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Abstract

The base excision repair system is vital to the repair of endogenous and exogenous DNA damage.
This pathway is initiated by one of several DNA glycosylases that recognizes and excises specific
DNA lesions in a coordinated fashion. Methyl-CpG Domain Protein 4 (MBD4) and Thymine
DNA Glycosylase (TDG) are the two major G:T glycosylases that remove thymine generated by
the deamination of 5-methylcytosine. Both of these glycosylase also remove a variety of other
base lesions, including G:U and preferentially act at CpG sites throughout the genome. Many have
questioned the purpose of seemingly redundant glycosylases, but new information has emerged to
suggest MBD4 and TDG have diverse biological functions. MBD4 has been closely linked to
apoptosis, while TDG has been clearly implicated in transcriptional regulation. This article
reviews all these developments, and discusses the consequences of germline and somatic
mutations that lead to non-synonymous amino acid substitutions on MBD4 and TDG protein
function. In addition, we report the finding of alternately spliced variants of MBD4 and TDG and
the results of functional studies of a tumor-associated variant of MBD4.
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1. Introduction

Endogenous DNA damage occurs at a rate upwards of 20,000 lesions per cell per day [1].
This damage often occurs in the form of deamination, alkyation and oxidation of bases in
the DNA and can result from hydrolysis or exposure to reactive oxygen species or
metabolites [2]. The hydrolytic deamination of 5-methylcytosine (5-meC) and cytosine (C)
to thymine (T) and uracil (U), respectively, poses a constant challenge to the integrity of the
genome. These spontaneous events occur at a rate of 2–300 lesions/cell/day and if not
corrected, lead to C:G to T:A transitions in the following round of DNA replication [3].
These transitions comprise the most frequent mutations in human cancer and other diseases
[4] with nearly 50% of somatic mutations of the tumor suppressor gene TP53 in colorectal
cancer (CRC) being C:G to T:A within CpG sites [5]. Such findings suggest these mutations
have an impact on tumorigenesis making efficient correction of DNA damage essential.

The cell has developed several mechanisms to combat DNA damage. The base excision
repair (BER) pathway is mainly responsible for the lesion-specific removal of nonbulky-
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DNA adducts and has been proposed to act as a tumor suppressor mechanism (for detailed
review see [6]). Short-patch BER is initiated by a monofunctional DNA glycosylase that
recognizes and excises a damaged base, generating an abasic site. AP endonuclease (APE1)
converts the abasic site into a single nucleotide gap by incising the backbone, generating a
3′-OH and a 5′-deoxyribose phosphate (dRP) group. DNA polymerase β then catalyzes
removal of the dRP group and fills in the gap. Bifunctional glycosylases possess AP lyase
activity and therefore catalyze the backbone incision themselves. APE1 is then needed to
remodel the ends and generate a 3′OH group and Pol β fills in the gap. In both cases, the
XRCC1-Ligase IIIα complex seals the nick, completing repair. Additionally, long-patch
BER involves the excision of 2–12 nucleotides which are replaced by the action of DNA
polymerase ɗ or ε. This pathway is less understood and requires additional proteins
including PCNA, RFC, FEN1 and DNA ligase I.

The focus of this review is on two of the main DNA glycosylases responsible for initiating
the repair of deaminated C and 5-meC within CpG sites: Methyl-Binding Domain Protein 4
(MBD4) and Thymine DNA Glycosylase (TDG). Evidence is emerging for a role for these
glycosylases in active demethylation, a process that is important for gene regulation.
Interestingly, single nucleotide polymorphisms (SNPs) that result in non-synonymous codon
alterations have been identified in both MBD4 and TDG, and these genes have also been
found to be mutated in human tumors, as shown in Table 1. These SNPs and tumor-
associated mutations result in single amino acid changes that have the potential to affect
protein structure and function. Because these glycosylases are vital to repair of G:T/U
lesions, subtle alterations in protein function of MBD4 or TDG could disrupt repair of these
mutagenic lesions resulting in increased mutations, most likely at CpG sites, altered
transcription profiles and/or genomic instability and lead to cancer.

2. MBD4 Genomic and Protein Structure

The human MBD4 gene is located on chromosome 3q21.3 and spans a region of 9 kbs. Its
coding DNA sequence (CDS) is 1,743 bps and the full-length protein is coded for by 8
exons (NCB Gene ID: 8930; Figure 1).

2.1. MBD4 alternatively spliced variants

According to SpliceMiner [7], a web interface for querying Evidence Viewer Database
based on data obtained from NCBI Entrez Gene and NCBI Evidence Viewer, there are
several splice variants of the MBD4 reported (Figure 1). This includes four mRNA variant
submissions which are translated into two forms of full-length MBD4 proteins with sizes
equaling 580 aa (Accession number AF072250, AF114784, NM_003925) or 574 aa
(Accession number BC011752) long proteins (Figure 1). There are also three short versions
of alternatively spliced MBD4 reported. These are translated into protein with a size of 540
aa (Accession number AF532602), 572 aa (Accession number AK303013), and 262 aa
(Accession number AM180876). Results from further studies of the short 262 aa version of
MBD4, which was identified in HeLa cells, indicated that the protein possessed uracil DNA
glycosylase but not thymine DNA glycosylase activity [8].

2.2. Full length MBD4 proteins with 580 or 574 amino acids are found in humans

All of the biochemical studies that have used full-length MBD4 are based on the 580 aa long
protein [9–11]. We recently isolated and cloned a full-length MBD4 encoding gene. During
the cloning process, we found it was missing 18 nts. This encodes a 574 aa protein similar to
the one reported previously (Accession number BC011752). The result from further
investigation revealed both the full-length MBD4 encoding mRNA with and without the 18
nts was expressed in several tissues tested (Figure 2). The 18 nts is before exon 4 and is
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located between the two major domains of MBD4, the amino-terminal methyl-CpG-binding
domain and a carboxy-terminal glycosylase domain, which may have been formed from
fusion [9]. The altered spacing between the two domains might provide extra level of
flexibility to the protein to access its target.

2.3. MBD4 is a multidomain protein

MBD4 is unique from other thymine and uracil-processing glycosylases in that it contains
two DNA binding domains, an N-terminal methyl-binding domain (MBD) and a C-terminal
glycosylase domain (Figure 3). MBD4 is 580 amino acids in length with the MBD spanning
residues 82–147 and the glycosylase domain spanning residues 426 to 580. The long spacer
domain that separates these two functional domains contains two serine residues targeted for
phosphorylation by protein-kinase C (PKC). This phosphorylation may alter the structure of
MBD4 to allow a shift in substrate specificity ultimately resulting in MBD4-mediated DNA
demethylation [12]. So far, MBD4 has evaded efforts to crystallize the full-length protein,
but partial crystal structures, along with modeling of MBD4, have given some insight into
MBD4 substrate specificity and function.

MBD4 was first identified in a bioinformatics study by its amino-terminal methyl-CpG
binding domain (MBD), which shares sequence homology with other MBD proteins, such as
methyl CpG binding protein 2 (MeCP2) and methyl-CpG binding domain protein 2 (MBD2)
[13]. This domain includes four anti-parallel beta-sheets that generate a wedge-shaped
structure [14]. The two longer beta-sheets are thought to interact with the major groove of
DNA where methylation specifically takes place. This domain directs binding to hemi-
methylated or fully methylated DNA in vitro and is thought to be responsible for localizing
MBD4 to methylation-rich genomic areas where base deamination is likely to occur. It has
been proposed that the severe bending of the DNA by the glycosylase domain prevents
simultaneous binding of both domains to a single mCpG:T lesion, and therefore it is likely
that the MBD binds neighboring mCpG sites. A solution structure of the MBD of human
MBD4 bound to DNA will be vital to understanding how the methylation signal is read by
MBD4 and how this glycosylase accesses CpG sites on nucleosome cores.

