rescued by re-expression of TDG in 7dg-null MEFs. Upon further
experimentation, the authors discovered that loss of TDG interrupts the association of
H3K4-specific methyltransferase MLL1 with the promoters of Hoxal0, Hoxd13, Sfrp2and
Twist? [46]. In addition, the binding to these promoters by CBP/p300 was decreased in
TDG-deficient MEFs, consistent with the data mentioned above of the lack of p300
recruitment onto the Crabp2and Rbp1 promoters in the absence of TDG. CBP/p300 has also
been shown to protect gene promoters from polycomb-mediated H3K27 trimethylation.
Thus, TDG contributes to the maintenance of active and bivalent chromatin during
differentiation [46]. All of these data indicate that TDG acts functionally as an important
transcriptional co-activator, forming complexes with activating histone modifiers MLL and
CBP/p300 in order to maintain chromatin in an active state during differentiation.
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In keeping with a primarily “transcriptional” rather than “anti-mutagenic” defect in TDG-
mutant embryos, the three research groups failed to detect the expected increase in CpG site
mutation frequency in 7dg-null cells and embryos. Indeed, a decrease in G:T repair
efficiency was noted in extracts of 7dg-null embryos, MEFs and ES cells. Although lack of
G:T mismatch repair activity should lead to an increase in mutation frequency, the latter was
unchanged in mutant embryos at 10.5dpc or MEFs [46-48]. It is presently unclear whether
the methods used in these studies are sensitive enough to conclude in a definitive manner
that TDG does not have any anti-mutagenic function at CpG sites. One possibility is that
MBD4 provides a redundant genome-stability function, efficiently processing G:T
mismatches in the absence of TDG. Yet another possibility is that initial enzymatic steps in
demethylation (e.g. deamination, see below) do not happen in the absence of TDG, and
therefore that TDG may have a role in the initiation of the demethylation process [47].

Role of TDG in protecting CpG islands from hypermethylation and in

mediating

DNA demethylation

Given the possible role of TDG in demethylation [41-43], we and others examined the DNA
methylation patterns of promoters of select genes differentially expressed for wild-type and
Tdg null MEFs. By using sodium bisulfite sequencing, we found that the CpG island less
than 2 kb upstream of the transcriptional start site of £fs, Crabp2, Hoxa5and H19 (all down
regulated in 7dg null MEFs) was hypermethylated in 7dg-null cells [47]. By using even
more detailed sodium bisulfite pyrosequencing, Cortazar and colleagues detected increased
methylation levels of the CpG island of the Hoxal0, Hoxd13, Sfrp2, Twist2and Rarb genes
[46]. These results demonstrate that sequences normally kept unmethylated become
hypermethylated in the absence of TDG, indicating aberrant, unscheduled de novo
methylation. Further experimentation using the imprinted gene /g72in wild-type and 7dg
mutant primordial germ cells confirmed that the previous observations were not due to in
vitro culture stress of the MEFs, and that TDG does in fact serve to prevent
hypermethylation during development [47].

Our group also sought to determine if TDG is responsible for DNA demethylation; to this
end, we utilized a heterologous in vitro-methylated Oct4 pluripotency gene for
transcriptional reactivation in embryonic carcinoma P19 cells, as well as P19 cells
expressing a ShRNA targeting TDG. An Oct4 promoter::EGFP reporter assay showed a lack
of EGFP expression reactivation in the 7ag knock down cells, and bisulfite sequencing
confirmed that demethylation of the Oct4 promoter is reduced, demonstrating the direct
involvement of TDG in demethylation. Due to demethylation in the parental P19 cells
occurring within 12 hours and lack of origin of replication in the reporter plasmid, we
concluded that TDG is playing a role in active demethylation [47].

Furthermore, sodium bisulfite sequencing revealed that demethylation of the enhancer of
two liver-specific genes, A/bencoding albumin and 7atencoding tyrosine amino
transferase, is impaired in 7dg-null embryos [47].

It should be emphasized that presently it is not clear whether the hypemethylation at CpG
island-containing promoters, detected in the absence of TDG, is caused by a deficiency of
TDG in promoting an active, antagonizing demethylation, similar to its proposed role in
active demethylation at enhancers.

