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Abstract 

Thymine DNA glycosylase (TDG) is an essential DNA repair enzyme mediating excision 

of uracil and thymine mispaired with guanine within CpG contexts.  Unrepaired, these 

lesions result in G:C to A:T transitions which are major contributors to genome 

instability.  Interestingly, TDG interacts functionally with transcriptional regulators and 

participates in directed cytosine demethylation at promoters.  TDG is subject to multiple 

post-translational modifications (PTM) and we undertook an analysis of how these 

regulate TDG function.   

Initially, we examined TDG regulation by small ubiquitin-like modifier (SUMO) and 

identified a novel SUMO binding motif (SBM1, residues 144-148).  We hypothesized 

that SBM1, along with SBM2 (319-322), would facilitate non-covalent SUMO 

interactions upon conjugation of SUMO (sumoylation) to lysine 341, altering TDG 

conformation and function.  Biochemical and cell based analyses supported our 

hypothesis, showing SUMO interactions allosterically regulate TDG protein-protein and 

substrate interactions, altering TDG subnuclear localization and enzymatic function.  

Furthermore, sumoylation drastically reduced acetylation of TDG occurring at lysines 70, 

94, 95, and 98.   

Secondly, we examined TDG regulation by phosphorylation and demonstrated that 

serines 96 and 99 are phosphorylated by protein kinase C α in vivo.  Biochemical analysis 

of covalently modified recombinant TDG showed that acetylation and phosphorylation of 

TDG are mutually exclusive and both are suppressed by TDG-DNA interactions. 

Furthermore, acetylated TDG did not interact stably with DNA or efficiently excise 

thymine from G:T mispairs, while phosphorylated TDG was indistinguishable from 

unmodified protein.   



iv 

 

Lastly, we examined TDG regulation in aging cells.  Immunostaining showed TDG 

redistributed from nucleus to cytoplasm in aged cells.  Interestingly, treatment with 

histone deacetylase inhibitors resulted in similar redistribution and immunoblotting 

indicated that an increase in TDG modification consistent with sumoylation or 

monoubiquitination had occurred.  Similar results were obtained by exposing cells to 

oxidative stress.  Analysis of a sumoylation-minus mutant of TDG identified sumoylation 

as an important regulator of TDG localization.  Interestingly, we found extensive 

colocalization of TDG with sites of active transcription which was reduced by phorbol 

ester treatments which surprisingly promoted entry into heterochromatic regions from 

which TDG is generally excluded.  

Together, these findings suggest that TDG function may be regulated by PTM, 

consequently affecting genome stability and expression. 

 

Keywords:  thymine DNA glycosylase (TDG), DNA repair, base excision repair (BER), 

5-methylcytosine, spontaneous hydrolytic deamination, epigenetic modification, 

carcinogenesis, acetylation, phosphorylation, sumoylation. 
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Chapter 1:  Introduction 

1.1 Overview 

Maintenance of genomic stability is crucial to ensure the fidelity of information contained 

within nucleotide sequences comprising genes and corresponding regulatory regions.  The 

integrity of the genome is constantly undermined by DNA damage that occurs via distinct 

mechanisms, which potentially generate harmful mutations.  This is problematic as 

precise regulation of gene expression is critical for normal development and homeostasis.  

Gene expression is dynamic process, tightly regulated and highly responsive to the 

cellular milieu.  Occurring at every stage of the process, regulation of gene expression 

may be facilitated by proteins, RNA, and regulatory regions of the gene.  Which of these 

is the predominant regulator of gene expression has been explored in studies performed 

on a mouse model of Down syndrome in which mice bear a copy of human chromosome 

21.  Despite being regulated by mouse proteins/RNAs in the mouse cellular milieu, the 

human chromosome 21 recruited transcription factors, directed modification of chromatin 

structure, and expressed genes as they would be in human cells rather than they were on 

the mouse equivalent chromosome.  This strongly suggested that the predominant 

regulator of gene expression is the primary sequence of the gene itself rather than the 

local gene regulatory proteins, RNA, and cellular context that expression occurs within 

(337).  This finding highlights the importance of ensuring stability of the primary genome 

sequence. 

There are four major sources of DNA damage.  First, DNA is an inherently unstable 

molecule and decays over time, predominantly through spontaneous hydrolysis creating 

abasic sites and deamination products  (202).  Secondly, metabolism produces highly 

reactive byproducts which create diverse types of DNA damage (67, 286).   Thirdly, 

mutations may also arise due to deletion or misincorporation of DNA bases during 
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replication or DNA repair.  Lastly, exogenous agents such as industrial chemical vinyl 

chloride may also damage DNA (11, 31, 329).  It is estimated that there are as many as 

105 spontaneous nucleotide damage events per day in each cell (202).  A large body of 

evidence indicates that DNA damage causes mutations which are associated with genetic 

diseases, aging, and carcinogenesis (20, 43, 250).  To ensure stable maintenance and 

inheritance of genetic material, several DNA repair pathways have evolved to repair 

DNA lesions.  The pathway tasked with correcting the products of oxidative stress is the 

base excision repair (BER) pathway.  BER is initiated by DNA glycosylase specific for 

the damaged base, and the context in which it is found.  The substrate specificity of most 

glycosylases is overlapping, creating redundancy between the glycosylases which results 

in subtle effects in cell culture and animal models when an individual glycosylase is 

deficient.  BER enzyme Thymine DNA glycosylase (TDG) however, is an important 

mediator of genome stability that is unique amongst glycosylases as mice deficient in 

TDG do not develop past mid-gestation (M. Tini, unpublished), indicating that TDG, 

unlike any other glycosylase studied to date, has a non-redundant role in cell function [M. 

Tini, unpublished, (44, 60, 83, 128)]. 

TDG is subject to multiple post-translational modifications (PTMs).  PTMs such as 

phosphorylation and acetylation have long been recognized as crucial modulators of cell 

signaling and operate through diverse mechanisms to regulate protein function.  PTM can 

act on substrate proteins to alter electrostatic charge, affecting conformation or enzymatic 

function.  This may lead to changes in affinities for protein and non-protein partners, 

resulting in altered association with protein complexes.  PTM have also been shown to be 

important regulators of subcellular localization.  The focus of this thesis is an examination 

of how multiple PTM may act in concert to regulate protein function to affect genome 

stability and gene expression.  Specifically, we focus on how PTM act to regulate TDG 
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function through modulation of subcellular localization, enzymatic function, and 

intra/intermolecular interactions.   

Mechanisms of DNA damage  

Watson and Crick were the first to correctly elucidate the structure of DNA as a double 

helix comprising two anti-parallel polynucleotide strands made continuous by linkage of 

the phosphate backbone and the two strands are held together by hydrogen bonding 

between the DNA bases adenine (A), thymine (T), cytosine (C), and guanine (G) such 

that pairing is always between A and T (A:T) or G and C (G:C) (333) (Figure 1.1.A).  

This simple arrangement represents a powerful mechanism for storage and propagation of 

biological information.  Agents which damage DNA do so via diverse chemical reactions 

resulting in alterations to the DNA molecular structure preventing its normal metabolism 

and replication fidelity.  Additional sources of damage may arise due to inherent 

instability of the DNA molecule itself, resulting in spontaneous damage such as 

hydrolytic deamination of cytosine and 5-meC (Figure 1.1.B).  Because of its centrality to 

biological function, DNA damage may potentially affect all biological processes directly 

or indirectly.   

  



4 

 

 

 

 

 

 

 

 

Figure 1.1.  DNA structure.  A.  The structure of unmodified DNA showing correct 

pairing between adenine (A) and thymine (T); cytosine (C) and guanine (G).  B.  DNA 

damage via hydrolytic deamination of cytosine and 5-methyl-cytosine (5-meC) produces 

uracil (U) and thymine lesions respectively.   
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Hundreds of distinct DNA damage products have been documented making a 

comprehensive discussion of each beyond the scope of this thesis.  However, DNA 

damaging agents may be categorized in four ways.  First, environmental toxins, ranging 

from sunlight and ionizing radiation to food and industrial chemicals, have been shown to 

interact with DNA and produce genotoxic lesions which may be carcinogenic (106, 111, 

194, 339).  Some of these DNA adducts have been proposed to useful biomarkers for 

exposure to environmental toxins as well as risk of carcinogenesis (295, 322).  Secondly, 

cellular metabolism, including oxidative respiration and lipid peroxidation, produces 

reactive oxygen species such as superoxide anions, hydroxyl radicals, and hydrogen 

peroxide.  These are powerful mediators of DNA damage and account for over 100 

different types of DNA damage (41, 150).  Thirdly, DNA is prone to spontaneous 

degradation over time arising from base hydrolysis producing abasic sites, or from 

hydrolytic deamination of bases.  For example, deamination of cytosine, 5-

methylcytosine, guanine, and adenine produces uracil, thymine, xanthine, and 

hypoxanthine, respectively (41, 234, 263).  Mutations may also arise due to deletion or 

misincorporation of DNA bases during replication or DNA repair potentially altering 

coding or gene regulatory sequences.  These may alter regulation of gene expression or 

mRNA processing and may result in the production of aberrant gene products (63, 347) 

[see Table 1.1, adapted from Dalhus et al., 2009 (63)].  

Physical breakage of the DNA double-helix, or DNA double strand breaks (DSBs), may 

be created by ionizing radiation, x-rays, industrial chemicals, reactive oxygen species, 

excessive base excision repair (see below), replication of single strand DNA breaks, 

uncapped telomeres, stalled/collapsed replication forks, as well as through natural process 

related to immunological function.   

Consequences of DNA damage 
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The cell has multiple strategies for responding to DNA damage.  Initial responses to 

damage which may interfere with cellular processes may include initiation of transient 

cell cycle arrest (16, 107, 110, 293, 321).  Specific points for cell cycle arrest are cell 

cycle stages G1, S, G2, and M and may include inhibition of transcription, DNA 

replication, and chromosome segregation.  During this time, cellular DNA repair 

mechanisms attempt to correct the damage (357).  If exposure to DNA damage is too 

severe to allow re-entry into the cell cycle, pre-programmed cell death may occur, or 

alternatively, the cell may enter a type of permanent cell cycle arrest termed senescence 

(1, 95, 190, 196).   When DNA damage persists, it may result in alterations to normal 

DNA sequences which can be incorporated into the genome as mutations.  Mutations in 

different contexts have been shown to contribute to aging and diseases including cancer 

in humans (121, 122, 142, 207).  It is important to note that DNA damage may also be a 

source of biological diversity and its occurrence over time, leads to greater allelic 

diversity and robustness of species.  Without some level of genome instability there 

would be no genetic diversity and the resulting genetic monoculture becomes highly 

susceptible to catastrophic events such as outbreaks of disease (76).     
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DNA repair pathways 

DNA repair occurs through a number of multi-protein pathways: homologous 

recombination (HR), non-homologous end joining (NHEJ), DNA mismatch repair 

(MMR), nucleotide excision repair (NER) (including transcription coupled repair), and 

base excision repair (BER).   An alternative mechanism is available which utilizes a 

single protein to enact repair.  The basic mechanisms underlying these pathways are 

briefly discussed below with emphasis on base excision repair, which is the focus of this 

thesis.  

Direct DNA damage reversal 

Alkylating agents contained in tobacco smoke and grilled food (69, 71) and endogenous 

enzymes (163, 202, 284) induce formation of a variety of methyl-DNA lesions, of which 

O6-methyl-guanine are the most carcinogenic (52, 72, 163, 164, 210, 251, 273, 349).  

DNA-alkyltransferases are capable of reversing this damage through removal of the alkyl 

group in a one step reaction.  For example, O6-methylguanine methyltransferase (MGMT) 

removes aberrant methyl groups from O6-methyl-guanine and O6-methyl-thymine base 

lesions which are then transferred to an internal cysteine residue in a one step reaction 

which results in inactivation of MGMT (204).  Following inactivation, MGMT is 

ubiquitinated and degraded (300, 345).  Some products of alkylation damage are also 

repaired by the nucleotide excision repair pathway (described below) which competes 

with alkyltransferases to repair alkylated bases (285).  In the case of O6-methyl-guanine, 

the lesion is not efficiently repaired by the nucleotide excision repair system because the 

excised methyl-base is easily mistaken for a normal base and may be replaced into the 

position from which it was just excised, causing futile rounds of repair which continue 

until replication allows pairing with cytosine or thymine (62, 80, 165).  The irreversible 

strategy used by MGMT ensures forward progression of the repair step although 
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degradation of MGMT in the final step of repair limits the robustness of MGMT-

mediated repair to the number of molecules of MGMT available.  Once these are 

degraded, new MGMT proteins must be expressed.  The alkylating/methylating 

chemotherapeutic temozolomide is used to capitalize on this limitation as treatment with 

pharmacological doses of temozolomide produces large amounts of MGMT substrate 

DNA damage.  Repair of these lesions exhaust MGMT-mediated repair by depleting the 

cellular compliment of MGMT.  The following rounds of futile mismatch repair then 

contribute to DNA fragmentation and cytotoxicity (62, 80, 139, 165, 252, 309).  Larger 

adducts, such as ethylated guanine, do not fit into the substrate pocket of MGMT and are 

mainly repaired by nucleotide excision repair (see below) (34, 312). 

Homologous recombination and non-homologous end joining 

DNA double strand breaks (DSBs) may be created by ionizing radiation, x-rays, industrial 

chemicals, reactive oxygen species, excessive base excision repair (see below), 

replication of single strand DNA breaks, uncapped telomeres, stalled/collapsed 

replication forks, as well as through class switch recombination – a natural process related 

to immunological function (183, 318).  DSBs are repaired by either homologous 

recombination (HR) or non-homologous end joining (NHEJ) (19).   

Homologous recombination is initiated by alterations in chromatin (chromatin is 

discussed below) structure at DSB sites which activate Mre11/Rad50/Nbs1 (MRN) 

complex.  The MRN complex concurrently binds the ends of the DSB and activates ataxia 

telangiectasia mutated (ATM) kinase, directing it toward the site of breakage.  There, 

ATM, ataxia telangiectasia and Rad3 related (ATR), and DNA protein kinase catalytic 

subunit (DNA-PKCS) phosphorylate histone variant H2AX, marking the DSB.  At the 

DSB ends the MRN complex mediates 5’-3’ strand trimming, leaving 3’ overhangs 

suitable for DNA recombination.  The 3’ overhang is populated by replication protein A 
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(RPA) which recruits RAD51-related proteins XRCC2, XRCC3, RAD51B, RAD51C, 

and RAD51D, forming a filamentous structure.  The sister chromatid is positioned for 

recombination by cohesions and the filamentous RAD51 proteins direct recombination to 

matching sequences.     

Non-homologous end joining is initiated by Ku70/80 heterodimers which bind and align 

the broken DNA ends (46, 331).  Ku70/80 then recruits DNA-PKCS to the DSB site and 

activates its kinase function (348).  Together, DNA-PKCS and Artemis proteins promote 

processing of the DNA ends to produce ends compatible for ligation (218).  Lastly, 

XRCC4 ligates the aligned compatible ends, returning continuity of the strand (113).    

HR is mostly error free due to the presence of an undamaged template whereas NHEJ 

often results in a small gain or loss of nucleotides during end processing to create 

ligatable DNA end fragments (219, 220)  

The pathway chosen for repair of DSBs is highly dependent on which stage of the cell 

cycle the break was detected.  HR is preferred during S and G2 stages of the cell cycle 

when there is a second, undamaged copy of the DNA sequence available due to the 

presence of a sister chromatid.  Otherwise, during G0, G1, and early S-phase NHEJ is 

preferred (86).  Interestingly, the type of break also contributes to the decision of which 

pathway is chosen for repair.  For example, repair of DSBs caused by ionizing radiation 

in G1 are not be repaired by NHEJ.  Instead repair is delayed until S or G2 so that HR 

may take place after DNA replication (12).  The decision to use HR or NHEJ is 

influenced by cell cycle dependent post-translational modification of proteins which may 

direct progression of repair.  For example, CtIP/Sae2 is a substrate for phosphorylation by 

cyclin dependent kinases active during S and G2 and favors initiation of HR over NHEJ 

(152, 287). 
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DNA mismatch repair 

DNA mismatch repair (MMR) primarily addresses mismatches created during DNA 

replication and missed by replication-associated proofreading mechanisms (186).  These 

damages may take the form of single base mismatches and single base loops, or insertion 

and deletion loops (92, 232).  Dysfunction in MMR may lead to microsatellite instability 

and dramatic increases in mutation rates leading to carcinogenesis, particularly hereditary 

nonpolyposis colon cancer (HNPCC) in which 60% of cases examined show germline 

mutations in MMR proteins mutL homolog 1(MLH1) and mutS homolog 2 (MSH2) (94, 

157, 315).   

MMR is initiated by MutSα (consisting of MSH2-MSH6) and MutSβ (consisting of 

MSH2-MSH3) which contact DNA and, along with MutLα (consisting of MLH1 and 

postmeiotic segregation increased 2 (PMS2)) (51), form sliding clamps that scan along 

DNA until they recognize mispaired or DNA bases or loops.  MutSα preferentially 

recognizes single base mismatches or single base loops, whereas MutSβ recognizes 

insertions and deletion loops of 2-8 bases (99, 223, 282).  Once a lesion is identified 

MSH3 or MSH6 along with proliferating cell nuclear antigen (PCNA) (58) direct repair 

toward the damaged strand and a long stretch of the damaged strand is degraded by a 3’-

5’ exonuclease then resynthesized correctly by DNA polymerase δ and PCNA (208).    

Nucleotide excision repair and transcription coupled repair 

Nucleotide excision repair (NER) allows processing of a diverse set of DNA-helix 

distorting lesions.  When used to correct DNA damage during transcription, the process is 

termed transcription-coupled repair (TCR) while all non-transcription-associated NER is 

referred to as global genome (GG) NER (242).  NER is initiated upon detection of a 

disrupted base-pair causing distortion of the DNA helix by the xeroderma pigmentosum, 
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complementation group C-RAD23 homolog B (XPC-hHR23B) complex (303).  Non-

helix-distorting lesions generally are not addressed by NER but by base excision repair 

(see below) (308).  Initiation of TCR occurs when a lesion is sufficient to stop RNA 

polymerase from proceeding at which point it is temporarily stopped by excision repair 

cross-complementing rodent repair deficiency, complementation group 6 (CSB/ERCC6) 

and excision repair cross-complementing rodent repair deficiency, complementation 

group 8 (CSA/ERCC8) proteins to allow NER to proceed.  After stabilizing the paused 

polymerase, CSA and CSB recruit proteins which contribute to NER (85).  From this 

point, NER and TCR follow the same pathway.  Using the helicase activity of its 

xeroderma pigmentosum group B complementing (XPB) and xeroderma pigmentosum D 

(XPD) subunits, the TFIIH transcription factor unwinds approximately 30 base pairs 

surrounding the lesion, at which point xeroderma pigmentosum complementation group 

A (XPA) verifies that repair is needed (38).  If this does not occur, then the NER process 

is halted and reversed (303).  If DNA damage is still detected, replication protein A 

(RPA) then binds the undamaged strand, stabilizing the open DNA helix.  Excision repair 

cross-complementing rodent repair deficiency, complementation group 5 (ERCC5/XPG) 

and excision repair cross-complementing rodent repair deficiency, complementation 

group 1 (ERCC1/XPF) endonucleases then cleave the damaged strand, excising 24-32 

bases containing the damaged base.  The normal DNA replication machinery then 

completes repair by filling in the gap using the undamaged strand as a template.      

Base excision repair  

The process of correcting more subtle, non-helix-distorting mismatches occurs 

predominantly through the base excision repair (BER) pathway (Figure 1.1) (reviewed by 

Hoeijmakers, 2001) (143) and is initiated by lesion-specific DNA glycosylases.  The 

substrate specificities of the glycosylases are partially overlapping so that most lesions 
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may be corrected by more than one glycosylase.  This redundancy, along with the ability 

of TCR (see above) to repair some lesions addressed by BER, is credited with the non-

lethal phenotypes seen in mouse models of glycosylase deficiency (204, 336), with the 

notable exception of TDG (see below) (M. Tini, unpublished).  The glycosylases may be 

divided into two types - monofunctional and bifunctional.  Monofunctional glycosylases 

such as TDG (see below) lack lyase activity which is provided by DNA polymerase β.  

Lyase activity refers to the ability to catalytically break specific chemical bonds (in this 

case, referring to the DNA phosphate backbone) by means other than hydrolysis and 

oxidation, often forming or breaking a double bond in the process.  Bifunctional 

glycosylases such as hOGG1 possess lyase activity and after base excision, cleave the 

phosphate backbone 3’ of the abasic site.  Abasic sites may also occur spontaneously and 

are unstable (98), producing cytotoxic DNA single stranded breaks upon degradation 

(203).  Abasic sites also hinder DNA- and RNA-polymerases, potentially impeding 

replication or transcription or promoting error-prone bypass synthesis (335).  DNA single 

strand breaks are also prone to forming double-strand breaks which are also cytotoxic.  

Additional risk of DNA double-strand break production is created from abasic sites 

arising closely together on opposite DNA strands.  Whether produced by glycosylases or 

arising spontaneously, abasic sites are mostly processed by apurinic/apyrimidinic (AP) 

endonuclease 1 (APE) which prepares the 3’ end of the phosphate backbone so that it 

becomes substrate for DNA polymerase.  In mammalian cells, APE is the major AP 

endonuclease, processing 95% of the AP-site incision activity present (49, 68).  

Additionally, APE is essential for cellular proliferation and embryonic development in 

mice, and mice heterozygous for APE exhibit phenotypes associated with oxidative stress 

(90, 235, 343).  The BER pathway also addresses damage produced by x-rays which can 

contribute to DNA damage directly by causing single strand breaks, or by reaction with 

water to create free radicals which then create a variety of lesions including single strand 

breaks (27, 116, 135, 332).  In certain scenarios where single strand breaks are produced 
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as a by-product of radiation, repair is initiated by PARP which is activated by the 

presence of the breaks and along with polynucleotide kinase (PNK) and X-ray repair 

complementing defective repair in Chinese hamster cells 1(XRCC1) prepares the DNA 

ends for new DNA synthesis (3, 147).  The resulting DNA lesions are predominantly 

addressed by the short-patch BER pathway and to a lesser extent by the long-patch BER 

pathway, a decision which may partially depend on the availability of ATP at the time of 

repair (268).  The short-patch pathway is completed by DNA polβ which removes the 

remaining phosphate backbone and inserts a new nucleotide, followed by DNA ligase 3 

which returns continuity to the strand, completing repair.  XRCC1, which has no 

enzymatic activity, interacts with many BER core proteins also participates in these final 

steps and is thought to play a role as a scaffold protein in BER (147).  Long-patch repair 

is completed by PCNA and DNA polβ/ε which synthesize a patch of new bases (2-10 

bases) over the lesion after which FEN1 cleaves the displaced strand and DNA ligase 1 

reseals the phosphate backbone, returning continuity to the strand.   In cases where the 

BER lesion blocks transcription, the lesion is addressed by TCR and the NER pathway 

(see above). 
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Figure 1.2.  The base excision repair (BER) pathway.  Upon recognition of an aberrant 

base, the glycosylase binds and excises the mispaired base, generating a cytotoxic abasic 

site (step I) (206).  Abasic sites may also be generated through spontaneous hydrolysis.  

The abasic site is then processed by apurinic/apyrimidinic (AP) endonuclease 1 (APE) 

which prepares the 3’ end of the phosphate backbone so that it may be processed by DNA 

polymerase (step II).  BER may also be initiated by DNA single strand breaks (SSBs) 

which activate Poly(ADP-ribose) polymerase (PARP).  PARP, X-ray repair 

complementing defective repair in Chinese hamster cells 1(XRCC1), and polynucleotide 

kinase (PNK) bind the SSB and prepare the DNA ends for new DNA synthesis (step III).  

The resulting single nucleotide gap may be processed by the short patch (predominant) or 

long-patch (minor) pathways.  In the short-patch pathway DNA polymerase β in complex 

with XRCC1 cleaves the phosphate backbone 5’ of the abasic site, removing the 

remaining piece of the base-free phosphate backbone (step IV), and then replaces the 

missing base (step V).  Finally, DNA ligase 3 in complex with XRCC1 returns continuity 

to the strand (step VI) (184).  In the long-patch pathway the single nucleotide gap is 

processed by DNA pol δ/ε and PCNA which synthesize a short (2-10 bases) stretch of 

new DNA around the gap (step VII) after which FEN1 endonuclease cleaves the DNA 

flap displaced by synthesis (step VIII) and DNA ligase 1 reseals the phosphate backbone, 

returning continuity to the strand and completing repair (step IX).  Adapted from 

Hoeijmakers, 2001(143).  
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Posttranslational regulation of the mammalian DNA base excision repair pathway 

The BER pathways as described above, and many other DNA repair pathways, are 

affected by a series of protein complexes which assemble sequentially on the site of the 

DNA lesion being repaired (140).  These complexes may include scaffolding proteins 

such as XRCC1 (281), which has been implicated in coordinating the entire BER pathway 

(42, 66, 224, 228, 325), or chromatin modifiers such as the CREB binding protein and its 

related family member p300 (CBP/p300), which have been identified as potentially acting 

at sites of DNA damage to acetylate histone tails and promote access for DNA repair 

proteins to chromatinized DNA (316).  As each step of the pathway is completed, the 

resulting product is passed from the processing enzymes on to either the next protein 

complex or within the same complex, until the lesion has been repaired (338).   

The repair proteins are subject to PTM which may act to modulate enzymatic activity, 

alter protein-protein interactions (316), and affect stability of the modified DNA repair 

proteins (118, 127).  In this way, the DNA repair response may be tailored to specific 

cellular conditions such as exposure to DNA damaging oxidative stress (150) or to 

normal process such as cell cycle progression (118, 127) and transcription (22).  Table 1.2 

[adapted from Almeida et al., 2007 (3) and Fan et al., 2005 (78)] describes some 

examples of BER proteins which are subject to PTM and where known, indicates the 

effect these modifications may have on protein function.  Although this thesis focuses on 

BER, regulation of DNA repair by PTM occurs in many of the other pathways outlined 

above.  For example, NHEJ proteins Ku70 and Ku80 are subject to sumoylation and 

ubiquitination respectively (18) and in response to DNA DSB ATM dimers 

autophosphorylate, releasing monomers which propagate the γH2AX mark, assisting in 

DNA repair and cell cycle checkpoint activation (193). 



19 

 

 

 

 

 

 

TDG, thymine DNA glycosylase; NEIL2, nei like 2; UNG2, uracil-DNA glycosylase; AAG, alkyladenine 
DNA glycosylase; OGG1, 8-oxoguanine DNA glycosylase; MYH, adenine DNA glycosylase; MPG, N-
methylpurine-DNA glycosylase; APE, apurinic/apyrimidinic endonuclease 1; MGMT, O-6-
methylguanine-DNA methyltransferase; Msh2/6 (Mutsα), the Msh2-Msh6dimer; XRCC1, X-ray repair 
complementing defective repair in Chinese hamster cells 1; PARP, Poly-(ADP-ribose) polymerase; FEN1, 
flap structure-specific endonuclease 1; WRN, Werner syndrome, RecQ helicase-like; DNA pol β, 
polymerase beta; PCNA, proliferating cell nuclear antigen.  References - 1: (243, 316), 2: (243), 3: (128, 
244), 4: (21), 5: (212), 6: (83), 7: (199), 8: (156), 9: (64), 10: (117, 265), 11: (199), 12: (22, 23), 13: (169), 
14: (88, 216), 15: (40), 16: (299), 17: (55), 18: (215), 19: (131), 20: (166), 21: (105), 22: (227), 23: (87, 
130), 24: (138), 25: (28), 26: (52, 163, 164, 273, 349), 27: (167, 341), 28: (129), 29: (75), 30: (181, 216), 
31: (24), 32: (70), 33: (168), 34: (274), 35: (124, 141), 36: (149, 296). 
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Transcription occurs within a chromatin context 

The mammalian genome consists of approximately 2.7-3 billion bases (mouse and human 

respectively) and approximately 22,000 genes (56, 192).  Eukaryotic genomes are 

packaged with specialized protein (histones) into a higher order structure (chromatin) that 

protects the genome and permits regulated access to genetic information. Regulation of 

transcription is critical for viability and misregulation of the transcriptional program lead 

to disease and carcinogenesis (1, 2, 8, 14, 29, 32, 33, 37, 43, 45, 47, 53, 59, 74, 79, 85, 96, 

97, 101, 102, 256, 259, 270, 283).  Agents such as α-amanitin amatoxin which may be 

found in the Amanita genus of mushrooms such as the Death cap mushroom (Amanita 

phalloides) inhibit the critical transcriptional mediator RNA polymerase II, and are lethal 

(39).   

Chromatin is composed of a core histone octamer consisting of 2 units each of histones 

H2A, H2B, H3, and H4.  Around this core particle 146 bp of duplex DNA is tightly 

wrapped (214).  This unit is repeated every 200 bp in eukaryotic genomes and appears as 

approximately 11 nm “beads on a string” when imaged by electron microscopy 

(euchromatin) (233).  Further compaction into higher order structures may be achieved 

through inclusion of the linker histone H1 (heterochromatin) (241) as well as inter-

nucleosomal interactions and through chromatin binding proteins.  Euchromatin is 

generally permissive for transcription while heterochromatin is generally repressive 

(340). 

Interestingly, the core histone particles possess outward facing tails which are substrates 

for PTM.  These include acetylation, phosphorylation, methylation, sumoylation, and 

ubiquitination (182).  Histone tails may also be irreversibly modified by proteolytic 

cleavage (73).  These modifications can act to alter histone-DNA interactions (182).  For 

example, acetylation of histone tails has been associated with reducing histone-DNA 
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interactions and promoting a euchromatic state which increases access to the constituent 

DNA sequences (115, 226, 294, 323, 324).  Histone tails also serve as docking sites for 

chromatin modifiers, and reversible PTM of specific residues in histone tails can regulate 

binding of these factors.  In turn, these proteins direct further alterations in local 

chromatin structure cascading to regulate genomic organization.  The complex regulation 

of chromatin structure achieved through histone tail PTM and histone binding proteins, 

can serve to regulate histone-DNA interactions and DNA metabolism (84, 189, 288, 302). 

Four families of ATP-dependent chromatin remodeling complexes have been identified 

that function to improve access of trans-acting factors to chromosomal DNA.  The 

families are named SWI/SNF, INO80, ISWI, and Mi-2/CHD (10).  The mechanism of 

action for these complexes is still under investigation, but may include actions as drastic 

as complete removal of local histone octamers to more subtle manipulations involving 

creation of small loops of DNA lifted from the surface of the core octamer (57, 119, 145, 

209) and in either case, may be associated with epigenetic marks that favor continuity of 

promoter states (255).    

A useful intellectual framework for conceptualizing the relationship between histone 

post-translational modification, chromatin organization, and DNA metabolism has been 

described by the histone code hypothesis (189, 289, 302, 319).  This hypothesis proposes 

that histone PTM may be written and read by the cell, resulting in a dynamic exchange of 

information from chromatin to the cell and vice versa.  This information is transmitted 

through numerous chromatin modifiers as described above and collectively these PTM, 

their mediators and effectors of chromatin remodeling are thought to facilitate a 

mechanism for exquisite and dynamic regulation of genome structure, stability, 

replication, and metabolism.  Accordingly, misregulation of chromatin state through 

aberrant PTM of histone tails or misdirection of ATP-dependent chromatin remodeling 
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complexes is a common feature of malignancies and gene expression studies have shown 

that this can potentially affect expression of thousands of genes (53, 120, 176, 280). 

Transcription is directed by the coordinated action of three classes of transcriptional 

regulators which act to coordinate transcription temporally, spatially, and quantitatively.  

These include the basal transcription apparatus, sequence specific transcription factors, 

and the transcriptional coactivators/repressors (61).  When the chromatin state is 

permissive for transcription factor binding, sequence specific transcription factors such as 

nuclear receptors may recognize and bind to their cognate gene regulatory regions, this 

promotes assembly of a preinitiation complex (PIC) which consists of the multimeric 

RNA pol II (PolII) enzyme and the basal or general transcription factors TFIIA, TFIIB, 

TFIID, TFIIE, TFIIF, and TFIIH bound to promoter DNA (278, 313).  For high levels of 

induced transcriptional activation or repression,  the sequence specific transcription 

factors also recruit transcriptional coactivators and corepressors, which are often multi-

protein complexes possessing enzymatic activities facilitating covalent modification of 

chromatin and transcription factors (247).  These multiple protein complexes assemble 

sequentially, some acting as bridging factors which facilite binding of subsequent factors.  

For example, the transcriptional coactivator steroid receptor coactivators-1, -2, and -3 

(SRC1, 2, 3) interact with steroid receptors in a hormone dependent manner and 

dramatically increases steroid receptor-dependent transcription (50, 262, 326, 327).  The 

SRC coactivators possess several interaction domains, including triple LXXLL motifs 

necessary for association with steriod receptors (65, 134, 327), and two activation 

domains, AD1 and AD2, which mediate interactions with the transcriptional coactivators 

CBP/p300 (CBP/p300 are discussed below), and the coactivator associated 

methyltransferase 1 (CARM1)/protein arginine N-methyltransferase (PRMT1), 

respectively.  Interestingly, CBP/p300 are histone acetyltransferases; CARM1 and 

PRMT1 are histone methyltransferases (4, 35, 151, 178, 217, 266, 304, 350); and 
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SRC1and SRC3 contain putative histone acetyltransferase (HAT) domains  (298).  These 

multiple interaction surfaces allow formation of multi-protein complexes and the 

accompanying enzymatic activities facilitate local chromatin remodeling, transcription 

factor recruitment, and assembly of RNA polymerase II, resulting in dynamic regulation 

of transcription in a gene specific manner (279, 346, 354). 

Interestingly, increasing evidence indicates a role for DNA repair pathways in chromatin 

remodeling and transcriptional regulation.  For example, demethylation of dimethylated 

histone H3, lysine 9 during estrogen-induced gene activation was shown to cause local 

oxidative DNA damage resulting in recruitment of OGG1 as well as DNA topoisomerase 

II β which contributed to chromatin remodeling essential for induction of estrogen-

dependent transcription (267).  Additionally, evidence indicates that during signal-

dependent transcriptional activation by nuclear receptors as well as other DNA-binding 

transcription factors, DNA topoisomerase II β generates DNA double-stranded breaks in 

gene promoter regions, initiating a signal which activates PARP-1 function and 

subsequent histone H1-HMGB exchange proximal to the break (160).  These observations 

link the DNA double-strand break repair, chromatin remodeling, and transcriptional 

machinery in a signal cascade generally facilitating induced gene expression.  It is 

interesting to note that this implies that a broad induction of numerous, potentially 

cytotoxic, DNA lesions occurs during transcriptional activation.  DNA repair signaling 

pathways may also participate in cross-talk with transcriptional pathways in order to 

facilitate coordination between cellular processes.  For example, after binding to 

mutagenic O(6)-alkylguanine direct DNA damage reversal protein MGMT undergoes a 

conformational change which exposes an internal estrogen receptor α (ERα) binding site.  

Binding between MGMT and ERα prevents ERα interaction with its transcriptional 

coactivator SRC1 and represses estrogen regulated transcription and cell growth, slowing 

DNA metabolism when its integrity has been compromised (310).  BER protein APE also 
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participates widely in transcriptional activation through its redox activity, acting to 

regulate the redox state of transcription factors such as Fos-Jun heterodimers, Jun-Jun 

homodimers, Hela cell AP-1 proteins, NF-kappa B, Myb, and ATF/CREB family 

members, stimulating their DNA binding activity and promoting transactivation (342).  

Conversely, APE has also been shown to negatively regulate some negative Ca2+ 

responsive elements (nCaREs) (260). Interestingly, the DNA repair and redox functions 

of APE are biochemically independent, indicating that the APE DNA damage response 

does not have to be active for transcriptional regulation to occur (342).  Additional 

mechanisms linking DNA repair and transcription exist; another is discussed below, 

although a complete discussion of this topic is beyond the scope of this thesis. 

Cytosine methylation regulates gene expression and contributes to genome 

instability  

Cytosine may be methylated at the 5’ site (5-meC) and approximately 3-4% of cytosines 

in mammalian genomes are methylated resulting in 1% of all DNA bases being 5-meC 

(159, 271).  In differentiated vertebrate cells, 99.98% of 5-meC is found within CpG 

sequences and in stem cells 25% 5-meC may be found at CA sequences (205, 290).  

Sequence analysis shows that gene regulatory regions in nearly all constitutively 

expressed, and 60-70% of total, human genes are enriched in CpG sequences (referred to 

as CpG islands) (276, 360).  Although the majority of CpGs in mammals are methylated 

(153), 91.8% of CpG islands exhibit low levels of methylation (less than 20%), while 

4.8% show intermediate methylation (20-80%), and only 3.4% are highly methylated 

(greater than 80%).  In contrast, 5-meC is largely found within repetitive DNA sequences 

such as Alu repeats and at non-island CpGs within coding and non-coding regions (205).    

Methylation of cytosine contributes to chromosomal organization as methyl binding 

domain (MBD) bearing proteins are recruited to methylated CpGs and subsequently 
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recruit histone deacetylases (HDACs) which deacetylate local histone tails, promoting 

chromatin condensation (26).  Accordingly, methylation in CpG island promoters is 

generally associated with gene silencing (158, 305);  however, methylation within gene 

bodies has been found in certain transcribed genes, suggesting that context may be 

important to 5-meC function in gene regulation (305).  Recently, base-pair resolution 

mapping of human fibroblast methylation sites has shown that sites of DNA-protein 

interaction correlate with reduced CpG methylation and furthermore, that large tracts of 

DNA may be partially methlylated, resulting in reduced activity of genes 5’ of these 

methylated cytosines, indicating that methylated cytosines are generally refractory to 

protein binding and suggesting that they promote formation of a chromatin structure 

inhibitory to DNA metabolism (205).     

Although CpG methylation is a powerful gene-silencing mechanism  (175), it also 

contributes to genome instability by promoting spontaneous hydrolytic deamination of 

cytosine which generates thymine (292).  Unmethylated cytosine also undergoes 

deamination at lower rates and generates uracil.  Left unrepaired, the resulting G:U and 

G:T mispairs these mispairs will give rise to G:C to A:T transitions upon replication.  

Such alterations to genomic coding sequences may alter gene regulatory regions as well 

as coding sequences.  Analysis of cytosine methylation in non-pathologic human tissue 

samples has uncovered variations in methylation significantly correlating to age and 

exposure to environmental toxins such as cigarette smoke (54).  High resolution mapping 

of DNA methylation in lung cancers has shown that misregulation of this epigenetic mark 

is a common feature of human cancers and can potentially affect expression of thousands 

of genes (276, 277).  

The p53 tumor suppressor gene is an ideal mutation reporter to investigate the role of 

DNA damage in carcinogenesis (272).  Mutations of the p53 gene are one of the most 
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common characteristics of human cancers (144, 261, 328) occurring in approximately 

50% of all cancers.  The majority of these (approximately 90%) are single point missense 

mutations which inactivate the p53 protein DNA binding domain, preventing it from 

enacting a transcriptional program which causes cell cycle arrest and apoptosis (269, 328, 

330).  Other cancers show altered p53 expression and nuclear localization  (236).  The 

IARC p53 mutation database is a repository for mutations found in the human p53 gene 

which have been found in tumor tissue samples.  Examination of this database shows that 

almost one half of mutations in colon and rectal tumors are attributable to G:C to A:T 

transitions at CpG sequences.  This grows to over 60% when all G:C to A:T transitions 

are considered (269).    

Measurements of the spontaneous rates of deamination of cytosine and 5-methylcytosine 

in double stranded DNA have shown that 5-methylcytosine undergoes spontaneous 

deamination at a rate 2-3 times higher than cytosine with average rates of 2.6 x 10-13/s and 

5.8 x 10-13/s for 5-methylcytosine and cytosine respectively (292).  These rates are 

consistent with a role for spontaneous hydrolytic deamination of cytosine and 5-

methylcytosine as major contributors to genome instability and carcinogenesis (202, 292).  

Importantly however, observations indicate that CpGs are 12-42 fold more prone to 

mutation than other nucleotide sequences as measured in cells, rates much higher than can 

be accounted for by spontaneous processes alone (59, 177, 297, 306).  This may be due to 

inefficient repair G:T mispairs (36, 201) and/or malfunction of enzyme-mediated 

deamination mechanisms which have been reported to play a role in transcriptional 

regulation (172, 238).        

Thymine DNA Glycosylase is a multifunctional DNA repair enzyme 

There are two known enzymes possessing an activity which excises mispaired thymine 

and uracil in a CpG context – thymine DNA glycosylase (TDG) and methyl binding 
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domain protein 4 (MBD4).  Although TDG and MBD4 process similar lesions by 

initiating the DNA base excision repair pathway (see above), they lack sequence 

homology (13, 81, 136, 137, 249, 311, 352).  TDG has orthologs in bacteria, yeast, 

insects, frogs, and vertebrates (5, 93, 125, 126).  Sequence analysis shows that TDG 

posses a highly conserved central region containing the active site, and more divergent 

amino and carboxy-terminal regions (Fig 1.3, adapted from Cortazar et al. (2007)) (60).  

