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ABSTRACT 

Understanding how DNA repair deficiencies predispose cells to damage accumulation and 

mutation is particularly important to understanding the carcinogenic process.  In the first theme (Theme I) 

of this work, two types of base excision repair (BER) deficiencies are explored.  In the first study (Theme 

IA), we observed a significant decrease in BER activity in liver tissues during acute hepatitis in an animal 

model of inflammation-mediated hepatocarcinogenesis, the Long Evans Cinnamon (LEC) rat.  We 

hypothesized that decreased BER during acute hepatitis induced oncogenic mutations and pursued the 

development of an appropriate cell culture model to test this hypothesis.  We developed a hepatocyte cell 

line from the LEC rat during acute hepatitis (LEC-AH) and a tumor cell line from a LEC rat with HCC 

(LEC-T).  The LEC-AH cell line exhibited decreased BER and increased DNA damage, and we 

determined that the LEC-T cell line harbored an activating mutation in codon 12 of the K-ras oncogene 

which was characteristic of deficient BER.  The LEC-AH cell line characterization and the mutation 

observed in LEC-T cells provide an appropriate model in which to perform lesion mapping and establish 

a link between deficient BER during acute hepatitis and oncogenic mutation.  The second study examines 

the role of mutation site-specific deficiencies in repair of an adduct, 1, N6-ethenoadenine (eA) within the 

tumor suppressor gene p53 (Theme IB).  We determined that eA at frequently mutated codons in p53 was 

dramatically impaired compared to eA at non-mutation sites due to slow turnover of the BER enzyme, N-

methylpurine DNA glycosylase (MPG).  Finally, the second theme (Theme II) describes the development 

of a fluorescence microscopy-based technique to monitor interactions between DNA repair proteins and 

DNA adducts in vivo.  We utilized the interaction of a well-known DNA repair protein, human apurinic 

apyrimidinic endonuclease 1 (APE1) with its substrate, the abasic (AP) site, as a model. The method 

developed borrowed from techniques generally used to detect protein-protein interactions, such as co-
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localization and fluorescence resonance energy transfer (FRET), and was able to reliably monitor 

functional APE1 interaction with AP-site DNA.  Importantly, the method was also able to distinguish 

specific and non-specific interaction over time. 
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CHAPTER 1 

INTRODUCTION 
It has been proposed that cancer cells exhibit eight hallmark capabilities that enable them to 

survive, proliferate, and disseminate (1).   These hallmarks are sustained proliferative signaling, evasion 

of growth suppressors, invasion and metastasis, replicative immortality, angiogenesis, resistance to cell 

death, deregulation of cellular metabolism, and evading immune detection.  A tumor is complex, 

composed of a microenvironment of many different cell types that also participate in driving these 

processes.  The acquisition of these hallmark characteristics is made possible by two enabling 

characteristics:  genomic instability and tumor-promoting inflammation (1).  The present work focuses on 

the cellular defenses against genomic instability in order to better understand the carcinogenic process.  

Cancer cells display genomic instability in several forms, including mutations, chromosomal aberrations, 

and epigenetic modifications (2).  It has been shown that tumors possess a mutator phenotype, in which 

progressive genotypic changes confer selective advantage to cancer cells, allowing the outgrowth of the 

tumor (3).   

 The maintenance of the genome is, therefore, an important barrier to carcinogenesis, and the 

component proteins involved are called the “caretakers” of the genome (1).  These caretaker genes can be 

involved in various processes in order to protect DNA from damage, including interception of DNA-

damaging molecules, the detection of DNA damage and activation of repair machinery, and the direct 

repair of DNA damage.  There are several human syndromes with genome maintenance defects that show 

strong associations with the development of cancer, demonstrating the significance of these caretaker 

genes in preventing carcinogenesis (4).  Many of these syndromes, including Xeroderma pigmentosum, 

hereditary non-polyposis colorectal cancer (HNPCC), and Cockayne syndrome, as well as many others, 

involve defects specifically in the cellular DNA repair machinery. 

1.1  DNA Damage and Genomic Integrity 

 DNA lesions can have several effects on different cellular processes that can lead to genomic 

instability, mutations, and deleterious changes to the cell.  Some types of DNA damage block 

transcription, which leads to decreased gene transcription in genes damaged on the transcribed strand (5).  

DNA lesions can also cause replication stress by blocking the replication machinery, which can 

sometimes lead to strand breaks, but often the lesion is bypassed by specialized DNA polymerases (6,7).  
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Many of these DNA polymerases are error-prone, which has been cited as the source of most damage-

induced point mutations (8).  