The glycosylase domain of MBD4 belongs to the helix-hairpin-helix (HhH) DNA
glycosylase superfamily, which includes AlkA, MutY and OGG1 [15–17]. This domain
contains ten alpha helices that come together to form a cleft in the middle. Modeling of the
glycosylase domain of mouse MBD4 suggested it binds DNA via the minor groove and
bends it ~70° at the damaged base [15]. This orientation may allow for a base flipping
mechanism to occur where the damaged base is swung out of the DNA helix by torsional
rotation of the sugar-phosphate backbone and docked into the active-site cleft [15].
Additional modeling of the glycosylase domain of human MBD4 revealed residues Arg468-
Thr469-Ser470 are important for DNA binding and base flipping, while residues Gln449-
Tyr540-Asp560 are essential for thymine recognition and catalysis [16,17].

Manvilla and colleagues were the first to succeed in crystallizing the glycosylase domain of
MBD4 bound to DNA containing an abasic site analog paired with G [17]. This structure
supports previous models of MBD4 but also revealed new information. The crystal structure
confirmed MBD4 binds the minor groove of DNA at the target site, but that the DNA is bent
only about 57°. The structure revealed that the opposing G remains intrahelical but is nestled
into a recognition pocket where it makes several electrostatic interactions with residues of
the active site [17]. These contacts are not compatible with A, thus providing an explanation
for the strict preference for excising T from G:T versus A:T. In addition, the crystal structure
showed MBD4 do not form an interaction with the G:C pair at the 3′ side of the lesion, thus
explaining why the glycosylase domain has little specificity for acting at CpG sites by itself
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[17]. The MBD therefore must be necessary for conferring the substrate specificity seen
with purified full-length MBD4 [9].

3. Substrates of MBD4

3.1. MBD4 removes T and U paired with G in DNA

There are several DNA glycosylases expressed in human cells that function to remove
specific types of base lesions. MBD4 specifically catalyzes the removal of T and U paired
with guanine (G) within CpG sites [9,18,19]. These bases often arise in DNA due to the
hydrolytic deamination of 5-meC and C to T and U, respectively, but U can also arise due to
misincorporation of dUMP from the nucleotide pool. Efficient removal of T and U is critical
as failure to excise these lesions leads to mutagenesis.

3.2. MBD4 removes halogenated pyrimidines

MBD4 is active on several halogenated pyrimidines, including 5-chlorouracil and 5-
bromouracil paired with G that result from peroxidase-mediated inflammatory processes
[20,21], as well as chemotherapy-induced 5-fluorouracil (5-FU) and 5-iododeoxyuracil
lesions [22,23]. Furthermore, MBD4 exhibits weak glycosylase activity on 3,N4-
ethenocytosine (εC), a product of lipid peroxidation and metabolite of vinyl chloride and
ethyl carbamate [18]. MBD4 preferentially binds lesions within methylated or
hemimethylated CpG sites, but also processes lesions at unmethylated CpG sites in DNA
[9].

3.3. MBD4 and active demethylation

More recent work has revealed MBD4 is capable of excising 5-hydroxymethyluracil (5-
hmU) from a double-stranded CpG dinucleotide in vitro [24,25]. 5-hmU is thought to arise
as an intermediate in a multistep active demethylation pathway whereby 5-meC is first
hydroxylated by the ten-eleven translocation (TET) family of dioxygenases, deaminated by
activation-induced deaminase (AID) and finally removed by MBD4 or TDG in a BER
process [26,27]. Additional work also revealed a novel role for MBD4 as a demethylase
itself. Zhu and colleagues showed MBD4 is capable of removing 5-meC from
hemimethylated DNA in an in vitro system [11], while another group reported that PKC
phosphorylation of MBD4 potentiated its 5-meC glycosylase activity [12]. These were the
first works supporting the existence of a human 5-meC glycosylase.

4. MBD4 Biological Features

4.1. MBD4 is important for suppression of mutagenesis

MBD4 has been shown to play a central role in the suppression of CpG mutability and
tumorigenesis in vivo. Two groups have successfully generated MBD4-deficient mice using
gene targeting techniques to introduce a null mutation into the murine Mbd4 gene. Both
heterozygous and homozygous mice are fertile and develop normally. Whereas loss of
MBD4 did not lead to tumor formation in mice by itself, mice deficient for MBD4 were
shown to have a two to three-fold increase in the number of C to T transition mutations at
CpG sites in the small intestine compared to wildtype mice [28,29]. In addition, MBD4-
deficient mice show accelerated intestinal tumor formation and increased multiplicity on the
adenomatous polyposis coli (Apc) min/+background. Examination of these tumors revealed
an increase in somatic Apc mutations compared to WT, 82% of which were C to T
transitions at CpG sites [28]. Although inactivation of MBD4 was not enough to initiate
tumorigenesis by itself, these results provide evidence that MBD4 functions in vivo to
suppress mutations at CpG sites in mammalian genomes, and that loss of MBD4 can have an
accelerating effect on tumor formation in cancer-predisposing backgrounds.
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4.2. MBD4 interacts with MLH1

In addition to its role as a DNA glycosylase in BER, MBD4 was identified in a yeast two-
hybrid screen to interact with the mismatch repair (MMR) protein MLH1 [10]. Due to the
fact that MBD4 is mutated in a high percentage of MMR-deficient colorectal tumors with
MSI, as well as the fact that loss of MLH1 in mice enhances tumor formation [30,31],
Sansom and colleagues addressed the question of whether or not loss of MBD4 contributes
to tumorigenesis by generating mice doubly deficient for MBD4 and MLH1 [31].
Interestingly, the additional loss of MBD4 did not accelerate tumorigenesis or increase
mutation frequency in these mice, suggesting MBD4 may not play a direct role in MMR-
deficient tumorigenesis.

4.3. MBD4 is linked to apoptosis

Many MMR proteins, including MLH1, have been functionally linked to apoptosis, and
mammalian cell lines defective in MMR are resistant to treatment with methylating agents
[32,33]. These cell lines accumulate damage, mainly in the form of methylation of the O6
position of guanine generating O6-methylguanine (O6-meG). If not repaired, these base
lesions direct misincorporation of T during replication generating O6-meG:T mispairs.
These mispairs are usually recognized by MMR leading to cell cycle arrest and apoptosis,
but MBD4 was also shown remove the T opposite O6-meG [32]. Due to the fact that MBD4
interacts with MLH1, several groups have investigated the biological consequence of loss of
MBD4 on the DNA damage response and apoptosis in mice [31,32,34]. Interestingly, mouse
embryonic fibroblasts (MEFs) deficient in MBD4 had reduced levels of several MMR
proteins, as well as diminished apoptotic response to several cytotoxic agents, such as
MNNG, 5-FU, cisplatin and temozolomide [32,34]. Intriguingly though, MBD4−/− mice did
not display microsatellite instability (MSI), a key feature of compromised MMR [28], and
mice exposed to 5-FU and temozolomide that were doubly mutant for MBD4 and MLH1 did
not exhibit an additive effect. These results suggest MBD4 and MLH1 act in the same
apoptotic pathway.