As these results suggested that TDG plays an enzymatic role in demethylation, we next
determined that the catalytic functionality of TDG is responsible for its role in
demethylation. We predicted that inactivating its glycosylase active site would cause the
embryonic lethality observed in the 7adg null mice. This was accomplished using a knock-in
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mouse strain which expressed a point mutation (N151A)[47], abolishing the glycosylase
function of TDG [57]. There were no live births of TagN151A/NISIA mice, and further
analysis showed that embryonic lethality occurred one day earlier than the 7ag null
embryos, at E10.5 with general developmental delay and other abnormalities. Additionally,
the Tatenhancer remained methylated. These results corroborate that of the Oct4
promoter-EGFP reporter assay, and show that the catalytic function of TDG is crucial for
development and DNA demethylation [47]. From these observations, it is clear that TDG
plays a dual epigenetic role in controlling both DNA methylation and chromatin
modifications (Fig. 1).

Mechanisms of TDG-mediated DNA demethylation

The mechanisms by which TDG mediates DNA demethylation are not fully characterized
and it is possible that multiple pathways are involved (Fig. 2). We wanted to determine if
TDG mediates DNA demethylation in a manner similar to that in zebrafish embryos, where
demethylation is initiated by deamination of 5mC to thymine by AID, Apobec2a or
Apobec2b and then the excision of thymine by the MBD4 glycosylase, a process mediated
by GADDA45 [19]. We found by Co-IP experiments using the same P19 cell lines described
above, that TDG forms a complex with AID and GADDA45a, and also that AID interacts
with GADDA45a, independent of TDG. We also observed that there was a decrease in AID
expression in the TDG-downregulated cells, so it is possible that this in vivo interaction has
functional consequences for AID and perhaps TDG regulates levels of AID or its stability
[47].

A related demethylation pathway in which TDG and AID/APOBECs might be involved
concerns the newly identified DNA base, 5-hydroxymethylcytosine (5hmC), an oxidation
product of 5-methylcytosine, generated by TET oxidases (TET1-3) [58, 59]. TET1 was
identified as the gene involved in the t(10;11) (ten eleven translocation) in acute
myelogenous leukemia [60, 61]; TET2 is frequently mutated in myelodysplastic syndrome
[62]. TET proteins are involved in the active DNA demethylation occurring in the adult
brain, a process that is also dependent on the AID/APOBEC deaminases [14]. Thus, it is
possible that 5hmC is deaminated to 5-hydroxymethyluracil (5ShmU), generating a G:5hmU
mismatch [14]. TDG has a strong glycosylase activity on 5ShmU [47, 63, 64]. In fact, while
two other base excision repair glycosylases, MBD4 and SMUG1 are efficient in removal of
the mismatched T and 5hmU, respectively, TDG appears to be the only glycosylase with
strong activity on both deaminated bases [47].

More recently, work in other laboratories identified a third, deaminase-independent
demethylation pathway, in which 5hmC is sequentially oxidized to 5-formylcytosine (fC)
and 5-carboxylcytosine (caC) by TET oxidases [65-67]. While it is possible that a putative
decarboxylase exists that directly converts caC into cytosine, it was shown that TDG
exhibits a specific glycosylase activity on fC and caC [65, 68]. In fact, crystallographic
evidence indicates that caC is secured in the TDG active site by polar interactions involved
in the recognition of the 5-carboxyl moiety. Due to these exclusive structural properties,
TDG is the first and only glycosylase able to selectively bind and excise 5caC and 5fC from
duplex DNA [69]. Figure 2 describes the involvement of TDG in several DNA
demethylation pathways.

While current studies indicate that TDG is not involved in direct excision of 5-
methylcytosine, it should be noted that there is evidence that the protein kinase A- and
protein kinase C-phosphorylated MBD4 does acquire glycosylase activity on 5-
methylcytosine, mediating demethylation and transcriptional de-repression of the CYP27B1
gene [70]The role of MBD4 in DNA demethylation (discussed in [18]) brings about the
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possibility of functional redundancy of TDG and MBD4 in this process. However, it is
likely that TDG and MBD4 have distinct roles in DNA demethylation, due to their marked
difference in nuclear distribution: in fact TDG and MBD4 associate with euchromatin and
heterochromatin, respectively [37]

TDG alterations in cancer

The important role of TDG in epigenetic stability suggests a potential involvement in cancer
and indeed initial evidence on the role of TDG in tumorigenesis is accumulating. TDG
shows frequently reduced mRNA expression in multiple myeloma [71] and pancreatic
adenocarcinoma [72]. Loss of TDG expression in rectal cancer may synergize with
deficiency of the mismatch repair protein PMS2, creating a supermutator phenotype at CpG
sites [73]. Finally, TDG appears to be involved in the TGFB-dependent active demethylation
and expression of the tumor suppressor gene p15-INK4b [74].