1.2  DNA Repair Overview 

 The cell possesses several types of DNA repair pathways that are committed to resolving specific 

types of DNA damage by distinct mechanisms.  The five major mammalian DNA repair pathways are 

nucleotide excision repair (NER), base excision repair (BER), recombinational repair, non-homologous 

end joining (NHEJ) and mismatch repair (MMR) (4).  Bulky adducts that generally distort the DNA helix 

and interfere with base pairing are repaired by the NER pathway, which involves the removal of 24-32 

nucleotides during repair of the lesion (9,10).  Adducts repaired by NER include UV adducts such as 

cyclopyrimidine dimers (CPD) and 6-4 photoproducts, damage induced by carcinogens in cigarette smoke 

such as benzo[a]pyrene diolepoxide (BPDE)-DNA adducts, and propano adducts (11-14).  Double strand 

breaks (DSBs), often caused by X-rays and replication at single strand break (SSB) sites, can be repaired 

by recombination repair pathways that include homologous recombination (HR) and NHEJ (15).  After 

replication when a homologous copy of the broken strands is available, the homologous copy is used as a 

template for repair.  If the copied DNA is not available for recombination, NHEJ occurs, where the ends 

of the DSBs are simply ligated to each other without a template (15).  The MMR pathway repairs 

mispaired nucleotides and insertion/deletion loops that occur because of polymerase incorporation error 

and replication slippage at repetitive sequences (16,17).  MMR is generally associated with the replication 

complex and involves strand discrimination to determine the proper template sequence and the removal of 

both short and long patches of nucleotides along with DNA lesion (17).  The focus of this study is the 

BER pathway which repairs small adducts and is described in detail below.   

1.3  BER Pathway 

 The BER pathway repairs the majority of endogenous DNA damage in the cell, which includes 

small adducts that generally do not cause large distortions in the DNA helix.  These include base 

modifications such as deaminations, depurinations, alkylations, and oxidations (18).  The pathway 

involves the activity and cooperation of a multitude of enzymes, but it is not yet clear whether or not these 

enzymes function sequentially or as a repairosome (a single complex of multiple repair proteins) or as 

components of multi-enzyme sub-complexes.  Polymorphisms of many of these enzymes have been 

shown to increase cancer risk, demonstrating the crucial role the BER pathway plays in preventing 

carcinogenesis (19).  Moreover, an inactivating mutation in a DNA glycosylase, MYH, causes the human 

hereditary disease MYH-associated polyposis (MAP), which is directly associated with gastrointestinal 
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cancers (20,21).  Specifically, the BER pathway is important in preventing mutagenesis, but how 

modulations in the BER pathway affect mutagenesis and carcinogenesis have not been fully elucidated.    

There are five distinct enzymatic steps in the BER pathway (22-24).  First, a DNA adduct is 

recognized by a DNA glycosylase that binds the damaged base and cleaves the N-glycosyl bond between 

the base and the sugar (deoxyribose).  After the base is released from the helix by the DNA glycosylase, 

an abasic (AP) site remains.  The AP-site is subsequently incised by apurinic/apyrimidinic endonuclease 1 

(APE1), which leaves 3’ OH and 5’ deoxyribose phosphate (dRP) termini.  The 5’ dRP is removed by the 

lyase activity of DNA polymerase β (Polβ), which subsequently incorporates the missing nucleotide via 

its polymerase activity.  Some glycosylases are bifunctional, which means they also have intrinsic AP 

lyase activity.  After excising the damaged base, bifunctional glycosylases can cleave the resulting AP 

site, leaving a 3’ α,β unsaturated aldehyde that is removed by APE1, creating a 3’ OH substrate for Polβ.  

The resulting nick after gap-filling is sealed by DNA ligase III (LigIII).  These steps occur as described 

for the sub-pathway of BER known as single nucleotide BER (SN-BER).  Another sub-pathway of BER 

is called long patch (LP)-BER in which multiple nucleotides (2-10) are incorporated at the site of the 

damaged base .  At the incised AP-site, replicative polymerases like DNA polymerase δ (Polδ) and ε 

(Polε) fill in the gap but keep synthesizing DNA by displacing the strand 3’ to the original adduct site 

forming a 5’ flap.  The flap is resolved by flap endonuclease 1 (FEN1), leaving a nick that is ligated by 

LigIII.  