Further evidence for a role of MBD4 in apoptotic signaling or control came when MBD4
was shown to directly interact with proapoptotic Fas-associated death domain protein
(FADD) in a complex with MLH1 [35]. More specifically, MBD4 was found to regulate
DNA damage-, Fas ligand- and cell detachment-induced apoptosis in cells. Interestingly,
MBD4 was also shown to interact with DNA methyltransferase (DNMT1) in a complex with
MLH1 in Xenopus embryos [36]. Ruzov and colleagues found depletion of xMBD4 or
xMLH1 increased the survival rate of xDMNT-depleted embryos while over-expression of
these proteins induced programmed cell death at the onset of gastrulation. They went on to
show MBD4 recruits both DNMT1 and MLH1 to sites of heterochromatin in mouse
embryonic cells, and that these proteins accumulate at site of IR-induced DNA damage in
mammalian cells. Together, these data strongly support a link between genome surveillance/
DNA repair and apoptosis.

4.4. MBD4 and DNA methylation

In the mammalian genome, about 70% of all CpG sites are methylated [37]. These
dinucleotides are often found clustered in CpG-islands within promoter regions and are
essential for the regulation of gene expression, genomic stability, genomic imprinting and
X-inactivation. Because this epigenetic mark is important for so many cellular processes,
careful regulation of DNA methylation and demethylation is crucial. DNA
methyltransferases (DNMTs) are responsible for establishing and maintaining DNA
methylation in mammalian cells. DNMT3a/b mediates de novo DNA methylation, while
DNMT1 acts on newly synthesized DNA to maintain methylation marks [38]. DNA
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demethylation can occur passively through replication in the absence of remethylation, or
actively in a coordinated multistep process.

There has long been evidence of active demethylation in mammals, mainly during
embryonic development, as well as during somatic hypermutation/class-switch
recombination in immune cells [39]. More recently, new evidence has emerged supporting
an active demethylation process occurring at hormonally-regulated gene promoters and
enhancers that involves deamination of methylated cytosine followed by a base excision
repair process. Interestingly, both MBD4 and TDG have been implicated in this process
suggesting DNA repair mechanisms, in particular BER, are critical in transcriptional
regulation [12,26,40].

4.4.1. Role of MBD4 in active demethylation—Rai and colleagues first linked MBD4
to active DNA demethylation using a zebrafish model system. They presented evidence that
demethylation was a coordinated system involving a deaminase (AID/Apobec), an MBD4-
related G:T glycosylase, and a Gadd45 family member [27]. They showed that
overexpression of AID and MBD4 caused widespread demethylation, and that knockdown
of these proteins led to remethylation of specific genes. In addition, co-injection of a
catalytically inactive MBD4 mutant with a methylated DNA fragment led to the
accumulation of G:T intermediates and a small number of 5-meC to T transition mutations,
suggesting that the catalytic activity of MBD4 is critical for proper demethylation. Finally,
they demonstrated that that non-enzymatic factor Gadd45 promoted demethylation in
zebrafish embryos and enhanced the functional interactions between MBD4 and AID/
Apobec in human cells. It was proposed that Gadd45 may serve as a scaffold to physically
and/or functionally couple DNA demethylation components, and that MBD4 may promote
5-meC replacement through a base excision repair process.

4.4.2. Phosphorylation of MBD4 promotes 5-meC glycosylase activity—Further
evidence emerged to support the involvement of MBD4 in active demethylation. Protein-
kinase C phosphorylation of MBD4 at two specific serine residues (165 and 262) following
parathyroid hormone stimulation was shown to promote demethylation within the CYP27B1
gene promoter [12]. This was achieved by excision of 5-meC through the glycosylase
activity of MBD4 followed by a BER process. In vitro kinetic assays showed that while
unmodified MBD4 was able to remove 5-meC to a small degree, phosphorylation enhanced
its 5-meC glycosylase activity significantly. Overall, this work raised the possibility that
MBD4 may function to derepress other hormone-regulated genes and that loss of MBD4
expression or function may lead to altered gene expression, potentially impacting the
integrity of the genome.

4.5. MBD4 is mutated in tumors

MBD4 was found to be mutated in 26 to 43% of human gastric, colorectal, endometrial and
pancreatic cancers that exhibit MSI (Table 1, [41–44]). It is important to note these were
small scale studies with sample size ranging from 19 to 54 tumors, and therefore it is
possible that mutations could have been over or underrepresented. There is evidence for
biallelic inactivation of MBD4 as well as heterozygous mutations in CRC tumors. A
majority of these mutations occur within the polyA10 tract of exon 3 resulting in the
production of a truncated protein that is able to bind to meCpG sites but lacks its glycosylase
activity. This variant, called MBD4tru, exerts a dominant negative effect by competitively
inhibiting wt MBD4 activity on T:G and U:G mismatches in vitro [45]. In addition,
expression of MBD4tru in human MSI colon cancer cells more than doubled the mutation
frequency and affected the whole mutation spectrum. These findings suggest mutation of
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MBD4 has a widespread effect on genomic stability and may be of significance in tumor
progression.

4.6. SNPs of MBD4

Several polymorphisms of MBD4 have been identified in the normal population in addition
to a tumor-associated variant (Table 1). Most of these variants have not been characterized
for their catalytic or DNA binding activity and few predictions can be made given their
locations in MBD4 and the lack of a complete crystal structure. Two variants of MBD4,
D568H and C61R were each identified in 1 out of 42 gastric tumors with MSI [46]. In the
same study, C61R was also found in 4 out of 95 normal control samples, indicating it was a
novel germline variant or SNP of MBD4. Cytosine residue 61 is located adjacent to the
MBD. Mutation of a nucleophillic Cys to a large and basic Arg could affect the structure of
the MBD ultimately affecting the affinity of MBD4 for DNA. Aspartic acid residue 568 is
located within helix-K of the glycosylase domain. Helix-K contains several residues
important for DNA binding and base flipping, and helps form the catalytic pocket of MBD4.
Mutation of acidic Asp to basic His may affect the catalytic ability of D560 or the docking
ability of K562 if the switch in charge causes steric hindrance that alters the structure of
helix-K. Both SIFT and PolyPhen, two programs that predict the possible impact of an
amino acid substitution on the structure and function of a human protein, predicted that
mutation of D568 to H would be damaging and affect MBD4 function. Conversely, these
programs predicted C61R would be a tolerated or benign substitution.

Biochemical studies in our lab have recently shown that variant D568H, but not C61R, has
both reduced catalytic activity and binding affinity for its two predominant substrates, T and
U paired with G within a CpG context (Figure 4 and data not shown). More specifically,
D568H forms 6-fold less product as WT in an in vitro glycosylase assay and exhibits a 2 to
3-fold reduced binding affinity for its DNA substrates compared to WT. The results seen are
not due to major global changes in protein structure, as circular dichroism revealed WT and
D568H have overall similar tertiary structures (unpublished data). These data suggest
D568H may likely have a functional phenotype in vivo that could alter DNA repair capacity
and contribute to cancer progression.

Thymine DNA Glycosylase

5. TDG Genomic Structure

The human TDG gene is located on chromosome 12q24.1 and spans a region of 23 kbs. Its
CDS is 3,251 bps long with the full-length protein coded for by 10 exons (NCB Gene ID:
6996; Figure 5).