Future Perspective

Executive

The field of active DNA demethylation underwent a significant acceleration in the past few
years with the identification of the critical role played by base excision repair and the new
modified cytosine bases. Thus, it is easy to predict that in the next 5-10 years, this area of
research will continue to flourish. Future multidisciplinary studies will lead to a better
characterization of the interaction of TDG with other transcription and DNA repair factors.
Additional studies will determine the molecular mechanisms explaining the essential role of
TDG in development and further define its importance in transcription by identifying the
genes that more critically depend on TDG for activation, either as a transcriptional co-
activator or as a factor involved in DNA demethylation. A mechanistic understanding of
enzymatic demethylation could lead to strategies for targeted demethylation of genes. The
relative importance of TDG in the various pathways of DNA demethylation outlined above
will be defined, and this knowledge, paired with the use of animal systems to recreate
physiopathological mechanisms and model human disease, will reveal the disease relevance
of defective DNA demethylation.

Summary

DNA methylation and demethylation

«  DNA methylation is used by vertebrates to repress transcription and is mediated by
DNA methyltransferases

» Accumulating evidence indicates that active mechanisms of DNA demethylation
exist and are mediated by DNA repair systems

Thymine DNA Glycosylase and base excision repair

» TDG is a base excision repair enzyme presumably involved in protecting CpG sites
from transition mutations caused by deamination of cytosine and 5mC to uracil and
thymine

» TDG interacts with several transcription factors and co-activators

»  Past literature suggested a role of TDG in DNA demethylation

Embryonic lethality associated with TDG inactivation in the murine germ line

e TDG is required for mammalian development

«  Phenotype of Tadg-null embryos suggests an impairment of RAR-RXR- and CBP-
p300-dependent transcription and of catecholamine production
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Role of TDG in transcription and chromatin regulation

e TDG is required for efficient RAR-RXR- and p300-dependent transcription and for
p300 recruitment

e TDG is required for MLL recruitment
* TDG contributes to the maintenance of active and bivalent chromatin

e There is no reported increase in CpG site mutation frequency in 7ag-null cells and
embryos

Role of TDG in protecting CpG islands from hypermethylation and in mediating DNA

demethylation

e TDG ininvolved in protection of CpG islands from de novo aberrant DNA
methylation

» TDG is involved in active DNA demethylation of enhancers and promoters

»  The catalytic activity of TDG is required for development and DNA demethylation

Mechanisms of TDG-mediated DNA demethylation

e TDG forms a complex with the deaminase AID and the stress response protein
GADDA45a

e TDG could mediate DNA demethylation by removing thymine and 5hmU
originated by enzymatic deamination of 5mC and 5hmC, respectively

e TDG could mediate DNA demethylation by removing 5fC and 5caC originated by
sequential oxidation of 5hmC by Tet proteins

TDG alterations in cancer

e Loss of TDG expression may be important for the genetic and epigenetic instability
occurring in cancer
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Figure 1.

Schematic of the dual epigenetic role of TDG in regulation of DNA methylation patterns
and chromatin modification. Depicted are an enhancer (left) and a CpG island-containing
promoter (right). In this model, binding to transcription factors (TF) at responsive elements
(RE) tethers TDG to DNA,; in turn, TDG promotes recruitment of MLL and p300, with
consequent production of p300-acetylated nucleosomes (marked by red-squared lollipops).
The recruited TDG mediates DNA demethylation of CpG sites, indicated by the white
lollipops, at enhancers (left). The recruited TDG also helps maintaining CpG islands at
promoters in their unmethylated state (right). Both functions may be aided by TDG
inhibition of de novo DNA methyltransferases (DNMTSs) (modified from [47], with
permission from Elsevier).
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Figure 2.

Schematic of the central role of TDG in DNA demethylation pathways: the deamination
(left), hydroxylation-deamination (center) and deamination-independent (right) pathways are
shown; 5mC: 5-methylcytosine; 5hmC: 5-hydroxymethylcytosine; T: thymine; 5hmU: 5-
hydroxymethyluracil; 5fC: 5-formylcytosine; 5caC: 5-carboxylcytosine; AP site: apurinic/
apyrimidinic site; C: cytosine (modified from [47], with permission from Elsevier).
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