Structural studies have shown that this highly conserved TDG central region forms a 

relatively large substrate pocket (Fig 1.4) (13).  Accordingly, TDG processes a large 

number of aberrant bases in addition to oxidative damage of cytosine and methylcytosine, 

including the products of base damage due to alkylation, halogenation, and lipid 

peroxidation (17, 82, 123, 245, 352).  Interestingly, TDG also processes halogenated 

bases such as 5-fluorouracil, contributing to the DNA-directed cytotoxicity of this 

chemotherapeutic agent (187).  Crystallographic analysis of the TDG core, along with 

kinetic studies of both core and full-length proteins have shown that the amino terminus is 

critical for full TDG glycosylase function as it forms hydrogen bonds with guanine bases 

which are essential for mispair recognition specificity and mediating tight DNA 

interactions necessary to process thymine mispairs (222).  Without this region, TDG 

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

retaining G:U processing activity (244, 301).  For the purposes of this thesis, we have 

used mouse TDG (or mTDG).  Human and mouse TDG are biochemically 

indistinguishable and highly conserved both in sequence and structure (See multiple 

sequence alignment Fig. S.3.1).  In NIH 3T3 mouse fibroblast cells MBD4 largely 

associates with transcriptionally silent heterochromatic regions of the genome while TDG 

is largely associated with euchromatic, or transcriptionally active regions (316) 

suggesting that TDG, rather than MBD4 is the predominant protein responsible for 

maintenance of transcriptionally active regions of the genome.  A small portion of TDG 

has also been shown to associate with heterochromatin in complex with DNA 
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methyltransferase 3b (Dnmt3b) in P19 embryonic carcinoma stem cells  (30) and in NIH 

3T3 cells upon coexpression with DNA methyltransferase 3a (Dnmt3a)  (198), suggesting 

that TDG, in complex with these regulators of DNA methylation, may play a role in 

maintenance of these transcriptionally silent regions of the genome.   
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Figure 1.3.  Schematic of mouse (m) TDG indicating the relative organization of 

important regulatory regions and surfaces mediating specific protein-protein 

interactions.  Abbreviations: estrogen receptor α (ERα), retinoic acid receptor α 

(RARα), retinoid x receptor (RXR), CREB binding protein (CBP) – specifically CBP 

histone acetyltransferase (HAT) and CH3 domain interactions, protein kinase C α 

(PKCα), jun oncogene (C-Jun), DNA methyltransferase 3a (Dnmt3a).  Adapted from 

Cortazar et al., 2007 (60).  
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Figure 1.4.  Overview of the structure of TDG.  (A)  The hTDG catalytic domain 

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

(THF), a chemically stable mimic of the natural AP product, in a 2:1 complex: one 

subunit at the abasic site (product complex) and the other at an undamaged site 

(nonspecific complex). DNA shown includes a full 22-bp duplex and part of the adjacent 

duplex joined by 3' A/T overhangs (blue arrow, see B). Overall, the two subunits are 

highly similar (rms deviation of 0.8 Å for Cα positions).  (B)  Schematic overview of the 

enzyme–DNA interactions and the dimer interface.  The 22-bp DNA is yellow with 

phosphates shown as orange circles. The adjoining DNA fragment (purple) shows 

contacts with K246 and K248 from the NS subunit. The arrows represent hydrogen bonds 

involving side-chain or main-chain (mc) atoms of the enzyme. In the product complex, 

the flipped abasic nucleotide (THF) is a red pentagon, the “opposing G” is magenta, and 

the “3′-G” is cyan. A277 intercalates the complementary strand, disrupting base-stacking 

interactions between the opposing G and its 5′ neighbor. Contacts involving N157, S273, 

and A274 for hTDGcat are topologically conserved with contacts in the eMUG product 

complex (13), and the N157, K232, S271, and S273 contacts are conserved with those in 

the UDG product complex (264).  (C)  Close-up view of the dimer interface, with the 

G·THF-bound subunit in green and the nonspecific subunit in cyan. The N termini of each 

subunit (T123) are indicated. Adapted from Maiti A et al., 2008 (222).  PDB ID: 2RBA. 
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Interestingly, TDG also associates with subnuclear structures called promyelocytic 

leukemia protein (PML) oncogenic domains (PODs) (244, 307).  PODs are subnuclear 

structures comprised mainly of promyelocytic leukemia (PML), SP100, and Daxx 

proteins (231).  PML is a necessary component for assembly of PODs and comprises their 

main structural component (191, 355).  Distinct in composition from other nuclear bodies, 

the PODs may be detected by labeling PML by methods such as immunohistochemistry 

or tagging with fluorescent proteins (244).  Interestingly, PML has been shown to bind a 

diversity of protein partners and PODs have been shown to be a site of localization and 

putative site of storage for many proteins which function in transcription and the 

maintenance of genome stability (197, 200, 356).  Interestingly, certain DNA repair 

factors such as the Rad50, MRE11 and NBS1 proteins associate dynamically with PODs, 

accumulating in these structures until DNA damage is induced, at which time they move 

into the nucleus where they presumably perform a repair function, after which they return 

to the PODs (239).  PODs may also be a site of nucleation for protein complexes, creating 

local accumulations of proteins with high effective concentrations promoting assembly of 

these multi-subunit complexes.  Additionally, proteins may be placed in close proximity 

within PODs to facilitate interactions post-translational modifications (200).  

Accordingly, numerous acetyltransferases, kinases, proteases, and transcription factors 

have been found localized to PODs and these structures are surrounded by regions of 

active transcription (112, 344).  Although deletion of the PML gene in mice results in 

viable and fertile animals, misregulation of PML by fusion with the retinoic acid receptor 

(PML-RAR) has been shown to cause promyelocytic leukemia (200).   

Interestingly, TDG has been shown to functionally interact with a number of transcription 

factors and transcriptional coactivators including estrogen receptor alpha (ERα) (48, 238), 

retinoic acid receptors (RAR and RXR) (320), thyroid transcription factor 1 (TTF1) 

(240), p53 tumor suppressor family members p53 and p73α (171), the p160 coactivator of 
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nuclear receptors SRC1 (213), serum response factor (SRF) co-activator myocardin (358), 

as well as the transcriptional coactivators and acetyltransferases CBP/p300 (316).  Finally 

a novel role for TDG has recently been reported linking TDG to the mechanism of 

reversible DNA methylation.   

Finally, a role for TDG in the regulation of transcription through demethylation of 

cytosine had been proposed by Zhu et al., who demonstrated that overexpression of TDG 

reactivated a transgene silenced by CpG methylation (359).  Recently, Metivier et al. 

identified a critical role for TDG-mediated BER when they reported that TDG plays a 

role in the cyclical DNA methylation of the transcriptionally active estrogen responsive 

pS2/TFF1 gene (238).  This process takes place when TDG is recruited to the promoter 

along with the methyltransferases (Dnmt) 3a and 3b as well as p68 and the BER proteins 

APE, DNA ligase, and DNA polymerase β.  In the presence of low concentrations of co-

factor S-adenosyl methionine (SAM) these methyltransferases promote hydrolytic 

deamination of methylated cytosine (291, 361).  Interestingly, the methyltransferase 

activity of Dnmt3a is inhibited in the presence of TDG (198).  The product of this 

targeted deamination event is a G:T mispair.    However, the presence of Dnmt3a 

promotes TDG base excision activity in vitro (198).  Accordingly, TDG recognizes and 

excises the mispaired thymine base, and through completion of the BER pathway it is 

replaced with cytosine.  This mechanism of transcriptional regulation through cyclical 

methylation has also been described for another ERα responsive gene, Wisp-2, raising the 

possibility that this may be a mechanism of transcriptional regulation on other promoters 

(238).  Importantly, this was the first mechanistic explanation to indicate that DNA 

methylation is reversible and involves BER.  Soon afterward, it was shown that BER-

mediated demethylation of cytosine also occurs in Zebrafish (275) and recently, MBD4 

was also shown to participate in cytosine demethylation facilitating transcription although 

MBD4 is capable of direct excision of methylated cytosine (172).    
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TDG is a coactivator and substrate for the CBP and p300 acetyltransferases  

CBP/p300 are coactivators that participate in transcription through various mechanisms to 

integrate signaling pathways for a large number of sequence specific transcription factors 

such as CREB , AP-1, p53, and steroid receptors (89, 148, 154, 162, 211).  For example, 

when recruited to chromatin by p53 as well as other transcription factors, CBP/p300 

acetylate histone proteins, promoting an open chromatin conformation more amenable to 

DNA metabolism (77).  CBP/p300 have also been shown to acetylate numerous non-

histone proteins (consensus sequence G/SK (9)).  For example, CBP/p300 mediated 

acetylation of sequence-specific transcription factors p53, p73, and Sp3, result in 

increased DNA binding activity  (89, 154, 155, 161, 180, 248).  CBP/p300 have also been 

shown to act as bridging proteins between sequence specific transcription factors and 

basal transcription machinery apparatus (108).  Additionally, the large surface area and 

multiple protein-protein interaction sites of CBP/p300 may facilitate use of these 

acetyltransferases as scaffolds for assembly of multi-protein complexes.  Such an 

arrangement has been observed on the β-interferon gene promoter in response to viral 

infection (237).  Some of these proteins may have additional enzymatic activities not 

limited to acetyltransferase or histone deacetylase activity seen in CBP/p300 interactors 

pCAF (254) and HDAC1 (254) respectively.   

Evidence indicates that there is a role for CBP/p300 in tumor suppression.  Breakpoints, 

microdeletions, and point mutations in the CBP and p300 genes are associated with 

Rubenstein Taybi Syndrome in humans (14, 270).  This autosomal dominant syndrome is 

characterized by physical abnormalities including skeletal deformities, mental retardation, 

and high risk for malignancy.  Somatic mutations in CBP/p300 have been found in a 

number of malignancies and translocations in the CBP and p300 genes occur in acute 

myeloid leukemia.  Additionally, CBP/p300 are targets for transforming viruses, 
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suggesting that disruption of their function permits carcinogenesis (155).  Importantly, 

mouse models lacking CBP/p300 do not survive embryogenesis (257, 258, 351), and 

those heterozygous for CBP develop hematological failures and malignancies in which 

the second CBP allele had been inactivated (185, 257). 

Intriguingly, TDG is capable of forming ternary complexes with CBP and DNA which 

are competent for base excision (316).  Additionally, TDG has been shown to be a potent 

stimulator of CBP-mediated transcription and is substrate for CBP-mediated acetylation 

on amino terminal lysine residues 70, 94, 95, and 98 (316).  Proteomics-based analysis of 

non-histone protein acetylation has shown that important mediators of longevity, 

carcinogenesis, tumor suppression, and metabolism are all substrates for acetylation (25, 

173). 

TDG interacts covalently and non-covalently with SUMO 

In addition to acetylation, TDG is also subject to modification by conjugation of the small 

ubiquitin-like modifier (SUMO) proteins (sumoylation) to lysine residue 341 (consensus 

conjugation site ψKXE) and approximately 5-50 percent of the cellular pool of mTDG is 

sumoylated at any time, depending on the tissue or cell line examined (M. Tini, 

unpublished).  This 97 amino acid protein is distantly related to ubiquitin and despite 

sharing only 18% EST cDNA and amino acid sequence identity, establishes a common 

three-dimensional structure  (15, 221).  There are four SUMO isoforms termed SUMO-1 

(referred to as SUMO), -2, -3, and -4.  Although SUMO-1 is only 50% related to SUMO-

2/3, SUMO-2/3 differ by only 3 amino-terminal residues and are functionally identical 

(133).  Interestingly, SUMO-2/3 are able to form multimeric chains while SUMO-1 does 

not (246) although SUMO-2/3 may be sumoylated by SUMO-1 (229).  TDG is subject to 

sumoylation by SUMO-1, -2, and -3 (6, 7, 128) and also possess a non-covalent SUMO-

binding activity (7, 244).  The effect of covalent modification, or noncovalent interaction, 
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with SUMO is protein-specific, and has been shown to regulate diverse biological 

processes such as subcellular localization, chromosome segregation, DNA repair, 

transcription, proteolysis (103, 133).  The mechanism underlying this regulation occurs 

through any combination of alterations to a sumoylated or SUMO-bound protein function 

through differential subcellular localization, protein-protein interactions, intramolecular 

interactions, and crosstalk between sumoylation and subsequent posttranslational covalent 

modifications (132, 133).  For example, sumoylation of RanGAP1 promotes translocation 

to the cytoplasmic fibrils of the nuclear pore complex protein through increased binding 

to RanBP2 (5).  Sumoylation of CBP/p300 causes recruitment of Daxx and HDAC6 

respectively, negatively affecting transcription (104, 188).  Sumoylation of PML assists in 

assembly of PODs and promotes recruitment of POD components Daxx, sp100, and CBP 

(8).  Additionally, sumoylation of HSF1 and HSF2 alters the ability of these proteins to 

interact with DNA (109, 128, 146). 

TDG is a phosphoprotein 

TDG was first identified as a phosphoprotein in experiments showing that phosphatase 

treatments could alter the mobility of TDG as resolved by SDS-PAGE (320).  In chapter 4 

we identify the kinase responsible for these marks as protein kinase C alpha (PKCα).  

First identified as a histone protein kinase in rats (253), the PKC family consists of 11 

family members which share a common catalytic domain recognizing the consensus 

sequence S/T-X-[R/K] (174), but distinct regulatory domains which have different 

activation requirements.  Classical PKCs (α, βI, βII, and γ) require either diacylglycerol 

or phorbol esters, calcium, and an acidic phospholipid, such as phosphatidylserine, for 

activation.  Additional PKCs δ, ε, η, and θ are classified as “novel PKCs” and require 

either diacylglycerol or phorbol esters, and an acidic phospholipid for activation, but are 

calcium independent.  The ζ, and ι/λ PKCs are classified as “atypical PKCs” and require 
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only an acidic phospholipid for activation.  In addition to specific cofactor requirements 

for activation, PKC isoforms possess distinct  tissue expression and subcellular 

localization which contributes to effective separation of biological function (334).  PKCα 

is the only PKC which is ubiquitously expressed and exhibits both cytoplasmic and 

nuclear localization (225).  Activation of PKCα with phorbol esters causes 

autophosphorylation and relocalization to lipid membranes and nuclear compartments 

(314).  Interestingly, PKCα is also activated by H2O2 (179) and products of lipid 

peroxidation, agents known to cause DNA damage that may be repaired by TDG (91, 

195).   Phosphorylation appears to be a major mediator of the DNA damage response as 

proteomic analysis has identified over 700 proteins which phosphorylated by the kinases 

ATM and ATR in response to DNA damage (230).  Furthermore, PKC phosphorylates 

BER proteins APE (150) and DNA polymerase β (317).  PKCα signaling has also been 

implicated in transcriptional control at various stages of transcription through 

phosphorylation of proteins such as PPARα (114), thyroid hormone receptor-α1 (170) 

and histones (100).  Interestingly, PKCα phosphorylation of CBP is required for 

coactivation of transcription on AP1 responsive promoters (353).   

1.2 Hypothesis and experimental aims 

The observations described above place the lysine- and serine-rich amino terminus of 

TDG in focus as a hot-spot for PTM.  Importantly, these PTM and the mediators of these 

marks have been implicated in transcriptional regulation and carcinogenesis.  

Interestingly, the TDG amino terminus also participates in mediating numerous protein-

protein interactions, including those with APE and CBP (316).  Furthermore, mechanisms 

regulating TDG enzymatic function may consequently play an integral role in regulation 

of gene expression and removal of epigenetic marks (279).    
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We hypothesize that PTM of TDG may act in concert to regulate TDG function.  In this 

thesis we aim to identify novel TDG PTM, determining the modifying enzymes as well as 

the substrate residues on TDG.  We will then determine the effect of these PTM on 

regulating TDG intramolecular and intermolecular interactions.  Furthermore, we aim to 

investigate whether these PTM play a role in regulating TDG subcellular localization.  

Importantly, we will determine the effect of these PTM on TDG substrate interactions and 

base excision activity.  Lastly, we will elucidate a possible interplay between TDG PTM 

and determine the nature of any relationship between PTM. 

 

  



40 

 

 

 

1.3 Bibliography 

1. Abbas, T., and A. Dutta. 2009. p21 in cancer: intricate networks and multiple 
activities. Nat Rev Cancer 9:400-14. 

2. Allione, F., F. Eisinger, P. Parc, T. Noguchi, H. Sobol, and D. Birnbaum. 
1998. Loss of heterozygosity at loci from chromosome arm 22Q in human 
sporadic breast carcinomas. Int J Cancer 75:181-6. 

3. Almeida, K. H., and R. W. Sobol. 2007. A unified view of base excision repair: 
lesion-dependent protein complexes regulated by post-translational modification. 
DNA Repair (Amst) 6:695-711. 

4. Anafi, M., Y.-F. Yang, N. A. Barlev, M. V. Govindan, S. L. Berger, T. R. 
Butt, and P. G. Walfish. 2000. GCN5 and ADA Adaptor Proteins Regulate 
Triiodothyronine/GRIP1 and SRC-1 Coactivator-Dependent Gene Activation by 
the Human Thyroid Hormone Receptor. Mol Endocrinol 14:718-732. 

5. Aravind, L., and E. V. Koonin. 2000. The alpha/beta fold uracil DNA 
glycosylases: a common origin with diverse fates. Genome Biol 
1:RESEARCH0007. 

6. Baba, D., N. Maita, J. G. Jee, Y. Uchimura, H. Saitoh, K. Sugasawa, F. 
Hanaoka, H. Tochio, H. Hiroaki, and M. Shirakawa. 2006. Crystal structure of 
SUMO-3-modified thymine-DNA glycosylase. J Mol Biol 359:137-47. 

7. Baba, D., N. Maita, J. G. Jee, Y. Uchimura, H. Saitoh, K. Sugasawa, F. 
Hanaoka, H. Tochio, H. Hiroaki, and M. Shirakawa. 2005. Crystal structure of 
thymine DNA glycosylase conjugated to SUMO-1. Nature 435:979-82. 

8. Bandyopadhyay, D., N. A. Okan, E. Bales, L. Nascimento, P. A. Cole, and E. 
E. Medrano. 2002. Down-Regulation of p300/CBP Histone Acetyltransferase 
Activates a Senescence Checkpoint in Human Melanocytes. Cancer Res 62:6231-
6239. 

9. Bannister, A. J., E. A. Miska, D. Gorlich, and T. Kouzarides. 2000. 
Acetylation of importin-alpha nuclear import factors by CBP/p300. Curr Biol 
10:467-70. 



41 

 

 

 

10. Bao, Y., and X. Shen. 2007. SnapShot: chromatin remodeling complexes. Cell 
129:632. 

11. Barbin, A. 1999. Role of etheno DNA adducts in carcinogenesis induced by vinyl 
chloride in rats. IARC Sci Publ:303-13. 

12. Barlow, J. H., M. Lisby, and R. Rothstein. 2008. Differential Regulation of the 
Cellular Response to DNA Double-Strand Breaks in G1. Molecular Cell 30:73-85. 

13. Barrett, T. E., O. D. Scharer, R. Savva, T. Brown, J. Jiricny, G. L. Verdine, 
and L. H. Pearl. 1999. Crystal structure of a thwarted mismatch glycosylase 
DNA repair complex. EMBO J 18:6599-6609. 

14. Bartholdi, D., J. H. Roelfsema, F. Papadia, M. H. Breuning, D. Niedrist, R. C. 
Hennekam, A. Schinzel, and D. J. Peters. 2007. Genetic heterogeneity in 
Rubinstein-Taybi syndrome: delineation of the phenotype of the first patients 
carrying mutations in EP300. J Med Genet 44:327-33. 

15. Bayer, P., A. Arndt, S. Metzger, R. Mahajan, F. Melchior, R. Jaenicke, and J. 
Becker. 1998. Structure determination of the small ubiquitin-related modifier 
SUMO-1. Journal of Molecular Biology 280:275-286. 

16. Beckerman, R., A. J. Donner, M. Mattia, M. J. Peart, J. L. Manley, J. M. 
Espinosa, and C. Prives. 2009. A role for Chk1 in blocking transcriptional 
elongation of p21 RNA during the S-phase checkpoint. Genes Dev 23:1364-77. 

17. Bennett, M. T., M. T. Rodgers, A. S. Hebert, L. E. Ruslander, L. Eisele, and 
A. C. Drohat. 2006. Specificity of human thymine DNA glycosylase depends on 
N-glycosidic bond stability. J Am Chem Soc 128:12510-9. 

18. Bergink, S., and S. Jentsch. 2009. Principles of ubiquitin and SUMO 
modifications in DNA repair. Nature 458:461-467. 

19. Bernstein, K. A., and R. Rothstein. 2009. At Loose Ends: Resecting a Double-
Strand Break.  137:807-810. 

20. Best, B. P. 2009. Nuclear DNA damage as a direct cause of aging. Rejuvenation 
Res 12:199-208. 



42 

 

 

 

21. Bhakat, K. K., T. K. Hazra, and S. Mitra. 2004. Acetylation of the human DNA 
glycosylase NEIL2 and inhibition of its activity. Nucleic Acids Res 32:3033-9. 

22. Bhakat, K. K., T. Izumi, S. H. Yang, T. K. Hazra, and S. Mitra. 2003. Role of 
acetylated human AP-endonuclease (APE1/Ref-1) in regulation of the parathyroid 
hormone gene. EMBO J 22:6299-309. 

23. Bhakat, K. K., S. H. Yang, and S. Mitra. 2003. Acetylation of human AP-
endonuclease 1, a critical enzyme in DNA repair and transcription regulation. 
Methods Enzymol 371:292-300. 

24. Bhat, K. R., B. J. Benton, and R. Ray. 2006. DNA ligase I is an in vivo 
substrate of DNA-dependent protein kinase and is activated by phosphorylation in 
response to DNA double-strand breaks. Biochemistry 45:6522-8. 

25. Bienvenu, F., S. Jirawatnotai, J. E. Elias, C. A. Meyer, K. Mizeracka, A. 
Marson, G. M. Frampton, M. F. Cole, D. T. Odom, J. Odajima, Y. Geng, A. 
Zagozdzon, M. Jecrois, R. A. Young, X. S. Liu, C. L. Cepko, S. P. Gygi, and 
P. Sicinski. 2010. Transcriptional role of cyclin D1 in development revealed by a 
genetic-proteomic screen. Nature 463:374-378. 

26. Bird, A. P., and A. P. Wolffe. 1999. Methylation-induced repression--belts, 
braces, and chromatin. Cell 99:451-4. 

27. Blaisdell, J. O., L. Harrison, and S. S. Wallace. 2001. Base excision repair 
processing of radiation-induced clustered DNA lesions. Radiat Prot Dosimetry 
97:25-31. 

28. Blander, G., N. Zalle, Y. Daniely, J. Taplick, M. D. Gray, and M. Oren. 2002. 
DNA damage-induced translocation of the Werner helicase is regulated by 
acetylation. J Biol Chem 277:50934-40. 

29. Blobel, G. A. 2000. CREB-binding protein and p300: molecular integrators of 
hematopoietic transcription. Blood 95:745-55. 

30. Boland, M. J., and J. K. Christman. 2008. Characterization of Dnmt3b:thymine-
DNA glycosylase interaction and stimulation of thymine glycosylase-mediated 
repair by DNA methyltransferase(s) and RNA. J Mol Biol 379:492-504. 



43 

 

 

 

31. Bolt, H. M. 2005. Vinyl chloride-a classical industrial toxicant of new interest. 
Crit Rev Toxicol 35:307-23. 

32. Bootsma, D., K. H. Kraemer, J. Cleaver, and J. H. J. Hoeijmakers. 2001. The 
Metabolic and Molecular Basis of Inherited Disease, vol. 1. 

33. Borrow, J., V. P. Stanton, J. M. Andresen, R. Becher, F. G. Behm, R. S. K. 
Chaganti, C. I. Civin, C. Disteche, I. Dube, A. M. Frischauf, D. Horsman, F. 
Mitelman, S. Volinia, A. E. Watmore, and D. E. Housman. 1996. The 
translocation t(8;16)(p11;p13) of acute myeloid leukaemia fuses a putative 
acetyltransferase to the CREB-binding protein. Nat Genet 14:33-41. 

34. Bronstein, S. M., M. J. Hooth, J. A. Swenberg, and T. R. Skopek. 1992. 
Modulation of ethylnitrosourea-induced toxicity and mutagenicity in human cells 
by O6-benzylguanine. Cancer Res 52:3851-6. 

35. Brown, K., Y. Chen, T. M. Underhill, J. S. Mymryk, and J. Torchia. 2003. 
The Coactivator p/CIP/SRC-3 Facilitates Retinoic Acid Receptor Signaling via 
Recruitment of GCN5. Journal of Biological Chemistry 278:39402-39412. 

36. Brown, T. C., and J. Jiricny. 1987. A specific mismatch repair event protects 
mammalian cells from loss of 5-methylcytosine. Cell 50:945-50. 

37. Bryan, E. J., V. J. Jokubaitis, N. L. Chamberlain, S. W. Baxter, E. Dawson, 
D. Y. Choong, and I. G. Campbell. 2002. Mutation analysis of EP300 in colon, 
breast and ovarian carcinomas. Int J Cancer 102:137-41. 

38. Buschta-Hedayat, N., T. Buterin, M. T. Hess, M. Missura, and H. Naegeli. 
1999. Recognition of nonhybridizing base pairs during nucleotide excision repair 
of DNA. Proc. Natl Acad. Sci. USA 96:6090-6095. 

39. Bushnell, D. A., P. Cramer, and R. D. Kornberg. 2002. Structural basis of 
transcription: Î±-Amanitinâ€“RNA polymerase II cocrystal at 2.8 Ã… resolution. 
Proceedings of the National Academy of Sciences of the United States of America 
99:1218-1222. 

40. Busso, C. S., T. Iwakuma, and T. Izumi. 2009. Ubiquitination of mammalian 
AP endonuclease (APE1) regulated by the p53-MDM2 signaling pathway. 
Oncogene 28:1616-25. 



44 

 

 

 

41. Cadet, J., M. Berger, T. Douki, and J. L. Ravanat. 1997. Oxidative damage to 
DNA: formation, measurement, and biological significance. Rev Physiol Biochem 
Pharmacol 131:1-87. 

42. Campalans, A., S. Marsin, Y. Nakabeppu, R. O'Connor T, S. Boiteux, and J. 
P. Radicella. 2005. XRCC1 interactions with multiple DNA glycosylases: a 
model for its recruitment to base excision repair. DNA Repair (Amst) 4:826-35. 

43. Capell, B. C., B. E. Tlougan, and S. J. Orlow. 2009. From the Rarest to the 
Most Common: Insights from Progeroid Syndromes into Skin Cancer and Aging. 
J Invest Dermatol 129:2340-2350. 

44. Caradonna, S., and S. Muller-Weeks. 2001. The nature of enzymes involved in 
uracil-DNA repair: isoform characteristics of proteins responsible for nuclear and 
mitochondrial genomic integrity. Curr Protein Pept Sci 2:335-47. 

45. Carraway, H. E., and S. D. Gore. 2007. Addition of Histone Deacetylase 
Inhibitors in Combination Therapy. J Clin Oncol 25:1955-1956. 

46. Cary, R. B., S. R. Peterson, J. Wang, D. G. Bear, E. M. Bradbury, and D. J. 
Chen. 1997. DNA looping by Ku and the DNA-dependent protein kinase. Proc 
Natl Acad Sci U S A 94:4267-72. 

47. Chaffanet, M., L. Gressin, C. Preudhomme, V. Soenen-Cornu, D. Birnbaum, 
and M. J. Pebusque. 2000. MOZ is fused to p300 in an acute monocytic 
leukemia with t(8;22). Genes Chromosomes Cancer 28:138-44. 

48. Chen, D., M. J. Lucey, F. Phoenix, J. Lopez-Garcia, S. M. Hart, R. Losson, L. 
Buluwela, R. C. Coombes, P. Chambon, P. Schar, and S. Ali. 2003. T:G 
mismatch-specific thymine-DNA glycosylase potentiates transcription of 
estrogen-regulated genes through direct interaction with estrogen receptor alpha. J 
Biol Chem 278:38586-92. 

49. Chen, D. S., T. Herman, and B. Demple. 1991. Two distinct human DNA 
diesterases that hydrolyze 3'-blocking deoxyribose fragments from oxidized DNA. 
Nucleic Acids Res 19:5907-14. 

50. Chen, H., R. J. Lin, R. L. Schiltz, D. Chakravarti, A. Nash, L. Nagy, M. L. 
Privalsky, Y. Nakatani, and R. M. Evans. 1997. Nuclear receptor coactivator 



45 

 

 

 

ACTR is a novel histone acetyltransferase and forms a multimeric activation 
complex with P/CAF and CBP/p300. Cell 90:569-80. 

51. Chen, P.-C., M. Kuraguchi, J. Velasquez, Y. Wang, K. Yang, R. Edwards, D. 
Gillen, W. Edelmann, R. Kucherlapati, and S. M. Lipkin. 2008. Novel Roles 
for MLH3 Deficiency and TLE6-Like Amplification in DNA Mismatch Repair-
Deficient Gastrointestinal Tumorigenesis and Progression. PLoS Genet 
4:e1000092. 

52. Cheng, W. H., C. von Kobbe, P. L. Opresko, K. M. Fields, J. Ren, D. Kufe, 
and V. A. Bohr. 2003. Werner syndrome protein phosphorylation by abl tyrosine 
kinase regulates its activity and distribution. Mol Cell Biol 23:6385-95. 

53. Chin, L., and J. W. Gray. 2008. Translating insights from the cancer genome 
into clinical practice. Nature 452:553-63. 

54. Christensen, B. C., E. A. Houseman, C. J. Marsit, S. Zheng, M. R. Wrensch, 
J. L. Wiemels, H. H. Nelson, M. R. Karagas, J. F. Padbury, R. Bueno, D. J. 
Sugarbaker, R.-F. Yeh, J. K. Wiencke, and K. T. Kelsey. 2009. Aging and 
Environmental Exposures Alter Tissue-Specific DNA Methylation Dependent 
upon CpG Island Context. PLoS Genet 5:e1000602. 

55. Christmann, M., M. T. Tomicic, and B. Kaina. 2002. Phosphorylation of 
mismatch repair proteins MSH2 and MSH6 affecting MutSalpha mismatch-
binding activity. Nucleic Acids Res 30:1959-66. 

56. Christopher, S. 2004. Has the yo-yo stopped? An assessment of human protein-
coding gene number. PROTEOMICS 4:1712-1726. 

57. Clapier, C. R., and B. R. Cairns. 2009. The biology of chromatin remodeling 
complexes. Annu Rev Biochem 78:273-304. 

58. Clark, A. B., F. Valle, K. Drotschmann, R. K. Gary, and T. A. Kunkel. 2000. 
Functional Interaction of Proliferating Cell Nuclear Antigen with MSH2-MSH6 
and MSH2-MSH3 Complexes. Journal of Biological Chemistry 275:36498-
36501. 

59. Cooper, D. N., and H. Youssoufian. 1988. The CpG dinucleotide and human 
genetic disease. Human Genetics 78:151-155. 



46 

 

 

 

60. Cortazar, D., C. Kunz, Y. Saito, R. Steinacher, and P. Schar. 2007. The 
enigmatic thymine DNA glycosylase. DNA Repair 6:489-504. 

61. D'Alessio, J. A., K. J. Wright, and R. Tjian. 2009. Shifting players and 
paradigms in cell-specific transcription. Mol Cell 36:924-31. 

62. D'Atri, S., L. Tentori, P. M. Lacal, G. Graziani, E. Pagani, E. Benincasa, G. 
Zambruno, E. Bonmassar, and J. Jiricny. 1998. Involvement of the mismatch 
repair system in temozolomide-induced apoptosis. Mol Pharmacol 54:334-41. 

63. Dalhus, B., J. K. Laerdahl, P. H. Backe, and M. Bjoras. 2009. DNA base 
repair--recognition and initiation of catalysis. FEMS Microbiol Rev 33:1044-78. 

64. Dantzer, F., L. Luna, M. Bjoras, and E. Seeberg. 2002. Human OGG1 
undergoes serine phosphorylation and associates with the nuclear matrix and 
mitotic chromatin in vivo. Nucleic Acids Res 30:2349-57. 

65. Darimont, B. D., R. L. Wagner, J. W. Apriletti, M. R. Stallcup, P. J. Kushner, 
J. D. Baxter, R. J. Fletterick, and K. R. Yamamoto. 1998. Structure and 
specificity of nuclear receptorâ€“coactivator interactions. Genes & Development 
12:3343-3356. 

66. Das, A., L. Wiederhold, J. B. Leppard, P. Kedar, R. Prasad, H. Wang, I. 
Boldogh, F. Karimi-Busheri, M. Weinfeld, A. E. Tomkinson, S. H. Wilson, S. 
Mitra, and T. K. Hazra. 2006. NEIL2-initiated, APE-independent repair of 
oxidized bases in DNA: Evidence for a repair complex in human cells. DNA 
Repair (Amst) 5:1439-48. 

67. De Bont, R., and N. van Larebeke. 2004. Endogenous DNA damage in humans: 
a review of quantitative data. Mutagenesis 19:169-85. 

68. Demple, B., T. Herman, and D. S. Chen. 1991. Cloning and expression of APE, 
the cDNA encoding the major human apurinic endonuclease: definition of a 
family of DNA repair enzymes. Proc Natl Acad Sci U S A 88:11450-4. 

69. Dipple, A. 1995. DNA adducts of chemical carcinogens. Carcinogenesis 16:437-
41. 



47 

 

 

 

70. Dong, Z., and A. E. Tomkinson. 2006. ATM mediates oxidative stress-induced 
dephosphorylation of DNA ligase IIIalpha. Nucleic Acids Res 34:5721-279. 

71. Drablos, F., E. Feyzi, P. A. Aas, C. B. Vaagbo, B. Kavli, M. S. Bratlie, J. 
Pena-Diaz, M. Otterlei, G. Slupphaug, and H. E. Krokan. 2004. Alkylation 
damage in DNA and RNA--repair mechanisms and medical significance. DNA 
Repair (Amst) 3:1389-407. 

72. Dumenco, L. L., E. Allay, K. Norton, and S. L. Gerson. 1993. The prevention 
of thymic lymphomas in transgenic mice by human O6-alkylguanine-DNA 
alkyltransferase. Science 259:219-22. 

73. Duncan, E. M., T. L. Muratore-Schroeder, R. G. Cook, B. A. Garcia, J. 
Shabanowitz, D. F. Hunt, and C. D. Allis. 2008. Cathepsin L Proteolytically 
Processes Histone H3 During Mouse Embryonic Stem Cell Differentiation. Cell 
135:284-294. 

74. Eckner, R., M. E. Ewen, D. Newsome, M. Gerdes, J. A. DeCaprio, J. B. 
Lawrence, and D. M. Livingston. 1994. Molecular cloning and functional 
analysis of the adenovirus E1A-associated 300-kD protein (p300) reveals a protein 
with properties of a transcriptional adaptor. Genes Dev 8:869-84. 

75. El-Andaloussi, N., T. Valovka, M. Toueille, R. Steinacher, F. Focke, P. 
Gehrig, M. Covic, P. O. Hassa, P. Schar, U. Hubscher, and M. O. Hottiger. 
2006. Arginine methylation regulates DNA polymerase beta. Mol Cell 22:51-62. 

76. Elena, S., and R. Lenski. 2003. Evolution experiments with microorganisms: the 
dynamics and genetic bases of adaptation. Nature Reviews Genetics 4:457-469. 

77. Espinosa, J. M., and B. M. Emerson. 2001. Transcriptional regulation by p53 
through intrinsic DNA/chromatin binding and site-directed cofactor recruitment. 
Mol Cell 8:57-69. 

78. Fan, J., and D. M. Wilson, 3rd. 2005. Protein-protein interactions and 
posttranslational modifications in mammalian base excision repair. Free Radic 
Biol Med 38:1121-38. 

79. Finak, G., N. Bertos, F. Pepin, S. Sadekova, M. Souleimanova, H. Zhao, H. 
Chen, G. Omeroglu, S. Meterissian, A. Omeroglu, M. Hallett, and M. Park. 



48 

 

 

 

2008. Stromal gene expression predicts clinical outcome in breast cancer. Nat 
Med 14:518-27. 

80. Fink, D., S. Aebi, and S. B. Howell. 1998. The role of DNA mismatch repair in 
drug resistance. Clinical Cancer Research 4:1-6. 

81. Fiorella, P., R. Antonio, D. M. George, H. S. Steven, G. Maurizio, K. Mariola, 
T. Y. Anthony, M. Yoshihiro, and B. Alfonso. 2000. Investigation of the 
substrate spectrum of the human mismatch-specific DNA <I>N</I>-glycosylase 
MED1 (MBD4): Fundamental role of the catalytic domain. Journal of Cellular 
Physiology 185:473-480. 

82. Fischer, F., K. Baerenfaller, and J. Jiricny. 2007. 5-Fluorouracil is efficiently 
removed from DNA by the base excision and mismatch repair systems. 
Gastroenterology 133:1858-68. 

83. Fischer, J. A., S. Muller-Weeks, and S. Caradonna. 2004. Proteolytic 
degradation of the nuclear isoform of uracil-DNA glycosylase occurs during the S 
phase of the cell cycle. DNA Repair (Amst) 3:505-13. 

84. Fischle, W., Y. Wang, and C. D. Allis. 2003. Histone and chromatin cross-talk. 
Current Opinion in Cell Biology 15:172-183. 

85. Fousteri, M., W. Vermeulen, A. A. van Zeeland, and L. H. F. Mullenders. 
2006. Cockayne Syndrome A and B Proteins Differentially Regulate Recruitment 
of Chromatin Remodeling and Repair Factors to Stalled RNA Polymerase II In 
Vivo. Molecular Cell 23:471-482. 

86. Frank-Vaillant, M., and S. Marcand. 2002. Transient Stability of DNA Ends 
Allows Nonhomologous End Joining to Precede Homologous Recombination. 
Molecular Cell 10:1189-1199. 

87. Friedrich-Heineken, E., G. Henneke, E. Ferrari, and U. Hubscher. 2003. The 
acetylatable lysines of human Fen1 are important for endo- and exonuclease 
activities. J Mol Biol 328:73-84. 

88. Fritz, G., and B. Kaina. 1999. Phosphorylation of the DNA repair protein 
APE/REF-1 by CKII affects redox regulation of AP-1. Oncogene 18:1033-40. 



49 

 

 

 

89. Fu, M., C. Wang, X. Zhang, and R. G. Pestell. 2004. Acetylation of nuclear 
receptors in cellular growth and apoptosis. Biochem Pharmacol 68:1199-208. 

90. Fung, H., and B. Demple. 2005. A Vital Role for Ape1/Ref1 Protein in Repairing 
Spontaneous DNA Damage in Human Cells.  17:463-470. 

91. Fyrnys, B., R. Claus, G. Wolf, and H. P. Deigner. 1997. Oxidized low density 
lipoprotein stimulates protein kinase C (PKC) activity and expression of PKC-
isotypes via prostaglandin-H-synthase in P388D1 cells. Adv Exp Med Biol 
407:93-8. 

92. Gabriele, A., and B. Margherita. 2001. Mismatch repair in correction of 
replication errors and processing of DNA damage. Journal of Cellular Physiology 
187:145-154. 

93. Gallinari, P., and J. Jiricny. 1996. A new class of uracil-DNA glycosylases 
related to human thymine-DNA glycosylase. Nature 383:735-8. 

94. Garg, K., K. Shih, R. Barakat, Q. Zhou, A. Iasonos, and R. A. Soslow. 2009. 
Endometrial Carcinomas in Women Aged 40 Years and Younger: Tumors 
Associated With Loss of DNA Mismatch Repair Proteins Comprise a Distinct 
Clinicopathologic Subset. Am J Surg Pathol. 

95. Garner, E., and K. Raj. 2008. Protective mechanisms of p53-p21-pRb proteins 
against DNA damage-induced cell death. Cell Cycle 7:277-82. 

96. Gaudet, F., J. G. Hodgson, A. Eden, L. Jackson-Grusby, J. Dausman, J. W. 
Gray, H. Leonhardt, and R. Jaenisch. 2003. Induction of tumors in mice by 
genomic hypomethylation. Science 300:489-92. 

97. Gayther, S. A., S. J. Batley, L. Linger, A. Bannister, K. Thorpe, S. F. Chin, Y. 
Daigo, P. Russell, A. Wilson, H. M. Sowter, J. D. Delhanty, B. A. Ponder, T. 
Kouzarides, and C. Caldas. 2000. Mutations truncating the EP300 acetylase in 
human cancers. Nat Genet 24:300-3. 

98. Gelfand, C. A., G. E. Plum, A. P. Grollman, F. Johnson, and K. J. Breslauer. 
1998. Thermodynamic Consequences of an Abasic Lesion in Duplex DNA Are 
Strongly Dependent on Base Sequence†. Biochemistry 37:7321-7327. 