5.1. TDG alternatively spliced variants—Whereas the full-length TDG protein is 410
amino acids (aa) in length (Accession numbers BC037557, and NM_003211), there are a
few shorter spliced variants of human TDG reported with lengths equaling 206 aa
(Accession number AK295387), 161 aa (Accession number AK299832), and 267 aa
(Accession number AK303631) (Figure 5). Furthermore, another alternative splicing variant
of TDG has been reported of which the entire exon 2 is missing. The excision of exon 2
from this TDG transcript causes a frameshift in the TDG open reading frame [47–49]. It was
reported that the presence of this TDG variant is either a result of aberrant splicing and does
not code for any functional protein, or its translation starts from a non-AUG codon [48].

5.2. Identification of a novel alternatively spliced version of TDG—The full-
length human thymine DNA glycosylase gene, TDG, encodes for a protein with a size of
410 aa [50,51]. During cloning and analysis of this gene, we identified a novel alternatively
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spliced variant of TDG which is missing exons 2–4 (Figure 6). The results from
quantification of this variant estimated that it could be found in several tissues tested at
levels 35–65% lower than that of the 1233 nts variant (Figure 6). The role of this variant, if
any, is not known.

6. TDG Structure and Biochemistry

6.1. TDG is a member of the MUG superfamily

TDG is a member of the Mismatch Uracil Glycosylase (MUG) branch of the
monofunctional uracil DNA glycosylase superfamily, named for the E. coli Mug protein
[51]. This group of glycosylases shares a common α/β structural fold and all have a
conserved catalytic core flanked by less-conserved C- and N-terminal ends of variable
length. TDG itself is 410 amino acids in length with its catalytic core spanning residues
123–300, referred to as the glycosylase domain (Figure 1). Its divergent terminal domains
have been shown to modulate the enzymatic activity of TDG as well as mediate interactions
with other proteins, such as nuclear receptors and other transcriptional regulators [52–55]. In
addition, the C-terminal domain contains a SUMO conjugation site Lys330 while the N-
terminal domain contains a regulatory domain that is subject to acetylation at several lysine
residues [56,57]. All of these interactions are thought to modify the function of TDG and
some help determine substrate specificity, substrate interaction and the kinetics of base
release.

6.2. TDG/MUG proteins use a wedge for catalysis

Initial insight into the structure-function of TDG and other MUG family proteins came with
the resolution of the 3D structure of the E. coli Mug (eMug) protein [58]. This structure
confirmed an intercalation/nucleotide flipping mechanism for base recognition and removal,
as well as revealed a large hydrophobic catalytic pocket that would accommodate a broad
range of substrates including more bulky adducts, such as ethenoadducts of C and A, in
addition to its preferred G:T substrate. This structure also explained the strict double-strand
substrate dependency of MUG proteins. The conserved structure of the catalytic core forms
a ‘wedge’ that intercalates into the DNA from the minor groove and occupies the space from
where the substrate base has been flipped out. This wedge then establishes hydrogen bonds
with the widowed base that are specific for G, thus explaining the substrate specificity of
Mug proteins. Mutational analyses are in alignment with this Mug-based model [59,60] and
more recent crystal structures of TDG have revealed new information about the structure
and function of this protein.

6.3. Structural basis of sumoylation

Crystal structures of Small Ubiquitin-like Modifiers (SUMO)-1 and -2/3-conjugated TDG
have allowed for a better understanding of the C-terminal region in TDG function. TDG is
sumoylated at Lys330 via an isopeptide bond that forms between the ε-amino group of Lys
and the C-terminus of the SUMO protein [61,62]. The structures show there are two major
domains, a catalytic core domain of TDG and a SUMO-containing domain, that are
connected by a short crossover loop comprising residues 301–307 of TDG. This crossover
allows for a small molecular interface at the C-terminal region of TDG that makes
noncovalent contacts with the SUMO domain in addition to its covalent link. Conjugation of
either SUMO-1 or SUMO-2/3 to TDG does not cause any major structural changes but
modeling of TDG-SUMO-1 bound to AP-site DNA showed the C-terminus of the catalytic
core would now encounter steric clash with the sugar-phosphate backbone at positions +1
and +2 from the unpaired G [61]. It was proposed that this steric clash helps stimulate
dissociation of sumolyated TDG from its abasic product.
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6.4. Two subunits of TDG can bind DNA lesions

Additional insight into TDG binding and release came with the resolution of a crystal
structure of TDG in complex with abasic DNA [63]. This structure revealed that TDG can
bind in a 2:1 or 1:1 complex with DNA and provides an explanation for the strict specificity
for G versus A as the pairing partner opposite the lesion. In both structures one subunit of
TDG is bound to the abasic site (referred to as the product complex) and makes many
specific interactions with its substrate including contacts with the abasic strand, the abasic
sugar and both guanines of the CpG site. The structures show the abasic nucleotide is
completely flipped out of the helix and into the active site and the DNA is bent at a 43°
angle. Interestingly, while this structure supported previous models with which the overall
structure of TDG mimics that of eMug, it also revealed unexpected differences in the
protein-DNA interactions.

Of particular note was the finding that a second subunit of TDG can be bound at an
undamaged or nonspecific site next to the product complex. This nonspecific (NS) subunit
makes less extensive interactions with DNA that are mostly restricted to the complementary
strand. While it is unclear if the NS subunit flips an undamaged nucleotide out of the helix,
it does make contacts with a “target” base, which may or may not be specific for cytosine
[63,64]. This interaction would provide a nice explanation for the CpG sequence specificity
that is seen with TDG binding. Interestingly, it was recently shown that the NS subunit is
dispensable for locating and processing of G:T and G:U lesions by TDG in vitro [64], thus
suggesting the NS complex may rather be important for the ability of TDG to modulate the
activity of transcription factors and transcriptional co-activators. Additional studies are
needed to explore these ideas further.

6.5. TDG processes many DNA lesions

A common feature of the MUG proteins is their broad range of substrates [51], TDG being
no exception. TDG actively processes lesions that result from oxidation, alkylation and
deamination of C, 5-meC, T and A [65]. TDG removes 5′ halogenated derivatives of U and
C, such as 5-fluorouracil and 5-bromouracil [66], as well as εC, a product of lipid
peroxidation [67]. In addition, TDG is able to actively remove 5-formylcytosine(5-fC) and
5-carboxylcytosine(5-caC), two oxidation products of TET protein modification [68,69].
TDG exhibits highest processing efficiency on lesions opposite G within CpG sites, but can
also remove several bases opposite A [65,70]. This broad range of substrates allows TDG to
eliminate a variety of mutagenic bases and thus help stabilize the genome.

Whereas TDG is best known for its ability to remove T from G:T lesions, it actually
processes U mispaired with G most efficiently [65]. The lower catalytic activity on G:T
relative to G:U substrates may be explained by steric hindrance involving the bulky C-5
methyl group. This steric hindrance also likely accounts for the 30-fold weaker binding
affinity of TDG for G:T relative to G:U substrates [70]. Recent resolution of a crystal
structure of TDG bound to 2′-deoxy-2′-fluoroarabinouridine (UF) revealed mutation of two
active site residues (Ala145 and His151) increased G:T glycosylase activity but also
enhanced the aberrant removal of T from A:T base pairs [71]. It was shown that Ala145
destabilizes nucleotide flipping for dT, but not dU, via steric hindrance, and that His151
forms a repulsive electrostatic interaction with the base that slows the chemical step of the
reaction. This feature of TDG may reflect a compromise between the need for efficient
processing of deaminated 5-meC in order to prevent C→T transitions and the need to avoid
aberrant removal of T from A:T pairs.