1.4  Inflammation and Cancer  

 The link between inflammation and cancer was first proposed by Rudolf Virchow in the late 

1800s (25,26).  Evidence for the association between inflammation and cancer has grown, and, in fact, 

approximately 25% of all cancer cases worldwide can be attributed to chronic infection and inflammation 

(27).  Chronic inflammatory conditions that are cancer predisposing include colitis, Hepatitis B/C virus 

infection, Helicobacter pylori infection, hemochromatosis, and many others (25,27).  While inflammation 

can be procarcinogenic through a variety of mechanisms, including cytokine signaling, angiogenesis, 

protein modification, and epigenetic modifications, a major mechanism of inflammation-mediated 

transformation is the induction of DNA damage.  A frequent source of DNA damage is the oxidative 

microenvironment produced by activated inflammatory cells during chronic inflammation.  During 

chronic inflammation there is sustained generation of free radicals, including reactive oxygen and 

nitrogen species such as OH•, NO•, O2, and OONO- (27).  These free radicals can react with DNA directly 

to form mutagenic and toxic adducts such as oxidation adducts (8-oxoguanine), deamination products 

(hypoxanthine), and strand breaks.  Additionally, reactive oxygen species (ROS) can induce lipid 
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peroxidation which creates reactive aldehydes that can damage DNA to form etheno adducts.  The present 

study focuses on the adducts generated by chronic inflammation, which are primarily repaired via the 

BER pathway.     

Understanding how repair deficiencies predispose cells to damage accumulation and mutation is 

particularly important to understanding the carcinogenic process.  This is especially true in cases of 

inflammation-mediated cancers in which the microenvironment is highly damaging.  In the first theme 

(Theme I) of this work, two types of BER deficiencies are explored.  The first study involves 

inflammation-mediated carcinogenesis and the decrease of BER capacity under inflammatory conditions 

(Theme IA).  The second study examines the role of mutation site-specific deficiencies in repair and their 

relationship to the location and pattern of mutations in critical genes (Theme IB).  One of the 

disadvantages inherent in the study of BER mechanisms is the lack of appropriate in vivo methodology to 

study the physiologically relevant pathway.  Therefore, the second theme (Theme II) as well as a portion 

of Theme I describes the development of in vivo techniques for the study of BER mechanisms. 
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CHAPTER 2 

THEME IA:  EXPRESSION AND ACTIVITY-RELATED PATTERNS OF BER 

2.1  Background 
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third leading cause of 

cancer mortality worldwide (28,29).  One of the most important factors for the development of liver 

malignancies is chronic inflammation, which underlies a wide variety of specific etiologic agents, such as 

prolonged aflatoxin B1 exposure, chronic viral and bacterial infections, alcohol abuse, and metal 

accumulation (30,31).  Chronic inflammatory conditions confer increase risk for cancer by many 

mechanisms, including induction of genomic instability (32).  As previously described in the introduction, 

this highlights the importance of DNA repair processes in preventing genomic instability and cancer, 

particularly during inflammation when the damage burden is much higher due to the production of free 

radicals (32).   

The Long Evans Cinnamon (LEC) rat is a unique model for inflammation-mediated 

hepatocellular carcinoma.  The LEC rat mimics Wilson’s disease in humans, a representative chronic 

inflammatory condition that predisposes affected individuals to HCC (33-35).  In these animals tumors 

arise from “common initiating events”, such as copper accumulation, liver injury and hepatitis 

(inflammation).   Also, all three major phases, such as initiation, promotion and progression can be 

studied with sequential sampling of liver tissues at well-defined phases of tumorigenesis from the 

animals. We have previously demonstrated that BER capacity in the LEC liver decreases dramatically 

during acute hepatitis and returns to pre-hepatitis levels during the initial phase of chronic hepatitis (36).  

Specifically, the expression and activity of a BER enzyme 8-oxoguanine DNA glycosylase (Ogg1) were 

significantly abrogated during acute hepatitis.  Ogg1 recognizes and excises 7,8-dihydro-8-oxoguanine 

(8-oxoG), which is the most commonly formed oxidative lesion in DNA (37).  8-oxo-dG is a highly 

bypassable lesion and mispairs with adenine during replication, leading to GT transversion mutations 

(38).  

Other studies of the LEC rat during acute and chronic hepatitis demonstrated that DNA damage 

also accumulates during acute hepatitis, consistent with the decrease in repair observed in our study 

(Figure 2-1) (39).  Moreover, preneoplastic foci were detected at the end of acute hepatitis and increased 

in number throughout chronic hepatitis before the onset of HCC (Figure 2-1)  (39).  These observations 

suggested that acute hepatitis may represent an initiation phase for hepatocarcinogenesis. Furthermore, 

while it is understood that unrepaired oxidative DNA damage can lead to mutations, a direct link between 
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deficient DNA repair and carcinogenesis in the highly damaging environment of the chronically inflamed 

liver has not been shown.   These preliminary indications led to the hypothesis that decreased BER 

during acute hepatitis in the LEC rat leads to mutagenesis.  The first necessary task for the present 

study was to characterize the transcriptomics of the carcinogenic process in the LEC rat and to determine 

the relevance of the acute hepatitis period to hepatocarcinogenesis.  Secondly, the aim of the study was to 

investigate the role of decreased BER capacity during acute hepatitis in mutagenesis, a hallmark of 

carcinogenesis. 