50 

 

 

 

99. Genschel, J., S. J. Littman, J. T. Drummond, and P. Modrich. 1998. Isolation 
of MutSÎ² from Human Cells and Comparison of the Mismatch Repair 
Specificities of MutSÎ² and MutSÎ±. Journal of Biological Chemistry 273:19895-
19901. 

100. Georg, K., H. Richard, M. Diana, H. U. G. Hubert, M. Dieter, and F. S. 
Thomas. 1993. Activation and substrate specificity of the human protein kinase C 
&#x03B1; and &#x03B6; isoenzymes. European Journal of Biochemistry 
216:597-606. 

101. Giles, R. H., J. G. Dauwerse, C. Higgins, F. Petrij, J. W. Wessels, G. C. 
Beverstock, H. Dohner, M. Jotterand-Bellomo, J. H. Falkenburg, R. M. 
Slater, G. J. van Ommen, A. Hagemeijer, B. A. van der Reijden, and M. H. 
Breuning. 1997. Detection of CBP rearrangements in acute myelogenous 
leukemia with t(8;16). Leukemia 11:2087-96. 

102. Giles, R. H., D. J. M. Peters, and M. H. Breuning. 1998. Conjunction 
dysfunction: CBP/p300 in human disease. Trends in Genetics 14:178-183. 

103. Gill, G. 2004. SUMO and ubiquitin in the nucleus: different functions, similar 
mechanisms? Genes & Development 18:2046-2059. 

104. Girdwood, D., D. Bumpass, O. A. Vaughan, A. Thain, L. A. Anderson, A. W. 
Snowden, E. Garcia-Wilson, N. D. Perkins, and R. T. Hay. 2003. p300 
Transcriptional Repression Is Mediated by SUMO Modification. Molecular Cell 
11:1043-1054. 

105. Gocke, C. B., H. Yu, and J. Kang. 2005. Systematic identification and analysis 
of mammalian small ubiquitin-like modifier substrates. J Biol Chem 280:5004-12. 

106. Goldman, R., and P. G. Shields. 2003. Food mutagens. J Nutr 133 Suppl 
3:965S-973S. 

107. Gonzalez, S., C. Prives, and C. Cordon-Cardo. 2003. p73alpha regulation by 
Chk1 in response to DNA damage. Mol Cell Biol 23:8161-71. 

108. Goodman, R. H., and S. Smolik. 2000. CBP/p300 in cell growth, transformation, 
and development. Genes Dev 14:1553-77. 



51 

 

 

 

109. Goodson, M. L., Y. Hong, R. Rogers, M. J. Matunis, O.-K. Park-Sarge, and 
K. D. Sarge. 2001. SUMO-1 Modification Regulates the DNA Binding Activity 
of Heat Shock Transcription Factor 2, a Promyelocytic Leukemia Nuclear Body 
Associated Transcription Factor. Journal of Biological Chemistry 276:18513-
18518. 

110. Gottifredi, V., O. Karni-Schmidt, S. S. Shieh, and C. Prives. 2001. p53 down-
regulates CHK1 through p21 and the retinoblastoma protein. Mol Cell Biol 
21:1066-76. 

111. Goukassian, D. A., and B. A. Gilchrest. 2004. The interdependence of skin 
aging, skin cancer, and DNA repair capacity: a novel perspective with therapeutic 
implications. Rejuvenation Res 7:175-85. 

112. Graham, D., and P. B.-J. David. 2004. PML nuclear bodies: dynamic sensors of 
DNA damage and cellular stress. BioEssays 26:963-977. 

113. Grawunder, U., M. Wilm, X. Wu, P. Kulesza, T. E. Wilson, M. Mann, and M. 
R. Lieber. 1997. Activity of DNA ligase IV stimulated by complex formation 
with XRCC4 protein in mammalian cells. Nature 388:492-5. 

114. Gray, J. P., K. A. Burns, T. L. Leas, G. H. Perdew, and J. P. Vanden Heuvel. 
2005. Regulation of Peroxisome Proliferator-Activated Receptor Î± by Protein 
Kinase Câ€ Biochemistry 44:10313-10321. 

115. Grewal, S. I. S., and D. Moazed. 2003. Heterochromatin and Epigenetic Control 
of Gene Expression. Science 301:798-802. 

116. Gros, L., M. K. Saparbaev, and J. Laval. 2002. Enzymology of the repair of 
free radicals-induced DNA damage. Oncogene 21:8905-25. 

117. Gu, Y., and A. L. Lu. 2001. Differential DNA recognition and glycosylase 
activity of the native human MutY homolog (hMYH) and recombinant hMYH 
expressed in bacteria. Nucleic Acids Res 29:2666-74. 

118. Hagen, L., B. Kavli, M. M. L. Sousa, K. Torseth, N. B. Liabakk, O. 
Sundheim, J. Pena-Diaz, M. Otterlei, O. Horning, O. N. Jensen, H. E. 
Krokan, and G. Slupphaug. 2008. Cell cycle-specific UNG2 phosphorylations 
regulate protein turnover, activity and association with RPA. EMBO J 27:51-61. 



52 

 

 

 

119. Hager, G. L., J. G. McNally, and T. Misteli. 2009. Transcription Dynamics. 
Molecular Cell 35:741-753. 

120. Hake, S. B., A. Xiao, and C. D. Allis. Linking the epigenetic /`language/' of 
covalent histone modifications to cancer. Br J Cancer 90:761-769. 

121. Halliwell, B. 1996. Antioxidants in human health and disease. Annual Review of 
Nutrition 16:33-50. 

122. Halliwell, B. 1994. Free radicals, antioxidants, and human disease: curiosity, 
cause, or consequence? Lancet 344:721-724. 

123. Hang, B., and A. B. Guliaev. 2007. Substrate specificity of human thymine-DNA 
glycosylase on exocyclic cytosine adducts. Chem Biol Interact 165:230-8. 

124. Haracska, L., C. A. Torres-Ramos, R. E. Johnson, S. Prakash, and L. 
Prakash. 2004. Opposing effects of ubiquitin conjugation and SUMO 
modification of PCNA on replicational bypass of DNA lesions in Saccharomyces 
cerevisiae. Mol Cell Biol 24:4267-74. 

125. Hardeland, U., M. Bentele, J. Jiricny, and P. Schar. 2000. Separating substrate 
recognition from base hydrolysis in human thymine DNA glycosylase by 
mutational analysis. J Biol Chem 275:33449-56. 

126. Hardeland, U., M. Bentele, J. Jiricny, and P. Schar. 2003. The versatile 
thymine DNA-glycosylase: a comparative characterization of the human, 
Drosophila and fission yeast orthologs. Nucleic Acids Res 31:2261-71. 

127. Hardeland, U., C. Kunz, F. Focke, M. Szadkowski, and P. Schar. 2007. Cell 
cycle regulation as a mechanism for functional separation of the apparently 
redundant uracil DNA glycosylases TDG and UNG2. Nucleic Acids Res 35:3859-
67. 

128. Hardeland, U., R. Steinacher, J. Jiricny, and P. Schar. 2002. Modification of 
the human thymine-DNA glycosylase by ubiquitin-like proteins facilitates 
enzymatic turnover. Embo J 21:1456-64. 



53 

 

 

 

129. Hasan, S., N. El-Andaloussi, U. Hardeland, P. O. Hassa, C. Burki, R. Imhof, 
P. Schar, and M. O. Hottiger. 2002. Acetylation regulates the DNA end-
trimming activity of DNA polymerase beta. Mol Cell 10:1213-22. 

130. Hasan, S., M. Stucki, P. O. Hassa, R. Imhof, P. Gehrig, P. Hunziker, U. 
Hubscher, and M. O. Hottiger. 2001. Regulation of human flap endonuclease-1 
activity by acetylation through the transcriptional coactivator p300. Mol Cell 
7:1221-31. 

131. Hassa, P. O., S. S. Haenni, C. Buerki, N. I. Meier, W. S. Lane, H. Owen, M. 
Gersbach, R. Imhof, and M. O. Hottiger. 2005. Acetylation of poly(ADP-
ribose) polymerase-1 by p300/CREB-binding protein regulates coactivation of 
NF-kappaB-dependent transcription. J Biol Chem 280:40450-64. 

132. Hay, R. T. 2006. Role of ubiquitin-like proteins in transcriptional regulation. 
Ernst Schering Res Found Workshop:173-92. 

133. Hay, R. T. 2005. SUMO: a history of modification. Mol Cell 18:1-12. 

134. Heery, D. M., E. Kalkhoven, S. Hoare, and M. G. Parker. 1997. A signature 
motif in transcriptional co-activators mediates binding to nuclear receptors. Nature 
387:733-736. 

135. Helleday, T., E. Petermann, C. Lundin, B. Hodgson, and R. A. Sharma. 2008. 
DNA repair pathways as targets for cancer therapy. Nat Rev Cancer 8:193-204. 

136. Hendrich, B., and A. Bird. 1998. Identification and characterization of a family 
of mammalian methyl-CpG binding proteins. Mol Cell Biol 18:6538-47. 

137. Hendrich, B., U. Hardeland, H.-H. Ng, J. Jiricny, and A. Bird. 1999. The 
thymine glycosylase MBD4 can bind to the product of deamination at methylated 
CpG sites. Nature 401:301-304. 

138. Henneke, G., S. Koundrioukoff, and U. Hubscher. 2003. Phosphorylation of 
human Fen1 by cyclin-dependent kinase modulates its role in replication fork 
regulation. Oncogene 22:4301-13. 



54 

 

 

 

139. Hickman, M. J., and L. D. Samson. 1999. Role of DNA mismatch repair and 
p53 in signaling induction of apoptosis by alkylating agents. Proceedings of the 
National Academy of Sciences of the United States of America 96:10764-10769. 

140. Hitomi, K., S. Iwai, and J. A. Tainer. 2007. The intricate structural chemistry of 
base excision repair machinery: implications for DNA damage recognition, 
removal, and repair. DNA Repair (Amst) 6:410-28. 

141. Hoege, C., B. Pfander, G. L. Moldovan, G. Pyrowolakis, and S. Jentsch. 2002. 
RAD6-dependent DNA repair is linked to modification of PCNA by ubiquitin and 
SUMO. Nature 419:135-41. 

142. Hoeijmakers, J. H. J. 2009. DNA Damage, Aging, and Cancer. N Engl J Med 
361:1475-1485. 

143. Hoeijmakers, J. H. J. 2001. Genome maintenance mechanisms for preventing 
cancer. Nature 411:366-374. 

144. Hofseth, L. J., S. P. Hussain, and C. C. Harris. 2004. p53: 25 years after its 
discovery. Trends Pharmacol Sci 25:177-81. 

145. Hogan, G. J., C. K. Lee, and J. D. Lieb. 2006. Cell cycle-specified fluctuation of 
nucleosome occupancy at gene promoters. PLoS Genet 2:e158. 

146. Hong, Y., R. Rogers, M. J. Matunis, C. N. Mayhew, M. L. Goodson, O. K. 
Park-Sarge, and K. D. Sarge. 2001. Regulation of heat shock transcription factor 
1 by stress-induced SUMO-1 modification. J Biol Chem 276:40263-7. 

147. Horton, J. K., M. Watson, D. F. Stefanick, D. T. Shaughnessy, J. A. Taylor, 
and S. H. Wilson. 2008. XRCC1 and DNA polymerase beta in cellular protection 
against cytotoxic DNA single-strand breaks. Cell Res 18:48-63. 

148. Horvai, A. E., L. Xu, E. Korzus, G. Brard, D. Kalafus, T. M. Mullen, D. W. 
Rose, M. G. Rosenfeld, and C. K. Glass. 1997. Nuclear integration of 
JAK/STAT and Ras/AP-1 signaling by CBP and p300. Proc Natl Acad Sci U S A 
94:1074-9. 

149. Howlett, N. G., T. Taniguchi, S. G. Durkin, A. D. D'Andrea, and T. W. 
Glover. 2005. The Fanconi anemia pathway is required for the DNA replication 



55 

 

 

 

stress response and for the regulation of common fragile site stability. Hum Mol 
Genet 14:693-701. 

150. Hsieh, M. M., V. Hegde, M. R. Kelley, and W. A. Deutsch. 2001. Activation of 
APE/Ref-1 redox activity is mediated by reactive oxygen species and PKC 
phosphorylation. Nucleic Acids Res 29:3116-22. 

151. Huang, S.-M., and M. R. Stallcup. 2000. Mouse Zac1, a Transcriptional 
Coactivator and Repressor for Nuclear Receptors. Mol. Cell. Biol. 20:1855-1867. 

152. Huertas, P., and S. P. Jackson. 2009. Human CtIP Mediates Cell Cycle Control 
of DNA End Resection and Double Strand Break Repair. Journal of Biological 
Chemistry 284:9558-9565. 

153. Illingworth, R. S., and A. P. Bird. 2009. CpG islands--'a rough guide'. FEBS 
Lett 583:1713-20. 

154. Iyer, N. G., S. F. Chin, H. Ozdag, Y. Daigo, D. E. Hu, M. Cariati, K. Brindle, 
S. Aparicio, and C. Caldas. 2004. p300 regulates p53-dependent apoptosis after 
DNA damage in colorectal cancer cells by modulation of PUMA/p21 levels. Proc 
Natl Acad Sci U S A 101:7386-91. 

155. Iyer, N. G., H. Ozdag, and C. Caldas. 2004. p300/CBP and cancer. Oncogene 
23:4225-31. 

156. Jaiswal, M., N. F. LaRusso, N. Nishioka, Y. Nakabeppu, and G. J. Gores. 
2001. Human Ogg1, a protein involved in the repair of 8-oxoguanine, is inhibited 
by nitric oxide. Cancer Res 61:6388-93. 

157. Jiricny, J., and M. Nystrom-Lahti. 2000. Mismatch repair defects in cancer. 
Curr Opin Genet Dev 10:157-61. 

158. Jones, P. A. 1999. The DNA methylation paradox. Trends in Genetics 15:34-37. 

159. Jones, P. A., and P. W. Laird. 1999. Cancer epigenetics comes of age. Nature 
Genet. 21:163-167. 



56 

 

 

 

160. Ju, B. G., V. V. Lunyak, V. Perissi, I. Garcia-Bassets, D. W. Rose, C. K. 
Glass, and M. G. Rosenfeld. 2006. A topoisomerase IIbeta-mediated dsDNA 
break required for regulated transcription. Science 312:1798-802. 

161. Kalkhoven, E. 2004. CBP and p300: HATs for different occasions. Biochem 
Pharmacol 68:1145-55. 

162. Kamei, Y., L. Xu, T. Heinzel, J. Torchia, R. Kurokawa, B. Gloss, S. C. Lin, R. 
A. Heyman, D. W. Rose, C. K. Glass, and M. G. Rosenfeld. 1996. A CBP 
integrator complex mediates transcriptional activation and AP-1 inhibition by 
nuclear receptors. Cell 85:403-14. 

163. Karmakar, P., and V. A. Bohr. 2005. Cellular dynamics and modulation of 
WRN protein is DNA damage specific. Mech Ageing Dev 126:1146-58. 

164. Karmakar, P., J. Piotrowski, R. M. Brosh, Jr., J. A. Sommers, S. P. Miller, 
W. H. Cheng, C. M. Snowden, D. A. Ramsden, and V. A. Bohr. 2002. Werner 
protein is a target of DNA-dependent protein kinase in vivo and in vitro, and its 
catalytic activities are regulated by phosphorylation. J Biol Chem 277:18291-302. 

165. Karran, P., and R. Hampson. 1996. Genomic instability and tolerance to 
alkylating agents. Cancer Surv 28:69-85. 

166. Kauppinen, T. M., W. Y. Chan, S. W. Suh, A. K. Wiggins, E. J. Huang, and 
R. A. Swanson. 2006. Direct phosphorylation and regulation of poly(ADP-ribose) 
polymerase-1 by extracellular signal-regulated kinases 1/2. Proc Natl Acad Sci U 
S A 103:7136-41. 

167. Kawabe, Y., M. Seki, T. Seki, W. S. Wang, O. Imamura, Y. Furuichi, H. 
Saitoh, and T. Enomoto. 2000. Covalent modification of the Werner's syndrome 
gene product with the ubiquitin-related protein, SUMO-1. J Biol Chem 
275:20963-6. 

168. Kedar, P. S., S. J. Kim, A. Robertson, E. Hou, R. Prasad, J. K. Horton, and S. 
H. Wilson. 2002. Direct interaction between mammalian DNA polymerase beta 
and proliferating cell nuclear antigen. J Biol Chem 277:31115-23. 



57 

 

 

 

169. Kelley, M. R., and S. H. Parsons. 2001. Redox regulation of the DNA repair 
function of the human AP endonuclease Ape1/ref-1. Antioxid Redox Signal 
3:671-83. 

170. Kenessey, A., E. A. Sullivan, and K. Ojamaa. 2006. Nuclear localization of 
protein kinase C-alpha induces thyroid hormone receptor-alpha1 expression in the 
cardiomyocyte. Am J Physiol Heart Circ Physiol 290:H381-9. 

171. Kim, E. J., and S. J. Um. 2008. Thymine-DNA glycosylase interacts with and 
functions as a coactivator of p53 family proteins. Biochem Biophys Res Commun 
377:838-42. 

172. Kim, M. S., T. Kondo, I. Takada, M. Y. Youn, Y. Yamamoto, S. Takahashi, 
T. Matsumoto, S. Fujiyama, Y. Shirode, I. Yamaoka, H. Kitagawa, K. 
Takeyama, H. Shibuya, F. Ohtake, and S. Kato. 2009. DNA demethylation in 
hormone-induced transcriptional derepression. Nature 461:1007-12. 

173. Kim, S. C., R. Sprung, Y. Chen, Y. Xu, H. Ball, J. Pei, T. Cheng, Y. Kho, H. 
Xiao, L. Xiao, N. V. Grishin, M. White, X. J. Yang, and Y. Zhao. 2006. 
Substrate and functional diversity of lysine acetylation revealed by a proteomics 
survey. Mol Cell 23:607-18. 

174. Kishimoto, A., K. Nishiyama, H. Nakanishi, Y. Uratsuji, H. Nomura, Y. 
Takeyama, and Y. Nishizuka. 1985. Studies on the phosphorylation of myelin 
basic protein by protein kinase C and adenosine 3':5'-monophosphate-dependent 
protein kinase. J Biol Chem 260:12492-9. 

175. Klose, R. J., and A. P. Bird. 2006. Genomic DNA methylation: the mark and its 
mediators. Trends Biochem Sci 31:89-97. 

176. Ko, M., D. H. Sohn, H. Chung, and R. H. Seong. 2008. Chromatin remodeling, 
development and disease. Mutation Research/Fundamental and Molecular 
Mechanisms of Mutagenesis 647:59-67. 

177. Koeberl, D. D., C. D. Bottema, R. P. Ketterling, P. J. Bridge, D. P. Lillicrap, 
and S. S. Sommer. 1990. Mutations causing hemophilia B: direct estimate of the 
underlying rates of spontaneous germ-line transitions, transversions, and deletions 
in a human gene. Am J Hum Genet 47:202-17. 



58 

 

 

 

178. Koh, S. S., D. Chen, Y.-H. Lee, and M. R. Stallcup. 2001. Synergistic 
Enhancement of Nuclear Receptor Function by p160 Coactivators and Two 
Coactivators with Protein Methyltransferase Activities. Journal of Biological 
Chemistry 276:1089-1098. 

179. Konishi, H., M. Tanaka, Y. Takemura, H. Matsuzaki, Y. Ono, U. Kikkawa, 
and Y. Nishizuka. 1997. Activation of protein kinase C by tyrosine 
phosphorylation in response to H2O2. Proc Natl Acad Sci U S A 94:11233-7. 

180. Konstantinopoulos, P. A., and A. G. Papavassiliou. 2006. Chromatin-
modulating agents as epigenetic anticancer drugs--'the die is cast'. Drug Discov 
Today 11:91-3. 

181. Kotake, M., A. Nakai, A. Nagasaka, M. Itoh, H. Hidaka, and S. Yoshida. 
2002. Hormonal regulation of DNA polymerase beta activity and expression in rat 
adrenal glands and testes. Mol Cell Endocrinol 192:127-32. 

182. Kouzarides, T. 2007. Chromatin modifications and their function. Cell 128:693-
705. 

183. Kracker, S., P. Gardes, F. Mazerolles, and A. Durandy. 2010. Immunoglobulin 
class switch recombination deficiencies. Clin Immunol 135:193-203. 

184. Kubota, Y., R. A. Nash, A. Klungland, P. Schar, D. E. Barnes, and T. 
Lindahl. 1996. Reconstitution of DNA base excision-repair with purified human 
proteins: interaction between DNA polymerase beta and the XRCC1 protein. 
EMBO J 15:6662-70. 

185. Kung, A. L., V. I. Rebel, R. T. Bronson, L.-E. Ch'ng, C. A. Sieff, D. M. 
Livingston, and T.-P. Yao. 2000. Gene dose-dependent control of hematopoiesis 
and hematologic tumor suppression by CBP. Genes & Development 14:272-277. 

186. Kunkel, T. A., and D. A. Erie. 2005. DNA mismatch repair. Annu Rev Biochem 
74:681-710. 

187. Kunz, C., F. Focke, Y. Saito, D. Schuermann, T. Lettieri, J. Selfridge, and P. 
Schar. 2009. Base excision by thymine DNA glycosylase mediates DNA-directed 
cytotoxicity of 5-fluorouracil. PLoS Biol 7:e91. 



59 

 

 

 

188. Kuo, H. Y., C. C. Chang, J. C. Jeng, H. M. Hu, D. Y. Lin, G. G. Maul, R. P. 
Kwok, and H. M. Shih. 2005. SUMO modification negatively modulates the 
transcriptional activity of CREB-binding protein via the recruitment of Daxx. Proc 
Natl Acad Sci U S A 102:16973-8. 

189. Kurdistani, S. K., and M. Grunstein. 2003. Histone acetylation and 
deacetylation in yeast. Nat Rev Mol Cell Biol 4:276-284. 

190. Kuribayashi, K., and W. S. El-Deiry. 2008. Regulation of programmed cell 
death by the p53 pathway. Adv Exp Med Biol 615:201-21. 

191. Lallemand-Breitenbach, V., J. Zhu, F. Puvion, M. Koken, N. Honore, A. 
Doubeikovsky, E. Duprez, P. P. Pandolfi, E. Puvion, P. Freemont, and H. de 
The. 2001. Role of promyelocytic leukemia (PML) sumolation in nuclear body 
formation, 11S proteasome recruitment, and As2O3-induced PML or 
PML/retinoic acid receptor alpha degradation. J Exp Med 193:1361-71. 

192. Lander. 2001. Initial sequencing and analysis of the human genome. Nature 
409:860-921. 

193. Lavin, M. F., and S. Kozlov. 2007. ATM activation and DNA damage response. 
Cell Cycle 6:931-42. 

194. Le Roux, E., E. Gormally, and P. Hainaut. 2005. Somatic mutations in human 
cancer: applications in molecular epidemiology. Rev Epidemiol Sante Publique 
53:257-66. 

195. Leonarduzzi, G., M. C. Arkan, H. Basaga, E. Chiarpotto, A. Sevanian, and G. 
Poli. 2000. Lipid oxidation products in cell signaling. Free Radical Biology and 
Medicine 28:1370-1378. 

196. Levy, N., A. Martz, A. Bresson, C. Spenlehauer, G. de Murcia, and J. 
Menissier-de Murcia. 2006. XRCC1 is phosphorylated by DNA-dependent 
protein kinase in response to DNA damage. Nucleic Acids Res 34:32-41. 

197. Li, H., C. Leo, J. Zhu, X. Wu, J. O'Neil, E.-J. Park, and J. D. Chen. 2000. 
Sequestration and Inhibition of Daxx-Mediated Transcriptional Repression by 
PML. Mol. Cell. Biol. 20:1784-1796. 



60 

 

 

 

198. Li, Y. Q., P. Z. Zhou, X. D. Zheng, C. P. Walsh, and G. L. Xu. 2007. 
Association of Dnmt3a and thymine DNA glycosylase links DNA methylation 
with base-excision repair. Nucleic Acids Res 35:390-400. 

199. Likhite, V. S., E. I. Cass, S. D. Anderson, J. R. Yates, and A. M. Nardulli. 
2004. Interaction of estrogen receptor alpha with 3-methyladenine DNA 
glycosylase modulates transcription and DNA repair. J Biol Chem 279:16875-82. 

200. Lin, R. J., T. Sternsdorf, M. Tini, and R. M. Evans. 2001. Transcriptional 
regulation in acute promyelocytic leukemia. Oncogene 20:7204-15. 

201. Lindahl, T. 1982. DNA repair enzymes. Annu Rev Biochem 51:61-87. 

202. Lindahl, T. 1993. Instability and decay of the primary structure of DNA. Nature 
362:709-15. 

203. Lindahl, T., and A. Andersson. 1972. Rate of chain breakage at apurinic sites in 
double-stranded deoxyribonucleic acid. Biochemistry 11:3618-23. 

204. Lindahl, T., and R. D. Wood. 1999. Quality control by DNA repair. Science 
286:1897-1905. 

205. Lister, R., M. Pelizzola, R. H. Dowen, R. D. Hawkins, G. Hon, J. Tonti-
Filippini, J. R. Nery, L. Lee, Z. Ye, Q.-M. Ngo, L. Edsall, J. Antosiewicz-
Bourget, R. Stewart, V. Ruotti, A. H. Millar, J. A. Thomson, B. Ren, and J. R. 
Ecker. 2009. Human DNA methylomes at base resolution show widespread 
epigenomic differences. Nature 462:315-322. 

206. Loeb, L. A. 1985. Apurinic sites as mutagenic intermediates. Cell 40:483-4. 

207. Loizou, J. I., S. F. El-Khamisy, A. Zlatanou, D. J. Moore, D. W. Chan, J. Qin, 
S. Sarno, F. Meggio, L. A. Pinna, and K. W. Caldecott. 2004. The protein 
kinase CK2 facilitates repair of chromosomal DNA single-strand breaks. Cell 
117:17-28. 

208. Longley, M. J., A. J. Pierce, and P. Modrich. 1997. DNA Polymerase Î´ Is 
Required for Human Mismatch Repair in Vitro. Journal of Biological Chemistry 
272:10917-10921. 



61 

 

 

 

209. Lorch, Y., M. Zhang, and R. D. Kornberg. 1999. Histone octamer transfer by a 
chromatin-remodeling complex. Cell 96:389-92. 

210. Loveless, A. 1969. Possible relevance of O-6 alkylation of deoxyguanosine to the 
mutagenicity and carcinogenicity of nitrosamines and nitrosamides. Nature 
223:206-7. 

211. Lu, Q., A. E. Hutchins, C. M. Doyle, J. R. Lundblad, and R. P. Kwok. 2003. 
Acetylation of cAMP-responsive element-binding protein (CREB) by CREB-
binding protein enhances CREB-dependent transcription. J Biol Chem 278:15727-
34. 

212. Lu, X., D. Bocangel, B. Nannenga, H. Yamaguchi, E. Appella, and L. A. 
Donehower. 2004. The p53-induced oncogenic phosphatase PPM1D interacts 
with uracil DNA glycosylase and suppresses base excision repair. Mol Cell 
15:621-34. 

213. Lucey, M. J., D. Chen, J. Lopez-Garcia, S. M. Hart, F. Phoenix, R. Al-Jehani, 
J. P. Alao, R. White, K. B. Kindle, R. Losson, P. Chambon, M. G. Parker, P. 
Schar, D. M. Heery, L. Buluwela, and S. Ali. 2005. T:G mismatch-specific 
thymine-DNA glycosylase (TDG) as a coregulator of transcription interacts with 
SRC1 family members through a novel tyrosine repeat motif. Nucleic Acids Res 
33:6393-404. 

214. Luger, K., A. W. Mader, R. K. Richmond, D. F. Sargent, and T. J. Richmond. 
1997. Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature 
389:251-60. 

215. Luo, H., D. W. Chan, T. Yang, M. Rodriguez, B. P. Chen, M. Leng, J. J. Mu, 
D. Chen, Z. Songyang, Y. Wang, and J. Qin. 2004. A new XRCC1-containing 
complex and its role in cellular survival of methyl methanesulfonate treatment. 
Mol Cell Biol 24:8356-65. 

216. Luo, Y., X. Ji, F. Ling, W. Li, F. Zhang, G. Cao, and J. Chen. 2007. Impaired 
DNA repair via the base-excision repair pathway after focal ischemic brain injury: 
a protein phosphorylation-dependent mechanism reversed by hypothermic 
neuroprotection. Front Biosci 12:1852-62. 

217. Ma, H., H. Hong, S.-M. Huang, R. A. Irvine, P. Webb, P. J. Kushner, G. A. 
Coetzee, and M. R. Stallcup. 1999. Multiple Signal Input and Output Domains 



62 

 

 

 

of the 160-Kilodalton Nuclear Receptor Coactivator Proteins. Mol. Cell. Biol. 
19:6164-6173. 

218. Ma, Y., U. Pannicke, K. Schwarz, and M. R. Lieber. 2002. Hairpin opening and 
overhang processing by an Artemis/DNA-dependent protein kinase complex in 
nonhomologous end joining and V(D)J recombination. Cell 108:781-94. 

219. Ma, Y., U. Pannicke, K. Schwarz, and M. R. Lieber. 2002. Hairpin Opening 
and Overhang Processing by an Artemis/DNA-Dependent Protein Kinase 
Complex in Nonhomologous End Joining and V(D)J Recombination. Cell 
108:781-794. 

220. Ma, Y., K. Schwarz, and M. R. Lieber. 2005. The Artemis:DNA-PKcs 
endonuclease cleaves DNA loops, flaps, and gaps. DNA Repair 4:845-851. 

221. Mahajan, R., C. Delphin, T. Guan, L. Gerace, and F. Melchior. 1997. A small 
ubiquitin-related polypeptide involved in targeting RanGAP1 to nuclear pore 
complex protein RanBP2. Cell 88:97-107. 

222. Maiti, A., M. T. Morgan, E. Pozharski, and A. C. Drohat. 2008. Crystal 
structure of human thymine DNA glycosylase bound to DNA elucidates sequence-
specific mismatch recognition. Proc Natl Acad Sci U S A 105:8890-5. 

223. Marra, G., I. Iaccarino, T. Lettieri, G. Roscilli, P. Delmastro, and J. Jiricny. 
1998. Mismatch repair deficiency associated with overexpression of the MSH3 
gene. Proceedings of the National Academy of Sciences of the United States of 
America 95:8568-8573. 

224. Marsin, S., A. E. Vidal, M. Sossou, J. Menissier-de Murcia, F. Le Page, S. 
Boiteux, G. de Murcia, and J. P. Radicella. 2003. Role of XRCC1 in the 
coordination and stimulation of oxidative DNA damage repair initiated by the 
DNA glycosylase hOGG1. J Biol Chem 278:44068-74. 

225. Martelli, A. M., C. Evangelisti, M. Nyakern, and F. A. Manzoli. 2006. Nuclear 
protein kinase C. Biochim Biophys Acta 1761:542-51. 

226. Martin, C., and Y. Zhang. 2005. The diverse functions of histone lysine 
methylation. Nat Rev Mol Cell Biol 6:838-849. 



63 

 

 

 

227. Masdehors, P., S. Glaisner, Z. Maciorowski, H. Magdelenat, and J. Delic. 
2000. Ubiquitin-dependent protein processing controls radiation-induced 
apoptosis through the N-end rule pathway. Exp Cell Res 257:48-57. 

228. Masson, M., C. Niedergang, V. Schreiber, S. Muller, J. Menissier-de Murcia, 
and G. de Murcia. 1998. XRCC1 is specifically associated with poly(ADP-
ribose) polymerase and negatively regulates its activity following DNA damage. 
Mol Cell Biol 18:3563-71. 

229. Matic, I., M. van Hagen, J. Schimmel, B. Macek, S. C. Ogg, M. H. Tatham, R. 
T. Hay, A. I. Lamond, M. Mann, and A. C. O. Vertegaal. 2008. In Vivo 
Identification of Human Small Ubiquitin-like Modifier Polymerization Sites by 
High Accuracy Mass Spectrometry and an in Vitro to in Vivo Strategy. Mol Cell 
Proteomics 7:132-144. 

230. Matsuoka, S., B. A. Ballif, A. Smogorzewska, E. R. McDonald, 3rd, K. E. 
Hurov, J. Luo, C. E. Bakalarski, Z. Zhao, N. Solimini, Y. Lerenthal, Y. 
Shiloh, S. P. Gygi, and S. J. Elledge. 2007. ATM and ATR substrate analysis 
reveals extensive protein networks responsive to DNA damage. Science 
316:1160-6. 

231. Maul, G. G., D. Negorev, P. Bell, and A. M. Ishov. 2000. Review: Properties 
and Assembly Mechanisms of ND10, PML Bodies, or PODs. Journal of Structural 
Biology 129:278-287. 

232. McCulloch, S. D., L. Gu, and G. M. Li. 2003. Bi-directional processing of DNA 
loops by mismatch repair-dependent and -independent pathways in human cells. J 
Biol Chem 278:3891-6. 

233. McGhee, J. D., and G. Felsenfeld. 1980. Nucleosome structure. Annu Rev 
Biochem 49:1115-56. 

234. McKenzie, J. A., and P. R. Strauss. 2003. A quantitative method for measuring 
protein phosphorylation. Anal Biochem 313:9-16. 

235. Meira, L. B., S. Devaraj, G. E. Kisby, D. K. Burns, R. L. Daniel, R. E. 
Hammer, S. Grundy, I. Jialal, and E. C. Friedberg. 2001. Heterozygosity for 
the Mouse Apex Gene Results in Phenotypes Associated with Oxidative Stress. 
Cancer Res 61:5552-5557. 



64 

 

 

 

236. Menendez, D., A. Inga, and M. A. Resnick. 2009. The expanding universe of 
p53 targets. Nat Rev Cancer 9:724-737. 

237. Merika, M., A. J. Williams, G. Chen, T. Collins, and D. Thanos. 1998. 
Recruitment of CBP/p300 by the IFN beta enhanceosome is required for 
synergistic activation of transcription. Mol Cell 1:277-87. 

238. Metivier, R., R. Gallais, C. Tiffoche, C. Le Peron, R. Z. Jurkowska, R. P. 
Carmouche, D. Ibberson, P. Barath, F. Demay, G. Reid, V. Benes, A. Jeltsch, 
F. Gannon, and G. Salbert. 2008. Cyclical DNA methylation of a 
transcriptionally active promoter. Nature 452:45-50. 

239. Mirzoeva, O. K., and J. H. Petrini. 2001. DNA damage-dependent nuclear 
dynamics of the Mre11 complex. Mol Cell Biol 21:281-8. 

240. Missero, C., M. T. Pirro, S. Simeone, M. Pischetola, and R. Di Lauro. 2001. 
The DNA glycosylase T:G mismatch-specific thymine DNA glycosylase represses 
thyroid transcription factor-1-activated transcription. J Biol Chem 276:33569-75. 

241. Misteli, T., A. Gunjan, R. Hock, M. Bustin, and D. T. Brown. 2000. Dynamic 
binding of histone H1 to chromatin in living cells. Nature 408:877-81. 

242. Mitchell, J. R., J. H. Hoeijmakers, and L. J. Niedernhofer. 2003. Divide and 
conquer: nucleotide excision repair battles cancer and ageing. Curr Opin Cell Biol 
15:232-40. 

243. Mohan, R. D., D. W. Litchfield, J. Torchia, and M. Tini. 2010. Opposing 
regulatory roles of phosphorylation and acetylation in DNA mispair processing by 
thymine DNA glycosylase. Nucleic Acids Res 38:1135-48. 

244. Mohan, R. D., A. Rao, J. Gagliardi, and M. Tini. 2007. SUMO-1-dependent 
allosteric regulation of thymine DNA glycosylase alters subnuclear localization 
and CBP/p300 recruitment. Mol Cell Biol 27:229-43. 

245. Morgan, M. T., M. T. Bennett, and A. C. Drohat. 2007. Excision of 5-
halogenated uracils by human thymine DNA glycosylase. Robust activity for 
DNA contexts other than CpG. J Biol Chem 282:27578-86. 



65 

 

 

 

246. Muller, S., C. Hoege, G. Pyrowolakis, and S. Jentsch. 2001. SUMO, ubiquitin's 
mysterious cousin. Nat Rev Mol Cell Biol 2:202-10. 

247. Naar, A. M., B. D. Lemon, and R. Tjian. 2001. Transcriptional coactivator 
complexes. Annu Rev Biochem 70:475-501. 

248. Nadiminty, N., W. Lou, S. O. Lee, X. Lin, D. L. Trump, and A. C. Gao. 2006. 
Stat3 activation of NF-(kappa)B p100 processing involves CBP/p300-mediated 
acetylation. Proc Natl Acad Sci U S A 103:7264-9. 

249. Nan, X., R. R. Meehan, and A. Bird. 1993. Dissection of the methyl-CpG 
binding domain from the chromosomal protein MeCP2. Nucl. Acids Res. 
21:4886-4892. 

250. Naoko, O., J. M. David, and H. Eiji. 2009. Cellular senescence: Its role in tumor 
suppression and aging. Cancer Science 100:792-797. 

251. Newbold, R. F., W. Warren, A. S. Medcalf, and J. Amos. 1980. Mutagenicity 
of carcinogenic methylating agents is associated with a specific DNA 
modification. Nature 283:596-9. 

252. Newlands, E. S., M. F. G. Stevens, S. R. Wedge, R. T. Wheelhouse, and C. 
Brock. 1997. Temozolomide: a review of its discovery, chemical properties, pre-
clinical development and clinical trials. Cancer Treatment Reviews 23:35-61. 

253. Nishizuka, Y. 1995. Protein kinase C and lipid signaling for sustained cellular 
responses. FASEB J 9:484-96. 

254. Ogryzko, V. V., T. Kotani, X. Zhang, R. L. Schiltz, T. Howard, X. J. Yang, B. 
H. Howard, J. Qin, and Y. Nakatani. 1998. Histone-like TAFs within the PCAF 
histone acetylase complex. Cell 94:35-44. 

255. Ohsawa, R., M. Adkins, and J. K. Tyler. 2009. Epigenetic inheritance of an 
inducibly nucleosome-depleted promoter and its associated transcriptional state in 
the apparent absence of transcriptional activators. Epigenetics Chromatin 2:11. 

256. Ohshima, T., T. Suganuma, and M. Ikeda. 2001. A novel mutation lacking the 
bromodomain of the transcriptional coactivator p300 in the SiHa cervical 
carcinoma cell line. Biochem Biophys Res Commun 281:569-75. 



66 

 

 

 

257. Oike, Y., A. Hata, T. Mamiya, T. Kaname, Y. Noda, M. Suzuki, H. Yasue, T. 
Nabeshima, K. Araki, and K. Yamamura. 1999. Hum. Mol. Genet. 8:387-396. 

258. Oike, Y., N. Takakura, A. Hata, T. Kaname, M. Akizuki, Y. Yamaguchi, H. 
Yasue, K. Araki, K. Yamamura, and T. Suda. 1999. Blood 93:2771-2779. 

259. Oike, Y., N. Takakura, A. Hata, T. Kaname, M. Akizuki, Y. Yamaguchi, H. 
Yasue, K. Araki, K. Yamamura, and T. Suda. 1999. Mice homozygous for a 
truncated form of CREB-binding protein exhibit defects in hematopoiesis and 
vasculo-angiogenesis. Blood 93:2771-9. 

260. Okazaki, T., U. Chung, T. Nishishita, S. Ebisu, S. Usuda, S. Mishiro, S. 
Xanthoudakis, T. Igarashi, and E. Ogata. 1994. A redox factor protein, ref1, is 
involved in negative gene regulation by extracellular calcium. J Biol Chem 
269:27855-62. 

261. Olivier, M., S. P. Hussain, C. Caron de Fromentel, P. Hainaut, and C. C. 
Harris. 2004. TP53 mutation spectra and load: a tool for generating hypotheses 
on the etiology of cancer. IARC Sci Publ:247-70. 

262. Oñate, S. A., S. Y. Tsai, M.-J. Tsai, and B. W. O'Malley. 1995. Sequence and 
Characterization of a Coactivator for the Steroid Hormone Receptor Superfamily. 
Science 270:1354-1357. 

263. Orii, A., H. Masutani, T. Nikaido, Y. L. Zhai, K. Kato, M. Kariya, I. Konishi, 
J. Yodoi, and S. Fujii. 2002. Altered post-translational modification of redox 
factor 1 protein in human uterine smooth muscle tumors. J Clin Endocrinol Metab 
87:3754-9. 

264. Parikh, S. S., C. D. Mol, G. Slupphaug, S. Bharati, H. E. Krokan, and J. A. 
Tainer. 1998. Base excision repair initiation revealed by crystal structures and 
binding kinetics of human uracil-DNA glycosylase with DNA. EMBO J 17:5214-
5226. 

265. Parker, A. R., R. N. O'Meally, F. Sahin, G. H. Su, F. K. Racke, W. G. Nelson, 
T. L. DeWeese, and J. R. Eshleman. 2003. Defective human MutY 
phosphorylation exists in colorectal cancer cell lines with wild-type MutY alleles. 
J Biol Chem 278:47937-45. 