It has been revealed that the N-terminus of TDG also plays a role in conferring G:T/G:U
specificity [56]. Snet-Nocca et al. identified a regulatory domain (RD) spanning residues
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51–111 that is able to adopt a distinct conformation that enhances the DNA binding affinity
of TDG for G:T DNA while preventing G:U processivity and enzymatic turnover [56]. This
domain exhibits a small degree of structural organization and is able to directly interact with
the catalytic domain. It was proposed that the RD may provide additional substrate
recognition surfaces for the methyl group of T that allow TDG to bind substrates containing
a G:T mispair. Further work needs to be done in order to understand the careful regulation of
the RD conformation and its inter- and intramolecular interaction that help mediate G:T
versus G:U processing activity.

6.6. TDG exhibits a slow rate of turnover

TDG is distinct in that it exhibits extremely tight binding to its abasic product after base
removal. Studies have shown that TDG binds to AP-site:G DNA with a higher affinity than
it binds to any of its preferred substrates [72]. Because of this, the rate of dissociation of
TDG from its abasic product is the rate-limiting step of the glycosylase reaction. Direct
interaction of TDG with APE1 significantly increases the rate of dissociation of TDG from
AP sites and allows downstream processing of the lesion [72,73]. Both of these features of
TDG provide safeguards for lesion processing because they prevent the release of unstable
and cytotoxic BER intermediates until the proper downstream repair machinery has
assembled.

The enzymatic turnover of TDG is also regulated by sumoylation [57]. Small Ubiquitin-like
Modifiers (SUMO) are small polypeptides that can interact with or be covalently linked to
other proteins. Covalent SUMO modification requires its own set of E1, E2 and E3
conjugating enzymes and is an ATP-dependent process [74]. In general, these modifications
affect protein localization, stability or enzymatic activity. TDG can be sumoylated by
SUMO-1 or SUMO-2/3 at lysine residue 330 [57]. This residue is located within a
sumoylation consensus motif (VKEE) located in the C-terminal domain of TDG, as
previously discussed. Upon sumoylation, TDG is no longer able to stably bind to AP-sites or
to interact with free SUMO. In addition, sumoylation of TDG enhances the stimulating
effects of APE1 in order to significantly increase enzymatic turnover of bound TDG [57,73];
as well as increases G:U repair activity while impairing G:T processivity [57]. Intriguingly,
sumoylation was also found to inhibit the interaction of TDG with histone acetyltransferase
CBP [75], a finding that will be expanded on later in this review. All together, structural and
biochemical evidence supports the idea that sumoylation of TDG, through both covalent and
noncovalent interactions, induces changes in protein conformation that are required for its
functionality. TDG can be de-modified through the action of a SUMO-specific isopeptidase
to allow continued action of TDG on G:U and G:T mispairs that may be generated.

7. TDG Biological Features

7.1. TDG is not expressed during S phase

Mammalian cells possess several enzymes with uracil and thymine glycosylase activity,
namely nuclear uracil-DNA glycosylase (UNG2), single-strand selective monofunctional
uracil DNA glycosylase (SMUG1), TDG and MBD4. The fact that these enzymes have co-
evolved suggests they each fulfill distinct biological functions. In accordance with this idea,
expression of TDG was found to be strictly regulated according to the cell cycle [76]. While
TDG is highly expressed during G2-M and G1 phases; expression rapidly declines at the
G1-S transition [76], just when UNG2 expression begins to rise [77]. This change in TDG
protein level is facilitated through ubiquitylation and proteosome degradation [76].
Interestingly, it was shown that incomplete degradation of exogenously expressed TDG
impeded S-phase progression and cell proliferation, suggesting expression of TDG during S-
phase is disadvantageous to the cell [76]. This tight regulation may prevent TDG from
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interfering with coordinated DNA repair events already set in place during replication, such
as mismatch repair or action by UNG2. Moreover, because TDG binds tightly to AP sites
and requires sumoylation to induce turnover, removal of misincorporated U or other lesions
by TDG during replication may lead to stalling and eventual collapse of the replication fork.
This, in turn, could induce the formation of SS and DSBs, posing an even greater repair
challenge to the cell.

7.2. TDG is essential for embryogenesis

TDG was found to be uniformly and ubiquitously expressed early during embryonic
development, with expression seen as early as mouse embryonic day (E) 7.5 [78]. High
levels of mRNA were established by E14.5, particularly in the developing nervous system,
thymus, lung, liver, kidney and intestine. The role of TDG in embryogenesis was found to
be essential, as knockout of TDG in mice led to embryonic lethality by E12.5 [26,79].
Surprisingly, evaluation of TDG null embryos revealed TDG status did not affect cell
survival following ionizing radiation or H2O2, indicating the role of TDG in repair of base
damage is minor during development [79]. Instead, the authors discovered that this lethal
phenotype was associated with epigenetic alterations, namely aberrant promoter methylation
and imbalanced histone modification, impairing the expression of developmental genes in
TDG knockout mice. TDG was shown to directly associate with the promoters of these
aberrantly regulated genes, along with two downstream components of BER, XRCC1 and
APE1. Moreover, TDG was required for targeting H3K4-specific methyltransferase MLL1
and transcription-activating histone acetyltransferase CBP/p300 to these promoters. These
data support the formation of a transcription regulatory complex that maintains proper
epigenetic states at developmentally regulated gene promoters and it is likely that TDG
protects these promoters from aberrant CpG methylation through a BER process.

7.3. TDG plays a role in toxicity of 5-FU

Work from the Schar laboratory using TDG−/− MEFs generated from knockout embryos,
along with siRNA studies, revealed a major role of TDG in mediating the cytotoxic effects
of the chemotherapeutic drug 5-FU [80]. 5-FU is used in the first line treatment of many
human cancers, in particular colorectal, gastrointestinal, breast and ovarian cancer. Once it
penetrates the cell, 5-FU is converted into several active metabolites that have been shown
to disrupt RNA synthesis through incorporation into RNA [81]. In addition, 5FU can inhibit
thymidylate synthase (TS) leading to a nucleotide pool imbalance, and consequentially, the
misincorporation of U and fluorodeoxyuridine monophosphate (FdUMP) into DNA. It was
originally proposed that the excision of misincorporated U by UDGs resulted in cell death
through the induction of destructive DNA fragmentation but work by Kunz and colleagues
questions this idea. They showed massive incorporation of 5-FU into DNA followed by
excision by TDG actually mediates 5-FU cytotoxicity [80]. More specifically, they showed
that TDG is the major and rate-limiting 5-FU:A glycosylase and that inactivation of this
glycosylase in both mouse and human cancer cells significantly increased resistance to 5-
FU. They revealed TDG mediates 5-FU cytotoxicity by binding tightly to abasic sites after
lesion removal and preventing downstream processing of the repair intermediate. This
ultimately leads to the accumulation of DSBs, delays S-phase progression and activates a
DNA damage response in these cells. This work brings to light the possibility of TDG being
an important prognostic marker in patients diagnosed with cancer treated with 5-FU-based
chemotherapy, and that slight alterations in TDG function could either facilitate or impair
the effectiveness of this treatment.

7.4. Transcriptional Regulation and TDG

TDG was originally identified as a G/T-specific DNA glycosylase involved in BER [50,82]
but since has been shown to process numerous other lesions and participate in a variety of
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cellular processes. TDG has been shown to interact with several transcription factors (TFs)
[54,83], transcriptional coactivators [53,84] and a DNA methyltransferase [55], supporting a
role for TDG in transcriptional regulation. In addition, recent work has linked TDG to an
active DNA demethylation process at gene promoters [26,40], further supporting a role for
TDG in the regulation of gene expression and epigenetics.