2.2  Results 
2.2.1  Gene expression microarray 

The first task in studying DNA repair within the context of the highly damaging microenvironment of 

the inflamed liver involved a slightly wider focus, which was studying the overall changes occurring 

throughout the various disease states of the LEC animal.  We performed a gene expression microarray 

using total RNA extracted from LEC liver tissue at different time points of tumorigenesis: 8 weeks (pre-

hepatitis), 18 weeks (acute hepatitis), 84 weeks (late chronic hepatitis, tumor adjacent normal) and 84 

weeks (tumor) (Figure 2-2).  Paired t-tests were performed using background corrected, normalized, and 

robust multi-array analysis (RMA) summarized probe sets, and fold changes were calculated to identify a 

list of statistically significant (Benjamini-Hochberg FDR cut-off of 0.25) differentially expressed genes 

between each possible combination of two time points. 

Using these significantly up- and down-regulated gene lists, we analyzed the acute hepatitis time 

point for any evidence of early carcinogenic changes.  Using GeneGO Pathways software, an enrichment 

analysis was performed on a large gene set of commonly differentially regulated genes between the pre-

hepatitis vs. acute hepatitis analysis and pre-hepatitis vs. tumor analysis.  Interestingly, the upregulated 

gene set revealed changes found in colon and gastrointestinal neoplasms as well as pathway changes in 

G2/M checkpoint-related genes, cell cycle regulation, mitosis, and other pathways related to 

carcinogenesis and proliferation (Figure 2-3).  Thus, our microarray analysis indicated early carcinogenic 

changes during acute hepatitis that may be the result of cancer initiation.   To evaluate late carcinogenic 

changes, a gene enrichment analysis was performed on the significantly up- and down-regulated genes in 

the adjacent normal (late chronic hepatitis) vs. tumor analysis.  We observed several typical cancer-

related pathways were enriched in the up-regulated gene set, including cell proliferation and death, 

negative regulation of DNA repair, replication, and inflammation (Figure 2-4).  An enrichment analysis 

was also performed on a large gene set of significantly upregulated genes between the acute hepatitis and 

tumor stages but were either downregulated or unchanged between the acute hepatitis and chronic 
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hepatitis stages.  This analysis revealed some potential late tumorigenic changes that may be related to 

progression.  Specifically, the enriched processes included several cell-matrix interaction pathways, cell 

cycle-related pathways such as G2/M checkpoint, and several survival pathways (Figure 2-5). This 

extensive microarray analysis facilitated a more informed understanding of the larger canvas on which 

carcinogenesis was proceeding, potentially aided by concomitant deficient DNA repair capacity.  

Studying the overall changes also provided evidence that confirmed that the acute hepatitis environment 

was particularly mutagenic and carcinogenic and a worthwhile model to study. 

The microarray analysis results prompted further study of the hepatitis stage of the LEC rat liver with 

a focus on the mutagenic and carcinogenic changes that may be occurring during the hepatitis period and 

how DNA repair capacity during acute hepatitis was modulating those changes.  In order to establish a 

direct link between decreased repair during acute hepatitis and mutagenesis during HCC development, it 

is necessary to perform DNA lesion mapping during acute hepatitis at regions of the genome known to be 

mutated in the LEC tumors.  This kind of mapping, usually performed using ligation-mediated PCR (LM-

PCR), requires an appropriate model cell line and a target region of the genome (based on known 

oncogenic mutation sites in the tumor).  Therefore, sections 2.2.2-2.2.4 describe the development and 

characterization of an appropriate cell culture model of LEC acute hepatitis, and section 2.2.5 describes a 

mutation study designed to reveal the regions of interest in the LEC genome susceptible to oncogenic 

mutation.     