67 

 

 

 

266. Pei-Yao, L., H. Tsai-Yuan, C. Wei-Yuan, and H. Shih-Ming. 2006. Modulation 
of glucocorticoid receptor-interacting protein 1 (GRIP1) transactivation and co-
activation activities through its C-terminal repression and self-association 
domains. FEBS Journal 273:2172-2183. 

267. Perillo, B., M. N. Ombra, A. Bertoni, C. Cuozzo, S. Sacchetti, A. Sasso, L. 
Chiariotti, A. Malorni, C. Abbondanza, and E. V. Avvedimento. 2008. DNA 
oxidation as triggered by H3K9me2 demethylation drives estrogen-induced gene 
expression. Science 319:202-6. 

268. Petermann, E., M. Ziegler, and S. L. Oei. 2003. ATP-dependent selection 
between single nucleotide and long patch base excision repair. DNA Repair 
(Amst) 2:1101-14. 

269. Petitjean, A., E. Mathe, S. Kato, C. Ishioka, S. V. Tavtigian, P. Hainaut, and 
M. Olivier. 2007. Impact of mutant p53 functional properties on TP53 mutation 
patterns and tumor phenotype: lessons from recent developments in the IARC 
TP53 database. Hum. Mutat. 28:622-629. 

270. Petrij, F., R. H. Giles, H. G. Dauwerse, J. J. Saris, R. C. Hennekam, M. 
Masuno, N. Tommerup, G. J. van Ommen, R. H. Goodman, D. J. Peters, and 
et al. 1995. Rubinstein-Taybi syndrome caused by mutations in the transcriptional 
co-activator CBP. Nature 376:348-51. 

271. Pfeifer, G. P. 2006. Mutagenesis at methylated CpG sequences. Curr Top 
Microbiol Immunol 301:259-81. 

272. Pfeifer, G. P. 2000. p53 mutational spectra and the role of methylated CpG 
sequences. Mutation Research 450:155-166. 

273. Pichierri, P., F. Rosselli, and A. Franchitto. 2003. Werner's syndrome protein is 
phosphorylated in an ATR/ATM-dependent manner following replication arrest 
and DNA damage induced during the S phase of the cell cycle. Oncogene 
22:1491-500. 

274. Prosperi, E., A. I. Scovassi, L. A. Stivala, and L. Bianchi. 1994. Proliferating 
cell nuclear antigen bound to DNA synthesis sites: phosphorylation and 
association with cyclin D1 and cyclin A. Exp Cell Res 215:257-62. 



68 

 

 

 

275. Rai, K., I. J. Huggins, S. R. James, A. R. Karpf, D. A. Jones, and B. R. 
Cairns. 2008. DNA demethylation in zebrafish involves the coupling of a 
deaminase, a glycosylase, and gadd45. Cell 135:1201-12. 

276. Rauch, T. A., X. Wu, X. Zhong, A. D. Riggs, and G. P. Pfeifer. 2009. A human 
B cell methylome at 100-base pair resolution. Proc Natl Acad Sci U S A 106:671-
8. 

277. Rauch, T. A., X. Zhong, X. Wu, M. Wang, K. H. Kernstine, Z. Wang, A. D. 
Riggs, and G. P. Pfeifer. 2008. High-resolution mapping of DNA 
hypermethylation and hypomethylation in lung cancer. Proc Natl Acad Sci U S A 
105:252-7. 

278. Reese, J. C. 2003. Basal transcription factors. Curr Opin Genet Dev 13:114-8. 

279. Reid, G., R. Gallais, and R. Métivier. 2009. Marking time: The dynamic role of 
chromatin and covalent modification in transcription. The International Journal of 
Biochemistry & Cell Biology 41:155-163. 

280. Rice, K. L., I. Hormaeche, and J. D. Licht. Epigenetic regulation of normal and 
malignant hematopoiesis. Oncogene 26:6697-6714. 

281. Rice, P. A. 1999. Holding damaged DNA together. Nat Struct Biol 6:805-6. 

282. Risinger, J. I., A. Umar, J. Boyd, A. Berchuck, T. A. Kunkel, and J. C. 
Barrett. 1996. Mutation of MSH3 in endometrial cancer and evidence for its 
functional role in heteroduplex repair. Nat Genet 14:102-105. 

283. Robert, W. M., and H. R. Jack. 1995. Tumors in Rubinstein-Taybi syndrome. 
American Journal of Medical Genetics 56:112-115. 

284. Rydberg, B., and T. Lindahl. 1982. Nonenzymatic methylation of DNA by the 
intracellular methyl group donor S-adenosyl-L-methionine is a potentially 
mutagenic reaction. EMBO J 1:211-6. 

285. Samson, L., S. Han, J. C. Marquis, and L. J. Rasmussen. 1997. Mammalian 
DNA repair methyltransferases shield O4MeT from nucleotide excision repair. 
Carcinogenesis 18:919-24. 



69 

 

 

 

286. Sander, M., J. Cadet, D. A. Casciano, S. M. Galloway, L. J. Marnett, R. F. 
Novak, S. D. Pettit, R. J. Preston, J. A. Skare, G. M. Williams, B. Van 
Houten, and B. B. Gollapudi. 2005. Proceedings of a workshop on DNA 
adducts: biological significance and applications to risk assessment Washington, 
DC, April 13-14, 2004. Toxicol Appl Pharmacol 208:1-20. 

287. Sartori, A. A., C. Lukas, J. Coates, M. Mistrik, S. Fu, J. Bartek, R. Baer, J. 
Lukas, and S. P. Jackson. 2007. Human CtIP promotes DNA end resection. 
Nature 450:509-514. 

288. Schreiber, S. L., and B. E. Bernstein. 2002. Signaling Network Model of 
Chromatin. Cell 111:771-778. 

289. Schreiber, S. L., and B. E. Bernstein. 2002. Signaling network model of 
chromatin. Cell 111:771-8. 

290. Schubeler, D. 2009. Epigenomics: Methylation matters. Nature 462:296-297. 

291. Sharath, A. N., E. Weinhold, and A. S. Bhagwat. 2000. Reviving a dead 
enzyme: cytosine deaminations promoted by an inactive DNA methyltransferase 
and an S-adenosylmethionine analogue. Biochemistry 39:14611-6. 

292. Shen, J.-C., W. M. Rideout, III, and P. A. Jones. 1994. The rate of hydrolytic 
deamination of 5-methylcytosine in double-stranded DNA. Nucl. Acids Res. 
22:972-976. 

293. Shieh, S. Y., J. Ahn, K. Tamai, Y. Taya, and C. Prives. 2000. The human 
homologs of checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at 
multiple DNA damage-inducible sites. Genes Dev 14:289-300. 

294. Shilatifard, A. 2006. Chromatin Modifications by Methylation and 
Ubiquitination: Implications in the Regulation of Gene Expression. Annual 
Review of Biochemistry 75:243-269. 

295. Shuker, D. E. 2002. The enemy at the gates? DNA adducts as biomarkers of 
exposure to exogenous and endogenous genotoxic agents. Toxicol Lett 134:51-6. 

296. Solomon, D. A., M. C. Cardoso, and E. S. Knudsen. 2004. Dynamic targeting 
of the replication machinery to sites of DNA damage. J Cell Biol 166:455-63. 



70 

 

 

 

297. Sommer, S. S. 1992. Assessing the underlying pattern of human germline 
mutations: lessons from the factor IX gene. FASEB J. 6:2767-2774. 

298. Spencer, T. E., G. Jenster, M. M. Burcin, C. D. Allis, J. Zhou, C. A. Mizzen, 
N. J. McKenna, S. A. Onate, S. Y. Tsai, M.-J. Tsai, and B. W. O'Malley. 1997. 
Steroid receptor coactivator-1 is a histone acetyltransferase. Nature 389:194-198. 

299. Srivenugopal, K. S., S. R. Mullapudi, J. Shou, T. K. Hazra, and F. Ali-
Osman. 2000. Protein phosphorylation is a regulatory mechanism for O6-
alkylguanine-DNA alkyltransferase in human brain tumor cells. Cancer Res 
60:282-7. 

300. Srivenugopal, K. S., X. H. Yuan, H. S. Friedman, and F. Ali-Osman. 1996. 
Ubiquitination-dependent proteolysis of O6-methylguanine-DNA 
methyltransferase in human and murine tumor cells following inactivation with 
O6-benzylguanine or 1,3-bis(2-chloroethyl)-1-nitrosourea. Biochemistry 35:1328-
34. 

301. Steinacher, R., and P. Schar. 2005. Functionality of human thymine DNA 
glycosylase requires SUMO-regulated changes in protein conformation. Curr Biol 
15:616-23. 

302. Strahl, B. D., and C. D. Allis. 2000. The language of covalent histone 
modifications. Nature 403:41-5. 

303. Sugasawa, K., T. Okamoto, Y. Shimizu, C. Masutani, S. Iwai, and F. 
Hanaoka. 2001. A multistep damage recognition mechanism for global genomic 
nucleotide excision repair. Genes Dev 15:507-21. 

304. Surapureddi, S., S. Yu, H. Bu, T. Hashimoto, A. V. Yeldandi, P. Kashireddy, 
M. Cherkaoui-Malki, C. Qi, Y.-J. Zhu, M. S. Rao, and J. K. Reddy. 2002. 
Identification of a transcriptionally active peroxisome proliferator-activated 
receptor Î±-interacting cofactor complex in rat liver and characterization of 
PRIC285 as a coactivator. Proceedings of the National Academy of Sciences of 
the United States of America 99:11836-11841. 

305. Suzuki, M. M., and A. Bird. 2008. DNA methylation landscapes: provocative 
insights from epigenomics. Nat Rev Genet 9:465-476. 



71 

 

 

 

306. Sved, J., and A. Bird. 1990. The expected equilibrium of the CpG dinucleotide in 
vertebrate genomes under a mutation model. Proc Natl Acad Sci U S A 87:4692-
6. 

307. Takahashi, H., S. Hatakeyama, H. Saitoh, and K. I. Nakayama. 2005. 
Noncovalent SUMO-1 binding activity of thymine DNA glycosylase (TDG) is 
required for its SUMO-1 modification and colocalization with the promyelocytic 
leukemia protein. J Biol Chem 280:5611-21. 

308. Tang, J. Y., B. J. Hwang, J. M. Ford, P. C. Hanawalt, and G. Chu. 2000. 
Xeroderma pigmentosum p48 gene enhances global genomic repair and 
suppresses UV-induced mutagenesis. Mol. Cell 5:737-744. 

309. Tentori, L., G. Graziani, S. Gilberti, P. M. Lacal, E. Bonmassar, and S. 
D'Atri. 1995. Triazene compounds induce apoptosis in O6-alkylguanine-DNA 
alkyltransferase deficient leukemia cell lines. Leukemia 9:1888-95. 

310. Teo, A. K., H. K. Oh, R. B. Ali, and B. F. Li. 2001. The modified human DNA 
repair enzyme O(6)-methylguanine-DNA methyltransferase is a negative regulator 
of estrogen receptor-mediated transcription upon alkylation DNA damage. Mol 
Cell Biol 21:7105-14. 

311. Thayer, M. M., H. Ahern, D. Xing, R. P. Cunningham, and J. A. Tainer. 
1995. Novel DNA binding motifs in the DNA repair enzyme endonuclease III 
crystal structure. EMBO J 14:4108-20. 

312. Thomale, J., F. Seiler, M. R. Muller, S. Seeber, and M. F. Rajewsky. 1994. 
Repair of O6-alkylguanines in the nuclear DNA of human lymphocytes and 
leukaemic cells: analysis at the single-cell level. Br J Cancer 69:698-705. 

313. Thomas, M. C., and C. M. Chiang. 2006. The general transcription machinery 
and general cofactors. Crit Rev Biochem Mol Biol 41:105-78. 

314. Thomas, T. P., H. S. Talwar, and W. B. Anderson. 1988. Phorbol ester-
mediated association of protein kinase C to the nuclear fraction in NIH 3T3 cells. 
Cancer Res 48:1910-9. 



72 

 

 

 

315. Timuragaoglu, A., S. Demircin, S. Dizlek, G. Alanoglu, and E. Kiris. 2009. 
Microsatellite instability is a common finding in multiple myeloma. Clin 
Lymphoma Myeloma 9:371-4. 

316. Tini, M., A. Benecke, S. J. Um, J. Torchia, R. M. Evans, and P. Chambon. 
2002. Association of CBP/p300 acetylase and thymine DNA glycosylase links 
DNA repair and transcription. Mol Cell 9:265-77. 

317. Tokui, T., M. Inagaki, K. Nishizawa, R. Yatani, M. Kusagawa, K. Ajiro, Y. 
Nishimoto, T. Date, and A. Matsukage. 1991. Inactivation of DNA polymerase 
beta by in vitro phosphorylation with protein kinase C. J Biol Chem 266:10820-4. 

318. Tsai, A. G., and M. R. Lieber. 2010. Mechanisms of chromosomal 
rearrangement in the human genome. BMC Genomics 11 Suppl 1:S1. 

319. Turner, B. M. 2000. Histone acetylation and an epigenetic code. BioEssays 
22:836-45. 

320. Um, S., M. Harbers, A. Benecke, B. Pierrat, R. Losson, and P. Chambon. 
1998. Retinoic acid receptors interact physically and functionally with the T:G 
mismatch-specific thymine-DNA glycosylase. J Biol Chem 273:20728-36. 

321. Urist, M., T. Tanaka, M. V. Poyurovsky, and C. Prives. 2004. p73 induction 
after DNA damage is regulated by checkpoint kinases Chk1 and Chk2. Genes Dev 
18:3041-54. 

322. Vainio, H. 2001. Use of biomarkers in risk assessment. Int J Hyg Environ Health 
204:91-102. 

323. van Attikum, H., and S. M. Gasser. 2005. The histone code at DNA breaks: a 
guide to repair? Nat Rev Mol Cell Biol 6:757-765. 

324. Vermaak, D., K. Ahmad, and S. Henikoff. 2003. Maintenance of chromatin 
states: an open-and-shut case. Current Opinion in Cell Biology 15:266-274. 

325. Vidal, A. E., S. Boiteux, I. D. Hickson, and J. P. Radicella. 2001. XRCC1 
coordinates the initial and late stages of DNA abasic site repair through protein-
protein interactions. EMBO J 20:6530-9. 



73 

 

 

 

326. Voegel, J. J., M. J. Heine, C. Zechel, P. Chambon, and H. Gronemeyer. 1996. 
TIF2, a 160 kDa transcriptional mediator for the ligand-dependent activation 
function AF-2 of nuclear receptors. EMBO J 15:3667-75. 

327. Voegel, J. J., M. J. S. Heine, M. Tini, V. Vivat, P. Chambon, and H. 
Gronemeyer. 1998. The coactivator TIF2 contains three nuclear receptor-binding 
motifs and mediates transactivation through CBP binding-dependent and -
independent pathways. EMBO J 17:507-519. 

328. Vogelstein, B., D. Lane, and A. J. Levine. 2000. Surfing the p53 network. 
Nature 408:307-10. 

329. Voigt, M. D. 2005. Alcohol in hepatocellular cancer. Clin Liver Dis 9:151-69. 

330. Walker, D. R., J. P. Bond, R. E. Tarone, C. C. Harris, W. Makalowski, M. S. 
Boguski, and M. S. Greenblatt. 1999. Evolutionary conservation and somatic 
mutation hotspot maps of p53: correlation with p53 protein structural and 
functional features. Oncogene 18:211-8. 

331. Walker, J. R., R. A. Corpina, and J. Goldberg. 2001. Structure of the Ku 
heterodimer bound to DNA and its implications for double-strand break repair. 
Nature 412:607-14. 

332. Wallace, S. S. 1998. Enzymatic processing of radiation-induced free radical 
damage in DNA. Radiat Res 150:S60-79. 

333. Watson, J. D., and F. H. Crick. 1953. Molecular structure of nucleic acids; a 
structure for deoxyribose nucleic acid. Nature 171:737-8. 

334. Wetsel, W. C., W. A. Khan, I. Merchenthaler, H. Rivera, A. E. Halpern, H. 
M. Phung, A. Negro-Vilar, and Y. A. Hannun. 1992. Tissue and cellular 
distribution of the extended family of protein kinase C isoenzymes. J Cell Biol 
117:121-33. 

335. Wilson, D. M., and D. Barsky. 2001. The major human abasic endonuclease: 
formation, consequences and repair of abasic lesions in DNA. Mutation 
Research/DNA Repair 485:283-307. 



74 

 

 

 

336. Wilson, D. M., and L. H. Thompson. 1997. Life without DNA repair. Proc. Natl 
Acad. Sci. USA 94:12754-12757. 

337. Wilson, M. D., N. L. Barbosa-Morais, D. Schmidt, C. M. Conboy, L. Vanes, 
V. L. Tybulewicz, E. M. Fisher, S. Tavare, and D. T. Odom. 2008. Species-
specific transcription in mice carrying human chromosome 21. Science 322:434-
8. 

338. Wilson, S. H., and T. A. Kunkel. 2000. Passing the baton in base excision repair. 
Nat Struct Biol 7:176-8. 

339. Wogan, G. N., S. S. Hecht, J. S. Felton, A. H. Conney, and L. A. Loeb. 2004. 
Environmental and chemical carcinogenesis. Semin Cancer Biol 14:473-86. 

340. Wolffe, A. P., H. Kurumizaka, and M. Kivie. 1998. The Nucleosome: A 
Powerful Regulator of Transcription, p. 379-422, Progress in Nucleic Acid 
Research and Molecular Biology, vol. Volume 61. Academic Press. 

341. Woods, Y. L., D. P. Xirodimas, A. R. Prescott, A. Sparks, D. P. Lane, and M. 
K. Saville. 2004. p14 Arf promotes small ubiquitin-like modifier conjugation of 
Werners helicase. J Biol Chem 279:50157-66. 

342. Xanthoudakis, S., G. Miao, F. Wang, Y. C. Pan, and T. Curran. 1992. Redox 
activation of Fos-Jun DNA binding activity is mediated by a DNA repair enzyme. 
EMBO J 11:3323-35. 

343. Xanthoudakis, S., R. J. Smeyne, J. D. Wallace, and T. Curran. 1996. The 
redox/DNA repair protein, Ref-1, is essential for early embryonic development in 
mice. Proc Natl Acad Sci U S A 93:8919-23. 

344. Xie, S. Q., and A. Pombo. 2006. Distribution of different phosphorylated forms 
of RNA polymerase II in relation to Cajal and PML bodies in human cells: an 
ultrastructural study. Histochem Cell Biol 125:21-31. 

345. Xu-Welliver, M., and A. E. Pegg. 2002. Degradation of the alkylated form of the 
DNA repair protein, O(6)-alkylguanine-DNA alkyltransferase. Carcinogenesis 
23:823-30. 



75 

 

 

 

346. Xu, J., and Q. Li. 2003. Review of the in Vivo Functions of the p160 Steroid 
Receptor Coactivator Family. Mol Endocrinol 17:1681-1692. 

347. Yacoub, A., M. R. Kelley, and W. A. Deutsch. 1997. The DNA repair activity of 
human redox/repair protein APE/Ref-1 is inactivated by phosphorylation. Cancer 
Res 57:5457-9. 

348. Yaneva, M., T. Kowalewski, and M. R. Lieber. 1997. Interaction of DNA-
dependent protein kinase with DNA and with Ku: biochemical and atomic-force 
microscopy studies. EMBO J 16:5098-112. 

349. Yannone, S. M., S. Roy, D. W. Chan, M. B. Murphy, S. Huang, J. Campisi, 
and D. J. Chen. 2001. Werner syndrome protein is regulated and phosphorylated 
by DNA-dependent protein kinase. J Biol Chem 276:38242-8. 

350. Yao, T. P., G. Ku, N. Zhou, R. Scully, and D. M. Livingston. 1996. The nuclear 
hormone receptor coactivator SRC-1 is a specific target of p300. Proceedings of 
the National Academy of Sciences of the United States of America 93:10626-
10631. 

351. Yao, T. P., S. P. Oh, M. Fuchs, N. D. Zhou, L. E. Ch'ng, D. Newsome, R. T. 
Bronson, E. Li, D. M. Livingston, and R. Eckner. 1998. Cell 93:361-372. 

352. Yoon, J. H., S. Iwai, T. R. O'Connor, and G. P. Pfeifer. 2003. Human thymine 
DNA glycosylase (TDG) and methyl-CpG-binding protein 4 (MBD4) excise 
thymine glycol (Tg) from a Tg:G mispair. Nucleic Acids Res 31:5399-404. 

353. Zanger, K., S. Radovick, and F. E. Wondisford. 2001. CREB binding protein 
recruitment to the transcription complex requires growth factor-dependent 
phosphorylation of its GF box. Mol Cell 7:551-8. 

354. Zhang, H., X. Yi, X. Sun, N. Yin, B. Shi, H. Wu, D. Wang, G. Wu, and Y. 
Shang. 2004. Differential gene regulation by the SRC family of coactivators. 
Genes & Development 18:1753-1765. 

355. Zhong, S., S. Muller, S. Ronchetti, P. S. Freemont, A. Dejean, and P. P. 
Pandolfi. 2000. Role of SUMO-1-modified PML in nuclear body formation. 
Blood 95:2748-52. 



76 

 

 

 

356. Zhong, S., P. Salomoni, and P. P. Pandolfi. 2000. The transcriptional role of 
PML and the nuclear body. Nat Cell Biol 2:E85-E90. 

357. Zhou, B. B., and S. J. Elledge. 2000. The DNA damage response: putting 
checkpoints in perspective. Nature 408:433-9. 

358. Zhou, J., E. K. Blue, G. Hu, and B. P. Herring. 2008. Thymine DNA 
Glycosylase Represses Myocardin-induced Smooth Muscle Cell Differentiation 
by Competing with Serum Response Factor for Myocardin Binding. J Biol Chem 
283:35383-92. 

359. Zhu, B., D. Benjamin, Y. Zheng, H. Angliker, S. Thiry, M. Siegmann, and J. 
P. Jost. 2001. Overexpression of 5-methylcytosine DNA glycosylase in human 
embryonic kidney cells EcR293 demethylates the promoter of a hormone-
regulated reporter gene. Proc Natl Acad Sci U S A 98:5031-6. 

360. Zhu, J., F. He, S. Hu, and J. Yu. 2008. On the nature of human housekeeping 
genes. Trends in Genetics 24:481-484. 

361. Zingg, J. M., J. C. Shen, A. S. Yang, H. Rapoport, and P. A. Jones. 1996. 
Methylation inhibitors can increase the rate of cytosine deamination by (cytosine-
5)-DNA methyltransferase. Nucleic Acids Res 24:3267-75. 

 

 

 

  



77 

 

 

 

Chapter 2: SUMO-1-dependent allosteric regulation of thymine DNA glycosylase 

alters subnuclear localization and CBP/p300 recruitment 

2.1 Introduction 

In vertebrate genomes, methylation of cytosine within CpG dinucleotides constitutes an 

important mechanism regulating transcription and chromatin structure (35). CpG 

methylation also contributes to genome instability by promoting spontaneous hydrolytic 

deamination of methylated cytosines to generate thymine residues (27), which in the 

absence of DNA repair give rise to cytosine-to-thymine transition mutations believed to 

have a causative role in cancer (17). For example, these CpG mutations are the most 

prevalent genetic alterations in the p53 tumour suppressor gene detected in many human 

tumors (36). The incidence of CpG mutations is also dramatically increased in aging 

mouse tissues and, therefore, may contribute significantly to cellular aging (11).  

Thymine DNA glycosylase (TDG) is one of two enzymes mediating the excision of 

mispaired thymine (G:T) and uracil (G:U) in the CpG context (23, 32, 33). TDG 

processes thymine, uracil, 5-hydroxymethyluracil, and 3,N4-ethenocytosine mispaired 

with guanine (18) to generate an abasic site that is subsequently repaired by other base 

excision repair (BER) enzymes (41). Interestingly, TDG has also been shown to interact 

with a number of transcription factors, including Jun and members of the nuclear receptor 

family, suggesting a link between transcription and BER (7, 8, 28, 46, 47).  

Previous studies have revealed a functional association between TDG and transcriptional 

coactivators CREB-binding protein (CBP) and p300 (46). CBP/p300 are essential proteins 

that potentiate diverse transcription factor signaling pathways in part by mediating 

acetylation of chromatin and chromatin-associated proteins (16). Notably, CBP/p300-

TDG complexes are recruited to DNA in vitro and have the potential to participate in both 
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transcriptional regulation and DNA repair (46). Accordingly, TDG was shown to be both 

a potent activator of CBP/p300-dependent transcription and a substrate for CBP/p300 

acetylation (46).  

TDG is posttranslationally modified by covalent conjugation to SUMO (small ubiquitin-

like modifier) proteins (SUMO-1, -2, and -3), resulting in inhibition of DNA binding and 

altered DNA repair kinetics (20). SUMO-1 is a 97-amino-acid peptide that is covalently 

attached to proteins at lysine residues (consensus KXE), thereby affecting subcellular 

localization and molecular interactions (22). Importantly, SUMO modification plays 

important roles in transcriptional regulation and maintenance of genomic integrity (22). 

Sumoylation, in some instances, promotes localization to nuclear compartments, known 

as promyelocytic leukemia protein (PML) oncogenic domains (PODs) (6, 26, 37). The 

dynamic association of transcription and DNA repair factors with PODs suggests that 

these nuclear structures play important roles in regulating gene expression and genome 

stability (26).  

We have investigated the role of sumoylation and noncovalent SUMO-1 binding in the 

regulation of subcellular localization and biochemical properties of TDG. Our studies 

have mapped SUMO-1 binding activity to two separate SUMO binding motifs (SBMs) 

located in the amino- and carboxy-terminal regions. We show that both SBMs are 

essential for normal POD localization and activation of CBP-dependent transcription. 

Furthermore, the SBMs are regulated by DNA interactions mediated via an amino-

terminal hydrophilic domain. Interestingly, we have shown that sumoylation of TDG 

promotes intramolecular interactions that dramatically alter the biochemical properties of 

TDG, thereby preventing association with CBP and POD translocation.  
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2.2 Materials and Methods 

Plasmids 

Plasmid constructs were verified by sequencing, and details are available on request. 

GAL-CBP and TDG were expressed in pCMX mammalian expression vectors (46). 

FLAG-tagged constructs lacking the amino-terminal region of TDG were fused to the 

simian virus 40 (SV40) nuclear localization signal (NLS) to replace the natural NLS 

contained within this region. Carboxy-terminal deletions of TDG were constructed by 

directional cloning of PCR-amplified fragments into the pCMX-FLAG vector. TDG and 

CBP point mutants were constructed using the QuikChange mutagenesis kit (Stratagene) 

according to the manufacturer's directions. Cyan fluorescent protein (CFP) and yellow 

fluorescent protein (YFP) fusions of TDG and PML were constructed using the pCMX-

CFP or pCMX-YFP expression vectors. Renilla green fluorescent protein (GFP) fusion 

constructs were made using the phrGFP-N1 vector from Stratagene. Other expression 

vectors have been previously described (10, 31, 46).  

Cell culture, transfections, and heat shock treatment 

MCF-7 cells were maintained in Dulbecco's minimal essential medium containing 

penicillin-streptomycin and supplemented with 10% fetal bovine serum. Cells were 

seeded onto 24-well dishes and transfected using Lipofectamine 2000 transfection reagent 

(Invitrogen). Approximately 250 ng of luciferase-based reporter plasmid, 100 ng of Gal-

CBP, and 100 to 500 ng of pCMX-based expression vectors were used per well. 

Transfection efficiency was normalized by cotransfection of Renilla luciferase reporter 

vector phRL-SV40 (Promega). Transfection experiments were performed at least three 

times in duplicate, and results are shown with standard error plotted (standard error = 

standard deviation/sqrt of n, where n= the number of replicates). Heat shock treatments 
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(42°C) were performed on MCF-7 cells seeded on six-well dishes transfected with 

expression vectors for TDG (200 ng) and PML (100 ng). At 0, 15, or 30 min, cells were 

lysed in 300 µl Laemmli buffer containing 3 units Benzonase (Novagen), and the 

modification state of TDG was analyzed by immunoblotting with a TDG-specific 

antibody.  

Preparation of whole-cell extracts 

MCF-7 whole-cell extracts for glutathione S-transferase (GST)-based interaction assays 

were prepared from 10-cm dishes of cells transfected with 7.5 µg of TDG expression 

vector. Cell pellets were resuspended in 500 µl of lysis buffer (50 mM Tris-HCl pH 7.9, 

300 mM NaCl, 1 mM EDTA, 1 mM EGTA 10% glycerol, 0.5% Triton X-100, 1 mM 

dithiothreitol [DTT], proteinase inhibitors) and incubated on ice for 30 min. 

Subsequently, the cell lysate was diluted with 500 µl of dilution buffer (50 mM Tris-HCl 

pH 7.9, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1 mM DTT), and insoluble products 

were removed by centrifugation. Whole-cell extracts for the analysis of sumoylation were 

prepared from transfected MCF-7 cells lysed in Laemmli buffer containing Benzonase.  

Protein purification and in vitro interaction assays 

Protein purification and GST-based interaction assays using in vitro-translated and 

recombinant proteins have been previously described (46). For ethidium bromide 

treatments, in vitro-translated proteins were treated with 100 µM ethidium bromide for 20 

min at 4°C prior to use in pull-down experiments. Binding reaction mixtures and washing 

buffers also contained ethidium bromide. For interaction assays performed in the presence 

of duplex oligonucleotides containing a G:T mispair, recombinant TDG was preincubated 

with increasing amounts of the oligonucleotides for 15 min at room temperature. Whole-

cell extracts for pull-down experiments were precleared twice with 25 µl (packed bead 
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volume) of glutathione-Sepharose beads (Amersham) for 30 min at 4°C. Total protein 

concentration of the precleared lysate was determined by bicinchoninic acid assay 

(Pierce), and the relative expression of transfected proteins was determined by 

immunoblotting with a TDG-specific antibody. Subsequently, the amount of expressed 

protein in each lysate used for the pull-down was equalized by addition of untransfected 

cellular lysates. Pull-downs were performed using 3 µg of GST-SUMO and bound 

proteins detected by immunoblotting with a TDG-specific antibody. FLAG-epitope-based 

interaction assays were performed with baculovirus-expressed FLAG-CBP (400 ng) and 

recombinant sumoylated (400 ng) or mock-sumoylated HIS-TDG (400 ng). Proteins were 

incubated with 10 µl packed commercial anti-FLAG affinity matrix (Sigma-Aldrich) in 

NETN buffer (50 mM Tris-HCl pH 7.9, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 0.2% 

NP-40, 1 mM DTT) in a final volume of 150 µl for 1 h (4°C). The beads were 

subsequently washed with NETN buffer, and bound proteins were fractionated by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis and visualized by immunoblotting 

with an anti-HIS antibody. Recombinant GST-p53 (2.5 µg) was sumoylated as described 

below and bound to glutathione-Sepharose affinity matrix (25 µl packed volume). Beads 

were washed three times with NETN buffer, including one wash with NETN containing 

500 mM NaCl and subsequently resuspended in 150 µl of NETN. Binding reactions were 

carried out with 40-µl aliquots as described above. A portion of the slurry was analyzed 

by immunoblotting with anti-p53 and anti-GMP-1 monoclonal antibodies. Interaction 

assays with baculovirus-expressed FLAG-CBP (1 µg) were carried out as described 

above, but bound complexes were immunoprecipitated with CBP polyclonal antibody.  

Oligonucleotide cleavage assays 

Cleavage assays were performed essentially as previously described (32). Approximately 

25 ng of recombinant TDG or 5 µl of in vitro-translated TDG was incubated at 30°C with 



82 

 

 

 

5 ng of radiolabeled duplex oligonucleotide containing either a G:T or G:U mispair in 20 

µl of cleavage buffer (25 mM HEPES-KOH [pH 7.8], 1 mM EDTA, 0.1 mg/ml bovine 

serum albumin, and 1 mM DTT). Reactions were carried out for 30 min for recombinant 

TDG and 2 h for in vitro-translated protein. Subsequently, the DNA was precipitated, 

resuspended in 100 mM NaOH, and incubated at 90°C for 30 min. The cleavage products 

were fractionated by denaturing polyacrylamide gel electrophoresis and visualized by 

autoradiography and phosphorimaging. Assays on sumoylated TDG were carried out 

using 10 ng of duplex oligonucleotide. 

ABCD assays 

Duplex oligonucleotides containing either no mispairs or a single G:T or G:U mispair 

were generated by annealing the following complementary oligonucleotides: 5'-[biotin]- 

TAG ACA TTG CCC TCG AGG TAC CAT GGA TCC GAT GTC GAC CTC AAA 

CCT AGA CGA ATT CCG -3' and 5'-CGG AAT TCG TCT AGG TTT GAG GT[C, T, or 

U] GAC ATC GGA TCC ATG GTA CCT CGA GGG CAA TGT CTA -3'). 

Approximately 500 ng annealed oligonucleotide was incubated for 30 min at room 

temperature with 10 µl of streptavidin-coated paramagnetic beads (MagneSphere; 

Promega) and 500 ng of purified bacterially expressed TDG in avidin-biotin complex 

DNA (ABCD) buffer (50 mM Tris-HCl [pH 7.9], 150 mM NaCl, 10% glycerol, 5 mM 

MgCl2, 0.1% NP-40, and 0.5 mM DTT). Total reaction volume was 50 µl. Beads were 

washed five times with 200 µl of ABCD buffer, and bound proteins were analyzed by 

immunoblotting. In some experiments, TDG was preincubated on ice with 2 µg GST-

SUMO or GST for 30 min prior to analysis.  

Protein acetylation assays 
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Sumoylated or mock-sumoylated TDG (400 ng) was incubated with approximately 100 

ng of purified, full-length CBP in a total volume of 30 µl in acetylation buffer (20 mM 

HEPES [pH 7.8], 1 mM EDTA, 1 mM DTT, 10 mM sodium butyrate, and 10% glycerol) 

in the presence of 1.5 µM [14C]acetyl coenzyme A (AcCoA) and incubated for 30 min at 

30°C followed by electrophoresis on an 8% sodium dodecyl sulfate-polyacrylamide gel. 

The gel was subsequently fixed with a 30% methanol, 10% acetic acid solution and 

treated with amplifying solution (Amersham) before exposure to film. Western blotting 

was performed to confirm equal loading of protein and the maintenance of SUMO 

modification of TDG.  

In vitro sumoylation 

Sumoylation was performed as previously described (10). Briefly, recombinant GST-

SAE1, GST-SAE2, polyhistidine (His)-tagged UBC9 (1 µg each), and SUMO-1 (1.5 µg) 

proteins were incubated with 5 µg of His-TDG in SUMO conjugation buffer (20 mM 

HEPES [pH 7.4], 5 mM MgCl2, 1 mM creatine phosphate, 0.35 units/ml of creatine 

kinase [Roche], 1 mM ATP). Mock sumoylation reactions were performed in the absence 

of SUMO-1. Modified TDG was purified using Ni-nitrilotriacetic acid Superflow affinity 

resin (QIAGEN) and dialyzed against NETN at 4°C for 12 h. Copurified His-UBC9 was 

removed by centrifugal membrane separation using a 10-kDa molecular weight cut-off 

cellulose filter (Centricon).  

Antibodies and immunostaining 

TDG-specific antibody was raised in rabbits immunized with recombinant full-length 

TDG. Immunoglobulin G (IgG) was purified from immune sera by protein A 

chromatography. Human PML-specific monoclonal (PG-M3, sc-966), CBP-specific 

polyclonal (sc-369), and anti-p53 (DO-1, sc-126) monoclonal antibodies were obtained 
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from Santa Cruz Biotechnology. Mouse PML-specific monoclonal antibody (05-718) was 

from Upstate/Chemicon. SUMO-1-specific monoclonal antibody was purchased from 

Zymed (clone 21C7). Anti-FLAG monoclonal antibody (M2) was obtained from Sigma-

Aldrich. For immunostaining, cells were fixed with 4% formaldehyde for 15 min 

followed by a 10-min incubation with 0.1 M glycine in phosphate-buffered saline. Cells 

were then permeabilized with 0.5% Triton X-100. Alternatively, cells expressing FLAG-

tagged proteins were fixed with methanol-acetone (1:1) for 1 minute at room temperature. 

Immunostaining was performed with the appropriate primary antibody and fluorophore-

conjugated donkey secondary antibody (CY3 and fluorescein isothiocyanate [FITC]; 

Jackson ImmunoResearch Laboratories).  

Microscopy 

Epifluorescence imaging was performed on an Axiovert 200 M inverted microscope 

equipped with an Apotome (Carl Zeiss) using appropriate fluorophore-specific filter sets. 

Z-series images (x63 magnification) of 0.5-µm thickness were acquired and processed 

with Axiovision software and Adobe Photoshop.   
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2.3 Results 

SUMO-dependent translocation of TDG to PML oncogenic domains.  

Previous studies have demonstrated that TDG is acetylated by CBP/p300 and can act as a 

potent activator of CBP-dependent transcription (46). CBP is recruited to PODs by 

association with PML (12), and there is considerable evidence suggesting that these 

nuclear structures play important roles in transcription and DNA repair (9, 26, 50). We 

investigated the subnuclear localization of TDG in human breast carcinoma cells (MCF-7) 

by indirect immunofluorescence using TDG-specific antibodies and by transient 

expression of YFP-tagged TDG. YFP-TDG localized throughout the nucleoplasm with the 

exception of nucleoli (Fig. 2.1A, panel II); accentuated fluorescence was observed in 

nuclear PODs, as demonstrated by colocalization of YFP-TDG with PML (Fig. 2.1A, 

panel III). Furthermore, coexpression of YFP-TDG and PML dramatically increased POD 

localization of TDG (panels V to VIII). Since these observations suggested that TDG 

associates with PML, we determined whether a bacterially expressed GST-PML fusion 

protein bound TDG in whole-cell lysates derived from transfected MCF-7 cells. While we 

did not detect binding of TDG to GST-PML, binding to GST-SUMO-1 was readily 

observed (Fig. 2.1B). In light of the SUMO-1 binding properties of TDG, we investigated 

whether this activity is required for POD targeting. Mild hyperthermic stress causes rapid 

desumoylation of PML and another POD component, SP100, without affecting the 

structural integrity of the PODs (34). We subjected MCF-7 cells expressing YFP-TDG 

and CFP-tagged PML (CFP-PML) to heat shock at 42°C for 15 min and monitored 

protein localization in live cells by fluorescence microscopy. A dramatic loss of POD 

accumulation of YFP-TDG was observed without detectable changes in CFP-PML 

localization (Fig. 2.1C). Immunoblotting analysis of cell lysates, using a TDG-specific 

antibody, indicated that heat shock did not alter the levels of TDG sumoylation (Fig. 
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2.1C). In light of the reported desumoylation of PML and SP100 following hyperthermic 

stress (34), these observations suggest that the SUMO-1 binding activity of TDG mediates 

POD targeting.   

To rule out the potential influence of overexpression on the subcellular distribution of 

TDG, we determined whether native TDG is found in PODs by immunostaining MCF-7 

cells with purified TDG-specific rabbit IgG and commercial PML-specific mouse 

monoclonal antibodies. TDG-specific rabbit antibody raised against recombinant mouse 

TDG also recognizes human TDG (Fig. 2.1D) but does not cross-react with PML (data 

not shown). In untransfected MCF-7 cells, endogenous TDG staining was observed in a 

granular pattern throughout the nucleoplasm: a subpopulation of cells consistently 

displayed increased staining within the PODs (Fig. 2.1E, panels I to III). Similar results 

were obtained with immortalized mouse NIH 3T3 cells (Fig. 2.1E, panels IV to VI). 

These findings indicate that a small fraction of endogenous TDG localizes to the PODs, 

consistent with our transient-expression studies. 
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Figure. 2.1.  SUMO-1-dependent recruitment of TDG to PML oncogenic domains. 

(A) Subcellular localization of YFP-TDG with and without coexpression of PML. MCF-7 

cells were transfected with 300 ng of YFP-TDG expression vector alone or in 

combination with 300 ng of PML expression vector. PODs were detected by 

immunostaining fixed cells with PML-specific antibody. Fluorescence microscopy was 

performed using appropriate filters (CY3, YFP). Representative 0.5-µm optical sections 

are shown. (B) In vitro interaction of MCF-7-expressed TDG with recombinant GST-

SUMO-1 and GST-PML. Cellular lysates were incubated with GST fusion proteins, and 

bound TDG was detected by immunoblotting. (C) Hyperthermic stress releases TDG 

from PODs. Live MCF-7 cells expressing YFP-TDG and CFP-PML were imaged initially 

at 37°C and following incubation at 42°C for 15 min. Lysates of control and heat-shocked 

cells (15 and 30 min) were immunoblotted with a TDG-specific antibody to reveal 

unmodified and sumoylated (S) YFP-TDG. (D) TDG-specific antibody recognizes mouse 

and human TDG. Whole-cell extracts from MCF-7 cells transfected with empty vector 

(control) or mouse TDG expression vector were immunoblotted with purified TDG-

specific rabbit IgG. (E) Nuclear colocalization of endogenous TDG and PML. 