7.4.1. TDG interacts with NR superfamily—The initial indication that TDG played a
role in transcription came in 1992 when TDG was identified as an interacting factor of the
sequence-specific DNA-binding protein c-Jun [85]. TDG was then shown to interact with
two members of the nuclear receptor (NR) superfamily, RAR (retinoic acid receptor) and
RXR (retinoid X receptor) in a yeast two-hybrid system [83]. RXRs bind to genomic
response elements (RAREs) as either homodimers or heterodimers with RARs in order to
modulate transcription in a promoter-specific and ligand-dependent manner [86]. TDG was
found to interact with RXR/RAR through its central domain (residues 122–346) and was
shown to enhance RXR and RXR/RAR binding to DNA substrates containing RAREs in
vitro [83]. In addition, transfection of TDG into mammalian cells increased RXR- and RXR/
RAR-mediated transactivation from RARE-containing reporter genes. These data provided
the first concrete evidence that TDG functioned as a coactivator of transcription.

Work studying thyroid transcription factor 1 (TTF-1) revealed TDG can also play a role in
the suppression of transcription [52]. TTF-1 is a member of the NK2 family of homeobox
transcription factors and is vital for the normal development of forebrain, lung and thyroid
during embryogenesis as well as for gene expression in adult lung and thyroid tissues. TDG
was found to interact with TTF-1 in both yeast and mammalian cells specifically through the
C-terminal activation domain of TTF1. This interaction strongly inhibited TTF-1
transcriptional activity in several cell lines, but the mechanism responsible for this
repression remains unclear.

TDG was subsequently found to interact with the estrogen receptor α (ERα), another
member of the NR superfamily [54]. ERα and ERβ are responsible for the major estrogenic
responses in mammals, with ERα being most important in the development and regulation
of reproductive tissues, as well as in bone development and homeostasis [87]. Similar to
other NR, ERs are composed of two major domains, a ligand-binding domain (LBD) that
binds estradiol (E2) and a core DNA-binding domain (DBD) that binds cognate DNA
sequences, known as estrogen responsive elements (EREs). Upon ligand binding, ERs form
homo- or heterodimers at EREs and stimulate gene expression through the recruitment of
transcriptional cofactors and direct interaction with the transcription machinery [87]. A
majority of these cofactors bind to the LBD of ERα and can play a role in ligand binding,
signal transduction and formation of active transcription complexes. These cofactors can
help turn on transcription (coactivators) or repress it (corepressors).

Chen et al. identified TDG as a novel coactivator of ERα. TDG was shown to directly
interact with ERα in a ligand-dependent manner in vivo and stimulated ERα activity in a
reporter gene assay [54]. Biochemical studies revealed this interaction is established through
helix 12 of the LBD and a putative α-helical motif between amino acids 115–146 of the GD
of TDG. This motif is related to the LXXLL signature found in other cofactors and is known
to mediate interaction with NR. Interestingly, while the glycosylase domain was required for
this interaction, the catalytic activity of TDG was dispensable as mutation of catalytic
residue Asn140 to Ala had little effect on the stimulation of ERα activity. These findings
suggested TDG may act as a protein scaffold for TFs and other coregulators at hormonally-
regulated genes.
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7.4.2. TDG associates with transcriptional coregulators—Further support for this
idea came when TDG was found to be associated with SRC1 and NCoR3, both coactivators
of the p160 family [84,88]. p160 proteins, or nuclear receptor coactivators (NCoAs), interact
with the LBD of ligand-bound ERα in a similar fashion to TDG [87]. They contain LXXLL
motifs that orient within a hydrophobic pocket of helix 12, and once bound, recruit other
proteins required for transcription activation, including methyltransferases and histone
acetyltransferases.

TDG and SRC1 were found to localize to the same promoters of estrogen-responsive genes
upon E2 stimulation of cells, suggesting these proteins associated in vivo [84]. Both in vitro
GTS-binding assays and mammalian two-hybrid confirmed TDG interacts directly with
SRC1 via residues 989–1240 of SRC1. Further deletion mapping in yeast revealed a tyrosine
repeat motif within residues 334–346 of TDG responsible for binding to a similar tyrosine
repeat in SRC1. TDG was also found to interact with NCoR3 using a mammalian two-
hybrid system [88]. This interaction was mediated through a DXXD motif spanning residues
294–297 of TDG and the LLXXL domain of NCoR3. The array of novel protein interaction
motifs indentified in TDG raised the possibility that TDG could interact with additional
transcriptional cofactors and supported the role of TDG as a scaffold for transcription
protein complexes.

This idea was supported by the discovery that TDG associates with CREB-binding protein
(CBP) and its paralog p300 [53].

CBP/p300 is a transcriptional coactivator that interacts with sequence-specific TFs such as
tumor suppressor p53, CREB, AP-1 (Fos and Jun) and NRs [89]. When recruited to
promoters, CBP/p300 mediates transcriptional activation by inducing changes in chromatin
structure through the acetylation of histone tails. This change in structure is thought to make
promoter regions more accessible for TF binding and CBP/p300 helps facilitate interaction
with the basal transcription machinery. TDG was found to directly associate with CBP/p300
through both its C- and N-terminal regions and serve as a substrate for acetylation [53]. This
complex was shown to retain the enzymatic activities of both proteins and enhanced CBP-
dependent transcription of a reporter gene in cotransfection experiments. CBP/p300 bound
TDG via its histone acetyltransferase (HAT) and CH3 domains and targeted four distinct
lysine residues within the N-terminal RD of TDG for acetylation. This acetylation
consequently led to inhibition of the CBP-TDG interaction as well as prevented downstream
recruitment of APE1 [53]. These findings provide a link between transcription and DNA
repair and suggest TDG acetylation may act as a molecular switch to coordinate BER and
transcriptional function.

7.4.3. TDG is directly linked to methylation—An additional mechanistic link between
DNA repair and transcriptional regulation came with the discovery that TDG interacts with
DNA methyltransferase DNMT3a [55]. This interaction was seen both in vitro and in vivo,
and was facilitated by the PWWP and catalytic domains of DNMT3a and the N-terminus of
TDG. The interaction served to inhibit the methylation activity of DNMT3a while
simultaneously enhanced the catalytic activity of TDG in vitro. The purpose of this
interaction may be to increase the repair of deaminated 5-meC while preventing aberrant
methylation of nearby sequences. Once repair is complete and TDG is displaced by APE1,
DNMT3a may remain at the repair site via interactions with other BER components, such as
LIG3. At this point, DNMT3a activity would no longer be repressed thus allowing cytosine
remethylation after repair and restoration of the correct epigenetic signal at promoter
regions.
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7.4.4. TDG localizes to gene promoters—There is clear evidence to support a role of
TDG in transcriptional regulation but questions still remain about why a DNA glycosylase
would localize to promoters and whether or not the catalytic activity of TDG is important for
its role in transcription. It is well known that CpG dinucleotide methylation is a central
feature of gene regulation. It can serve to impede the binding of transcription factors to a
gene while simultaneously acting to recruit MBD proteins that help regulate and stabilize
chromatin structure through the recruitment of additional proteins such as histone
deacetylases and chromatin remodeling proteins. While methylated CpGs restrict
transcription, unmethylated CpGs in the vicinity of a gene allow that gene to be expressed.
Unfortunately, this regulation can be corrupted by deamination of 5-meC, a phenomenon
known to contribute to as much as 30% of all germline mutations [4]. Because promoter
regions commonly contain CpG islands, they are targets for spontaneous deamination and
therefore considered mutational hotspots. It is possible that TDG may be responsible for the
removal of G:T lesions that arise from the deamination of 5-meC in these regions, and
perhaps also for the repair of G:U lesions arising from cytosine deamination. In this context,
TFs or other transcriptional regulators may serve to “sense” DNA damage and recruit TDG
to promoters of active genes as a means of maintaining the integrity of such sequences.