2.2.2   Cell line generation and characterization 

While a LEC hepatocyte cell line has been generated from animals before the development of 

hepatitis (LEC-PH), until now there have been no cell lines generated from the LEC rat liver at any other 

disease state (40).  We isolated nontumorous hepatocytes from LEC rats at the acute hepatitis (LEC-AH) 

phase.  Additionally, we were able to isolate and propagate tumor cells (LEC-T) from the LEC rat after 

development of HCC (Figure 2-6A-C).  The cells were cultured in individual pools to generate different 

pooled lines of which one pooled line from each cell type (LEC-AH and LEC-T) was utilized in 

experiments.  Interestingly, the cells divide in culture continuously for several passages after isolation, 

and are apparently spontaneously immortalized (Figure 2-6D).  The cells express normal hepatocyte 

markers such as albumin (Alb) and alanine liver transferase (Alt) as well as a progenitor-like marker in 

the liver cytokeratin 7 (Ck7) (Figure 2-6E).   The LEC-T cells expression cytokeratin 18 (Ck18), a 

hepatocyte marker (Figure 2-6E).  Importantly, several studies report that immature hepatocytes and 

progenitor-like cells can be cultured from rodent livers after various types of liver injury (41,42).  In fact, 
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the spontaneous immortalization observed in the LEC-AH line may be due to the progenitor-like nature of 

the cells.    

2.2.3   DNA damage, repair, and cell cycle response in LEC cell lines  

In order to appropriately model the LEC liver during acute hepatitis for a lesion-mapping study, it is 

important for the cells to mimic critical characteristics observed in the tissues.  Since we had observed 

decreased BER in the LEC liver tissue during hepatitis, we tested the LEC cell lines for BER capacity as 

well (36).  We were particularly interested in Ogg1 activity since the adduct it recognizes, 8-oxo-dG, is a 

well-known mutagenic adduct generated during oxidative stress (43,44).  Ogg1 activity was almost 

completely absent in the hepatitis cell line (Figure 2-7).  The activity of Ogg1 in LEC-T cells was 

somewhat decreased compared to LEC-PH (≈1.5-2 fold less).   The decrease in Ogg1 activity in hepatitis 

cells was accompanied by an increase in accumulation of 8-oxo-dG under oxidative agent treatment with 

tert-butyl hydroperoxide (TBHP) (Figure 2-8).  TBHP is a substrate of glutathione peroxidase and induces 

oxidative stress by increasing levels of glutathione disulfide (45,46).  The oxidative damaging agent was 

used as a probe to detect accumulation of 8-oxo-dG since endogenous levels of the adduct are too low to 

quantify differences among the cell lines.  The quantification of 8-oxo-dG was performed using the 

OxyDNA assay kit (Calbiochem), which utilizes a FITC-conjugated antibody against the adduct (Figure 

2-8).  Antibodies against 8-oxo-dG are a particularly powerful tool for quantifying adduct levels in cells 

and tissues and have even been used clinically as prognostic indicators (47).    

 Accumulation and clearance rate of DNA damage are important in mutagenesis, but the cell cycle 

response to DNA damage is also crucial in converting adducts to mutations.  When the LEC-AH cells 

were treated with the oxidative agent TBHP, the cell cycle response differed from that of the LEC-PH 

cells.  A slightly higher percentage of LEC-PH cells entered G2/M arrest under damaging treatment while 

little or none of LEC-AH cells entered the G2/M checkpoint under the same treatment (Figure 2-9).  The 

G2/M checkpoint was also an affected pathway in the microarray analysis of early carcinogenic gene 

expression changes during acute hepatitis (Figure 2-3).   

2.2.4   ROS and cancer-like phenotypes in LEC cell lines 

Since the microarray analysis provided evidence that oxidative stress pathways may be involved in 

the early carcinogenic process during hepatitis in LEC rats, we examined endogenous ROS levels in the 

LEC cell lines using an antioxidant as a probe.  Using DCF as a fluorescent stain, we observed by FACS 

analysis elevated ROS levels in the hepatitis and tumor cell lines that could be neutralized by treatment 

with an antioxidant, α-lipoic acid, which scavenges many types of free radicals via the reactivity of its 
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dithiolane ring and increases levels of endogenous intracellular antioxidants such as glutathione (Figure 

2-10) (48).  We also confirmed this result in the hepatitis cell lines using confocal microscopy with DCF 

stain (Figure 2-11).   

Colony formation was also tested in the LEC cell lines to determine if the LEC cell lines were 

transformed.  For the lesion mapping experiment in this study, it is critical that a non-transformed cell 

culture model is used since it may indicate that mutagenesis has already occurred.  The LEC-T cell line 

formed large colonies in soft agar, as expected (Figure 2-12A).    The LEC-PH cell line was isolated and 

immortalized by SV40 adenovirus infection by another group previously, so it is not useful for 

comparison in the transformation studies as the cell line forms colonies in soft agar at levels similar to the 

LEC-T cell line, probably due to SV40-induced transformation (Figure 2-12A) (40,49).  The LEC-AH 

line was able to form infrequent (1 colony /1000 cells), small colonies (≈50 µm)  in soft agar that were 

unable to be enriched through sequential passaging, indicating that the LEC-AH cell line is not 

transformed  (Figure 2-12A and 12B).   These small colonies may represent a characteristic of progenitor-

like cells, but it was interesting that treatment with the ROS neutralizing antioxidant α-lipoic acid 

decreased colony formation in the hepatitis cell lines, indicating that the increase in oxidative stress in the 

cell lines was contributing to the limited colony formation observed in the LEC-AH cells (Figure 2-12B).  