Untransfected MCF-7 and NIH 3T3 cells were immunostained with TDG- and PML-

specific antibodies and fluorophore-conjugated (FITC, CY3) secondary antibodies. The 

fluorescence intensity plot illustrates the coincidence of peak fluorescence for TDG 

(CY3, red) and PML (FITC, green). Measurements were obtained by performing a line 

scan across three PODs using Axiovision software. Representative 0.5-µm optical 

sections are shown.  
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Identification of POD targeting and SUMO-1 binding domains.  

In order to identify protein domains within TDG essential for POD localization, we 

generated a series of CFP-tagged amino- and carboxy-terminal deletions and examined 

their cellular localization following coexpression with PML. Our analysis indicated that 

amino-terminal residues were required for nuclear targeting of TDG (Fig. 2.2A). Deletion 

of residues 1 to 156 shifted localization predominantly to the cytoplasm, whereas deletion 

of residues 1 to 121 resulted in similar levels of nuclear and cytoplasmic fluorescence. In 

order to assess the contribution of this region to POD localization, we engineered deletion 

constructs containing the SV40 NLS. FLAG epitope-tagged amino- and carboxy-terminal 

deletions were coexpressed with YFP-PML, and subcellular localization was examined by 

immunostaining with anti-FLAG antibody. Remarkably, we found that TDG lacking the 

first 121 residues (i.e., NLS122-421) accumulated preferentially in the PODs compared to 

wild-type TDG (Fig. 2.2B, compare panels I and II). Consequently, in a large fraction of 

cells (40 to 50%) nuclear fluorescence was predominantly associated with PODs, whereas 

in the case of wild-type TDG, substantial nucleoplasmic localization was observed. A 

lysine-rich regulatory domain (LRD; residues 70 to 118) previously shown to be 

acetylated by CBP/p300 is contained within this deleted region (46). Further removal of 

residues 123 to 156 (NLS157-421) led to a dramatic decrease in the number of expressing 

cells, with the majority of the tagged protein being found in large aberrant nucleoplasmic 

foci that also contained PML. Loss of carboxy-terminal residues 346 to 421 did not affect 

POD targeting; however, further deletion to residue 307 completely abrogated TDG 

accumulation in these structures. These data suggest that both amino- and carboxy-

terminal regions of TDG contribute to POD localization. 

In light of evidence suggesting a SUMO-1-dependent mechanism in POD targeting, we 

also tested amino- and carboxy-terminal deletions of TDG produced by in vitro 
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transcription/translation for binding to GST-SUMO-1. While full-length TDG displayed 

only weak SUMO binding activity, removal of residues 1 to 121 dramatically stimulated 

binding (Fig. 2.2C). In contrast, deletion of residues 1 to 156 or 307 to 346 resulted in 

complete loss of SUMO binding activity. These findings suggest that two distinct regions 

of TDG (residues 122 to 156 and 307 to 346) are essential for SUMO-1 binding, whereas 

a third region (residues 1 to 121) containing the LRD appears to suppress binding activity. 

Notably, these domains are also involved in POD targeting, suggesting that the SUMO-1 

binding activity of TDG may be required for targeting to these nuclear structures. 
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Figure 2.2.  Deletion mapping of SUMO-1 binding and POD-targeting domains in 

mouse TDG. (A) Subcellular localization of amino- and carboxy-terminal deletions of 

TDG. CFP-tagged deletions of TDG were expressed in MCF-7 cells and analyzed by 

direct fluorescence microscopy. (B) Amino- and carboxy-terminal deletions of TDG 

(depicted in the upper panel) containing the FLAG epitope were coexpressed with YFP-

PML in MCF-7 cells. Approximately 300 ng of TDG and 500 ng of YFP-PML expression 

vectors were used. TDG was detected by immunostaining with anti-FLAG monoclonal 

antibody and CY3-conjugated secondary antibody. Representative 0.5-µm optical 

sections are shown. The location of the LRD is indicated. Note that FLAG-tagged amino-

terminal deletions include the SV40 NLS. (C) In vitro interaction of TDG with GST-

SUMO-1 is enhanced by deletion of residues 1 to 121. In vitro-translated 35S-radiolabeled 

full-length TDG and the indicated deletion mutants were used in binding assays with 

GST-SUMO-1 and GST. Bound proteins were detected by autoradiography. 
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DNA interactions regulate SUMO-1 binding activity.  

In vitro mapping studies suggested that the amino-terminal region (residues 1 to 121) 

modulated interactions with SUMO-1. In human TDG, this region has been found to be 

essential for nonspecific DNA binding and interactions with abasic sites (44). Since in 

vitro translation reaction mixtures contain plasmid DNA, we wanted to establish whether 

the DNA binding properties of the amino-terminal region could interfere with SUMO-1 

binding in vitro; therefore, we performed SUMO binding experiments in the presence of 

ethidium bromide to effectively prevent DNA binding (25). A marked stimulation in 

SUMO-1 binding from full-length TDG was observed, while binding of the 122-421 

protein was not affected (Fig. 2.3A). These data suggested that DNA binding by the 

amino-terminal region of TDG may prevent SUMO-1 recognition. 

Human TDG has been shown to bind both G:T/U-mispaired and normally paired DNA 

(19). The mouse and human TDG orthologs are highly conserved within the central 

enzymatic core and less well conserved in the amino- and carboxy-terminal regions. 

Using an electrophoretic mobility shift assay (13), we confirmed that bacterially 

expressed mouse TDG has similar DNA binding specificity and could form complexes 

with normally paired (G:C) as well as G:T/U-mispaired duplex oligonucleotides (Fig. 

2.3B). The requirement of the 1-121 region in DNA interactions was confirmed using the 

ABCD binding assay (15). In these assays, recombinant full-length TDG bound to a G:T-

mispaired oligonucleotide, while an amino-terminal-truncated protein fragment (122-421) 

did not detectably associate with DNA (Fig. 2.3C). To determine whether residues 1 to 

121 contained a modular DNA binding domain, we assayed a GST fusion protein 

containing this region for binding to G:T duplex oligonucleotide using the ABCD assay 

(data not shown). The fact that DNA binding was not observed suggests that the amino-

terminal region does not independently associate with DNA. Interestingly, the NLS122-
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421 protein displayed preferential POD localization upon coexpression with PML (Fig. 

2.2B), suggesting that loss of DNA interactions promotes POD targeting. We tested 

whether the DNA and SUMO binding activities of TDG are mutually exclusive by 

performing binding studies with GST-SUMO-1 and recombinant TDG in the presence of 

increasing amounts of duplex oligonucleotide containing a G:T mispair. A dose-

dependent reduction in SUMO binding was consistently observed in the presence of DNA 

(Fig. 2.3D); in contrast, preincubation of TDG with SUMO-1 did not affect binding to 

G:T or G:C duplex oligonucleotides (see Fig. S.2.1). 
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Figure 2.3.  The amino-terminal DNA binding domain of TDG regulates SUMO-1 

binding activity. (A) Binding of full-length in vitro-translated TDG to GST-SUMO-1 is 

sensitive to ethidium bromide. In vitro-translated 35S-radiolabeled full-length TDG or the 

122-421 truncated protein was bound to GST-SUMO-1 in the presence or absence of 

ethidium bromide. (B) Recombinant mouse TDG binds normally paired as well as G:T or 

G:U mispaired duplex oligonucleotides. An electrophoretic mobility shift assay was 

performed using the indicated radiolabeled duplex oligonucleotides. Approximately 100-

fold molar excess of the same unlabeled oligonucleotides was used as competitor DNA. 

(C) Residues 1 to 121 of mouse TDG are essential for DNA binding. A biotin-tagged 

duplex oligonucleotide (500 ng) containing a G:T mispair was bound to recombinant full-

length TDG or the 122-421 protein (500 ng each). DNA-protein complexes were isolated 

using streptavidin-Sepharose and analyzed by immunoblotting with a monoclonal 

antihistidine antibody. (D) DNA binding suppresses the SUMO-1 binding activity of 

TDG. Recombinant TDG (200 ng) was bound to GST-SUMO-1 in the presence of 

increasing amounts (70, 210, and 420 ng) of duplex oligonucleotides containing a G:T 

mispair. 
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Identification of a novel amino-terminal SUMO-1 binding motif.  

In vitro mapping studies indicated that residues 122 to 156 are required for SUMO-1 

binding; therefore, we examined the amino acid sequence within this region and identified 

four residues (IVII; amino acids 145 to 148) which are identical to the recently 

characterized SUMO-1 binding consensus motif (I/V-X-I/V-I/V) (42). Furthermore, this 

motif is flanked by an aspartic acid (i.e., DIVII) residue also present adjacent to the 

SUMO-1 binding motifs of the RanBP2/NUP358 and SUMO activating enzyme 2 (SAE2) 

proteins (42). The DIVII residues are conserved in mammalian, chicken, and Drosophila 

melanogaster TDG orthologs and are contiguous with the conserved GINPGL 

glycosylase motif (2, 18) (Fig. 2.4A). Previous structural studies using a truncated form of 

human TDG have identified a carboxy-terminal SUMO-1 binding motif (VQEV) (1) that 

is conserved in mouse, human, and chicken TDG, but not in the Drosophila ortholog (Fig. 

2.4A). In order to establish whether the putative amino- and carboxy-terminal SBMs in 

mouse TDG bind SUMO-1, we generated a series of mutant proteins with single amino 

acid substitutions and measured their ability to bind to GST-SUMO-1 (Fig. 2.4B). 

Alanine substitution mutants were generated for each residue in the DIVII motif, whereas 

a single glutamic acid-to-glutamine (E321Q) substitution in the VQEV motif was 

analyzed, as this had been previously reported to abrogate SUMO-1 binding in human 

TDG (1). Substitution of specific residues within each putative SBM independently 

abrogated SUMO-1 binding, suggesting that in the context of full-length TDG both motifs 

are essential for stable SUMO-1 interactions. Specifically, within the DIVII motif, the 

I145A and V146A substitutions produced small but consistent reductions in binding, 

whereas the D144A and I147A substitutions displayed more pronounced loss of binding. 

In contrast, the I148A substitution appeared to stimulate binding. The E321Q substitution 

in the carboxy-terminal SBM completely abrogated binding. To rule out gross effects of 

the amino acid substitutions on protein folding, we performed DNA glycosylase assays 
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using radiolabeled duplex oligonucleotides containing a single G:T mispair (see Fig. 

S.2.2). Comparable levels of base excision were observed with in vitro-translated wild-

type TDG, D144A, and E321Q, consistent with proper folding. Similar results on SUMO 

binding were obtained when we expressed the respective TDG mutants in MCF-7 cells 

and used whole-cell lysates in interaction studies (Fig. S.2.3). 

In order to determine whether the SBMs are required for binding to SUMO-1 conjugated 

to a target protein, we employed an in vitro sumoylation system (10) reconstituted with 

bacterially expressed enzymes (SAE1, SAE2, and UBC9) and SUMO-1 to sumoylate a 

purified bacterially expressed GST fusion of tumor suppressor p53 protein (39). As a 

control, mock sumoylation reactions were carried out in the absence of SUMO-1. 

Analysis of the reaction products by immunoblotting revealed the presence of a protein 

band reactive with both p53 and SUMO-1 antibodies only in the sumoylation reaction 

(Fig. 2.4C). The products of both the mock and sumoylation reactions were bound to 

glutathione affinity beads and used in interaction studies with in vitro-translated TDG and 

SBM mutants (D144A and E321Q). We observed appreciable binding of wild-type TDG 

on beads containing sumoylated GST-p53, while only marginal binding was detected with 

mock-sumoylated GST-p53 (Fig. 2.4D). The D144A mutant displayed substantially 

reduced binding, while the E321Q substitution almost completely abrogated binding. 

Since the sumoylation reaction mixtures contain GST fusions of the SAE1 and SAE2 

enzymes, we also performed binding reactions with the products of sumoylation reactions 

lacking GST-p53. In this case, binding of TDG was not detected. These findings indicate 

that the DIVII residues in TDG constitute a bona fide SBM and that the SUMO-1 binding 

activity of TDG resides within two separate motifs. 
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Figure 2.4.  SUMO-1 binding activity of TDG resides in amino-terminal and 

carboxy-terminal motifs. (A) Amino acid sequence alignments of the mouse (47), 

human (32), chicken (51), and Drosophila melanogaster (18) TDG orthologs showing 

putative SBMs. The coordinates for the mouse sequences are indicated. Complete 

sequences were aligned using Clustal W software, but only pertinent regions are shown 

(136 to 155 and 312 to 326 of mouse TDG). The location of the conserved DIVII and 

VQEV motifs (boxed) as well as the active site glycosylase motif (GINPGL) and the 

substrate recognition motif (VMPSSSAR) (19) are shown. Asterisks indicate identical 

residues, while colons indicate conserved residues. The different engineered substitution 

mutants of the DIVII and VQEV motifs are indicated. (B) Single amino acid substitutions 

within the conserved DIVII and VQEV motifs abrogate SUMO-1 binding. Radiolabeled 

in vitro-translated wild-type TDG and the indicated substitution mutants were analyzed 

for binding to GST-SUMO-1 in the presence of ethidium bromide. Binding was measured 

by phosphorimaging. (C) In vitro sumoylation of recombinant GST-p53. In vitro 

sumoylation reactions were performed by incubating GST-p53 with sumoylation enzymes 

(GST-SAE1, GST-SAE2, and UBC9) and SUMO-1. Reaction products were 

immunoblotted with p53 or SUMO-1 antibodies. (D) SBMs are required for optimal 

binding to conjugated SUMO-1. The products of the GST-p53 sumoylation and mock 

sumoylation reactions were bound to glutathione affinity beads and used for interaction 

assays with in vitro-translated TDG and SBM mutants (D144A and E321Q). Binding 

experiments were also carried out with sumoylation reaction mixtures lacking GST-p53 

to exclude interactions of TDG with GST-SAE1/SAE2. The results of three independent 

experiments are plotted, showing the mean percent binding of input proteins to beads 

containing sumoylated GST-p53. The standard error is shown.  
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To assess whether the amino- and carboxy-terminal SBMs are required for POD 

translocation, we expressed the SUMO-1 binding-deficient mutants (D144A, I147A, and 

E321Q) with YFP-PML and monitored cellular localization by immunostaining with an 

anti-FLAG antibody (Fig. 2.5A and B). This analysis showed that mutations within the 

amino-terminal SBM substantially reduced the number of transfected cells displaying 

POD accumulation of TDG; in contrast, the E321Q substitution completely abolished 

POD accumulation. These findings indicate that both SBMs in TDG are involved in POD 

targeting.  

Previous studies have demonstrated a potent stimulatory function of TDG on CBP-

dependent transcription (46). To assess whether the SUMO binding activity of TDG is 

involved in stimulating CBP-dependent transcription, we tested the activation potential of 

the D144A, I147A, and E321Q mutants using a chimeric fusion of CBP and the GAL4 

DNA binding domain on a GAL4-responsive reporter gene (Fig. 2.5C and D). The 

amounts of transfected expression vectors were adjusted to achieve approximately 

equivalent levels of expression of wild-type TDG and mutants. In accordance with the 

SUMO-1 binding and POD localization studies, the D144A, I147A, and E321Q mutants 

were found to be defective in CBP activation. Previous studies have shown that TDG 

interacts with the histone acetyltransferase and a carboxy-terminal domain (CH3) of CBP 

(46). Since the amino acid substitutions may affect interactions with CBP, we tested in 

vitro-translated wild-type, D144A, and E321Q proteins for binding to full-length 

recombinant CBP (see Fig. S.2.4 in the supplemental material). However, no differences 

in binding were detected, suggesting that abrogation of the CBP activation properties in 

the SBM mutants is likely due to loss of SUMO binding activity. We also investigated 

whether the previously reported sumoylation sites in CBP (14, 24) are required for 

activation by TDG. Accordingly, we examined the ability of TDG to activate a CBP 

mutant containing lysine-to-arginine substitutions at sumoylation sites K999, K1034, and 



102 

 

 

 

K1057. The transcriptional activity of this mutant was also robustly stimulated by TDG, 

indicating that CBP sumoylation is not essential for this effect (see Fig. S.2.5).  
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Figure 2.5.  SUMO-1 binding activity of TDG is essential for CBP activation and 

normal POD recruitment. (A) SUMO-1 binding mutants are defective in POD 

recruitment. FLAG-tagged wild-type TDG and the indicated mutants were coexpressed 

with YFP-PML, and POD recruitment was analyzed by indirect immunofluorescence 

using anti-FLAG antibody. Representative 0.5-µm optical sections are shown. (B) 

Incidence of POD accumulation for wild-type TDG and mutants coexpressed with YFP-

PML. An average of 120 cells were counted to determine POD accumulation of wild-type 

TDG or SUMO-1 binding mutants. Error bars represent standard deviations of 

determinations from three independent experiments. (C) Activation of CBP-dependent 

transcription is abrogated by E321Q substitution in the VQEV motif. (D) Mutations in 

DIVII motif also abrogate CBP activation. Expression vectors for GAL-CBP, wild-type 

TDG, and point mutants of TDG were cotransfected into MCF-7 cells. The luciferase 

reporter plasmid contains five copies of the GAL4 DNA binding site fused to the core ß-

globin promoter. The amounts of transfected TDG expression vectors were titrated to 

obtain approximately equal levels of protein expression (immunoblot, lower panel).  
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Sumoylation of TDG regulates association with CBP and subnuclear localization.  

Human TDG has been reported to be sumoylated at a single carboxy-terminal lysine 

residue (20). Consistent with this, we have observed a higher-molecular-weight band in 

immunoblots of mouse cell extracts and in transfected human cells expressing mouse 

TDG (Fig. 2.6 and data not shown). To determine whether the higher-molecular-weight 

band corresponds to sumoylated TDG, we cotransfected FLAG-TDG and HA-SUMO-1 

expression vectors into MCF-7 cells and analyzed cellular lysates by immunoblotting with 

anti-FLAG and anti-HA antibodies (Fig. 2.6A). This analysis indicated that the higher-

molecular-weight band detected with the anti-FLAG antibody corresponds to SUMO-1-

modified TDG, since it was also detected with the anti-HA antibody. The sumoylated 

form of TDG is not observed when lysine 341, located within the SUMO consensus 

conjugation site (VKEE), is mutated to arginine (Fig. 2.6B). 

In vitro sumoylation experiments, using recombinant TDG as a substrate, confirmed that 

the sumoylation machinery is present in both nuclear and cytoplasmic extracts (data not 

shown). We assessed whether TDG sumoylation occurred within the nucleus by 

expressing CFP-tagged amino-terminal deletions (CFP122-421, CFP157-421) of TDG 

defective in nuclear targeting and determining the level of sumoylation by 

immunoblotting cellular lysates with a TDG-specific antibody (Fig. 2.6C). The CFP157-

421 fusion protein that localized preferentially to the cytoplasm was not efficiently 

sumoylated, since a higher-molecular-weight band corresponding to sumoylated TDG 

was not readily detectable. A truncated form of TDG (CFP32-272) lacking the 

sumoylation site was also not sumoylated. These data suggest that TDG sumoylation takes 

place in the nuclear compartment and/or at the nuclear membrane. The observation that 

SUMO-1 binding mutants (E321Q, D144A, and I147A), defective in POD localization, 

were sumoylated efficiently in vivo indicates that noncovalent SUMO binding is not 
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required for sumoylation (Fig. 2.6D). Furthermore, these findings also suggest that 

sumoylation is likely not occurring within the PODs. 
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Figure 2.6.  TDG sumoylation occurs in the nucleus and does not require 

noncovalent SUMO-1 binding activity. (A) FLAG-TDG and HA-SUMO-1 expression 

vectors were cotransfected into MCF-7 cells, and lysates were analyzed by 

immunoblotting using anti-FLAG or anti-HA antibody. Sumoylated TDG (S-TDG), 

TDG, and nonspecific (NS) bands are indicated. (B) In vivo sumoylation occurs at lysine 

341 of mouse TDG. Expression vectors for TDG and K341R were transfected into MCF-

7 cells, and cellular lysates were blotted with TDG-specific antibody. (C) TDG is 

sumoylated predominantly in the nucleus. Whole-cell lysates of MCF-7 cells transfected 

with expression vectors for the indicated CFP fusions were analyzed by immunoblotting 

with TDG-specific antibody. CFP157-421 is localized preferentially in the cytoplasm 

(Fig. 2.2A). (D) SUMO-1-binding-deficient mutants are sumoylated efficiently in MCF-7 

cells. Cellular lysates from MCF-7 cells transfected with the indicated expression vectors 

were analyzed by immunoblotting with a TDG-specific antibody. 

 

  



108 

 

 

 

 



109 

 

 

 

Sumoylation has been shown to regulate cellular partitioning of PML and other proteins 

(49); we therefore compared the subcellular localization of Renilla GFP fusions of the 

sumoylation-deficient mutant K341R and wild-type TDG. Notably, the K341R mutant 

protein was found to accumulate exclusively in PODs in approximately 30% of 

transfected cells, whereas wild-type TDG exhibited its characteristic nucleoplasmic 

distribution (Fig. 2.7A).  The enhanced ability of the K341R mutant to localize to the 

PODs suggests that sumoylation of TDG negatively regulates POD translocation.  

The conjugation of SUMO-1 to lysine 341 covalently links a bulky peptide to a region 

that has been previously shown to interact with CBP/p300 (46). Moreover, the presence of 

SUMO binding motifs within the amino- and carboxy-terminal regions suggests that 

sumoylation of TDG may promote intramolecular interactions that drastically alter the 

conformation of this protein. To investigate the functional consequences of sumoylation, 

we produced sumoylated recombinant TDG in vitro along with a mock-sumoylated 

control (Fig. 2.7B). Mock-sumoylated TDG and sumoylated TDG proteins were analyzed 

for DNA binding to a duplex oligonucleotide containing a single G:T mispair using the 

ABCD assay. As reported for the human ortholog, sumoylated mouse TDG failed to 

interact with DNA (Fig. 2.7C). We performed interaction studies with purified 

recombinant baculovirus-expressed CBP bearing a FLAG epitope tag. Protein complexes 

were captured using anti-FLAG affinity resin. While binding of mock-sumoylated TDG 

to CBP was readily observed, only weak interactions were observed with sumoylated 

TDG (Fig. 2.7D). Consequently, sumoylated TDG was not appreciably acetylated by CBP 

in the presence of 14C-AcCoA (Fig. 2.7E). To establish whether intramolecular SUMO 

binding in sumoylated TDG occludes both SBMs, we tested whether sumoylated TDG 

can interact with GST-SUMO-1 in vitro. In contrast to mock-sumoylated TDG, 

sumoylated TDG failed to interact with GST-SUMO-1 (Fig. 2.7F). To confirm that 

sumoylated TDG is enzymatically active, we performed DNA glycosylase assays using 
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radiolabeled duplex oligonucleotides containing a single G:U mispair. As previously 

reported (20), sumoylated TDG displayed enhanced G:U processing activity compared to 

unmodified TDG and mock-sumoylated TDG (see Fig. S.2.6). Therefore, abrogation of 

the interaction of sumoylated TDG with CBP is unlikely due to aberrant misfolding but 

likely involves sumoylation-induced conformational changes. 
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Figure 2.7.  Sumoylation of TDG abrogates interaction with CBP in vitro and 

negatively regulates POD translocation. (A) A sumoylation-defective TDG mutant 

localizes preferentially to PODs. Expression vectors for GFP-TDG or GFP-TDG(K341R) 

were transfected into MCF-7 cells, and subcellular localization was analyzed following 

immunostaining with PML-specific antibody. Representative 0.5-µm optical sections are 

shown. (B) In vitro sumoylation of TDG using recombinant SUMO-1 conjugation 

enzymes (UBC9, SAE1, and SAE2). Sixty nanograms of purified reaction products was 

analyzed by immunoblotting with TDG- and SUMO-1 specific antibodies. Mock-

sumoylated TDG was produced by performing sumoylation reactions without SUMO-1. 

(C) Sumoylated mouse TDG does not bind to DNA. Approximately 400 ng of either 

mock-sumoylated or sumoylated TDG was analyzed for DNA binding using the ABCD 

assay. Supernatants of each binding reaction mixture were also immunoblotted to 

demonstrate the stability of the modification during the assay (SUP-M and SUP-S). (D) 

TDG sumoylation abrogates CBP-TDG interactions. Mock or sumoylated TDG produced 

in vitro (400 ng) was incubated with recombinant FLAG-CBP (100 ng). Anti-FLAG resin 

was used to immunoprecipitate CBP, and the presence of TDG was detected by 

immunoblotting. Supernatants of each binding reaction mixture were also immunoblotted 

(SUP-M and SUP-S). (E) Sumoylated TDG is not acetylated efficiently by CBP.  Mock-

sumoylated or sumoylated TDG (400 ng) was incubated with CBP (100 ng) in the 

presence of 14C-acetyl-CoA. Reaction products were separated by electrophoresis, and 

acetylation was detected by autoradiography.  (F) Sumoylated TDG does not bind GST-

SUMO-1. Mock-sumoylated or sumoylated TDG was analyzed for binding to GST-

SUMO-1.  
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2.4 Discussion 

We have investigated the role of sumoylation and noncovalent SUMO-1 binding in the 

regulation of subcellular localization and biochemical properties of thymine DNA 

glycosylase. Our studies have mapped the regions of TDG necessary for non-covalent 

SUMO-1 interactions to two separate motifs (SBMs) located in the amino- and carboxy-

terminal regions that are essential for POD localization and activation of CBP-dependent 

transcription. The activities of the SBMs are regulated by DNA interactions, and 

uncoupling of TDG from DNA appears to be an essential step in POD translocation. In 

addition, we have established that TDG sumoylation regulates molecular interactions with 

CBP as well as translocation to PODs.  

PODs contain regulatory proteins involved in different nuclear processes, including DNA 

repair and transcription (9, 50). Diverse models of POD function have been proposed, 

including their potential role as sites of storage and modification of nuclear factors 

(reviewed in reference 26). For example, tumour suppressor p53 acetylation by CBP in 

PODs constitutes a critical step in p53 activation during RAS-induced premature 

senescence (38). Interestingly, there is evidence that PODs associate with 

transcriptionally active genomic loci, and transcription has been detected at the periphery 

of these structures (5, 48). We have established the presence of endogenous TDG in 

PODs using a TDG-specific antibody and demonstrated the SUMO-dependent 

recruitment of exogenously expressed TDG to these nuclear structures (Fig. 2.1). While 

recent studies have reported a direct interaction of mouse TDG with PML (45), we have 

not observed significant binding of these proteins in vitro. It is unlikely that the lack of 

interaction is due to misfolding of bacterially expressed PML, since we have obtained 

similar results with baculovirus-expressed FLAG-tagged PML (data not shown). 

Furthermore, no appreciable binding of sumoylated TDG with PML in vitro was observed 
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(data not shown). Our findings suggest that TDG may be recruited to PODs by 

sumoylated PML (30) and/or other sumoylated POD components. We base this assertion 

on the requirement of SUMO-1 binding activity of TDG for POD recruitment and the fact 

that mild hyperthermic stress, previously shown to cause rapid desumoylation of PML and 

SP100 (34), abrogates POD accumulation of TDG without affecting PML localization.  

Deletion analysis of TDG indicated the presence of two regions (residues 122 to 156 and 

308 to 346) essential for SUMO-1 binding in vitro, as well as a third region containing the 

LRD that exerted an inhibitory function (Fig. 2.2B). We have identified a novel SUMO-1 

binding motif (DIVII) within the 122-156 region conforming to the recently reported 

consensus SUMO-1 binding site (I/V-X-I/V-I/V) that mediates recognition of SUMO-

modified proteins (42). The observation that single amino acid substitutions within the 

DIVII motif (particularly D144A and I147A) substantially reduce SUMO-1 binding in the 

context of full-length TDG clearly demonstrates that this is a bona fide SBM (Fig. 2.4B) 

(see also Fig. S.2.3).  

Recent structural analysis of amino- and carboxy-terminal-truncated sumoylated human 

TDG identified a SUMO-1 binding motif (VQEV) located within the carboxy terminus 

near the SUMO conjugation site (1). Mutational analysis of mouse TDG revealed that 

both the amino- and carboxy-terminal SBMs (i.e., DIVII and VQEV) are required for 

stable interactions with both free and conjugated SUMO-1 (Fig. 2.4). Consequently, these 

observations suggest that SUMO-1 may bind concurrently to both SBMs. However, as 

both motifs have been reported to make nearly identical contacts (1, 42, 43) with residues 

on SUMO-1, we infer that there is considerable plasticity in these interactions. 

Accordingly, the I/V-X-I/V-I/V motif has recently been shown to interact bidirectionally 

with SUMO-1 (43). In contrast to a recent report (45), we have found that the SUMO-1 

binding activity of TDG is not required for covalent conjugation of SUMO-1 (Fig. 2.6). 
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This discrepancy could be explained by the reliance of previous studies on the analysis of 

a TDG mutant containing an 11-amino-acid deletion, whereas more subtle single amino 

acid substitutions were employed in our studies.  

The essential role of SUMO binding in POD translocation is demonstrated by the 

observation that single amino acid substitutions that decrease or abolish SUMO-1 binding 

also disrupt POD targeting (Fig. 2.4 and 2.5). Notably, both SBMs, in the context of full-

length TDG, appeared to be required for optimal POD translocation. In contrast, similar 

analysis of deletion mutants provided some discrepant results. Deletion of the 122-156 

region, containing the amino-terminal SBM, did not prevent POD localization in vivo. 

This may result from an inhibitory effect of the amino terminus (residues 1 to 121) on the 

carboxy-terminal SBM; removal of this region in the 157-421 deletion mutant may relieve 

inhibition and promote POD targeting. The TDG amino terminus (residues 1 to 121) is 

required for tight interaction with DNA and abasic sites (44) (Fig. 2.3C). Our findings 

suggest that uncoupling of TDG from DNA is necessary to unmask SUMO binding 

activity and promote POD translocation (Fig. 2.8). This may occur following excision of 

base mispairs via apurinic/apyrimidinic endonuclease (APE)-mediated displacement of 

TDG and/or following sumoylation of TDG (20). In the latter case, our findings suggest 

that sumoylation would prevent POD targeting by occluding the SBMs via intramolecular 

interactions; consequently, translocation to the PODs would require removal of SUMO-1 

by isopeptidases (22).  

A number of DNA repair factors have been shown to transit in PODs prior or following 

DNA damage (reviewed in reference 9), including enzymes involved in repair of double-

stranded DNA breaks (DSB). For example, MRE11 and NBS1 associate with PODs in 

unirradiated cells and relocate to sites of DNA damage following gamma irradiation (4, 

29). These observations suggest that PODs may act as sites of storage and/or assembly of 
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DNA repair protein complexes. Consistent with a role of PODs in genome maintenance, 

PML null mice display increased susceptibility to tumors following exposure to 

carcinogens (40). The association of PODs with transcriptionally active genomic loci (5, 

48) provides an attractive model for TDG function (Fig. 2.8). While DSB occur 

infrequently, it is estimated that several hundred DNA mispairs occur daily per cell as a 

result of cytosine deamination (27), suggesting that the DNA repair functions of TDG 

would be required more frequently to maintain genome integrity. The well-documented 

interactions of TDG with transcriptional coactivators and sequence-specific transcription 

factors suggest that the genome surveillance functions of this enzyme are linked to 

transcription (8, 46, 47). In vitro studies have demonstrated that CBP/p300 and TDG form 

stable ternary complexes with DNA containing G:T/U mispairs (46). The recruitment of 

CBP/p300 to repair sites in vivo may be required to promote local chromatin remodelling 

and/or regulate the functions of BER enzymes, such as TDG, APE, and DNA polymerase 

ß, previously shown to be acetylated by these factors (3, 21, 46). On the basis of the 

association of PODs with genomic loci (48), it is plausible that transient association of 

TDG with these nuclear structures is required to deliver this DNA repair enzyme to sites 

of active transcription, ensuring efficient repair of damaged CpG dinucleotides. 

Alternatively, as reported for p53 (38), POD localization of TDG may serve as a 

regulatory step to promote acetylation by CBP (46).  

Our studies indicate that the SUMO-1 binding activity of TDG is essential for activation 

of CBP-dependent transcription. Using reporter gene assays, we have demonstrated that 

SBM mutants (D144A, I147A, and E321Q), defective in SUMO-1 binding, do not 

mediate CBP activation (Fig. 2.5). Given that SUMO-1 binding is also required for POD 

recruitment, we are not able to resolve whether POD recruitment is required for CBP 

activation. However, this seems unlikely, since coexpression of TDG with PML does not 

produce greater levels of CBP activation despite increasing POD localization of TDG 
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(data not shown). Accordingly, we believe that SUMO-1 binding activity per se, and not 

POD targeting, is essential for CBP activation. The presence of a sumoylation-dependent 

transcriptional repressor domain in CBP/p300 that recruits histone deacetylases (14, 24) 

suggests a plausible role of TDG binding in promoting derepression by displacement of 

histone deacetylases. However, a CBP mutant containing lysine-to-arginine substitutions 

at characterized sumoylation sites (24) was also robustly activated by TDG (Fig. S.2.5), 

indicating that CBP sumoylation is not essential.  
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Figure 2.8.  Model for SUMO-1-dependent regulation of TDG subcellular 

localization and function. TDG associated with transcriptionally active euchromatin (46) 

initiates repair of G:T/U mispairs within CpG dinucleotides in a process that is likely 

linked to transcription. TDG-mediated repair may require CBP/p300 acetylase for local 

chromatin remodeling and/or regulation of repair enzymes via acetylation (3, 21, 46). 

Transcription has been detected in the periphery of PODs, and there is evidence for 

association of these structures with transcriptionally active genomic loci (5, 48). POD 

localization of TDG is dependent on its intrinsic SUMO binding activity and may be 

required to deliver this enzyme to transcriptionally active loci. For this purpose, TDG 

would require regulatory switches to control transit to PODs. Chromatin-associated TDG 

may not translocate to these nuclear structures due to DNA interactions that suppress 

SUMO binding activity. On the basis of our experimental findings, we propose that POD 

translocation is contingent upon uncoupling TDG from DNA, which may occur following 

base excision as a result of displacement by APE and/or sumoylation. Sumoylated TDG 

may not translocate to the PODs due to occlusion of the SBMs by intramolecular SUMO-

1 interactions. In this case, desumoylation would be required to permit POD 

translocation. Within these structures, TDG may be posttranslationally modified by CBP, 

as previously demonstrated for p53 (38), and/or assembled into functional complexes for 

delivery to transcriptionally active genomic loci. 
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TDG sumoylation has been shown to abrogate DNA binding activity and has been 

proposed as a mechanism to promote the turnover of TDG from abasic sites following 

base excision (20). We have confirmed that sumoylated mouse TDG is also defective in 

DNA binding. Our studies suggest that TDG sumoylation also plays an important role in 

regulating POD translocation and protein-protein interactions. Recent structural studies of 

sumoylated human TDG have revealed important insights on the conformational changes 

resulting from this covalent modification (1, 20). In addition, partial proteolysis studies 

have shown that sumoylation induces conformational changes involving interactions 

between the amino- and carboxy-terminal regions of human TDG (44). We have now 

identified a conserved amino-terminal SBM that in concert with a carboxy-terminal SBM 

may account for the observed sumoylation-induced conformational changes. Indeed, 

binding of the amino- and carboxy-terminal domains to SUMO-1 likely interferes with 

the DNA binding functions associated with the amino terminus (residues 1 to 121) (44). 

We have examined the effect of sumoylation on interactions with CBP and intermolecular 

SUMO-1 recognition in mouse TDG. Remarkably, TDG sumoylation abrogates both CBP 

interaction as well as intermolecular SUMO binding (Fig. 2.7). Based on these 

observations, loss of intermolecular SUMO binding should prevent POD translocation. 

Corroborating evidence for a role of sumoylation in regulating POD translocation comes 

from the analysis of the sumoylation-deficient mutant GFP-K341R, which displays 

exclusive POD localization in a subpopulation of cells. In view of our biochemical 

studies, we believe that loss of negative regulation (i.e., sumoylation) dramatically favors 

POD translocation. In view of the documented interactions of CBP/p300 with the TDG 

amino terminus and the resulting acetylation of the lysine-rich regulatory domain (46), we 

cannot exclude a role for CBP/p300 and acetylation in regulating POD targeting. 

Nevertheless, CBP is not likely to be a direct intermediary in POD recruitment since, 

when coexpressed with PML and TDG, it did not consistently accumulate with TDG in 

the PODs (data not shown).  
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In conclusion, we have elucidated the roles of sumoylation and noncovalent SUMO-1 

binding in regulating the subcellular localization and biochemical properties of TDG. 

Although the significance of POD localization remains to be established, our findings 

suggest a key role for these nuclear structures in regulating the functions of TDG in 

transcription and/or genome maintenance. 
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2.6 Supplemental information 

 

 

 

 

Figure S.2.1.  SUMO-1 binding does not interfere with DNA binding. Recombinant 

full-length TDG (500 ng) was preincubated with 2 μg of GST or GST-SUMO-1 prior to 

binding to biotin tagged duplex oligonucleotides (500 ng) containing either no mispairs 

(G:C) or a G:T mispair. DNA-protein complexes were isolated using streptavidin 

sepharose and analyzed by immunoblotting with an anti-histidine antibody. 
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Figure S.2.2.  Analysis of DNA glycosylase activity of in vitro translated TDG and 

SUMO binding motif point mutants.  The indicated in vitro translated proteins were 

incubated with radiolabelled duplex oligonucleotide containing a single G:T mispair. 

Excision of the mispaired thymine produces a 12-nucleotide fragment following alkali 

treatment and analysis by denaturing PAGE. The control reaction contained substrate 

only, while the reaction in lane 2 contained unprogrammed rabbit reticulocyte lysate. 

Phosphorimaging was performed on dried gels.  
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Figure S.2.3.  SUMO-1 binding activity of MCF-7 expressed TDG resides in amino- 

and carboxy-terminal motifs.  The D144A, I147A and E321Q mutant proteins as well 

as wild-type TDG were expressed in MCF-7 cells and whole cell extracts were bound to 

GST-SUMO-1.  Protein complexes were captured with glutathione sepharose, 

fractionated by SDS-PAGE and immunoblotted with a TDG-specific antibody. 
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Figure S.2.4.  SUMO binding motif mutants bind CBP in vitro. Recombinant CBP (1 

μg) was incubated with in vitro translated wild-type TDG, D144A and E321Q proteins.  

Protein complexes were isolated by immunoprecipitation with a CBP-specific antibody, 

fractionated by SDS-PAGE and visualized by autoradiography.  
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Figure S.2.5.  Sumoylation sites in CBP are not required for activation by TDG.  

Lysine residues in CBP previously shown to be sumoylated (K999, K1034, K1057) (24) 

were substituted with arginines.  This mutant also contained an arginine substitution at 

K1087. GAL DNA-binding domain fusions of wild-type CBP (GAL-CBP) and the above 

mutant (GAL-CBP4KR) were analyzed for transcriptional activation upon coexpression 

with TDG using a reporter plasmid consisting of five copies of the GAL4 binding site 

fused to the core β-globin promoter.  
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Figure S.2.6.  Sumoylated TDG possesses robust G:U processing activity.  DNA 

glycosylase assays were performed by incubating proteins with radiolabelled duplex 

oligonucleotide containing a single G:U mispair. Excision of the mispaired uracil 

produces a 12-nucleotide fragment following alkali treatment and analysis by denaturing 

PAGE. The control reaction contained substrate only.  
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Chapter 3: Opposing regulatory roles of phosphorylation and acetylation in DNA 

mispair processing by thymine DNA glycosylase 

3.1 Introduction 

Cytosine methylation in vertebrates is an important epigenetic mechanism regulating gene 

expression (24) that also contributes to CpG dinucleotide instability by promoting 

spontaneous base damage and increased susceptibility to endogenous and environmental 

mutagens (42).  Hydrolytic deamination of cytosine and 5-methylcytosine respectively 

generates uracil (U) and thymine (T) moieties mispaired with guanine (G) (29).  If these 

G:T/U mispairs remain unrepaired, they give rise to C to T transition mutations associated 

with oncogenic transformation and genetic diseases (43).  In fact, approximately 25% of 

all somatic mutations in the p53 tumor suppressor gene in human tumors involve C to T 

transitions at CpG and in some tumors this figure rises to almost 50% (41).   

Thymine DNA glycosylase (TDG) and methyl-CpG binding domain protein 4 (MBD4) 

mediate excision of mispaired thymine (G:T) and uracil (G:U) in the CpG context (20, 38, 

39) and also process various modified pyrimidines (5).  Excision of the aberrant base 

generates a cytotoxic abasic site that is subsequently processed by the coordinated action 

of other base excision repair (BER) enzymes, including apurinic/apyrimidinic 

endonuclease (APE) and DNA polymerase β (Polβ) (46).  MBD4 localizes predominantly 

to transcriptionally inactive heterochromatin while TDG is mostly excluded from these 

regions and associates with sequence specific transcription factors and cofactors (2, 3, 30, 

35, 50).  These findings suggest that TDG is targeted to transcriptionally active regions of 

the genome and that BER may be coupled to transcription.  Interestingly, overexpression 

of TDG was shown to reactivate a hormone regulated transgene silenced by CpG 

methylation, suggesting a role for TDG in epigenetic regulation (56).  Recent studies have 
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demonstrated that recruitment of TDG, in concert with other BER enzymes and DNA 

methyltransferases 3a/b, to the promoter regions of estrogen-responsive genes is essential 

to establish cyclic methylation/demethylation patterns in transcriptionally active 

chromatin (22).   