7.4.5. Role of TDG in active demethylation—Alternatively, TDG has recently been
implicated in epigenetic regulation through a process of active demethylation at gene
promoters, similar to the process seen for MBD4. The first concrete evidence that TDG was
directly involved in this process came from the Bellacosa laboratory when they generated
knockin mice with a mutation that inactivated the glycosylase function of TDG [26]. They
found this mutation to lead to embryonic lethality in mice, thus demonstrating that the
catalytic activity of TDG is essential for proper development. In addition, they showed that
TDG forms a complex with AID and the DNA damage response protein GADD45a,
supporting a two-step catalytic mechanism for DNA demethylation during mammalian
development. Furthermore, they showed TDG was required for preventing hypermethylation
of CpG islands, recruitment of p300 to RA-regulated promoters and active demethylation of
tissue-specific developmentally and hormonally regulated promoters [26].

The authors proposed a model for the role of TDG in DNA demethylation whereby 5-meC is
first hydroxylated by the TET family to form 5-hmC followed by deamination to 5hmU by
AID/APOBEC [26]. Alternatively, 5-meC may be directly deaminated to T. The resulting
lesions can then be excised by TDG followed by BER to ultimately replace the original 5-
meC with C (for extensive review see [39]). This model has further been supported by the
finding that TDG is able to actively remove 5fC and 5caC, two additional oxidation products
of TET protein modification [68,69]. These TDG substrates, in addition to T and 5hmU, are
all potential lesions generated during DNA demethylation pathways [39,65].

Additional work revealed that TDG localizes to the hormonally-regulated pS2 gene, which
undergoes transcriptional cycling through a methylation-demethylation mechanism [40,90].
pS2 is an estrogen-inducible gene that was originally found to be expressed in breast cancer
cells [91]. The promoter of pS2 was found to have 13 CpGs that undergo cyclical variation
in methylation status in conjunction with E2 treatment of ER positive breast cancer cells
[40]. Not surprisingly, this dynamic demethylation/methylation process was found to
involve coordinated recruitment of DNMT3a/b, p68 (a coactivator of ERα), TDG and BER
proteins. Interestingly, the authors described a novel function of DNMT3a/b as a deaminase
of C and 5-meC in vitro. Bearing in mind the ability of TDG to inhibit the methyltransferase
activity of DNMT3a [55], it is worth considering the possibility that such an interaction
might influence the deaminase function of DNMT3a/b while also increasing the glycosylase
activity of TDG. It is also important to note that strict timing and coordination of protein
function are critical to transcriptional regulation. Inappropriate demethylation or failure to
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methylate a promoter region could lead to altered transcriptional profiles in cells. In
addition, altered function of TDG or BER proteins could generate mispairs or SSBs that, if
repaired incorrectly, could lead to mutations or DSBs. Identification of other genes that
undergo cyclical DNA methylation might reveal additional information about how these
processes are regulated and provide information about the role of TDG in transcription
commitment.

7.5. SNPs of TDG

Polymorphisms G199S and V367M are the most common germline variants in human TDG
(Table 1). They have been identified in a variety of populations, including Asian, African
and European. G199S has a minor allele frequency (MAF) of 0.10 and has been identified in
Asian, Sub-Saharan African and European populations [92]. V367M has a MAF of 0.13 and
was identified in Asian, African American and European populations [92]. One study
identified V367M in 10 CRC patients but no control cases were evaluated [93]. Another
study conducted on a Polish population found no statistically significant association of these
two variants with respect to lung cancer [48]. Unfortunately, due to the limited number of
association studies and the lack of any functional studies, it is difficult to conclude whether
these variants contribute to tumorigenesis.

Glycine residue 199 is located within the active site pocket of TDG and displays a 4.5 Å
distance from the THF residue [personal communication Doublié S., University of
Vermont]. G199 helps stabilize the flipped abasic nucleotide into the active site pocket and
poses a barrier to its retrograde flipping back into the helix [63]. It is possible that mutation
of Gly199 to a larger and nucleophillic Ser could either disrupt or strengthen this interaction
with the abasic site. Valine residue 367 is located outside the glycosylase domain of TDG
and has not been included in any of the crystal structures published thus far. It is possible
that the mutation of Val to Met, an amino acid that now contains a sulfur residue, may lead
to the inappropriate formation of intra- or intermolecular disulfide bonds. This could
ultimately affect protein structure and/or function. Not surprisingly, both SIFT and PolyPhen
predict this non-synonymous substitution to be damaging.

There have been a few studies conducted to identify cancer-associated variants of TDG, but
the functional significance of these polymorphisms has not been studied. Variant R66G was
identified in 1 out of 94 heterozygous CRC patients and was not found in the case controls
[93]. A more recent study looked at the mutational profile of a rectal cancer patient with
biallelic germline inactivating mutations in PMS2, a mismatch repair gene [94]. They found
a high number of somatic C:G to T:A transition mutations within several tumor suppressor
genes which prompted them to sequence several DNA glycosylases active on G:T/U lesions.
Interestingly, analyses of these genes revealed a heterozygous mutation in TDG that results
in a non-synonymous substitution of amino acid 284 from Asp to Tyr. This mutation was
associated with TDG protein loss in the tumor. These findings suggest that loss of TDG
function may contribute to the supermutator phenotype seen and provide evidence that TDG
plays an important role in protecting the genome against the mutagenic effects of 5-meC
deamination.

8. Summary/Concluding Remarks

MBD4 and TDG are multifaceted enzymes that were originally recognized for their ability
to remove T and U lesions arising due to the spontaneous deamination of 5-meC and C,
respectively. They have since been shown to act on a variety of other DNA lesions,
including products of lipid peroxidation, hydroxylation and halogenated bases, and to play a
role in gene regulation through active demethylation.

Sjolund et al. Page 15

Mutat Res. Author manuscript; available in PMC 2013 May 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



MBD4 preferentially binds to meCpG sites through its MBD and serves to protect the
integrity of CpG sites throughout the genome. It also appears to be important for the
suppression of tumorigenesis, as loss of MBD4 in mice led to increased tumor formation on
an Apc min/+ background. In addition, MBD4 has been functionally linked to apoptosis and
plays a role in the effective response to a variety of chemotherapeutic and other cytotoxic
drugs [32,34].

TDG may also help maintain genomic stability by repair of mutagenic DNA base damage,
but it seems to have a greater impact on epigenetic stability. TDG is vital to embryonic
development, a time of dynamic change in CpG methylation, and was shown to protect
against hypermethylation of CpG islands in association with AID. TDG has also been shown
to interact with DNMT3a and CBP/p300, both important players in epigenetic regulation.
TDG is able to recognize and excise deamination and hydroxylation products of 5-meC, and
has been shown to participate in transcriptional cycling in conjunction with ERα through a
methylation-demethylation process at an E2-regulated gene [40]. The fact that TDG has been
shown to interact with a long list of additional TFs and cofactors suggests it may function
similarly at other hormonally-regulated genes. Together, this experimental evidence
suggests TDG plays an active role in DNA demethylation at promoter regions as a way to
regulate gene expression.