Together these results indicate that the hepatitis cells exhibit the critical characteristics of the acute 

hepatitis liver in LEC rats and may be a useful model to study the effects of deficient DNA repair on 

mutagenesis.  Importantly, the high levels of oxidative stress, DNA damage, and decreased repair 

capacity are key components of a highly mutagenic environment consistent with ours and other 

previously published results as well as the predictions based on the microarray analysis results (36,39). 

2.2.5   Mutation analysis in LEC cell lines and tissues 

Since the rate of cancer initiation in the liver is presumably low, we did not focus on the identification 

of mutations in the hepatitis tissues or LEC-AH cells (50,51).  Rather we sequenced known mutation 

hotspots for human liver cancer in the LEC liver tumor tissue and cell line.  The results of the mutation 

analysis would be used to identify the key nucleotides of interest for further evaluation of mutations 

caused by specific DNA damage types using ligation mediated-PCR in the hepatitis cells.  Even with the 

use of microdissection from paraffin-embedded samples, no mutations were observed at mutation 

hotspots in K-ras, PI3K, p53, CTNNB1, or Axin1 in the LEC tumor tissues.  These same genes were also 

sequenced in the LEC-T cell line, and one gene, K-ras, displayed a GT transversion mutation at codon 

12, a mutation hotspot codon (Figure 2-13).  Mutations in K-ras have been observed in human liver 

cancers of different etiologies, so the identification of mutant K-ras in the LEC rat is relevant to human 
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disease (52-55).  Additionally, this mutation was not present in any of the other cell lines.   This type of 

transversion mutation (GT) is characteristic of unrepaired 8-oxo-dG, which not only provided evidence 

that the decreased Ogg1 activity was playing a role in mutagenesis, but also highlighted codon 12 of K-

ras as an appropriate genomic region of interest for lesion mapping in the LEC-AH cells.   

In summary we identified the acute hepatitis period in the LEC rat as a potential initiating phase for 

carcinogenesis based on extensive microarray analysis (Figure 2-3).  Furthermore, cells isolated for 

culture from the hepatitis tissue were spontaneously immortalized but not transformed and exhibited key 

phenotypes observed in liver tissues during the hepatitis period, including decreased Ogg1 activity and 

increased 8-oxo-dG accumulation.  Furthermore, a GT mutation identified in the LEC-T cell line was 

consistent with deficient Ogg1 activity and was useful in identifying a key region of interest for mapping 

8-oxo-dG in the LEC-AH genome and connecting deficient repair during hepatitis to oncogenic mutation 

(Figure 2-7 and 13).   
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2.2.5   Figures 

 

 

Figure 2-1.  Schematic summary of published results for DNA damage, repair, and preneoplastic 

foci formation in the LEC rat (36,39).  
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Figure 2-2.  Liver disease progression of the LEC rat.  (A-E) Hematoxylin and eosin (H and E)-stained 

paraffin-embedded liver tissue sections.  (A) Pre-hepatitis – 8 week old animal, (B) Acute hepatitis – 18 

week old animal, (C) Chronic hepatitis – 84 week old animal, normal tissue adjacent to HCC, (D) HCC – 

84 week old animal, (E) Dysplastic cell observed in acute hepatitis tissue (see panel B).  (F) Timeline of 

disease progression in LEC rat.  Red arrows indicate when RNA was isolated from frozen tissue samples 

for gene expression microarray.  
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Figure 2-3.  Gene expression analysis reveals early carcinogenic changes in LEC rat liver.  A large 

gene set of commonly differentially regulated genes between the pre-hepatitis vs. acute hepatitis analysis 

and pre-hepatitis vs. tumor analysis was analyzed using GeneGO Pathways Software.  Enriched pathways 

and processes of interest are listed in the figure. 
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Figure 2-4. Gene expression analysis reveals cancer pathways in LEC rat HCC.  A gene enrichment 

analysis was performed on the significantly up- and down-regulated genes in the adjacent normal (late 

chronic hepatitis) vs. tumor analysis using GeneGO Pathways Software.  Significantly enriched pathways 

and processes of interest are listed in the figure.    
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Figure 2-5. Gene expression analysis reveals late carcinogenic changes in LEC rat liver.  A large 

gene set of significantly upregulated genes between the acute hepatitis and tumor stages that were either 

downregulated or unchanged between the acute hepatitis and chronic hepatitis stages was analyzed using 