TDG contains a highly conserved central glycosylase domain flanked by divergent 

amino- and carboxy-terminal regions (12).  The amino-terminal region of mammalian 

TDG contains a hydrophilic lysine-rich region (residues 70-118) that is acetylated by 

CREB-binding protein and p300 (CBP/p300) while the carboxy-terminal region is 

modified by covalent conjugation of small ubiquitin-like modifier (SUMO) protein (17, 

50).  The amino-terminal region is essential for non-specific DNA interactions, as well as 

tight binding to abasic sites and processing of G:T mispairs (12, 36, 48).  The tight 

association of TDG to the abasic site following base excision prevents enzyme turnover 

thereby limiting mispair processing efficiency (48).  TDG contains two separate SUMO-

binding motifs located in the amino- and carboxy-terminal regions that mediate 

noncovalent binding to SUMO, which is required for translocation to PML oncogenic 

domains (PODs) (36). 

CBP/p300 and TDG form ternary complexes with DNA in vitro that retain the ability to 

mediate base excision and histone acetylation, suggesting that the recruitment of 

CBP/p300 in vivo may promote chromatin remodeling at the site of repair (50).  

Furthermore, TDG potentiates CBP-dependent transcription by means of intrinsic 

SUMO-binding activity (36).  Covalent SUMO conjugation to a carboxy-terminal lysine 

residue effectively abrogates DNA binding and association with CBP, while acetylation 

of the amino-terminal region may regulate interactions with accessory factors (36, 48, 

50).  The reported effects of CBP/p300-mediated acetylation on the activities of BER 
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enzymes (TDG, Polβ, flap endonuclease 1) (18, 19, 50), suggest an important role for 

CBP/p300 in coordinating BER.  

In light of the critical role of the amino-terminus in G:T processing, we have undertaken 

to identify additional covalent modifications in this region with potential regulatory 

functions.   Previous studies have shown that TDG is phosphorylated in living cells (52) 

and in silico analysis identified several putative protein kinase C (PKC) α/β/γ 

phosphorylation sites in the amino-terminal lysine-rich regulatory domain.  PKC 

comprises a family of 11 related signaling proteins with different tissue distributions and 

cofactor requirements that participate in diverse cellular processes such as proliferation, 

apoptosis, and differentiation (16).  PKC signaling is activated by oxidative stress (15) 

and there is evidence that Polβ and mismatch repair proteins Msh2 and Msh6 are 

regulated by PKC phosphorylation (4, 51).  In the present study, we identify a novel 

mechanism of crosstalk between CBP and PKCα that regulates the DNA mispair 

processing functions of TDG through mutually exclusive covalent modification of the 

amino-terminal region.  We demonstrate that acetylation of lysine residues not directly 

involved in DNA binding, selectively and potently abrogates G:T processing whereas 

phosphorylation of adjacent serine residues by PKCα may preserve this function by 

preventing CBP-mediated acetylation.  These findings highlight the importance of 

covalent modifications in regulating a DNA repair enzyme integral to the maintenance of 

CpG dinucleotides and epigenetic regulation. 
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3.2 Materials and Methods 

Plasmids 

pCMX-based mammalian expression vectors for FLAG epitope tagged TDG have been 

previously described (50).  Amino acid substitution mutants of TDG were constructed 

using the QuikChange mutagenesis kit (Stratagene) according to the manufacturer’s 

directions and were verified by sequencing.  Other expression vectors have been 

previously described (6, 36, 50). 

Antibodies and peptides 

TDG-specific rabbit polyclonal antibody has been previously described (36).  Human 

PKCα-specific polyclonal antibodies (sc-208, or sc-208-G) were obtained from Santa 

Cruz Biotechnology.   Anti-polyhistidine (HS1) and anti-FLAG monoclonal antibodies 

(M2) were obtained from Sigma-Aldrich.  TDG peptides obtained from GenScript 

Corporation were analyzed by mass spectrometry and quantified by reverse phase HPLC.   

Cell culture, and metabolic labeling 

NIH 3T3 fibroblasts were maintained in Dulbecco’s minimal essential medium (D-MEM) 

containing penicillin/streptomycin and supplemented with 10% fetal calf serum.  For 

subcellular localization experiments, cells were grown under serum-free conditions for 4 

hours and then treated with either 100 nM PMA or vehicle (DMSO) for 15 minutes in 

serum containing media. For metabolic labeling experiments, 150 mm dishes of NIH 3T3 

or HEK 293T cells were transfected with TDG expression vectors using the Polyfect 

transfection reagent (Qiagen).  Approximately 24 hours later, the culture medium was 

replaced with serum and phosphate-free D-MEM and the cells were incubated at 37° C 
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for 2 hours.  Subsequently, 32P-orthophosphate (200 μCi/ml) was added to the media 

followed by a 2.5-hour incubation at 37° C which included treatment with PMA or 

vehicle (DMSO) during the final 30 minutes.  Cells were then washed with PBS and 

whole cell extracts were prepared for immunoprecipitation as described below.  

Immunoprecipitates were separated by SDS-PAGE and incorporation of 32P was detected 

by phosphorimaging.  Equal loading of TDG was verified by immunoblotting.     

Preparation of whole cell extracts and immunoprecipitation 

Whole cell extracts for immunoprecipitation were prepared from 100 mm dishes of NIH 

3T3 cells stably expressing FLAG-TDG and control cells transduced with the empty 

expression vector (pLNCX).  Cells grown to 80% confluency were harvested by scraping, 

then pelleted by centrifugation and resuspended in 500 µl of Lysis buffer (50 mM Tris 

HCl pH 7.9, 300 mM NaCl, 1 mM EDTA, 1mM EGTA 10% glycerol, 0.5% Triton X-

100, 1 mM DTT, 50 mM sodium fluoride, 200 µM sodium orthovanadate and proteinase 

inhibitors - 20 μg/mL Pepstatin A, 10 μg/ml Aprotinin, 1 µg/ml Leupeptin, 0.5 mM 

PMSF) and incubated on ice for 30 minutes.  Subsequently, the cell lysate was diluted 

with 500 µl of dilution buffer (50 mM Tris-HCl pH 7.9, 1 mM EDTA, 1 mM EGTA, 10% 

glycerol, 1 mM dithiothreitol (DTT), 50 mM sodium fluoride,  200 µM sodium 

orthovanadate and proteinase inhibitors) and insoluble material removed by 

centrifugation.  Whole cell extracts were precleared twice with 50 µl (50% v/v) rabbit 

IgG-agarose (Sigma-Aldrich) for 30 minutes at 4° C and immunoprecipitated with 50 µl 

(50% v/v) anti-FLAG affinity resin (M2 agarose, Sigma-Aldrich).  Immunoprecipitated 

proteins were separated by SDS-PAGE and detected by immunoblotting.  In the case of 

immunoprecipitation of radiolabelled in vivo phosphorylated TDG, detection following 

SDS-PAGE was carried out by phosphorimaging and equal loading of TDG was verified 

by immunoblotting.   
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2D-PAGE 

Cell lysates and 2D-PAGE analysis was performed as previously described (7).  Cells 

were grown to 80-90% confluency in 150 mm dishes and treated with PMA as described 

above.  Approximately, 150 μg of cell lysate was fractionated by isoelectric focusing 

using a 7 cm Immobiline DryStrip gel (pH 6.2-7.5 – GE Healthcare).  Subsequently, 

proteins on the Immobiline Dry strip were fractionated by SDS-PAGE and TDG was 

detected by immunoblotting. 

Protein purification and in vitro interaction assays 

Protein purification, GST-based interaction assays, nickel-based pull-downs, and 

immunoprecipitation procedures have been previously described (36, 50).   

Base excision and electrophoretic mobility shift assays  

Base excision assays and electrophoretic mobility shift assays (EMSA) were performed 

as previously described using identical oligonucleotide substrates (36).  Either 25 or 12 ng 

of recombinant TDG was incubated at 30° C with 10 ng of radiolabeled duplex 

oligonucleotide (25 base pairs) containing a single G:U or G:T mispair in 20 µl of buffer 

(25 mM HEPES-KOH [pH 7.8], 1 mM EDTA, 0.1 mg/ml BSA, and 1 mM DTT).   

Reactions were carried out for 30 minutes followed by the addition of 2.5 µl 50% 

glycerol and 10 µl of the reaction was used directly for EMSA.  EMSA samples were 

fractionated using 6% polyacrylamide gels cast in 0.25xTBE and pre-run for 1.5 hours in 

0.5xTBE.  Protein-DNA complexes were detected by autoradiography or 

phosphorimaging.  The remainder of the reaction was treated with alkali to cleave the 

abasic sites generated by base release and subsequently the samples were analyzed by 

denaturing polyacrylamide electrophoresis as described by Hardeland et al (2002). 
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Avidin-biotin coupled DNA binding (ABCD) assays 

The ABCD assay was performed as described in Tini et al (2002) using identical 

biotinylated duplex oligonucleotides.  Briefly, streptavidin-coated paramagnetic beads 

(MagneSphere, Promega) were prepared by washing 0.6 ml (1 mg/ml) with ABCD assay 

buffer (50 mM Tris-HCl (pH 7.9), 150 mM NaCl, 10% glycerol, 5 mM MgCl2, 0.1% 

NP40, and 0.5 mM DTT) and resuspending in a final volume of 200 μl.  Approximately, 

250 to 500 ng of annealed oligonucleotide was incubated for 30 minutes at room 

temperature with 10 µl of the streptavidin-coated paramagnetic bead slurry and 100-500 

ng of purified bacterially expressed TDG in a total volume of 50 µl of ABCD buffer.  

Following incubation, beads were washed five times with 200 µl of ABCD buffer, and 

bound proteins were recovered by resuspending in 12 µl Laemmli buffer and incubation 

at 90° C for 5 minutes.  Proteins were fractionated by SDS-PAGE and detected by 

immunoblotting with an anti-polyhistidine antibody.  In experiments addressing the 

displacement of TDG from abasic sites, we first incubated TDG with DNA at room 

temperature for 10 minutes and subsequently GST-APE was added with a further 30-

minute incubation. 

Preparation of acetylated and phosphorylated TDG for biochemical studies 

Acetylated TDG was prepared by incubating recombinant TDG (750 ng) with 1 µg 

recombinant CBP and 1.25 mM acetyl coenzyme A (AcCoA) in acetylation buffer (20 

mM HEPES [pH 7.8], 1 mM EDTA, 1mM DTT, 10 mM sodium butyrate, and 10% 

glycerol) at 30° C for 90 minutes.   Subsequently, acetylation reactions were dialyzed for 

60 minutes against Nickel Binding Buffer (NiBB) (50 mM Tris-HCl [pH 8.0], 100 mM 

NaCl, 5% glycerol, 0.1% NP40, supplemented with 200 µM sodium orthovanadate, 50 

mM sodium fluoride, and 10 mM sodium butyrate).  NiBB (500 µl) and 60 µl (50% v/v) 
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Ni-NTA agarose were then added to the dialyzed reactions and they were incubated at 4° 

C for 90 minutes.  The Ni-ATA agarose was then washed three times with 200 µl NiBB 

and TDG was eluted 3 times with 50 µl of NiBB containing 1 M imidazole.  Eluted TDG 

was then dialyzed against NETN (50 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA, 

0.1% NP-40, 10% Glycerol, and 1 mM DTT) for 60 minutes.  The final concentration of 

TDG was determined by immunoblotting.  Phosphorylated TDG was prepared by 

incubating recombinant TDG (750 ng) with 50 mU recombinant PKCα (Calbiochem) and 

1 mM ATP in 50 µl PKC phosphorylation buffer (20 mM HEPES, pH 7.2, 1 mM sodium 

orthovanadate, 25 mM glycerol-3-phosphate, 1 mM dithiothreitol, 1 mM CaCl2, 15 mM 

MgCl2, 10 mg/ml 1,2-dioleyl-sn-glycerol, 100 mg/ml phosphatidylserine)  for 90 minutes 

at 30° C.  Mock reactions were performed in the absence of ATP.  Subsequently, TDG 

was purified as described above.   

Protein acetylation and phosphorylation assays 

Purified phosphorylated or mock-phosphorylated TDG (100 ng) was incubated with 

approximately 100 ng of purified, recombinant CBP in 30 µL of acetylation buffer in the 

presence of 1.5 µM 14C acetyl CoA (AcCoA) and incubated for 30 minutes at 30° C prior 

to stopping of the reaction by addition of 30 µl of Laemmli buffer and incubation at 95° C 

for 5 minutes.  Reaction components were then separated by SDS-PAGE.  After 

separation, the gel was fixed in a 30% methanol, 10% acetic acid solution and treated 

with amplifying solution (Amersham) prior to imaging by autoradiography or 

phosphorimaging.  Mock-acetylated or acetylated TDG were incubated with 0.25 mU of 

recombinant PKCα in phosphorylation buffer with 1 µl γ32P-ATP.  Reactions were 

incubated at 30° C for 30 minutes then stopped by addition of Laemmli buffer and 

incubation at 95° C for 5 minutes.  Reaction products were then separated by SDS-PAGE.  

The gel was fixed with a 30% methanol, 10% acetic acid solution and 32P incorporation 
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was detected by autoradiography.  To examine the effect of DNA on acetylation or 

phosphorylation, we preincubated TDG with DNA for 30 minutes on ice before 

proceeding with the reaction.   

Immunostaining and microscopy 

NIH 3T3 cells were fixed for 15 minutes with 4% formaldehyde in phosphate buffered 

saline (PBS) followed by a 10 minute incubation with 0.1 M glycine in PBS.  Cells were 

then permeabilized with 0.5% Triton X-100 in PBS for 10 minutes.  Immunostaining was 

performed with the appropriate primary antibodies and fluorophore-conjugated Donkey 

secondary antibodies (CY3, FITC) (Jackson ImmunoResearch Laboratories).  

Epifluorescence imaging was performed on an Axiovert 200M inverted microscope 

equipped with an Apotome (Carl Zeiss) using appropriate fluorophore-specific filter sets.  

Z-series images (63X magnification) were acquired at 0.5 µm intervals and processed 

with Axiovision software and Adobe Photoshop.  Fluorescence intensity plots were 

obtained by performing a line scan bisecting the cell using Axiovision software.   
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3.3 Results 

Phorbol ester-stimulated phosphorylation of TDG in living cells   

We have previously shown that TDG is acetylated by CBP/p300 at four lysine residues 

located within an amino-terminal region essential for DNA binding and G:T processing 

(Fig. 3.1A) (36, 48, 50).  In silico analysis using the Scansite algorithm (40) revealed 

several potential protein kinase C (PKC) α/β/γ phosphoacceptor residues flanking acetyl-

acceptor lysines, suggesting possible functional interplay between PKC and CBP/p300 

signaling in TDG regulation.  These residues are located within a short sequence motif 

(93SKKSGKS99) that is conserved in mouse, rat and human TDG.  We initially 

investigated whether endogenous TDG is phosphorylated in living cells in response to 

treatment with PKC agonist phorbol 12-myristate 13-acetate (PMA); serum-starved NIH 

3T3 mouse fibroblasts were treated for 15 minutes and whole-cell lysates were subjected 

to 2-dimensional polyacrylamide gel electrophoresis (2D-PAGE).  Fractionated cellular 

proteins were immunoblotted with TDG specific antibodies.  Theoretically, each 

phosphorylation event leads to a 78 Dalton gain in molecular weight and a 0.11-0.14 

decrease in isoelectric point.  We observed increases in apparent molecular weight and 

discrete changes in isoelectric point in response to PMA treatment consistent with 

phosphorylation of TDG in vivo (Fig. 3.1B).  We next verified that TDG is 

phosphorylated in living cells by metabolic labeling of NIH 3T3 cells transiently 

transfected with FLAG epitope tagged TDG.  Cells grown under serum free conditions 

were labeled with 32P inorganic phosphate for 2.5 hours which included a 30 minute 

treatment with either PMA or DMSO.  TDG was immunoprecipitated from cell lysates  
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Figure 3.1.  Phorbol ester-stimulated phosphorylation of TDG in living cells. (A) 

Illustration of the functional domains of mouse TDG and sites of posttranslational 

modification.  The central conserved glycosylase domain is sufficient for processing of 

G:U mispairs while a more divergent amino-terminal extension is required for tight DNA 

binding and G:T processing (36, 48).  Two SUMO binding motifs (SBM1, SBM2) and 

the sumoylation site (K341) are shown.  A lysine-rich regulatory region located in the 

amino-terminus is acetylated by CBP/p300 at four distinct lysines (K70, K94, K95, K98) 

(50).  Putative protein kinase C (PKC) α/β/γ phosphorylation sites (consensus [S/T-X-

[R/K]) within a sequence (boxed) conserved in mouse, rat and human TDG, are indicated 

by asterisks.  Complete sequence alignments and accession numbers are found in Figure 

S.3.1.  (B)  2D-PAGE analysis of cellular TDG demonstrating PMA-dependent 

alterations in apparent molecular weight and isoelectric point (pI).  Cell lysates were 

prepared from NIH 3T3 cells stimulated with PMA and then separated by 2D-PAGE.  

TDG was detected by immunoblotting with a TDG-specific antibody.  (C) In vivo 

metabolic labeling of transiently expressed TDG with 32P-orthophosphate.  Transfected 

NIH 3T3 fibroblasts were grown in serum-free media and metabolically labeled with or 

without PMA treatment.  One population of transfected cells was pretreated with a 

PKCα/β inhibitor (Gö6976, 100 nM) prior to PMA stimulation.  Immunoprecipitated 

TDG was fractionated by SDS-PAGE and analyzed by phosphorimaging (upper panel) 

and immunoblotting (lower panel).   
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with anti-FLAG resin and quantified by immunoblotting.  Subsequently, comparable 

levels of TDG were analyzed by SDS-PAGE and incorporation of 32P was detected by 

phosphorimaging.  We observed a basal level of phosphorylation which was enhanced by 

PMA treatment (Fig. 3.1C, top panel).  Pretreatment of cells with a PKCα/β specific 

inhibitor (Gö6976) (33) prior to PMA stimulation abolished phosphorylation.   Since the 

ubiquitous expression of PKCα (53) is more consistent with the wide tissue distribution 

of TDG, we focused our investigations on this isozyme.  To obtain corroborating 

evidence for a link between PKCα and TDG, we examined the subcellular distribution of 

the endogenous proteins in NIH 3T3 fibroblasts and undifferentiated P19 embryonal 

carcinoma cells by indirect immunofluorescence.  In NIH 3T3 cells cultured in the 

absence of serum, PKCα displayed predominantly cytoplasmic distribution while TDG 

was found almost exclusively in the nucleus (Fig. 3.2A panels I, III, V).  Treatment with 

PMA for fifteen minutes in the presence of serum, triggered nuclear translocation of 

PKCα as previously reported (47), and colocalization with TDG (Fig. 3.2C, panel II, IV, 

VI).  We observed mainly nuclear staining for PKCα (54) in untreated P19 cells and 

strong colocalization with TDG (Fig. 3.2B). These findings are consistent with numerous 

studies demonstrating phosphorylation of nuclear proteins by PKCα (32). 
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Figure 3.2.  Subcellular localization of TDG and PKCα in NIH 3T3 fibroblast and 

P19 EC cells.  (A) Subcellular localization of endogenous TDG and PKCα in NIH 3T3 

cells.  Serum starved cells were treated with PMA or DMSO and subsequently 

immunostained for TDG and PKCα.  (B)  Undifferentiated P19 embryonic carcinoma 

cells (not treated) were immunostained to detect endogenous TDG and PKCα. 

Representative optical sections generated by epifluorescence microscopy are shown.  The 

fluorescence intensity plot illustrates the coincidence of peak fluorescence for TDG 

(CY3, red) and PKCα (FITC, green).   
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PKCα interacts directly with TDG and phosphorylates the amino-terminal region 

To determine whether TDG and PKCα associate in living cells we carried out 

immunoprecipitations with anti-FLAG affinity resin on cell lysates derived from PMA 

treated NIH 3T3 fibroblasts stably expressing FLAG-tagged TDG.  The amount of full 

length FLAG-tagged TDG in these cells is comparable to that of endogenous TDG (Fig. 

3.3A, compare lanes 1 and 2). Immunoprecipitates were separated by SDS-PAGE and 

immunoblotted for TDG and PKCα.  PKCα was only detected in immunoprecipitates 

derived from FLAG-TDG expressing cells but not from control cells, consistent with the 

association of these proteins in living cells (Fig. 3.3A, compare lanes 3 and 4).  Similar 

results were obtained using transiently expressed epitope tagged proteins (Fig. S.3.2).  To 

examine whether these proteins interact directly, we carried out in vitro interaction 

studies using commercially available recombinant PKCα and poly-histidine tagged TDG 

or a truncated variant lacking the amino-terminal region (residues 1 to 121) (Fig. 3.3B)  

Following incubation of these proteins, nickel affinity resin was used to pull down TDG 

and PKCα was detected by immunoblotting (Fig. 3.3C).  PKCα was retained on the 

nickel affinity resin in the presence of full-length TDG but not with the amino terminal 

variant.  Coomassie staining of an aliquot of the binding reaction confirmed that both 

TDG and TDG(122-421) were bound to the affinity resin.  These findings establish a 

direct interaction between TDG and PKCα that is dependent on the amino-terminal 

region of TDG.  
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Figure 3.3.  PKCα associates directly with TDG.  (A)  PKCα coimmunoprecipitates 

with stably expressed TDG in NIH 3T3 fibroblasts.  Immunoprecipitations using anti-

FLAG affinity resin were carried out on whole-cell extracts prepared from PMA treated 

cells stably expressing FLAG- TDG or control cells transduced with the empty expression 

vector.  Aliquots of the cell lysates and immunoprecipitated proteins were immunoblotted 

for PKCα and TDG.  (B)  Coomassie staining of polyhistidine tagged TDG and 

TDG(122-421) used for in vitro protein interaction studies.  (C)   In vitro association of 

recombinant TDG and PKCα requires amino-terminal residues 1 to 121 of TDG.  

Approximately 1 μg polyhistidine-tagged TDG or TDG(121-421) were incubated with 10 

ng of PKCα and subjected to pull-down with nickel-affinity resin.  As a control, PKCα 

was also incubated with beads alone.  Bound proteins were subjected to SDS-PAGE and 

immunoblotting with a PKCα-specific antibody (upper panel).  Binding of poly-histidine 

tagged TDG and TDG(122-421) to the nickel-affinity beads was confirmed by Coomassie 

staining (lower panel).  
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We next assessed whether TDG is a direct substrate for PKCα phosphorylation in vitro, 

by incubating recombinant TDG or TDG(122-421) and PKCα in the presence of γ32P-

ATP and essential cofactors; subsequently, the reaction products were fractionated by 

SDS-PAGE and incorporation of  32P was measured by phosphorimaging (Fig. 3.4A).  

Incorporation of radioactivity was observed only with full-length TDG, indicating that the 

amino-terminal region is essential for phosphorylation by PKCα.  Considering that 

PKCα/β/γ consensus phosphorylation sites are located adjacent to acetyl-acceptor lysines 

94, 95 and 98 (see Fig. 3.1A), we employed two short peptides consisting of amino acid 

residues 68-91 and 91-107 in phosphorylation reactions to further delineate the location 

of phosphoacceptor serines or threonines.    Analysis of the reaction products by SDS-

PAGE and phosphorimaging revealed that the peptide containing residues 91-107 was 

robustly phosphorylated in vitro while the second peptide (residues 68-91) was not 

appreciably radiolabelled (Fig. 3.4B).  Phosphorylated residues were identified by 

examining the effect of alanine substitutions of potential phosphoacceptor residues in the 

context of the 91-107 peptide.  This analysis indicated that substitution of serine 96 (S96) 

and serine 99 (S99) substantially decreased 32P incorporation, thereby identifying these 

residues as the principal phosphoacceptor sites (Fig. 3.4C).  In the context of full length 

bacterially-expressed TDG, dual substitution of these residues with either alanine (S96-

99A) or aspartate (S96-99D) resulted in approximately 60% and 80% reduction in 

phosphorylation, respectively (Fig. 3.4D).  To assess whether these serines are 

phosphorylated in vivo, we transiently expressed FLAG-tagged wild-type TDG and 

TDG(S96-99D) in NIH 3T3 fibroblasts and carried out metabolic labeling with 

radiolabelled inorganic phosphate with and without PMA stimulation.  We observed that 

PMA treatment increased phosphorylation of wild-type TDG by approximately 80% but 

had no detectable effects on the S96-99D mutant (Fig. 3.4E, upper panel) confirming that 

these are the major phosphoacceptor sites.  Immunoblotting analysis indicated the 
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presence of comparable amounts of TDG in the different immunoprecipitates (Fig. 3.4E, 

lower panel).  These data confirm that phosphorylation of serine 96 and 99 of TDG is 

induced by phorbol ester stimulation in living cells.  

 

  



160 

 

 

 

Figure 3.4.  PKCα phosphorylates TDG on serines 96 and 99.  (A) PKCα-mediated 

phosphorylation of TDG requires the amino-terminal region.  In vitro phosphorylation 

reactions were performed in the presence of γ32P-ATP using 2 µg of TDG (lane 1) or 

TDG(122-421) (lane 2) and 0.3 ng (0.25 mU) of recombinant PKCα.  Reaction products 

were fractionated by SDS-PAGE and incorporation of 32P was detected by 

phosphorimaging.  (B) Delineation of the phosphorylated region using peptide probes.  

Equimolar amounts of TDG peptides (residues 68-91 and 91-107) and PKCα peptide 

substrate from glycogen synthetase (residues 1-8, designated GS 1-8) along with the 

FLAG peptide were reacted with PKCα and analyzed as indicated above.  (C) 

Identification of phosphoacceptor residues by alanine substitution.  In vitro 

phosphorylation of the TDG(91-107) (1 µg) peptide and alanine substituted derivatives 

was performed and analyzed by SDS-PAGE and phosphorimaging (top panel).  

Quantification of signal intensity is displayed in the bottom panel.  Lysines acetylated by 

CBP/p300 are indicated with asterisks.  (D) Dual alanine (lane 2) or aspartate (lane 3) 

substitutions of serine 96 and 99 reduces PKCα-mediated phosphorylation in full-length 

TDG.  Recombinant TDG and the indicated substitution mutants (2 µg) were 

phosphorylated in vitro and analyzed by SDS-PAGE and autoradiography. (E) In vivo 

metabolic labeling of transiently expressed TDG and S96-99D mutant with 32P-

orthophosphate.  Transfected NIH 3T3 fibroblasts grown in serum-free media were 

metabolically labeled for 2.5 hours which includes treatment with either vehicle or PMA 

during the final 30 minutes of labeling.  Proteins were immunoprecipitated with anti-

FLAG resin and then fractionated by SDS-PAGE and phosphorimaged (upper panel).  

Aliquots of the immunoprecipitates were analyzed by immunoblotting to ensure equal 

loading of TDG (lower panel).     
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Amino-terminal acetylation and phosphorylation are mutually exclusive.  

The proximity of the acetylated residues to the PKCα phosphorylation sites (see Fig. 

3.1A) suggested that each modification may affect the other by altering the effective 

charge in this region.  To investigate this, we established an assay whereby we initially 

acetylated or phosphorylated recombinant TDG in vitro and then used nickel-affinity 

chromatography to purify TDG from the modifying enzymes.  Following quantification 

by immunoblotting, we assessed whether acetylated TDG could be phosphorylated by 

PKCα and vice versa.  We found that acetylated TDG was not appreciably 

phosphorylated by PKCα (Fig. 3.5A) and similarly, when phosphorylated TDG was used 

as a substrate for CBP, acetylation was greatly reduced (Fig. 3.5B). Quantification by 

phosphorimaging revealed a 10-fold and 3-fold reduction in phosphorylation and 

acetylation, respectively.  The more moderate decrease in acetylation following 

phosphorylation is consistent with the presence of an additional acetyl-acceptor lysine 

(K70) which may not be affected by phosphorylation.   To determine whether loss of 

positive charges at acetyl-acceptor lysines was responsible for inhibition of 

phosphorylation we introduced charge neutralizing alanine substitutions at lysines 94, 95 

and 98 (K94-95-98A triple mutant), which constitute the major acetylation sites in vitro 

and carried out in vitro phosphorylation (Fig. 3.5C).  Reduced levels of phosphorylation 

were observed with the mutant consistent with lysine residues being essential for optimal 

phosphorylation by PKCα.  Serine to aspartate substitutions (S96 and S99) which mimic 

phosphorylation also reduced acetylation consistent with the mutually exclusive 

relationship (Fig. 3.5D). We next examined the relationship between these modifications 

in living cells by carrying out in vivo phosphorylation experiments in HEK 293T cells.  

This cell line was chosen due to the high transfection efficiency that can be routinely 

achieved and the fact that TDG acetylation can be readily observed by metabolic labeling 

(data not shown).  As with NIH 3T3 fibroblasts, we observed PMA-dependent 
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phosphorylation of TDG which could be attenuated by coexpression of CBP (60% 

reduction) (Fig 3.5E).  Furthermore, the TDG mutant with alanine substitutions at acetyl-

acceptor lysines was not phosphorylated in a PMA-dependent manner.  These findings 

are in agreement with the in vitro data and consistent with a mutually exclusive 

relationship between acetylation by CBP/p300 and PKC mediated phosphorylation.  

When we performed in vivo acetylation by metabolic labeling with 3H sodium acetate, we 

found surprisingly that both the S96-99D mutant and wild-type TDG were acetylated at 

comparable levels (data not shown).  These findings are consistent with our unpublished 

data indicating that TDG is acetylated by other acetylases in addition to CBP/p300,  

 

  



164 

 

 

 

 

 

Figure 3.5.  Acetylation and phosphorylation are mutually exclusive.  (A)  Acetylated 

TDG (acTDG) is refractory to phosphorylation by PKCα.  Recombinant polyhistidine-

tagged TDG was acetylated in vitro with CBP and then purified by nickel affinity 

chromatography.  Acetylated TDG was quantified by immunoblotting and approximately 

100 ng was used in phosphorylation reactions that included γ32P-ATP.  Reaction products 

were analyzed by SDS-PAGE and phosphorimaging.  (B) Phosphorylated TDG (pTDG) 

is refractory to acetylation by CBP.  Phosphorylated TDG was purified as indicated above 

and reacted with CBP and in the presence of 14C-acetyl coenzyme A (AcCoA).  (C) 

Reduced in vitro phosphorylation of the K94-95-98A mutant. (D) Reduced in vitro 

acetylation of the S96-99D mutant. Recombinant proteins (1 μg) were phosphorylated or 

acetylated in vitro as described above. (E) Inhibition of in vivo TDG phosphorylation by 

coexpression of CBP or substitution of positively charged acetyl-acceptor lysines.  HEK 

293T cells were transfected with the indicated expression vector and metabolically 

labeled with and without stimulation with PMA.  
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Divergent effects of TDG acetylation and phosphorylation on DNA mispair 

processing 

DNA binding has been reported to promote conformational changes in TDG (48).  In 

order to address whether TDG could be acetylated or phosphorylated when bound to 

DNA, we carried out acetylation reactions with CBP in the presence of increasing 

amounts of either normally paired or G:T mispaired duplex oligonucleotides (Fig. 3.6A).  

A considerable reduction in acetylation of TDG was observed in the presence of either 

oligonucleotide, while CBP autoacetylation was not significantly affected.  These 

findings suggest that in vivo TDG bound to DNA is unlikely to be acetylated by 

CBP/p300.  In contrast, the presence of DNA had little effect on the acetylation of GST-

p53 and SET/TAF1β/I2
pp2A proteins (Fig. 3.6B).  Additionally, the presence of duplex 

oligonucleotides caused a more moderate reduction in PKCα mediated phosphorylation 

(Fig. 3.6C) suggesting that phosphorylation of TDG may occur on DNA.   

The marked reduction in acetylation following DNA binding suggests that the acetyl-

acceptor lysines may directly contact DNA.  To investigate this possibility, we compared 

the DNA binding activity of bacterially expressed recombinant wild-type TDG and the 

K94-95-98A mutant using the electrophoretic mobility shift assay (11),  We found that 

the alanine substitution mutant  displayed moderately enhanced binding to duplex 

oligonucleotides containing either  G:U or G:T mispairs (Fig. 3.6D).  Interestingly, we 

found that the mutant bound to an abasic site was resistant to displacement by APE 

compared to wild-type TDG (Fig. S.3.3).  These findings suggest that lysine 94, 95 and 

98 are critical determinants of the DNA binding properties of TDG and that these 

positively charged residues are not directly interacting with DNA but may be 

conformationally important.  
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Figure 3.6.  DNA binding prevents CBP-mediated acetylation of TDG. (A) Dose 

dependent inhibition of TDG acetylation by duplex oligonucleotides.  TDG (150 ng) was 

pre-incubated with the indicated duplex oligonucleotides for 30 minutes on ice and then 

acetylated in vitro with CBP (100 ng) and 14C-AcCoA.  Reaction products were analyzed 

by SDS-PAGE and autoradiography.  (B) DNA-dependent inhibition of CBP-mediated 

acetylation is specific to TDG.  In vitro acetylation was performed with TDG (150 ng), 

GST-p53 (150 ng), and SET/TAF-1β/I2
pp2A (150 ng) recombinant proteins in the presence 

or absence of 200 ng of G:T mispaired oligonucleotide.  (C) Phosphorylation of TDG in 

the presence of duplex oligonucleotides.  In vitro phosphorylation reactions were 

performed as described in Figure 3.4 using TDG pre-incubated with 200 ng of the 

indicated oligonucleotides. (D) Alanine substitution of acetyl acceptor lysines enhances 

DNA binding. Electrophoretic mobility shift assay was carried out with radiolabeled 

duplex oligonucleotides bearing either a G:U or a G:T mispair with 25 ng of recombinant 

wild-type TDG or TDG(K94-95-98A).   
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In light of the critical role of the amino-terminal region of TDG in G:T processing and the 

observed inhibition of CBP-mediated acetylation by DNA, we investigated whether 

acetylation or phosphorylation could modulate DNA interactions.  To address this, we 

produced purified covalently modified (acetylated or phosphorylated) recombinant TDG 

in vitro using nickel affinity chromatography (see Fig. 3.5). As controls, we also carried 

out mock acetylation and phosphorylation reactions using heat-denatured CBP or by 

omission of ATP, respectively.  We assayed in vitro modified TDG for DNA-binding and 

G:T/U processing activity using asymmetrically radiolabelled duplex oligonucleotides 

containing the indicated DNA mispairs.  Remarkably, we observed that acetylated TDG 

retained robust G:U processing activity but displayed severely reduced G:T processing 

(Fig. 3.7A, compare lane 4 and 6).  Consistent with these findings, we observed using 

both the avidin-biotin coupled DNA (ABCD) binding assay (data not shown) and 

electrophoretic mobility shift  assay (EMSA) (Fig. 3.7B) that the binding of acetylated 

TDG to G:U mispaired oligonucleotides was comparable to that of mock acetylated TDG, 

whereas binding to G:T mispaired DNA was substantially reduced.  Therefore, these data 

indicate that acetylation of the amino-terminal region selectively abrogates the G:T 

processing functions of TDG.  In contrast, the DNA binding and mispair processing 

activities of phosphorylated TDG were found to be indistinguishable from mock 

phosphorylated protein (Fig. 3.7C and D).  To confirm that we achieved efficient 

phosphorylation of TDG in this experiment, we carried out an acetylation reaction with 

this material and observed a 3-fold reduction in incorporation of radiolabelled AcCoA 

(data not shown).  Therefore, although PKCα mediated phosphorylation does not appear 

to directly alter the processing functions of TDG it may prevent inhibition of G:T 

processing by preventing acetylation by CBP/p300.  

 



170 

 

 

 

 

 

 

Figure 3.7.  Divergent effects of acetylation and phosphorylation on DNA mispair 

processing.  (A) Acetylation of TDG selectively abrogates G:T processing.  Purified 

acetylated TDG (acTDG) (25 ng) was prepared as described in Figure 3.5 and base 

excision assays were carried out using asymmetrically radiolabelled duplex 

oligonucleotides (10 ng)  bearing either G:U or G:T mispairs.   Reaction products were 

treated with alkali to cleave the abasic sites and analyzed by denaturing PAGE and 

autoradiography.   (B)  Acetylated TDG does not stably bind oligonucleotides bearing a 

G:T mispair.  Aliquots of base excision reactions described above were subjected to 

electrophoretic mobility shift assays to determine binding to G:U or G:T mispaired 

oligonucleotides.  (C) Phosphorylation of TDG does not detectably alter G:T/U 

processing activity.  Phosphorylated (pTDG) and mock phosphorylated TDG (12 ng) 

were tested for ability to excise mispaired uracil and thymine.  (D) DNA-binding analysis 

of phosphorylated and mock phosphorylated TDG.   Aliquots of the base excision 

reactions were subjected to electrophoretic mobility shift analysis.  Figures S.3.4 and 

S.3.5 show images of EMSA gels that include unbound DNA probe.  
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3.4 Discussion 

We have elucidated a unique interplay between acetylation and phosphorylation in 

regulating the DNA repair functions of TDG.  We show that these posttranslational 

modifications occur on adjacent residues in the amino-terminus and are mutually 

exclusive.  Remarkably, acetylation by CBP/p300 selectively abrogates G:T processing 

while phosphorylation by PKCα may preserve this function in vivo by preventing CBP-

mediated acetylation.  Our findings suggest that the opposing regulatory roles of 

CBP/p300 and PKC may have profound effects on the functions of TDG in CpG 

maintenance and epigenetic regulation.  

We investigated a regulatory role for PKC in TDG-mediated base excision on the basis of 

the proximity of putative PKCα/β/γ phosphorylation sites and acetyl-acceptor lysines 

(K94, K95 and K98).  These residues are located within a sequence motif conserved in 

mouse, rat and human TDG (93SKKSGKS99).  Our studies indicate that in mouse 

fibroblasts PKCα translocates to the nucleus in response to PMA stimulation and 

phosphorylates residues in the amino-terminal DNA binding domain of TDG.  

Accordingly, we have shown that in NIH 3T3 cells, stably-expressed TDG 

coimmunoprecipitates with endogenous PKCα.  Furthermore, 2D-PAGE analysis and 

metabolic labeling indicate that TDG is phosphorylated in a PMA-dependent manner in 

vivo and this effect was abrogated by a PKCα/β-specific inhibitor.  Using recombinant 

bacterially expressed proteins we have shown that PKCα interacts directly with TDG and 

this association requires the amino-terminal region of TDG (residues 1-122).  The 

phosphorylation sites were mapped in vitro using peptides bearing alanine substitutions of 

potential phosphoacceptor residues.  We identified two serine residues (S96 and S99) that 

when mutated in the context of full-length TDG, substantially reduced phosphorylation 

by PKCα.  Consistent with this, in vivo PMA-dependent phosphorylation of transiently 
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expressed TDG was substantially reduced when the phosphoacceptor serines were 

substituted with aspartate.  Although we have focused on PKCα in our studies, these 

phosphoacceptor serines may be phosphorylated by other PKC subtypes.   We have used 

PMA to induce nuclear translocation of PKCα; however, it is well known that in 

fibroblasts this is a normal physiological response to growth factor (e.g. PDGF, EGF) 

stimulation (37).  Therefore, phosphorylation of TDG may be regulated by mitogenic 

signals.  Interestingly, in undifferentiated P19 EC cells, PKCα is mostly nuclear and 

colocalizes with TDG, consistent with a role in the regulation of nuclear processes.    

Considering the proximity of phosphoacceptor serines and acetyl-acceptor lysines and the 

different charge characteristics of these residues upon covalent modification, it should 

perhaps not be surprising that acetylation effectively prevents phosphorylation and vice 

versa.  We found that acetylation of recombinant TDG decreases subsequent 

phosphorylation by 10-fold while phosphorylation decreases acetylation by at least 3-

fold.  Furthermore, substitution of phosphoacceptor serines with aspartate, which mimics 

phosphorylation, reduced acetylation in vitro while replacement of positively charged 

lysines with alanine reduced phosphorylation.  Consistent with in vitro studies, PMA-

induced phosphorylation in vivo was abrogated by removal of acetyl-acceptor lysines and 

reduced by CBP overexpression.  Surprisingly, the phosphorylation mimic (S96-99D) 

was acetylated in vivo at similar levels to wild-type TDG.  This is most likely attributable 

to acetylation of TDG in vivo at other lysine residues by other acetylases.  The mutually 

exclusive nature of these adjacent modifications is reminiscent of the cross-talk observed 

on the amino-terminal KS dipeptide of histone H3; in this case, phosphorylation of S10 

blocks both K9 acetylation and methylation while K9 dimethylation antagonizes S10 

phosphorylation (8, 10, 28, 44).  Similar cross-talk as been suggested for non-histone 

proteins (27, 55). 
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In exploring the functional significance of these covalent modifications, we first 

established whether they could occur when TDG is bound to DNA as conformational 

changes in this context have been reported (17).  We found that DNA-bound TDG was 

very resistant to acetylation while CBP autoacetylation was not altered.  In contrast, 

phosphorylation by PKCα was much less affected by the presence of DNA.  These 

findings suggest that in vivo PKCα may phosphorylate DNA-bound TDG while 

acetylation by CBP/p300 requires uncoupling from DNA.  The observation that 

CBP/p300 mediated acetylation abrogates binding to duplex DNA and G:T processing 

may be relevant to both the  CpG maintenance functions of TDG as well as its recently 

postulated  role in gene-specific CpG demethylation (34).  Acetylated TDG retains the 

ability to process G:U mispairs in vitro, consistent with previous reports indicating that 

this function does not require the amino-terminal region (36, 48).  However, the reduced 

ability of acetylated TDG to bind DNA may interfere with the genome scanning functions 

attributed to DNA glycosylases, which could severely hinder detection of DNA mispairs 

and other DNA lesions in vivo.  G:U and G:T mispairs at CpG dinucleotides are generated 

by hydrolytic deamination of cytosine and methyl cytosine, respectively.  In order to 

restore cytosine methylation following repair of G:T mispairs, a mechanism is required to 

discern between mispairs arising from either the methylated or unmethylated cytosine.  