Because MBD4 and TDG play such important and versatile roles in the cell, mutation of
either of these proteins could have detrimental affects. The fact that a tumor-associated
variant of MBD4 was found to have significantly altered biochemical function suggests it
may have contributed to tumorigenesis or affected the response to cancer therapy. This idea
is supported by studies that have shown tumor-associated and germline variants of other
DNA glycosylases and BER proteins can alter DNA repair capacity, induce mutations in
vivo and lead to a transformed phenotype [95–97]. It is feasible that polymorphisms
affecting MBD4 or TDG increase the probability of developing cancer by inducing
mutagenesis or affecting other cellular mechanisms, such as MMR or active demethylation.
It would be of interest to assess the role of MBD4 and TDG variants, in particular D568H, in
disease susceptibility and drug response in an in vivo model.

Moreover, additional mutational analysis of MBD4 and TDG in tumors could provide
insight into tumor development in a particular organ. It is possible other protein variants
have functional phenotypes that alter DNA repair capacity and contribute to cancer
progression. Assessing the ability of MBD4 TDG variants to induce cellular transformation
and characterizing their biochemical properties will provide insight into their mechanism of
action as well as cancer biology.
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5-FU 5-fluorouracil

5-hmU 5-hydroxymethyluracil

5-meC 5-methylcytosine

A adenine

AID activation-induced deaminase
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Apc adenomatous polyposis coli

APE1 AP endonuclease 1

BER base excision repair

CDS coding DNA sequence

CRC colorectal carcinoma

DBD DNA-binding domain

DNMT DNA methyltransferases

dRP 5′-deoxyribose phosphate

DSB double-strand break

E2 estadiol

ER estrogen receptor

EREs estrogen responsive elements

FADD Fas-associated death domain protein

FdUMP fluorodeoxyuridine monophosphatep

HhH helix-hairpin-helix

LBD ligand-binding domain

MAF minor allele frequency

MBD methyl-CpG binding domain

MBD2 methyl-CpG binding domain protein 2

MBD4 methyl-CpG binding domain protein 4

MeCP2 methyl-CpG binding protein 2

MEF mouse embryonic fibroblast

MMR mismatch repair

MSI microsatellite instability

MUG mismatch uracil glycosylase

NCoAs nuclear receptor coactivators

NR nuclear receptor superfamily

RXR/RAR retinoid X receptor/retinoic acid receptor

SMUG1 single-strand selective monofunctional uracil DNA glycosylase

SNPs single nucleotide polymorphisms

SUMO Small Ubiquitin-like Modifiers

TDG thymine DNA glycosylase

TET ten-eleven translocation protein

TFF-1 thyroid transcription factor 1

TF transcription factor

TS thymidylate synthase
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UNG2 nuclear uracil-DNA glycosylase

εC 3,N4-ethenocytosine
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Figure 1. Alternatively spliced forms of MBD4 that are reported in the NCBI database.<
br>Using SpliceMiner, there are several forms of alternatively spliced variants of MBD4
reported in NCBI database [7].
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Figure 2. Human cells express two forms of full length MBD4 protein with size of 574 aa and 580
aa
Panel A: Total RNA from several human tissues and A549 cell line were isolated and
transcribed into cDNA. Using primers specific to the beginning of the first and last exon of
MBD4 several potential splicing variants were detected of which the full length MBD4
encoding cDNA (top band) appeared to be the abundant copy. The full-length copy of the
MBD4 encoding DNA (top band) was isolated and used as a template for further sequencing
analysis. Panel B: As sequencing results show, all three tissues tested (lung, pancreas, and
breast) as well as the A549 cells expressed both the 1743 nts and 1725 nucleotide variants.
The 18 nucleotide piece of DNA with the sequence of “GTGAGAAAATATTTCAAG”
found in the longer copy is located before exon 4.
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Figure 3. Schematic of MBD4 and TDG structures and location of SNPs.<
br>Not drawn to scale. MBD4 includes an amino-terminal methyl-binding domain, carboxy-
terminal glycosylase domain and a long spacer domain with putative nuclear localization
signals. TDG includes a core catalytic domain flanked by less conserved amino and
carboxy-terminal ends. The relative location of single amino acid alterations is shown.

Sjolund et al. Page 26

Mutat Res. Author manuscript; available in PMC 2013 May 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4. D568H has reduced catalytic activity and binding affinity for its two predominant
substrates in vitro. :<
br>Panel AIncreasing amounts of WT or D568H protein were incubated with 5nM 32P-
labeled 38-mer oligonucleotides containing a G:U or G:T lesion. Reactions were placed at
37°C and samples were collected over time up to 20 minutes. Samples were treated with
NaOH at 90°C for 30mins. Samples were resolved on a polyacrylamide denaturing gel,
detected, quantitated, fit to a first-order rate equation and the catalytic rates were derived.
Panel B: Increasing concentrations of WT or D568H (0–1000nM) were incubated with 32P-
labeled oligonucleotides carrying a G:T or G:U lesion for 15 mins at RT. Binding reactions
were resolved on a 6% non-denaturing polyacrylamide gel, visualized, quantified and fit to a
nonlinear regression to derive a dissociation constant (Kd) for each substrate. Panel C:
Summary of dissociation constants (Kd) and catalytic rates (kcat).
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Figure 5.
Alternatively spliced forms of the TDG reported in the NCBI database that are detected by
SpliceMiner [7].
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Figure 6. Identification of a new splicing variant of TDG mRNA in human cell.<
br>Panel A: The full-length copy of the TDG encoding gene is 1233 nucleotides long (top
band). Total RNA from several human tissues and the A549 cell line was isolated and
transcribed into cDNA. We used primers specific to the beginning and end of the gene to
amplify and clone the full-length TDG gene using the cDNA as a template. During the
cloning and PCR process we identified a new splicing variant of TDG that is 788
nucleotides long. As shown above, the new TDG variant is missing exon 2–4. If the first
ATG is used for translation there will be a truncated protein of 16 aa long whereas if the
second ATG acts as translation starting point, it will lead to a protein with a size of 246 aa.
Panel B: We used a forward primer specific to the first exon and reverse primers specific to
exon 2 and exon 5 to evaluate the amounts of these two variants in several human tissues.
Results from quantification analysis indicate some level of the new short variant present in
all tissues tested. We calculated the fold changes using the ddCT method by which the fold
change represented as 2−ddCT, and found that the variant missing exons 2–4 was present at
levels approximately 35–65% of the variant with exon 2.
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Table 1

MBD4 and TDG variants in the normal population and in tumors

Protein Polymorphisms Normal Populationb Tumor-associated

MBD4 A273Sa 7.2%

A273T 7.2% 1 out of 42 [46]

S342P 11% 1 out of 42 [46]

E346K 12%

D568H 1 out of 42 [46]

C61R 4.2%c 1 out of 42 [46]

TDG G199S 10%

V367M 13%

R66G 1 out of 94 [93]

D284Y l out of 4 [94]

a
Normal amino acid, followed by number in protein, followed by variant amino acid.

b
Minor allele frequencies (MAF) obtained using dbSNP [92] and 1000 Genomes [98].

c
MAF not reported in dbSNP. Frequency calculated from [46].

Mutat Res. Author manuscript; available in PMC 2013 May 22.