GeneGO Pathways Software.  Significantly enriched pathways and processes of interest are listed in the 

table.    
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Figure 2-6: LEC-PH, LEC-AH, and LEC-T cells  Images of representative pooled lines of (A) LEC-

PH cells  (B) LEC-AH cells isolated from LEC rats during acute hepatitis.  (C) LEC-T cells isolated from 

tumorous LEC liver  (D) Spontaneous immortalization of LEC-AH cells post-isolation (E) RT-PCR for 

molecular markers for hepatocytes and liver stem cells; Note: All cell lines were AFP- , CD133- 
,and Oct4-

. 
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Figure 2-7.  Ogg1 activity in LEC cell lines.  (A)  Ogg1 excision activity was assayed using cell nuclear 

extracts and a 32-mer radio-labeled 8-oxo-dG containing duplex oligonucleotide substrate.  (B) 

Quantification of gel image.  Graph indicates the fold change in product formation normalized to LEC-

PH.   
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Figure 2-8. 8-oxo-dG accumulation in LEC cells.   Cells were fixed and stained with a FITC-

conjugated anti-8-oxo-dG antibody and analyzed by flow cytometry.  Graph indicates the geometric mean 

of fluorescence.  Error bars indicate the standard error of measurement (SEM) from  three independent 

experiments.  p-value indicates the result of paired student’s t-test. 
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Figure 2-9. LEC cell response to oxidative DNA damage.   LEC cells were treated with vehicle or 20 

μM TBHP for 24 hours then fixed and stained with propidium iodide and analyzed for DNA content by 

flow cytometry.   No significant difference in the percent of cells in G2/M phase of the cell cycle was 

observed in LEC-AH cells after treatment with TBHP. 
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Figure 2-10.   Oxidative stress in LEC cell lines by flow cytometry. (A) Cells were cultured for 3 days 

in vehicle or 50uM a-LA then analyzed for ROS levels detected by H2DCFDA fluorescence and analyzed 

by flow cytometry. Histograms indicate representative results of triplicate data points. (B) Quantification 

of DCF fluorescence by flow cytometry. Bar diagram indicates the average geometric mean of triplicate 

data points. Error bars indicate standard deviation  of triplicate data points.  p-value indicates the result of 

paired student’s t-test.   
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Figure 2-11. Oxidative stress in LEC-AH cells by confocal microscopy. (A) Representative confocal 

microscopic images of LEC-AH cells after 3 days of treatment with vehicle or 50 μM α-LA.  Cells were 

stained to detect ROS (carboxy-H2DCFDA), mitochondria (Mitotracker Red CMXRos), and nuclei 

(Hoechst 33342).  (B) Quantification of ROS measured as the ratio of green fluorescence (carboxy-

H2DCFDA) over blue fluorescence (Hoechst 33342) in vehicle and α-LA-treated LEC-AH cells.  Error 

bars indicate standard error of measurement (SEM).  p-value indicates the result of paired student’s t-test. 
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Figure 2-12. LEC-AH cells exhibit limited anchorage-independent growth.  After 3 days of culture in 

either vehicle or 50 μM α-LA, 10,000 cells were seeded in soft agar + 50ng/mL EGF and cultured for 14 

days.  (A) Quantification of LEC-PH, -AH, and –T colonies in soft agar. Colonies were counted by eye 

(LEC-AH) or by Omnicon Tumor Colony Analyzer (LEC-PH and LEC-T).  (B)  Representative images 

of LEC-AH colonies with and without α-LA treatment.  Arrows indicate colonies. **p-value<0.01.  
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Figure 2-13.  Mutation analysis in LEC cells.  Exon 1 of Kras was sequenced in LEC-PH, LEC-AH, 

and LEC-T cells, indicating a GT mutation at codon 12 in LEC-T cells, which is characteristic of 

unrepaired 8-oxo-dG.  Histograms are representative images from reverse direct sequencing of Kras exon 

1 in LEC-PH, LEC-AH, and LEC-T genomic DNA.  

 

2.3  Discussion 
In the first part of Theme I, using an animal model of inflammation-mediated carcinogenesis, we 

examined the role of DNA repair in mutagenesis during hepatocarcinogenesis.  Microarray analysis as 

well as previously published studies of pre-hepatitis, hepatitis, and tumor tissue in the LEC rat provided 

evidence that the acute hepatitis period was playing an important role in carcinogenesis.  Particularly, we 

observed decreased repair during hepatitis in both tissues and cell lines generated from the different tissue 

types representing different stages of disease.  Moreover, other promutagenic conditions were observed in 

the hepatitis cells, including increased DNA damage accumulation and oxidative stress.  Finally, the 

tumor cells displayed a type of mutation characteristic of decreased repair at a mutation hotspot in a 

known oncogene, suggesting a critical role for decreased repair in an inflammatory microenvironment in 

promoting mutagenesis. 