CBP/p300-mediated acetylation may provide a mechanism to discriminate between the 

two deamination products.  Recent studies employing chromatin immunoprecipitation 

(ChIP) assays, have shown that TDG transiently occupies the promoters of several 

estrogen responsive genes (2, 22) and it has been postulated that TDG and other BER 

enzymes are essential for the cyclical CpG demethylation patterns observed on these 

genes during transcription.  As the DNA binding activity and G:T processing functions of 

TDG are dramatically reduced by CBP-mediated acetylation, this may serve as a 

powerful mechanism to regulate CpG demethylation and/or the release of TDG from 
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promoters.  The finding that CBP/p300 mediated acetylation of Polβ reduces end 

trimming activity and impairs participation in BER (18) suggests that CBP/p300 may 

generally act as negative regulator of BER.  This is also in agreement with the role of 

acetylation in reducing the nuclease activity of another BER enzyme, flap endonuclease 1 

(Fen1) (19).  A recent study provided evidence for the direct excision of 5-methylcytosine 

by MBD4 and this activity is stimulated by PKC phosphorylation (23).  Therefore, PKC 

signaling likely plays a central role in regulating CpG demethylation by MBD4 and TDG.   

CBP/p300 as well as other protein acetylases respond to DNA damage and other cellular 

stresses by acetylating cellular proteins such as the tumor suppressor p53 (31, 45, 49).  

Covalent modification of key cellular regulatory proteins is an integral signaling 

mechanism in DNA damage response that leads to cycle arrest, apoptosis and cellular 

senescence.  Acetylation of TDG may serve to block DNA repair as part of an apoptotic 

response to cellular stresses such as excessive DNA damage.  In this context, it is 

interesting to note that both phosphorylation by PKC and acetylation by p300 have been 

shown to inactivate Polβ, while in this study we demonstrate that phosphorylation of 

TDG by PKCα may preserve G:T processing by preventing acetylation by CBP/p300.  

Altogether these findings suggest that the crosstalk between different signaling pathways 

could provide exquisite regulation of the different steps of BER in response to 

physiologic signals or stresses.  Although in this study we have focused on the classic 

functions of TDG in processing G:T/U mispairs, it also processes other damaged bases 

and may be important in cellular responses to oxidative stress.  Along these lines, since 

PKC isoenzymes are activated by reactive oxygen species (14, 25), TDG may be a crucial 

downstream target that would also be subject to opposing regulation by CBP/p300.   

The tight binding of TDG to abasic sites produced by base excision prevents enzyme 

turnover and limits processing efficiency (48).  It has been postulated that sumoylation of 
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mammalian TDG serves to promote release of the enzyme from abasic sites (17).  

Structural analysis of an amino- and carboxy-terminal deleted human TDG conjugated to 

SUMO revealed the presence of a protruding helix that interferes with DNA binding (1).  

However, analysis of sumoylated full-length human TDG by limited proteolysis 

suggested that sumoylation promotes conformational changes involving interaction of the 

carboxy- and amino-terminal regions (48).  We have shown previously that mouse TDG 

contains two separate conserved amino-terminal and carboxy-terminal SUMO-binding 

motifs that interact intramolecularly with the conjugated SUMO and may account for the 

sumoylation-induced conformational changes (36).  Interestingly, both sumoylation and 

acetylation by CBP/p300 abrogate DNA binding and processing of G:T mispairs (see Fig. 

3.8).  However, in contrast to sumoylation which can occur on DNA, we show that CBP-

mediated acetylation requires the uncoupling of TDG from DNA.  Furthermore, 

acetylated TDG retains the ability to form stable complexes with abasic sites as evidenced 

by the stable binding observed following the processing of G:U mispairs.  It is plausible 

that acetylation promotes limited conformational changes within the amino-terminus in 

contrast to the more extensive changes that are associated with sumoylation.   

Interestingly, substitution of lysines 94, 95 and 98 with alanines did not mimic the effects 

of acetylation on DNA binding and this mutant was resistant to displacement by APE 

when bound to abasic sites (Fig. S.3.3).   These findings suggest that these lysine residues 

play critical roles in DNA binding and mispair processing and the effects of acetylation 

are not strictly due to loss of positive charges.  

  



177 

 

 

 

 

 

 

 

 

Figure 3.8.  Cross-talk between TDG posttranslational modifications.  Previous 

studies have shown that sumoylation of human and mouse TDG induces a dramatic 

increase in G:U processing activity by promoting enzyme turnover (19,20).  In contrast, 

sumoylation (19,20) or acetylation by CBP (this study) abrogate DNA binding and G:T 

processing (17, 36).  TDG sumoylation also drastically reduces interactions with 

CBP/p300, thereby preventing efficient acetylation (20). The present studies reveal that 

phosphorylation of serine residues adjacent to acetyl-acceptor lysines by PKCα prevents 

acetylation by CBP and may preserve G:T processing in vivo.  
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We have provided biochemical evidence for the interplay of CBP/p300 and PKCα in 

modulating the DNA repair functions of TDG.  Our studies provide insights into the 

complex roles of posttranslational modifications in regulating genome maintenance and 

gene expression pathways.  The fact that both CBP/p300 and PKC signaling pathways are 

deregulated in oncogenesis (13, 16, 21)  suggests that TDG may be a downstream target 

that may be functionally compromised and contribute to the genomic instability 

associated with cancer.  Interestingly, TDG has recently been shown to efficiently excise 

5-fluorouracil from DNA and plays a role in cellular responses to this commonly used 

chemotherapeutic agent (9, 26).  Our studies indicate it may be possible to alter the DNA 

damage processing functions of TDG in vivo by targeting the signaling pathways that 

mediate acetylation and phosphorylation of this enzyme.  Future studies will establish the 

utility of our findings in this context and whether TDG is suitable target for cancer 

therapy. 
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3.6 Supplemental information 

Figure S.3.1.  Clustal W alignments of TDG orthologs.  Accession numbers: Mouse 

[Mus musculus], AAH10315; Rat [Rattus norvegicus], NP_446181; Human [Homo 

sapiens], NP_003202; Chicken [Gallus gallus], NP_990081; Xenopus [Xenopus laevis], 

NP_001084290 NP_001084291; Zebrafish [Danio rerio], NP_001018587 XP_688633; 

Drosophila [Drosophila melanogaster], AAD33588. Note that Drosophila TDG is 1095 

amino acids long and only part of the sequence is shown.  Alignments were performed on 

the European Bioinformatics Institute website (http://www.ebi.ac.uk/). 

CONSENSUS SYMBOLS:  

An alignment will display by default the following symbols denoting the degree of 

conservation observed in each column: "*" means that the residues or nucleotides in that 

column are identical in all sequences in the alignment. ":" means that conserved 

substitutions have been observed, according to the color table above. "." means that semi-

conserved substitutions are observed. 

AVFPMILW RED Small (small+ hydrophobic (incl.aromatic -Y)) 

DE BLUE Acidic 

RK MAGENTA Basic 

STYHCNGQ GREEN Hydroxyl + Amine + Basic - Q 

Others Gray   
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CLUSTAL 2.0.12 multiple sequence alignment 

TDG_Mouse           -MDAEAARSYS--LEQVQALYSFPFQQMMAEVPNMAVTTGQQVPAVAPNMATVTEQQV-- 

55 

TDG_Rat             ---------------------------MMAEAP---------------NMADVAGQQM-- 

16 

TDG_Human           -MEAENAGSYS--LQQAQAFYTFPFQQLMAEAP---------------NMAVVNEQQMPE 

42 

TDG_Chicken         -MEAEELGRYYAYLQQAQAFYTFPFHQMMTAPP---------------TMEAMTEQPTLE 

44 

TDG_Xenopus         -MEAQDPSSYY---QPAQPYYPFSYHQMMNVPS---------------NMDLGNEQQTLH 

41 

TDG_Zebrafish       -MDERLYGSLPHAPSEYLQQWVQSAQQHLQTLQAQYP-----------HMANGSAGFMME 

48 

TDG_Drosophila      MGEELHMHSPSHRHLDAVTTGPGRYGILVSNDTPECLSR---------EMYRHSQQSTTV 

51 

                                                :                    *           

 

TDG_Mouse           ------------------------------PADAPVQ--EPAPEAPKR-RKRKPRAAEPQ 

82 

TDG_Rat             ------------------------------PAEAPAQ--DPVPEAPKR-RKRKTRAAEAQ 

43 

TDG_Human           ----------------------------EVPAPAPAQ--EPVQEAPKG-RKRKPRTTEPK 

71 
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TDG_Chicken         ----------------------------GIPEPNLAQ--EPPKEVKKGGRKRKAKATEPK 

74 

TDG_Xenopus         PLTGVPAHELQAFSGMAANEPQVLHTLTGVPAQEPVNGEMPIPEMIPNPAEAEPTTGKRK 

101 

TDG_Zebrafish       GQREDAG----------------MQQMPVHPEDAAQLQPAAAQTAPAKGKRARQTNKEPK 

92 

TDG_Drosophila      ----------------------------LEQTDSSSCGINFKPMPKKRGRKKKLVAVNAD 

83 

TDG_Mouse           EPVEPKKPATSKKSGKSTKS------KEKQEKITDAFK-VKRKVDRFNGVSEAELLTKTL 

135 

TDG_Rat             DPVEPKKPAASKKSGKSTKS------KEKQEKITDTFK-VKRKVDRFNGVSEAELLTKTL 

96 

TDG_Human           QPVEPKKPVESKKSGKSAKS------KEKQEKITDTFK-VKRKVDRFNGVSEAELLTKTL 

124 

TDG_Chicken         Q---PKKPAAKKE--KATKS------KGKQEKITDTFK-VKRKVDRFNGVSEAELLTKTL 

122 

TDG_Xenopus         RGKAPSEPKPKKPAAKSAKAPK----SGKQEKITDAFK-VKRKVNRFNGVSEAELLTKTL 

156 

TDG_Zebrafish       PKGEPKPRAKPGPKPKKAKEDKEAPPAEGQEKIDETFKKVKRKVDRFKGMSEEEVMKRTL 

152 

TDG_Drosophila      TSQMTTPVDQQKVSAGRADCE-----DGGGDQAAKPKE--RKKHDRFNGMSEEEVIKRTI 

136 

                        ..           :.           ::  .. :  ::* :**:*:** *::.:*: 
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TDG_Mouse           PDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLSEVQLNHMDDHTLPGK 

195 

TDG_Rat             PDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLSEVQLSHMDDHTLPGK 

156 

TDG_Human           PDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLSEVQLNHMDDHTLPGK 

184 

TDG_Chicken         PDILTFDLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLSNEQLNHMDDHTLPHK 

182 

TDG_Xenopus         PDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFLSGLSDKQLNHLDDHSLPEK 

216 

TDG_Zebrafish       PDILIPNLDYVIIGINPGLMAAYIGRWFPGPGNHFWKCLFLSGFTEKLLNHMDDQSLPEK 

212 

TDG_Drosophila      PDHLCDNLDIVIVGINPGLFAAYKGHHYAGPGNHFWKCLYLAGLTQEQMSADEDHKLIKQ 

196 

                    ** *  :** **:******:*** *: :.**********:::*:::  :.  :*:.*  : 

TDG_Mouse           YGIGFTNMVERTTPGSKDLSSKEFREGGRILVQKLQKYQPRIAVFNGKCIYEIFSKEVFG 

255 

TDG_Rat             YGIGFTNMVERTTPGSKDLSSKEFREGGRILVQKLQKYQPRIAVFNGKCIYEIFSKEVFG 

216 

TDG_Human           YGIGFTNMVERTTPGSKDLSSKEFREGGRILVQKLQKYQPRIAVFNGKCIYEIFSKEVFG 

244 

TDG_Chicken         YGIGFTNMVERTTPGSKDLSSKEFREGGRILMQKLQKYKPRIAAFNGKCIYEIFSREVFG 

242 

TDG_Xenopus         YGIGFTNMVERTTPGSKDLSSKEFREGGRILLEKLQKYKPRIAVFNGKCIYEIFSKEIFG 

276 
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TDG_Zebrafish       YGIGFTNMVARATPGSKDLSSKELREGGKILVEKIKQFKPLIAVFNGKCIYEMFCRELFG 

272 

TDG_Drosophila      G-IGFTNMVARATKGSADLTRKEIKEGSRILLEKLQRFRPKVAVFNGKLIFEVFS----- 

250 

                      ******* *:* ** **: **::**.:**::*:::::* :*.**** *:*:*.      

 

TDG_Mouse           VKVKNLEFGLQPHKIPDTETLCYVMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIER 

315 

TDG_Rat             VKVKNLEFGLQPHKIPDTETLCYVMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIER 

276 

TDG_Human           VKVKNLEFGLQPHKIPDTETLCYVMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIER 

304 

TDG_Chicken         IRVKNLEFGLQPHKVPETETLCYVMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIAP 

302 

TDG_Xenopus         VKAKKIDFGIQPHRIPETDTICYLMPSSSARCAQFPRAQDKVHHYIKLKELRNQLRGVET 

336 

TDG_Zebrafish       KKPKTLEFGLQPHKIPDSDTALYLMPSSSARCAQFPRAQDKVHFYIKLRELRDQLKGVIK 

332 

TDG_Drosophila      -GKKEFHFGRQPDRVDGTDTFIWVMPSSSARCAQLPRAADKVPFYAALKKFRDFLNGQIP 

309 

                       * :.** **.::  ::*  ::**********:*** *** .*  *:.:*: *.*    

TDG_Mouse           NTDVQEVQYTFDLQLAQEDAKKMAVKEEKYDPGYEAAYGGAYGE----NPCNGEPCGIAS 

371 



192 

 

 

 

TDG_Rat             STDVQEVQYTFDLQLAQEDAKRTAVKEEKYDPGYEAAYGGACGE----NPCNGEPCGFAS 

332 

TDG_Human           NMDVQEVQYTFDLQLAQEDAKKMAVKEEKYDPGYEAAYGGAYGE----NPCSSEPCGFSS 

360 

TDG_Chicken         NTEVQEVQYTFDLQLAQEDAKKMAVKEEKYDPGYEAAYGGAYCDR---APYESEQCNFSS 

359 

TDG_Xenopus         NREIQEVQYTFDLQLAQEDAKRQAIKEEKYDPGYNSALGEQFNEQT--TSGESGMCNFST 

394 

TDG_Zebrafish       QKEVEEVNYTFDLGLAKEDAKRIAVKEEQYDPGYEAAFGGAYGEAAPEGGQSNGICNFSA 

392 

TDG_Drosophila      HIDESECVFT-DQRIRLCSAQQQVDIVGKINKTHQPPLGDHPSSLTVVSNCSGPIAGDAE 

368 

                      : .*  :* *  :   .*:: .    : :  ::.. *    .       ..  .. :  

 

TDG_Mouse           NGLTAHSAEPRGE-----------ATPGDVPNGQ--WMAQSFAEQIPSFNN-CGTREQEE 

417 

TDG_Rat             NGLTANSAELGGE-----------SAPSDVPNGQ--WMAQSFAEQIPSFNN-CGTGEQEA 

378 

TDG_Human           NGLIES-VELRGE-----------SAFSGIPNGQ--WMTQSFTDQIPSFSNHCGTQEQEE 

406 

TDG_Chicken         NGTAPSNPQYCEG-----------SSFGEVPNGQ--WMTQSFADQIPEFSA--GMTQERE 

404 

TDG_Xenopus         DATVPSNAEFNG----------------QAQNGQ--WIPQPIAEQMSTYNH--SGDQQQG 

434 
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TDG_Zebrafish       SEENANTAEKAPTK---------PSDVGQVQDGQ--WMTQSFADQIPDIGS--SSQAQNW 

439 

TDG_Drosophila      CGIVAEESDQVQSEKMIPQMDPTVPSSSNATDGKSFSYTAENTPLLPVSNHNPSINENNY 

428 

                            :                      :*:    .   :  :.  .   .   :.  

TDG_Mouse           ESHA-------------------------------------------------------- 

421 

TDG_Rat             GSHAGSHA---------------------------------------------------- 

386 

TDG_Human           ESHA-------------------------------------------------------- 

410 

TDG_Chicken         GSSA-------------------------------------------------------- 

408 

TDG_Xenopus         GSNA-------------------------------------------------------- 

438 

TDG_Zebrafish       GV---------------------------------------------------------- 

441 

TDG_Drosophila      LSVMGSQQPLSQQPLEKKKRGRPKKIKGQDIIDHSVGGKASIAGQHIPSHDFNNILNLSV 

488 
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Figure S.3.2.  Coimmunoprecipitation of transiently overexpressed TDG and PKCα.  

The indicated expression vectors (7.5 mg per 10 cm culture plate) were transfected in 

NIH 3T3 cells and lysates were immunoprecipitated using a FLAG-affinity matrix.  

Captured protein complexes were separated by SDS-PAGE and analyzed by 

immunoblotting.  
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Figure S.3.3.  Alanine substitution of acetyl acceptor lysines enhances DNA binding.  

TDG(K94-95-98A) bound to a G:T mispair-bearing oligonucleotide is refractory to 

displacement  by GST-APE. TDG or TDG(K95-95-98A) (100 ng each) were pre-

incubated with a biotinylated oligonucleotide bearing a G:T mispair and then 1 or 2  μg of 

GST-APE was added to the reaction and incubated for 30 minutes.   The DNA-protein 

complexes were captured using streptavidin coated paramagnetic beads.  Bound TDG was 

detected by immunoblotting (upper panel).   Signal volume is shown in the lower panel.   
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Figure S.3.4.  DNA-binding analysis of acetylated and mock acetylated TDG (acTDG 

and mock acTDG).   Aliquots of  base excision reactions (Fig 3.7A) were analyzed using 

EMSA.   
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Figure S.3.5.  DNA-binding analysis of phosphorylated and mock phosphorylated 

TDG  (pTDG and mock pTDG).   Aliquots of base excision reactions (Fig 3.7C) were 

analyzed using EMSA.   
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Chapter 4: Subnuclear localization of TDG is regulated by posttranslational 

modifications. 

4.1 Introduction 

Methylation of cytosine within CpG dinucleotides is an important modification in 

vertebrates used to regulate transcription.  While an effective mechanism for repression of 

transcriptional activity, cytosine and 5-methylcytosine are prone to spontaneous 

hydrolytic deamination, generating uracil and thymine mispairs respectively.  Left 

unrepaired, these mispairs will result in C to T transition mutations upon replication.  

These mispairs are major contributors to mutations in tumor genomes which alter CpG 

content and CpG methylation patterns (55-57).  For example, examination of the IARC 

p53 mutation database indicates that C to T mutations at CpGs may be found in the p53 

gene in almost half of all human tumor samples analyzed (53).  These mutations are also 

major contributor to genome instability on an evolutionary time scale as evidenced by a 

loss of methylated CpG sequences over time resulting in approximately 1/5th the expected 

frequency of CpG within the genome (7, 33, 34).   

Performing a critical role in safeguarding CpG dinucleotides from degradation, DNA 

glycosylases TDG and MBD4 are able to excise mispaired uracil and thymine bases 

within CpG sequences, thereby initiating the base excision repair (BER) pathway.  Repair 

of the product abasic site is completed by APE, Polβ and DNA ligase β, which comprise 

the remainder of the BER pathway (26).   

TDG possess an unusually large hydrophobic catalytic pocket (4) which allows 

processing of various bases damaged as a result of alkylation (22), halogenation (47), and  

other environmental toxins (72).  In NIH 3T3 mouse fibroblasts, MBD4 associates 

primarily with heterochromatin, whereas TDG preferentially associates with 
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transcriptionally active euchromatic regions (66).  However, overexpression of Dnmt3a in 

these cells promotes TDG localization to heterochromatic regions (35).  A small fraction 

of TDG has also been shown to localize to heterochromatic regions in P19 mouse 

embryonic carcinoma cells in a Dnmt3b-dependent manner (8).  TDG interacts with a 

number of sequence-specific transcription factors including c-Jun (14), thyroid 

transcription factor 1(TTF-1) (44), retinoic acid receptor (RAR), retinoid X receptor 

(RXR) (68), estrogen receptor α (ERα), and several other nuclear receptors (13), as well 

as transcriptional coactivators SRC1 (38), and cyclic AMP response element binding 

protein (CREB) binding protein (CBP)/p300 (66), suggesting that TDG and BER may 

play a role alongside these important coregulators of transcription in facilitating gene 

expression.   

The links between transcription and BER were further strengthened in recent studies by 

Metivier at al. demonstrating that TDG and BER proteins APE, Polβ and DNA ligase, 

participate in the cyclical demethylation of the transcriptionally active, estrogen 

responsive pS2/TFF1 and Wisp-2 promoters.  When TDG, along with DNA 

methyltransferases Dnmt3a and Dnmt3b bind these methylated promoters, the 

methyltransferase can promote deamination of methylated cytosines, producing G:T 

mispairs.  The mispair is recognized and corrected by TDG and BER, resulting in 

replacement of the methylated cytosine with an unmethylated base.  The 

methyltransferases in turn, remethylate the previously methylated cytosines, silencing the 

promoter until the next signal for gene expression is received (43).   

Deregulation of gene methylation patterns, including hypermethylation of tumor 

suppressor genes (eg. p16, RASSF1A and RUNX3) (48) or hypomethylation of oncogenes 

(eg. WNT5A, CRIP1 and S100P) (70), has been associated with promoting carcinogenesis 

(27, 31, 67).  The TDG gene has also been shown to be hypermethylated and partially 
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silenced in multiple myeloma cell lines suggesting that decreased cellular levels of this 

enzyme contributes to genome instability and cellular transformation (52). 

TDG functionally associates with the transcriptional coactivators CREB binding protein 

and its homologue p300 (CBP/p300).  These essential cellular proteins are 

acetyltransferases and function as transcriptional coactivators (20, 30).  CBP/p300 and 

TDG have been shown to form stable complexes on DNA which are competent for 

excision of mispaired bases.  Additionally, TDG synergistically co-activates CBP-

mediated transcription and is also a substrate for CBP/p300-mediated acetylation on 

amino terminal lysine residues 70, 94, 95, and 98 (66).  Recently, we have shown that 

acetylation at these sites selectively abrogates TDG G:T processing activity while G:U 

processing is unaffected (45).  Furthermore, we were able to infer from studies of an 

alanine substitution mutant (K94-95-98A) of TDG that the effect of acetylation was likely 

mediated by conformational changes in the amino terminus of TDG and not through 

disruption of direct TDG-DNA interactions. 

As shown in the previous chapters, TDG is phosphorylated on serines 96 and 99 by 

PKCα (45) and is also modified by covalent attachment of small ubiquitin-like modifier 

(SUMO) (sumoylation) on lysine 341 (46).  We have shown that sumoylation of TDG 

induces allosteric changes in TDG which are mediated by amino and carboxy terminal 

SUMO binding motifs (SBM1 and SBM2, respectively).  These changes prevent 

sumoylated TDG from stably binding DNA, resulting in a loss of G:T processing, but not 

G:U processing function.  Additionally, sumoylation of TDG prevents interactions with 

CBP and prevents CBP-mediated acetylation.  PKCα-mediated phosphorylation of TDG 

was also shown to prevent CBP-mediated acetylation and reciprocally, acetylation 

prevented phosphorylation, making these modifications mutually exclusive on TDG.  
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This complex interplay between PTMs may cooperate in vivo to regulate TDG function 

and subcellular localization. 

 Considering the evidence that the incidence of C to T mutations at CpG is dramatically 

increased in ageing tissues (5, 12, 15, 26, 49), we investigated whether changes in TDG 

subcellular localization and sumoylation occur in senescent cells.  Cellular senescence 

defines a normal biological response to DNA damage, and other stresses, which results in 

cell-cycle arrest.  This mechanism can block cellular transformation by preventing the 

proliferations of cells that have incurred excessive DNA damage (49).  We found that in 

normal diploid mouse and human fibroblast, replication- and drug-induced senescence 

was associated with redistribution of TDG from the nucleus to the cytoplasm.  

Additionally, there was also a dramatic increase in the fraction of high-molecular weight 

TDG in senescent cells consistent with increased sumoylation.  Similar changes in TDG 

were also elicited by oxidative stress induced by hydrogen peroxide treatment.  Our 

studies also revealed that in MCF-7 breast carcinoma cells a point mutant of TDG which 

could not be sumoylated was excluded from nucleoli while wild-type TDG could be 

driven into these non-membrane-bound organelles upon overexpression of SUMO.  

Finally we examined the effect PKC activation, using the agonist PMA, on the subcellular 

localization of TDG.  We found that PMA treatment decreased colocalization of TDG 

with sites of active transcription and promoted entry into heterochromatic regions from 

which TDG is otherwise largely excluded.  Collectively, these findings suggest that post-

translational modification may play an important role in regulating TDG function in 

response to cellular stress.   
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4.2  Materials and Methods 

Plasmids 

pCMX-based mammalian expression vectors for CFP-TDG and TDG(K341R) have been 

previously described (46, 66).  The pCMX-based mammalian expression vector for YFP-

SUMO was constructed by Marc Tini. 

Antibodies 

TDG-specific rabbit polyclonal antibody has been previously described (46).  Human 

PKCα-specific polyclonal antibodies were obtained from Santa Cruz Biotechnology (sc-

208, or sc-208-G).   Monoclonal (H14) antibody to phosphorylated RNA polymerase II 

was obtained from Abcam (ab24759). 

Cell culture and transfections 

NIH 3T3 fibroblasts were maintained in Dulbecco’s minimal essential medium (DMEM) 

containing penicillin/streptomycin and supplemented with 10% fetal calf serum.  IMR-90 

cells were maintained in DMEM containing penicillin/streptomycin and supplemented 

with 2.5% fetal calf serum and 7.5% fetal bovine serum.  Mouse embryonic fibroblast 

(MEF) and MCF-7 cells were maintained in DMEM containing penicillin/streptomycin 

and supplemented with 10% fetal bovine serum.  For subcellular localization 

experiments, cells were grown under serum-free conditions for 4 hours and then treated 

with either 100 nM PMA or vehicle (DMSO) for 15 minutes in serum containing media. 

For overexpression studies, 6-well plates were seeded with MCF-7 cells on coverslips and 

grown to approximately 80% confluency.  Cells were then transfected with the indicated 
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YFP-SUMO, and CFP-TDG fusion expression vectors using the Polyfect transfection 

reagent (Qiagen).   

Preparation of whole cell extracts for immunoblotting 

Whole cell extracts for immunoblotting were prepared from 100 mm plates of the 

indicated cells.  Cells were grown to approximately 80% confluency and treated as 

indicated.  Cells were then harvested by scraping, pelleted by centrifugation at 300xG for 

2 minutes.  Cell pellets were then washed with PBS before being resuspended in 500 µl of 

Laemmli buffer containing 100 units Benzonase (Roche) and incubated at 95° Celsius for 

5 minutes.   

Immunoprecipitations 

Whole cell extracts for immunoprecipitation were prepared from 100 mm dishes of 

NIH3T3 cells stably expressing FLAG-TDG and control cells transduced with the empty 

expression vector (pLNCX).  Cells grown to 80% confluency were harvested by scraping, 

then pelleted by centrifugation and resuspended in 500 µl of Lysis buffer (50 mM Tris 

HCl pH 7.9, 300 mM NaCl, 1 mM EDTA, 1mM EGTA 10% glycerol, 0.5% Triton X-

100, 1 mM DTT, 50 mM sodium fluoride, 200 µM sodium orthovanadate and proteinase 

inhibitors - 20 μg/mL Pepstatin A, 10 μg/mL Aprotinin, 1 µg/ml Leupeptin, 0.5 mM 

PMSF) and incubated on ice for 30 minutes.  Subsequently, the cell lysate was diluted 

with 500 µl of dilution buffer (50 mM Tris-HCl pH 7.9, 1 mM EDTA, 1 mM EGTA, 10% 

glycerol, 1 mM dithiothreitol (DTT), 50 mM sodium fluoride,  200 µM sodium 

orthovanadate and proteinase inhibitors) and insoluble material removed by 

centrifugation.  Whole cell extracts were precleared twice with 50 µl (50% v/v) rabbit 

IgG-agarose (Sigma-Aldrich) for 30 minutes at 4o C and  immunoprecipitated with 50 µl 
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(50% v/v) anti-FLAG affinity resin (M2 agarose, Sigma-Aldrich).  Immunoprecipitated 

proteins were separated by SDS-PAGE and detected by immunoblotting. 

Immunostaining and microscopy 

NIH 3T3 cells were fixed for 15 minutes with 4% formaldehyde in phosphate buffered 

saline (PBS) followed by a 10 minute incubation with 0.1 M glycine in PBS.  Cells were 

then permeabilized with 0.5% Triton X-100 in PBS for 10 minutes.  Immunostaining was 

performed with the appropriate primary antibodies and fluorophore-conjugated Donkey 

secondary antibodies (CY3, FITC) (Jackson ImmunoResearch Laboratories) diluted with 

1% BSA/PBS solution.  Epifluorescence imaging was performed on an Axiovert 200M 

inverted microscope equipped with an Apotome (Carl Zeiss) using appropriate 

fluorophore-specific filter sets.  Z-series images (63X magnification) were acquired at 0.5 

µm intervals and processed with Axiovision software and Adobe Photoshop.  

Fluorescence intensity plots were obtained by performing a line scan bisecting the cell 

using Axiovision software.  
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4.3 Results 

TDG is responsible for repairing an array of toxic base lesions which contribute to 

mutations which have been found to accumulate in aging tissues.  We therefore decided 

to examine whether alterations in TDG regulation may occur in ageing cells.  IMR-90 

diploid fibroblasts are derived from a 16-week female fetus and are capable of 

approximately 50-60 population doublings before entering senescence.  The cellular 

distribution of TDG in low (LP) and high passage (HP) fibroblasts was examined by 

indirect immunofluorescence using an antibody that recognizes both mouse and human 

TDG (46).  We found that in high-passage number IMR-90 cells TDG may be found in a 

punctate pattern in the cytoplasm and nucleus (Figure 4.1A).  We next examined LP cells 

treated with the histone deacetylase inhibitor (HDACi) sodium butyrate which has been 

shown to induce alterations in cells similar to senescence (64).  In these cells we found 

that TDG underwent a similar redistribution to that seen in IMR-90 cells naturally 

entering senescence (Figure 4.1B).  To corroborate these findings, we performed the same 

analysis in sodium butyrate-treated mouse embryonic fibroblasts (MEFs) and found that 

TDG underwent a similar redistribution in these cells (Figure 4.1C).  These observations 

suggested that TDG may undergo redistribution in aging cells and furthermore, that a 

similar pattern of relocalization may be stimulated by treatment with histone deacetylase 

inhibitors. 
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Figure 4.1.  Redistribution of TDG to cytoplasm in senescent and sodium butyrate 

treated cells.  (A)  TDG undergoes redistribution from the nucleus to cytoplasm in high-

passage IMR-90 cells.  IMR-90 cells were passaged until they were no longer dividing, 

then fixed in 4% formaldehyde and TDG was detected by indirect immunofluorescence 

with a TDG-specific antibody. Cells were imaged using a Carl Zeiss Axiovert 200M 

microscope equipped with Apotome at 60x magnification.  Using appropriate filters, 0.5 

μm sections were taken.  High passage number (HP) and low passage (LP)  number cells 

are indicated.  (B)  Treatment of IMR-90 cells with sodium butyrate causes redistribution 

of TDG from the nucleus to cytoplasm. LP IMR-90 cells were treated with 10 mM 

sodium butyrate for 48 hours, and TDG localization was detected as in Figure 4.1.  (C)  

Treatment of mouse embryonic fibroblasts (MEFs) with 10 mM sodium butyrate causes 

redistribution of TDG from the nucleus to cytoplasm.  MEFs were treated with 10 mM 

sodium butyrate and analyzed as described above. 
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In order to assess the sumoylation status of TDG after HDACi treatment we fractionated 

cellular lysates by SDS-PAGE and detected TDG by immunoblotting.  Sumoylated TDG 

is approximately 10 kD greater in mass than unmodified TDG although the modified and 

unmodified proteins resolve at an apparent size of approximately 60 and 80 kD 

respectively when resolved by SDS-PAGE.  By comparing the relative intensities of the 

immunoreactive TDG bands we were able to approximate the proportion of TDG which 

was sumoylated in the lysate.  Interestingly, we noted that in lysates prepared from 

untreated IMR-90 cells TDG migrated similarly (~ 80 kD) to sumoylated TDG in lysates 

prepared from NIH 3T3 cells (Figure 4.2A).  When we examined IMR-90 lysates treated 

with 1 μM TSA or 10 mM butyrate for 48 hours, we found that TDG from HDACi-

treated cells migrated at approximately 90 kD, while control lysates showed bands at both 

80 and 90 kD.  These observations are consistent with the modification of TDG by 

conjugation of either SUMO-1 or SUMO-2/3 (3) and SUMO-2/3 may then be sumoylated 

by SUMO-1 (40).  This suggested that redistribution of TDG in HDACi-treated cells may 

be related to further sumoylation of TDG. 
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Figure 4.2.  Cellular redistribution of TDG may be associated with changes in 

posttranslational modification.  (A)  Cellular lysates from immortalized NIH 3T3 

mouse fibroblasts and human IMR-90 fibroblasts were prepared in Laemmli buffer and 

immunoblotted for TDG.  The expected relationship between a presumptive sumoylated 

(S-TDG) and TDG normally seen in NIH 3T3 cells is indicated.  (B)  IMR-90 cells were 

treated with either trichostatin A (TSA) (1 μM) or sodium butyrate (10 mM) for 48 hours 

and lysates were prepared and analyzed as in (A).  The putative sumoylated TDG band is 

indicated. 
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We have shown that crosstalk between acetylation and phosphorylation and between 

acetylation and sumoylation in the regulation of TDG functions (45, 46).  In order to 

determine whether phosphorylation or acetylation of TDG could alter sumoylation in 

response to cellular stress, we serum-starved NIH 3T3 cells stably transfected with 

FLAG-TDG expression vector (NIH 3T3-TDG) or empty vector (NIH 3T3-FLAG) for 

four hours then treated with phorbol ester PMA, which promotes phosphorylation of TDG 

(45), the biologically inactive phorbol ester 4αPMA, sodium butyrate, or various 

concentrations of hydrogen peroxide (H2O2).  The latter is a natural signaling molecule 

causes oxidative damage to cells, and has also been shown to activate PKCα (32).  

Additionally, H2O2 has been shown to alter sumoylation through regulation of SUMO 

conjugating enzymes, causing a decrease in global sumoylation at low concentrations, 

and increase at high concentrations (9).  We prepared whole cell lysates from treated cells 

and immunoprecipitated FLAG-TDG using FLAG-specific M2 agarose.  After 

fractionation of immunoprecipitates by SDS-PAGE, we detected TDG by 

immunoblotting with a TDG-specific antibody.  This analysis showed that although 

phorbol esters do not alter sumoylation as detected by this method (Figure 4.3, lanes 4 

and 5), peroxide (compare lane 2 to lanes 6-9) and HDACi treatment (compare lane 2 to 

lane 3) strongly promotes a shift in TDG mobility consistent with its sumoylation (46).    
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Figure 4.3.  Oxidative stress and sodium butyrate treatment alter post-translational 

modification of TDG.  NIH 3T3 cells stably expressing FLAG-TDG were starved in 

serum-free DMEM media then treated with the indicated stimuli for one hour (overnight 

for sodium butyrate (NaBut) treatment).  FLAG-TDG was then captured by 

immunoprecipitation of lysates prepared from these cells using FLAG-specific M2 

agarose.  Immunoprecipitates were then fractionated by SDS-PAGE and TDG was 

detected by immunoblotting with a TDG-specific antibody. 
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These studies suggested that sumoylation of TDG occurs in response to oxidative 

stress while previous studies also indicate that TDG sumoylation prevents localization to 

the PODs (46).  Therefore, we were interested in further investigating the role of 

sumoylation in regulating the cellular localization of TDG.  Analysis of cellular lysates by 

immunoblotting with a TDG-specific antibody indicates that the percentage of TDG 

sumoylated varies between 5 and 50% depending on which cell type is examined [(Tini, 

unpublished)(45, 46)].  Specific detection of S-TDG in cells is problematic as there is no 

immunological method for distinguishing S-TDG from TDG.  In order to determine the 

subcellular localization of S-TDG we carried out a comparative analysis of the cellular 

distribution of cyan fluorescent protein (CFP) fusion proteins of wild-type TDG and the 

sumoylation-deficient mutant TDG(K341R) cotransfected with yellow fluorescent protein 

(YFP)-SUMO.  This approach allowed us to identify differences in the colocalization of 

YFP-SUMO and CFP-TDG(K341R) compared to CFP-TDG.  The subcellular regions 

where CFP-TDG(K341R) does not appear to colocalize with YFP-SUMO  may represent 

cellular compartments where localization is dependent on sumoylation of TDG.  This 

approach did not allow us to specifically identify areas where only unmodified TDG 

localized or where both unmodified and S-TDG colocalized. Using this approach we 

found that YFP-SUMO and CFP-TDG colocalized extensively within the nucleus, 

including in nucleolar regions, from which TDG is normally excluded (46).  CFP-

TDG(K341R) however, did not colocalize with SUMO in the nucleoli, and rather 

accumulated around these non-membrane bound structures (Figure 4.4, compare panels 

IV and VIII).  When we coexpressed FLAG-promyelocytic leukemia protein (PML) with 

YFP-SUMO we observed accumulation of SUMO within the PML oncogenic domains 

(PODs) (42, 46).  Interestingly, in these cells neither exogenous TDG or TDG(K341R) 

localized to the nucleoli, suggesting that PML can regulate the nucleolar localization of 

TDG.  We did observe accumulation of YFP-TDG and -TDG(K341R) in the PODs, 

suggesting that SUMO interactions were important for regulation of TDG localization to 



219 

 

 

 

these subnuclear compartments (Figure 4.4, compare panels XII and XVI).  Interestingly, 

YFP-TDG(K341R) localized more readily to the PODs compared with YFP-TDG, 

suggesting that sumoylation of TDG negatively regulates POD targeting.  Previously, 

TDG(K341R) was shown to accumulate within the PODs in the absence of SUMO 

overexpression (46).  Additionally, sumoylated TDG was shown to be deficient in 

intermolecular SUMO-binding ability.  Together with observations that selective 

desumoylation of PML within the PODs results in a loss of accumulation of TDG to the 

PODs (46), these observations suggest that sumoylation of TDG in concert with 

intracellular trafficking of SUMO may contribute to regulation of TDG subcellular 

localization which is dependent on TDG SUMO binding activity.  
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Figure 4.4.  Sumoylation of TDG may promote nucleolar localization.  Expression 

vectors for the indicated proteins were cotransfected into MCF-7 cells using 

Lipofectamine 2000 transfection reagent.  After allowing 24 hours for expression, cells 

were fixed in 4% formaldehyde/PBS and fluorescent fusion proteins were detected by 

epifluorescence microscopy using an Axiovert microscope (Zeiss) and the appropriate 

filters.  Representative 0.5 μM sections are shown.  Arrows indicate nucleoli, or 

promyelocytic leukemia (PML) oncogenic domains (PODs) where appropriate. 
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We were intrigued by the observed cytoplasmic redistribution of TDG in senescent 

fibroblasts and hypothesized about the possible consequences this may have on genome 

maintenance and transcriptional regulation.  To further explore the association of TDG 

with active transcription we investigated the extent of TDG colocalization with nuclear 

transcription sites.   In order to minimize the effects of the observed alterations in TDG 

regulation related to passage number in standard MEF cells or from the IMR-90 cells 

lines we utilized P19 mouse embryonic carcinoma stem cells for this purpose.  We 

immunostained P19 cells with antibodies specific for TDG to detect endogenous TDG 

and phosphorylated RNA polymerase II (p-polII) to detect sites of active transcription 

(54).  When we examined the localization of endogenous TDG and p-polII we found a 

dramatic colocalization of the two proteins consistent with a role for TDG in active 

transcription and the coupling of BER to transcription (Figure 4.5, panel V).  

Interestingly, treatment with PMA reduced the extent to which TDG and p-polII 

colocalized (Figure 4.5, compare panels V and X), suggesting that phosphorylation events 

control either directly or indirectly the cellular functions of TDG.   
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Figure 4.5.  Colocalization of TDG with nuclear transcription sites in P19 embryonic 

carcinoma cells: Influence of PKC activation.  TDG associates with sites of active 

transcription, but dissociates upon treatment with phorbol ester PMA.  P19 embryonic 

carcinoma cells were treated with 100 nM PMA for 20 minutes before fixation with 4% 

formaldehyde.  Endogenous TDG and phosphorylated RNA polymerase II (p-polII) were 

detected in by immunostaining with specific antibodies and 0.5 μm sections were 

obtained as described above.  Arrows indicate heterochromatic regions. 
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We also immunostained endogenous TDG and PKCα in P19 cells treated with PMA.  In 

untreated P19 cells, the majority of PKCα was detected throughout the nucleus excluding 

the nucleoli, and no gross changes in PKCα localization were detected after PMA 

treatment.  However, a fraction of TDG relocalized to heterochromatic regions and 

showed an increased localization with PKCα (Fig 4.6, compare panels V and X.  Arrows 

indicate heterochromatic regions.).  This was not accompanied by a drastic loss of 

localization of TDG with euchromatic areas of the nucleus.  These results suggest that 

PKC activation promotes localization of with transcriptionally inactive heterochromatic 

regions.    
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Figure 4.6.  Nuclear colocalization of TDG and PKCα is altered by phorbol ester 

treatment.  IMR-90 cells were treated and analyzed as in Fig. 4.5 using antibodies 

toward endogenous TDG and PKCα.  Arrows indicate heterochromatic regions. 
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4.4 Discussion 

We have shown that in senescent mouse and human fibroblasts TDG is found in both the 

nuclear and cytoplasmic compartments in contrast to the strictly nuclear localization 

observed in proliferating fibroblasts.   The cytoplasmic localization coincides with altered 

posttranslational modification consistent with increased sumoylation or ubiquitination.   

Interestingly, exposing asynchronously cycling fibroblasts to oxidative stress also induced 

sumoylation of TDG.  When we examined the localization of sumoylated TDG in breast 

carcinoma cells however, we found that sumoylation was associated with entry into 

nucleoli.  We also found that TDG associates with sites of active transcription and that 

activation of PKC, previously shown to phosphorylate TDG, resulted in decreased 

association with sites of active transcription and increased association with 

heterochromatin.  Our findings suggest that TDG PTMs are important regulators of TDG 

subcellular localization and that the effects PTMs on TDG may be cell-type and/or cell-

cycle dependent.  Importantly, we have shown that external agents may be used to alter 

TDG PTM in cells.    

Cells may enter senescence in response to extended proliferation, telomere loss, oncogene 

activation, or oxidative damage (39).  It has been proposed that cells in culture undergo 

senescence due to exposure to super-physiological concentrations of oxygen as opposed 

to the lower oxygen concentration found in vivo, suggesting that senescence is likely 

caused by oxidative stress.  Furthermore, some evidence suggests that cells grown in low 

oxygen conditions may grow indefinitely (11).  The most obvious sign of senescence is 

growth arrest caused by failure to progress from G1 to S phase (59) also termed G0.  

Analysis of aging mouse tissues has revealed that they are deficient in base excision 

repair (BER) (21) and accumulate oxidative DNA damage (2, 17, 24, 28, 29, 61) 

suggesting that these cells sustain genomic damage over time which may contribute to 
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evasion of protective cell cycle arrest mechanisms and carcinogenesis.  For example, 

telomerase has been found to be activated in over 90 percent of human tumors and cancer 

cells (10, 23).  Extensive evidence for misregulation of p53 and p21 or Rb mediated cell 

cycle arrest pathways has also been demonstrated in transformed cells (1, 16, 19, 25, 60, 

65).  BER is the predominant DNA repair pathway for repair of oxidative lesions in cells 

(37, 58) and so we chose to examine regulation of the essential protein (M. Tini, 

unpublished) and BER enzyme TDG, in senescent IMR-90 diploid cells.  We found that 

TDG underwent a dramatic relocalization from nucleus to cytoplasm in these cells.  

Interestingly, there is a concomitant alteration in TDG distribution from being smoothly 

distributed within the nucleus, to forming distinct foci throughout the cell.  Similarly, 

misregulation of BER protein subcellular localization to both nuclei and mitochondria has 

been observed with oxoguanine DNA glycosylase (OGG1) and AP endonuclease (APE) 

(62).   

To exclude that extended culture had resulted in selection of aberrant cells, we also 

induced senescence by treating IMR-90 and mouse embryonic fibroblast (MEF) cells 

with histone deacetylase inhibitor (HDACi) sodium butyrate which induces a senescent 

phenotype (51).  We found that this treatment induced dramatic redistribution of TDG 

from nucleus to cytoplasm similar to that seen in high passage number IMR-90 cells.  

This raised the intriguing possibility that TDG localization was regulated by post-

translational modification (PTM) in cells and that this regulation may be altered as cells 

age.  The BER protein APE, also a substrate for CBP-mediated acetylation, has been 

shown to be highly-acetylated and in aging cells (62) and this modification enhances APE 

binding to negative calcium response elements in the parathyroid hormone promoter (6).  

Although extended treatment with sodium butyrate induces numerous changes which 

result in a state similar to senescence (71), if an increased percentage of TDG is 

acetylated in aged cells this may predispose them to accumulating G:C to A:T transition 



230 

 

 

 

mutations since acetylated TDG does not excise thymine from G:T mispairs (45).  This is 

supported by evidence showing an accumulation of these mutations in aging tissues (17) 

although a comparative measure of the G:T-mispair processing capacity of young and 

aged tissues has yet to be done.  Furthermore, evidence indicates that senescence may act 

as a tumor suppressor, yet paradoxically correlative evidence suggests that because 

senescent cells are still susceptible to DNA damage and rely on maintenance of an 

elaborate senescence program mediated by the p53 and Rb pathways, which have been 

shown to be commonly misregulated in tumors, senescence may also contribute to 

carcinogenesis through reestablishment of cell division after transforming DNA damage 

(11).  While the chance of incorporating DNA lesions such as mispairs may be offset by a 

lack of cell division, spontaneous DNA damage continues even after an organism has 

ended its natural life as a result of the inherent instability of the molecule  (36).     

Immunoblotting analysis of TDG in IMR-90 cells treated with sodium butyrate or 

trichostatin A (TSA) by immunoblotting identified a shift in mobility consistent with 

sumoylation of TDG, suggesting that acetylation promotes sumoylation.  This could 

possibly be occurring in the cytoplasm, where we observe an increase in TDG 

localization.  While sumoylation of TDG reduces acetylation of the protein in vitro (46), 

the effect of acetylation on sumoylation has not yet been investigated.  Sumoylation likely 

prevents acetylation through steric hindrance of the acetylase (46), but such a mechanism 

does not preclude sumoylation of acetylated TDG.  Previous studies indicate that 

phosphorylation and acetylation are mutually exclusive (45) yet treatment with PMA did 

not reduce sumoylation.  It is possible that phorbol ester treatment may also promote 

sumoylation of TDG since both modifications reduce the charge of residues within the 

hydrophilic TDG amino terminus.  Metabolic labeling experiments indicate that 

sumoylated TDG is indeed phosphorylated (45), although it is not clear which 

modification occurs first, nor whether there is an interplay between the modifications, or 
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what the nature of such an interplay may be.  TDG was originally identified as a 

phosphoprotein based upon observations of differential mobility of TDG species in whole 

cell lysates fractionated by SDS-PAGE.  These differences in mobility could be 

eliminated by pretreatment of lysates with calf thymus intestinal phosphatase (68).  In this 

report, the authors observed TDG species around 60 kD and just over 84 kD.  TDG, 

despite being a 45 kD peptide, normally resolves at about 60 kD when fractionated by 

SDS-PAGE.  Interestingly, sumoylated TDG normally migrates at approximately the 

same position as the phosphatase-sensitive band in these experiments (68).  If this were 

the case, it may mean that phosphorylation of TDG stabilizes TDG sumoylation while 

phosphatase treatment acts to destabilize TDG sumoylation.     

Hydrogen peroxide has been shown to affect multiple signaling pathways and is itself a 

signaling molecule (18).  Acting through CBP, peroxide treatment has been shown to 

cause acetylation of the FOXO4 transcription factor, reducing its transcriptional activity 

(69).  PKCα is a classical PKC isozyme that normally requires calcium and 

diacylglycerol for activation.  Some evidence suggests that PKCα, and perhaps other 

PKC isoforms, may be activated in the absence of these cofactors by hydrogen peroxide 

(32).  Hydrogen peroxide stress has also been shown to modulate sumoylation of proteins 

negatively at low concentrations and positively at high concentrations (9).  When we 

treated NIH 3T3 cells stably transduced with FLAG-TDG, with concentrations of 

hydrogen peroxide ranging from 10-500 μM we found a large increase in the proportion 

of S-TDG from concentrations beginning as low as 50 μM.  The exact concentrations of 

hydrogen peroxide required to effect such changes is likely dependent on the culture 

conditions and cell type as previous studies performed in HeLa cells show that simply 

doubling the concentration of peroxide over a shorter treatment period may result in an 

overall decrease in sumoylation of cellular proteins, which is mediated by modulating the 

interactions between SUMO conjugating enzymes Uba2 and Ubc9 (9). 
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Considering the evidence that TDG sumoylation may be regulated in response to 

oxidative stress, we wanted to specifically determine the subnuclear localization of S-

TDG.  We found that when coexpressed with YFP-SUMO-1, CFP-TDG accumulates in 

nucleolar regions whereas CFP-TDG(K341R) was excluded, and instead accumulated 

around these non-membrane bound structures.  In both cases, YFP-SUMO localized to 

the nucleoli.  Coexpression of PML, a major component of the heavily sumoylated PML 

oncogenic domains (PODs), caused YFP-SUMO to accumulate in the PODs instead of 

nucleoli.  Interestingly, both YFP-TDG and YFP-TDG(K341R) preferentially localized to 

the PODs in these cells.  The lack of YFP-TDG(K341R) localization to nucleoli suggests 

that sumoylation is a dynamic process which can regulate TDG subcellular localization.  

Since TDG(K341R) is not defective in SUMO-binding,  the differences in nucleolar 

localization are attributable to lack of sumoylation and not noncovalent SUMO 

interactions.  Therefore, sumoylation appears to be a requisite step for entrance into these 

regions.  SUMO proteases exist in the nucleolus and it is possible that sumoylated TDG 

crosses into the nucleoli where it is promptly desumoylated (63, 73).  We have previously 

shown that SBMs in TDG are necessary for POD translocation and that TDG sumoylation 

negatively regulates this process (46).  The observation that localization of YFP-SUMO 

to the PODs upon overexpression of PML causes a corresponding accumulation of TDG 

and TDG(K341R) to these structures indicates that SUMO binding is a critical 

determinant of the localization of TDG within the nucleus.  Our current findings suggest 

that transient sumoylation may permit access into certain subcellular compartments such 

as the nucleoli and PODs.   Interestingly, inhibition of proteasomal degradation by 

treatment with the peptide inhibitor MG132 in MCF-7, HeLa, and IB-4 cells causes a 

redistribution of PML and SUMO, as well as another POD constituent sp100, from the 

PODs to the nucleoli.  Subsequent removal of MG132 allowed reconstitution of the PODs 

(41).  This indicates that POD components, including SUMO, traffic to nucleoli in a 

process related to proteasomal degradation.  These observations suggest that TDG 



233 

 

 

 

trafficking with SUMO to nucleoli may promote degradation of TDG by the proteasome, 

and that sumoylation may play an important role in permitting progression of this 

pathway in degrading TDG.      

Senescence and oxidative stress have been associated with dramatic changes in chromatin 

structure and transcriptional programs (50, 74).  These changes to the transcriptional 

program are associated with euchromatinization of some previously heterochromatic 

regions.  There is an overall increase in heterochromatic regions in senescent nuclei 

compared to early passage cells (50), and this chromatin remodeling may act as a 

mechanism for silencing a portion of the numerous genes downregulated to create the 

senescence gene signature (74).  TDG has been shown to associate preferentially with 

transcriptionally active euchromatic regions and act as a coactivator for multiple 

transcription factors in actively dividing cells and we were therefore interested in 

quantifying the extent to which TDG may be involved with transcriptional activity in 

cells.  When we examined this at a gross level by immunostaining P19 cells with 

antibodies specific for endogenous TDG and transcriptionally active phosphorylated 

RNA polII (p-polII), we observed extensive colocalization of these proteins throughout 

the nucleus.  Interestingly, treatment of cells with PMA caused reduced p-polII-TDG 

localization but increased TDG localization to heterochromatic foci which also contained 

PKCα.  Examination of the effect this had on TDG-PKCα colocalization demonstrated an 

increase in colocalization similar to that seen between nuclear TDG and PKCα in NIH 

3T3 fibroblasts (45).  It is possible that phosphorylation of TDG in cycling cells serves to 

target TDG to heterochromatin without drastically decreasing the levels of TDG acting in 

euchromatic regions, while redistribution of TDG in senescent cells may serve to reduce 

the amount of TDG within the nucleus, thereby reducing the amount of TDG-mediated 

transcription occurring in these quiescent cells.  
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These observations suggest that the subcellular localization of TDG is altered in senescent 

fibroblasts, concurrent with alterations in TDG PTM.  Additionally, we have shown for 

the first time that alterations in TDG PTM may induced by oxidative damage to proteins 

and DNA that promote cellular senescence or growth arrest.  Interestingly, we have also 

demonstrated that TDG may be extensively associated with sites of active transcription in 

actively cycling cells, suggesting that BER mediated by TDG may play a more general 

role in transcriptional regulation than previously understood, and that modification of 

TDG and relocalization of the protein may contribute to the senescent transcriptional 

program.   
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Chapter 5: Conclusion 

TDG plays a role in maintaining genome stability through BER and also participates in 

transcriptional regulation.  Consequently, TDG is predicted to play a role in diverse 

aspects of cellular function.  The TDG protein possesses a central, highly conserved core 

region which is sufficient for excision of uracil from G:U mispairs within a CpG context.  

Less conserved are amino- and carboxy-terminal regions.  Of these, the lysine and serine-

rich amino terminus is of particular interest because it mediates numerous protein-protein 

interactions as well as tight DNA interactions necessary for excision of thymine from G:T 

mispairs within CpGs.  Numerous TDG PTM have been characterized, and a majority are 

directed toward the amino terminus.  We therefore hypothesized that PTM of the amino 

terminus may act to regulate TDG function.  Accordingly, the aim of this thesis was to 

examine how TDG PTM may alter TDG subcellular localization, protein-protein 

interactions, and enzymatic function.  The findings presented in this thesis and their 

implications are discussed in the following sections.  

5.1 Summary 

In Chapter 2 we examined the role of covalent attachment of SUMO (sumoylation) and 

non-covalent SUMO binding in regulating TDG subnuclear localization, protein-protein 

interactions, DNA binding, and enzymatic function.  Initially, we undertook an 

examination of TDG subnuclear localization which indicated that TDG may localize to 

PODs by binding to SUMO conjugated to PML.  Subsequent experiments revealed a 

novel amino-terminal SUMO binding motif  145IVII148 (SBM1) which was conserved in 

various TDG orthologs and corresponded to a SUMO binding motif consensus sequence 

I/V-X-I/V-I/V (35) which could be recognized in both forward and reverse orientations 

(36).  Mutation analysis showed that SBM1 was required for TDG-SUMO interactions 

and also for activation of CBP-mediated transcription.  Analysis of in vitro sumoylated 
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TDG (S-TDG) showed that S-TDG did not bind stably to DNA and was deficient in 

excision of thymine from G:T mispairs, yet capable of excising uracil from G:U mispairs.  

Protein-protein interaction studies showed that sumoylation of TDG also prevented 

binding to free SUMO and abrogated interactions with CBP, including CBP-mediated 

acetylation of TDG. 

In Chapter 3 we took a closer look at the TDG amino terminus and discovered the 

existence of PKCα phosphorylation sites on amino acid residues proximal to acetylated 

lysines 94, 95, and 98.  The close proximity of the substrate residues for acetylation (K95, 

95, and 98) to these acetylated serines (S96, 99) led us to investigate a potential 

relationship between these modifications.  Remarkably, we found that acetylation and 

phosphorylation were mutually exclusive on TDG.  Analysis of the functional 

consequences of these modifications on TDG substrate interactions showed that 

acetylated TDG lacked the ability to excise thymine from G:T mispairs, and was unable 

to bind an oligo bearing the same mispair while phosphorylated TDG retained these 

functions.  Interestingly, while it appeared that sumoylation and acetylation of TDG both 

led to a loss of tight DNA interactions – resulting in a loss of G:T mispair processing 

ability, sumoylated TDG actually displayed an enhanced ability to process G:U mispairs 

while we did not observe the same with acetylated TDG.   

In Chapter 4 we examined whether TDG regulation is altered in ageing cells.  We 

examined the localization of endogenous TDG in IMR-90 and MEF cells approaching 

senescence and found that TDG is differentially localized in aging cells.  Interestingly, we 

also found that inhibition of histone deacetylases may contribute to this process.  

Exposure of cells to oxidative stress, which is thought to contribute to ageing and has 

been shown to activate PKC as well as CBP, in addition to modulating cellular levels of 

sumoylation through targeting of SUMO conjugating enzymes, led to similar changes in 
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TDG mobility.  An analysis of the consequences of TDG sumoylation suggested that this 

modification, may regulate TDG localization to nucleoli – normally sparsely populated by 

TDG.  Interestingly, we also found that PML may play a role in coordinating SUMO-

based regulation of TDG localization.  To conclude Chapter 4, we examined 

colocalization between endogenous TDG and sites of active transcription in cells by 

immunostaining P19 embryonic carcinoma stem cells with TDG- and phosphorylated 

RNA polymerase II (p-polII)-specific antibodies and found extensive colocalization 

between TDG and p-polII which could be decreased by treatment of cells with the PKC-

stimulating agent PMA, resulting in increased TDG association with heterochromatic 

regions from which TDG is otherwise largely excluded. 

5.2 Significance and Conclusions 

Together these data show that TDG is subject to multiple PTM including acetylation, 

phosphorylation, and sumoylation.  Additionally, TDG has been shown to be 

polyubiquitinated during S-phase, leading to degradation of the protein  (9).  Furthermore, 

we demonstrate that these PTM are involved in an interplay which can regulate all aspects 

of TDG function including susceptibility to further PTM (Figure 5.1).  It is important to 

note that many of these findings are novel observations.  Accordingly Chapters 2 and 3 

have been published in the journal of Molecular and Cellular Biology, and Nucleic Acids 

Research respectively.  Although a complete understanding of how TDG participates in 

pathways mediating cellular processes is still unclear, these findings serve to show that 

TDG PTM can be a powerful regulator of TDG function. 
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Figure 5.1.  Cross-talk between TDG posttranslational modifications.  Previous 

studies have shown that sumoylation of human and mouse TDG induces a dramatic 

increase in G:U processing activity by promoting enzyme turnover (10, 28).  In contrast, 

sumoylation (10, 28) or acetylation by CBP (this study) abrogate DNA binding and G:T 

processing (16, 41).  TDG sumoylation also drastically reduces interactions with 

CBP/p300, thereby preventing efficient acetylation (28). Phosphorylation of serine 

residues adjacent to acetyl-acceptor lysines by PKCα prevents acetylation by CBP and 

may preserve G:T processing in vivo (27).  This regulation may occur over rapid or 

extended time periods, in response to external stimuli and pharmacological agents, 

resulting in altered TDG function, localization, and interaction with DNA substrates or 

protein partners.   
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We began our investigations into TDG PTM by examining the roles of sumoylation and 

SUMO binding in regulation of TDG.  In early studies examining TDG sumoylation, it 

was proposed that sumoylation of TDG occurred primarily on DNA and was a 

mechanism for facilitating conformational changes in TDG which promote its 

disassociation from abasic sites (10, 37).  Here we present a number of observations 

which suggest that sumoylation may occur in other contexts as well.  Our first indication 

that sumoylation may not be exclusively associated with DNA repair activities came from 

observations that glycosylase deficient point mutant TDG(N151A) was sumoylated as 

readily as wild-type TDG.  Despite being unable to excise mispaired bases, TDG(N151A) 

was able to bind abasic sites, although it seemed unlikely that this could account for the 

degree of sumoylation observed.  Furthermore, we showed in Chapter 3 that APE could 

effectively displace TDG from abasic sites in the absence of sumoylation in vitro and 

endogenous levels of APE should suffice to do the same in vivo (27).  Other observations 

outlined in Chapter 4 pointed to a number of potential roles for sumoylation in TDG 

function.  For example, we showed that co-expression of YFP-TDG and CFP-SUMO 

resulted in nucleolar localization for TDG, but sumoylation-minus mutant TDG(K341R) 

was excluded from these non-membrane-bound subnuclear compartments, indicating that 

sumoylation may play a role in facilitating entry into these areas.   Interestingly, when we 

examined TDG regulation in senescent cells we noted an apparent increase in sumoylated 

TDG in addition to a dramatic relocalization of the protein, suggesting that sumoylation 

may facilitate passage into the cytoplasm or alternatively that TDG may be subject to 

increased sumoylation within the cytosol.  With respect to the senescence program, it is 

unclear whether sumoylation of TDG is necessary for establishing senescence or if it is a 

product of the process.   

Once sumoylated, TDG displays altered biochemical properties.  In Chapter 2 we propose 

that this is due to changes in TDG conformation attributable to intramolecular SUMO-
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binding mediated by the dual SUMO binding motifs SBM1 and SBM2.  Consequently, S-

TDG no longer excises thymine from G:T mispairs, or binds free SUMO.  Additionally, 

sumoylation of TDG reduces interactions with CBP as well as CBP-mediated acetylation 

of TDG.  We were also able to replicate experiments performed with human S-TDG 

using mouse S-TDG to show that sumoylated TDG is more efficient than unmodified 

TDG in excision of uracil from CpGs due to increased turnover on the product abasic site 

(28, 37).  This seemingly implies that S-TDG may also be more efficient at processing 

mispairs in vivo, however the base-flipping mechanism of glycosylase function requires 

that TDG systematically scan the genome, flipping out each base until an aberrant base is 

detected and excised.  It seems unlikely that S-TDG, with its reduced DNA-binding 

ability would serve such a function efficiently.  Interestingly, we also found an increase in 

TDG sumoylation in cells exposed to oxidative stress.  This observation may be 

interpreted in two ways; if sumoylation of TDG is simply a switch to produce a more 

efficient glycosylase, then it would be predicted that increased S-TDG would promote 

cell survival.  If not, then it would promote genome instability and apoptosis or 

senescence.   

We have also presented evidence indicating that the SUMO binding activity of TDG 

plays an important role in regulating TDG function.  For example, we show that TDG can 

bind to SUMO conjugated to p53.  This observation opens the door to an entirely new set 

of interacting proteins for TDG as it could potentially interact with any number of 

sumoylated proteins and is an important consideration for future studies.  For example, 

after purification of a putative TDG cellular complex it may be tempting to dismiss an 

interaction mediated through a sumoylated protein as artefact if it cannot be verified in 

vitro with unmodified proteins.  Interestingly we also found that mutants of TDG 

deficient in SUMO binding were unable to activate CBP-mediated transcription on a 

reporter gene (28).  Although the nature of the requirement for SUMO binding activity in 
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this context is unclear, it suggests sumoylation of TDG may also reduce activation of 

CBP-mediated transcription by preventing SUMO binding.  Such a prediction is 

supported by our observation that sumoylation of TDG reduces direct interactions with 

CBP.  These findings may have a broader effect on transcriptional regulation in addition 

to affecting pathways directly regulated by TDG.  This is because CBP/p300 transcription 

is partially regulated through competition between transcription factors for a limited 

number of CBP/p300 molecules in the nucleus (3, 18, 32).  In Chapter 4 we show that 

senescence is accompanied by a concurrent increase in TDG sumoylation and dramatic 

subcellular redistribution which excludes approximately half of the cellular compliment 

of TDG from the nucleus.  This may serve to reduce TDG-associated activation CBP 

while allowing other factors access to this important mediator of transcription.  Hundreds 

of genes are differentially regulated in senescence and such a redistribution of 

transcription-associated factors would contribute to effecting these changes (43).   

Acetylation of TDG by CBP/p300 was first observed by Tini et al who identified the 

acetylated lysine residues and showed that acetylation of TDG promotes dissociation of 

TDG-CBP complexes and reduces interactions with APE in vitro (39).  In Chapter 3 we 

show that acetylation of TDG is inhibited by DNA interactions and that acetylation of 

TDG reduces stable DNA binding and processing of thymine from G:T mispairs (27).  

The latter observation is of particular interest because it provides a mechanism for 

regulating pathways that utilize thymine glycosylase activity such as BER and cyclical 

demethylation of methylcytosine on transcriptionally-active promoters.  With respect to 

transcription, analysis of a glycosylase deficient mutant of TDG (mouse TDG N151A) 

has indicated that this activity is dispensable for activation of some transcriptional 

pathways as it was able to activate CBP-mediated transcription on a reporter gene (39).  

Similarly, glycosylase activity was found to be dispensable for ER-mediated transcription 

in reporter gene assays (5).  However, glycosylase activity was shown to be required for 
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participation in cyclical demethylation of the transcriptionally active estrogen responsive 

pS2 and Wisp-2 gene promoters (25).    This suggests that acetylation of TDG could 

selectively inhibit glycosylase-dependent transcription while leaving glycosylase-

independent pathways active and potentially provide an additional level of transcriptional 

control to the cell in response to nuclear receptor ligands such as estrogen.  Use of PTM 

to regulate TDG participation in transcriptional processes would be consistent with 

observations that interactions between CBP and some transcription factors may be 

regulated by upstream PTM (17).  For example, phosphorylation of cyclic-AMP response 

element binding protein (CREB) at serine 133 by protein kinase C (PKC) facilitates 

interaction with CBP allowing transcriptional activation (15). 

Another possibility includes use of TDG acetylation as a mechanism for discriminating 

between damaged methylated or unmethylated cytosine residues (26).  Because the 

product of cytosine deamination and 5-methylcytosine deamination are uracil and 

thymine respectively acetylated TDG would permit determination of the undamaged state 

of the lesion because it discriminates between the products of cytosine deamination 

whereas unmodified TDG processes both lesions.  In fact, Metivier et al employed a 

similar principle to distinguish between the products of cytosine or 5-methylcytosine 

deamination in an in vitro assay designed to demonstrate that Dnmt3 deaminates 5-

methylcytosine.  They compared base excision by TDG to that of UNG, a glycosylase 

capable of excising uracil but not thymine mispaired with guanine, on a defined template 

bearing either methylated or unmethylated cytosine residues and were able to show that 

abasic sites were created on methylated templates only when pre-treated with Dnmt3 

catalytic fragments followed by treatment with TDG, indicating that 5-methylcytosine 

had been deaminated and the resulting thymine residue excised (25).  In vivo, acetylated 

TDG could take the place of UDG to facilitate discrimination between formerly 

methylated or non-methylated cytosines.  In this scenario one would expect that TDG 
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would associate with cellular machinery which is competent for methylation of cytosine 

and it was been shown that TDG associates with cytosine methyltransferases Dnmt3a and 

3b (2, 20, 25).  While it remains to be determined whether acetylation of TDG alters this 

interaction our investigations into the properties of acetylated TDG, described in Chapter 

3, show that acetylation of TDG induces conformational changes in the protein which 

alter DNA interactions and these conformational changes may also promote differential 

association with protein complexes in vivo (27).   

In Chapters 3 and 4 we firmly establish phosphorylation as an important PTM in 

regulation of TDG.  Interestingly, we showed in Chapter 4 that treatment of P19 cells 

with PKC agonist PMA increased TDG localization to heterochromatic foci.  Previously, 

separate studies showed that TDG localizes to heterochromatic regions in complex with 

both Dnmt3a and 3b.  TDG was shown to recruit Dnmt3a to DNA in vitro and colocalize 

with Dnmt3a in heterochromatic foci in untreated NIH 3T3 cells (20).  Dnmt3b was 

shown to be necessary for association with heterochromatic minor and major 

periocentromeric repeats in untreated P19 cells (2).  In Chapter 3 we show that 

phosphorylation of TDG reduces acetylation of the protein, preventing loss of G:T 

processing activity (27).  This suggests that phosphorylation would be favorable for TDG 

participation in establishing patterns of cyclical cytosine demethylation on 

transcriptionally active promoters along with Dnmt3a and 3b because it would prevent 

acetyltransferases from stalling transcription by neutralizing TDG before excision of the 

mutagenic mispaired thymine residue.  There is much still to be learned about the 

consequences of TDG phosphorylation and its role in regulating TDG function beyond 

inhibiting acetylation of TDG. 

During analysis of TDG in lysates prepared from P19 embryonic stem cells and mouse 

embryonic fibroblasts by SDS-PAGE fractionation and immunoblotting with a TDG-
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specific antibody we observed a novel shift in TDG mobility consistent with near 

complete sumoylation of the protein.  Interestingly, when we analyzed lysates prepared 

from these cells after entry into senescence, we noted a further discrete alteration in TDG 

mobility similar to that which might be seen upon conjugation of another SUMO peptide 

to TDG (Chapter 4).  Although dual sumoylation of TDG in vivo has not yet been 

described and the TDG peptide contains only one SUMO conjugation consensus site, 

TDG has been shown to be sumoylated by SUMO-3 in vitro (1), and SUMO-3 may be 

sumoylated by SUMO-1 which might explain the two discrete alterations in mobility 

(24).  While only a few proteins are known to be modified by both SUMO-1 and SUMO-

2/3, sumoylation of TDG with either SUMO-1 or -2/3 has been shown to result in similar 

biochemical properties for the sumoylated protein (1).  SUMO-1 and -2/3 do however, 

localize differently within cells (44) and we observed concomitant modification and 

redistribution of TDG in senescent cells suggesting that the second sumoylation event 

may be a signal for relocalization (Chapter 4).  Alternatively, TDG has been shown to be 

polyubiquitinated (9) and it is possible that the observed alterations in mobility may be a 

result of monoubiquitination [see Hardeland et al. (2007) figure 5b lane 4 right panel (9)].  

Further study is required to elucidate this novel mechanism of TDG regulation. 

The findings reported in this thesis, within the context of previous studies done to 

investigate TDG function, have highlighted the amino terminus as a hotspot for PTM and 

protein-protein interactions in addition to being a critical mediator of TDG enzymatic 

function.  Sequence analysis shows that the amino terminus is more evolutionarily 

divergent than the central core of the protein and it appears that function conferred by this 

divergent region correlate with mechanisms of genome regulation being utilized within 

the organism in question.  For example, mammalian TDG is much more efficient at 

excising thymine from G:T mispairs than its Drosophila ortholog which surveys a 

genome possessing almost no DNA methylation (23) and excises thymine mispairs at a 
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physiologically irrelevant rate (8).  Accordingly, discovery of a role for TDG thymine 

glycosylase activity in the process of cyclical demethylation of cytosine indicates that the 

amino terminus plays an important role in facilitating the complex regulatory mechanisms 

of higher organisms.  To date most insights into the structure-function relationship of the 

TDG amino terminus have been gained through indirect evidence based upon partial 

proteolysis and functional assays performed with truncated proteins (10, 28, 37).  Only 

one study describes an NMR-based examination of the TDG amino terminus and the 

authors show that the amino terminus assumes different conformations when examined in 

the presence or absence of the entire TDG peptide (33), suggesting that it is not feasible 

to study this region outside the context of the full molecule.  Furthermore, our 

investigations show that the amino terminus is neither a modular DNA binding domain 

(28), nor sufficient for interactions with PKCα outside of the context of full-length TDG 

(27).  Therefore, the findings outlined within this thesis represent important insights into 

the regulation of TDG and should provide a strong basis for future studies into TDG 

function in cellular and animal models, potentially leading toward use of TDG as a target 

for future therapeutics.  

5.3 Research Impact and Future Directions 

Cancer is a leading cause of death in affluent countries and the number of cases and 

deaths due to cancer are expected to double to over 26 million new cases and 17 million 

deaths per year by 2030 (38).  The etiology of this disease is complex and many factors 

have been found to contribute to carcinogenesis.  This poses a hurdle for 

chemotherapeutics as tumors have proven to be heterogeneous and cells within 

millimeters of each other may react to therapy differently.  Compounding this problem, 

the tumor microenvironment has also been shown to foster carcinogenesis and tumor 

survival (6).  Despite these therapeutic hurdles, there are common traits or hallmarks of 
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cancer cells which permit their identification and selective targeting by 

chemotherapeutics.  For example, cancer cells commonly exhibit a tendency toward 

genomic instability and it is thought that as few as two mutations may destabilize the 

delicate balance of homeostasis and facilitate carcinogenesis.  Once transformed, 

malignant cells undergo a number of genomic rearrangements which shuffle the genome, 

contributing to tumor heterogeneity and permitting evasion of normal processes that 

allow apoptosis and necrosis.  For example, sampling of human tumors shows that one of 

the most often damaged genes is that of the p53 DNA damage response protein (30).  

Dysfunction of p53 and other cell cycle arrest genes is significant because they permit 

cell cycling to continue without first repairing damaged DNA, further promoting an 

accumulation of damage (31).  This drastic loss of genomic stability displayed in all 

cancers means that the malignant cells become increasingly reliant on remaining DNA 

repair pathways to prevent complete genomic disintegration.  This has led to the 

widespread use of chemotherapeutics which promote DNA damage to induce apoptosis in 

cancer cells.     

The cancer therapeutic 5-fluorouracil 5-FU is widely used in combination therapy with 

other agents to treat a number of human cancers (21).  In vivo, 5-FU produces metabolites 

such as fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate 

(FdUTP), and fluorouridine triphosphate (FUTP) (21).  FUMP may be incorporated into 

RNA, disrupting RNA metabolism at multiple levels (13) while FdUMP  may be directly 

incorporated into DNA during synthesis, creating A:5-FU or G:5-FU mispairs.  FdUMP 

also causes nucleotide pool imbalances by inhibiting thymidylate synthase (11), which 

produces dTMP from dUMP, thereby increasing production of dUTP at the expense of 

dTTP.  The increasing pools of U and 5-FU are incorporated into DNA and their active 

removal causes fragmentation of the genome as futile cycling of BER creates abasic sites 

which are susceptible to becoming double-stranded breaks (14).  It has been shown that 
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TDG excises 5-FU with high efficiency from G:5-FU and A:5-FU DNA mispairs as well 

as from single stranded DNA in vitro (8).  TDG was also shown to mediate 5-FU toxicity 

in cells (19).   

In light of the important role TDG plays in effecting the cytotoxicity of this widely used 

chemotherapeutic, it may be useful to supplement 5-FU treatment with compounds which 

alter regulation of TDG PTM to favor apoptosis or cell cycle arrest.  Studies are currently 

underway to gauge the effectiveness of agents generally targeting acetylation or 

phosphorylation to treat cancers by use of HDACi or kinase inhibitors alone or in 

combination have shown promise (4, 7, 29, 42).  Previous findings indicating that TDG is 

a major mediator of 5-FU cytotoxicity (19) as well as the findings outlined within this 

thesis suggest that combining 5-FU treatment with pharmacological agents to selectively 

alter TDG PTM and promote 5-FU glycosylase activity may increase effectiveness of 5-

FU-based therapy. 

There has recently been a burst of important findings about TDG function however large 

gaps still exist about how these functions may be regulated and ultimately manipulated in 

vivo.  Significantly, we have described here the existence of novel phosphorylation sites 

on TDG, and the only known examples of stimuli which alter TDG sumoylation and 

association with chromatin.  Additionally, we have shown for the first time that TDG may 

be localized to the cytoplasm in senescent cells and in response to HDACi treatment.  In 

order to most effectively employ TDG PTM-targeting therapeutics to compliment current 

cancer therapy strategies, more must be known about the mechanism by which TDG 

functions and the biological processes which would be affected by such interventions. 

A largely neglected aspect of TDG function is its association with RNA.  In previous 

studies TDG was purified as part of a putative demethylase complex from chick embryos 

and this complex included an RNA component which was assigned no specific role in the 
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demethylation process.  TDG was also found to be present in a complex with Dnmt3a/b 

containing an RNA component.  Although it has been suggested that the CpG-rich 

composition of these RNAs may promote targeting of the complex to CpG islands, the 

nature of any TDG-RNA interaction remains unclear and it has not yet been shown that 

the glycosylase interacts directly with RNA.  Interestingly, TDG residues 94KKSGK98 

resemble an RNA binding motif identified in adenosine deaminases acting on RNA 

(ADAR) 1 and 2 KKXXK (40).  Substitution of lysine residues within the KKXXK motif 

to EAXXA has been shown to abrogate RNA binding in ADAR1 and 2 (40) and may be a 

useful tool to further investigate putative TDG-RNA interactions within these complexes.  

Intriguingly, these conserved residues are also substrates for CBP/p300-mediated 

acetylation which we have shown in chapter 3 to also be regulated by PKC 

phosphorylation.  

Future investigations should be directed toward completing our understanding of how 

TDG PTM regulate TDG function and subsequent PTM.  For example, we have shown 

that sumoylation of TDG reduces acetylation of the protein through allosteric changes in 

the TDG peptide (28), but evidence presented in Chapter 4 indicate that acetylation may 

promote TDG sumoylation.  Based upon the findings of Chapter 4, and close examination 

of previously published data which is discussed above (9), further investigation into the 

possibility that TDG is monoubiquitinated is also required.  Monoubiquitination is a 

widely used PTM regulating diverse cellular processes including gene expression and 

may play a role in regulating TDG function as well (12).  Finding answers to these 

questions is possible using the methods described in this thesis although it would be 

useful to develop antibodies or mass spectrometry methods which are able to detect TDG 

PTM in samples isolated from cells.  Mass spectrometry-based methods would allow the 

detection of modified residues, and can be used to further verify crosstalk between 

modifications.  For example, mass spectrometry of samples isolated from differentially 
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treated cells could be used to verify the mutual exclusivity of acetylation and 

phosphorylation on the amino terminus in vivo (27).   

Modification-specific antibodies could be used to purify modification-specific TDG 

complexes from cells and to examine the subcellular localization of modified TDG.  It 

will be important to capture these complexes and analyze their components in order to 

gain insight into the role TDG PTM play in regulating cellular functions.  Since it is not 

possible to raise antibodies toward sumoylated TDG, we may use TDG(K341R) to 

identify proteins interacting with sumoylated TDG by comparing proteins in complex 

with TDG to those in complex with TDG(K341R) and identifying any not interacting 

with the sumoylation-minus mutant protein.  These may be interacting specifically with 

sumoylated TDG.  However, due to the small amount of S-TDG in most cells, this 

strategy may not be effective.  We have already shown that sumoylation of TDG reduces 

interactions with CBP in vitro and that the SUMO binding activity of TDG is necessary 

for activation of CBP-mediated transcription.  Therefore, we are confident that isolation 

and comparison of various TDG complexes would identify differences in the protein 

complexes formed by TDG and TDG SBM mutants or between TDG and sumoylated 

TDG in vivo. 

Considering the increasing body of evidence for the transcriptional cofactor role of TDG, 

it is essential to identify target genes to gain further insights into its biological functions.  

As described in this thesis, both SUMO-binding and DNA glycosylase activities of TDG 

have been shown to be important for transcriptional regulation (25, 28).  Determining the 

overall compliment of genes activated or repressed by targeting TDG may be achived 

using techniques such as chromatin immunoprecipitation - sequencing (ChIP-Seq) (22) to 

determine which promoters TDG associates with, followed by quantitative PCR (qPCR) 

using cells stably transfected with defined mutants of TDG in order to determine whether 
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loss of TDG function affects gene expression.  Classification of these genes into 

subgroups dependent on specific TDG activities would provide a useful guide for future 

studies into potential therapeutics targeting TDG.  These investigations are now routine 

and may be performed using either modification-specific TDG antibodies or stable cell 

lines transduced with TDG modification mimics for analysis by ChIP-seq and qPCR (22, 

34).  

5.4 Perspective 

As discussed in this thesis, TDG is a critical cellular protein involved in multiple 

physiological processes including maintenance of genomic integrity and transcriptional 

regulation, including removal of epigenetic marks.  Abberant regulation of any of these 

processes has been shown to contribute to disease and carcinogenesis.  Here we have 

shown that TDG is subject to multiple PTM which can dramatically alter TDG function in 

vitro and in vivo.  Furthermore, we describe a unique interplay between PTM of TDG in 

which modified TDG displays differential susceptibility to further PTM.  Interestingly, 

we also show that TDG is differentially regulated in senescent cells and importantly, we 

identify pharmacological agents which can alter TDG PTM in cells.  A useful way to look 

at our findings is that we have identified biochemical switches controlling TDG and that 

future studies will attempt to identify how these switches can be pharmacologically 

regulated to potentially enhance the efficacy of cancer chemotherapy.   
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