The GT transversion mutation at a known oncogene mutation hotspot observed in LEC-T cells 

provides some evidence that the decreased Ogg1 activity has a role in mutagenesis during the 

carcinogenic process in LEC rats (Figure 2-7 and 13).  It remains to be seen how early the mutation 

occurs during carcinogenesis and whether or not it is a “driver” mutation, and it would be useful in the 

future to focus on sequencing K-ras in the pre-neoplastic foci tissue.  Importantly, to establish a direct 

link between the decreased Ogg1 activity in the LEC-AH cells and the K-ras mutation observed in LEC-T 

cells, detection of damage accumulation at codon 12 of K-ras in the LEC-AH cells under damaging 
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conditions is necessary.  In order to detect such accumulation and map its location at nucleotide 

resolution, ligation-mediated PCR (LM-PCR) is a necessary future study.   

Interestingly, our microarray analysis results are consistent with the gene expression changes 

observed in human liver cancers.  In one study copy number analysis was performed on 125 human liver 

tumors and whole exome sequencing was performed on 24 of those samples.  The group predicted the 

functional consequences of the 135 homozygous deletions and 995 somatic mutations they observed and 

identified five major pathways that were altered among all the samples: β-catenin pathway, p53/cell cycle 

control network, chromatin remodeling pathways, PI3K/Ras signaling pathways, and oxidative/ER stress 

pathways (52).  In the LEC animal model, cell cycle control, chromatin remodeling, PI3K signaling, 

oxidative stress, and ER stress pathways were all significantly enriched in either the early or late analysis, 

indicating that the LEC rat may follow disease progression states similar to humans (Figure 2-3 and 2-5).    

Cell line generation enabled a closer study of the characteristics of hepatocytes during hepatitis in the 

LEC rat.  Remarkably, the cells isolated from the LEC rat during the hepatitis period spontaneously 

immortalized in culture although they were apparently nontumorous (Figure 2-6D).  The immortalization 

was specific to the damaged liver as similarly processed hepatocytes from the wild type LEA liver did not 

survive and proliferate in culture.  Other studies have demonstrated that spontaneously immortalized 

hepatocytes can be isolated from inflamed or damaged rodent and human liver (42,56,57).  While the 

immortalization may be a characteristic related to the progenitor-like nature of the cells, it is intriguing to 

consider the possibility that this property and/or the progenitor cells themselves are linked to the 

carcinogenic process in the animal.  It is even more interesting to consider that these progenitor-like cells 

are extremely deficient in BER activity, and future studies concerning their potential involvement in 

inflammation-mediated carcinogenesis may focus on that particular cancer-predisposing characteristic.   

It is interesting that colony formation in the LEC-AH  and –T cells was inhibited by the presence of 

an antioxidant, α-lipoic acid (Figure 2-12).  Studies indicate that alpha-lipoic acid can exert anti-cancer 

effects via its anti-inflammatory, anti-oxidant, and anti-mutagenic properties (58). Treatment with alpha-

lipoic acid modestly affected LEC-T colony formation, but it only significantly decreased colony growth 

in the LEC-AH cells, most likely due to the vast accumulation of genetic modifications and overall 

changes in the LEC tumor cells (Figure 2-12A).  However, it is interesting that oxidative stress may be 

involved in the limited anchorage-independent growth potential in these hepatitis cells and provides an 

interesting link between the highly damaging environment of the inflamed liver and tumorigenesis.  In 

fact, the hepatitis and tumor cell lines displayed higher endogenous levels of ROS than the pre-hepatitis 

cell line (Figure 2-10 and 11). It is intriguing to consider that the environment of the liver during hepatitis 
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permanently altered these hepatocytes as the high levels of oxidative stress and DNA repair changes are 

present without the inflammatory microenvironment.  

Overall, the first study in Theme I demonstrated evidence that the inflammatory environment during 

hepatitis led to mutagenic alterations in hepatocytes that were apparently permanent.  These alterations 

occurred in anti-oxidant pathways as well as DNA repair pathways, both of which may have led to the 

reported increased oxidative DNA damage, oxidative stress, and colony formation in the isolated 

nontumorous hepatocytes.  The study also presents some evidence that the decreased repair during 

hepatitis led to mutagenesis in a key oncogene identified in the tumor cells.  Further study is required to 

identify a direct link between deficient repair during hepatitis and oncogenic mutation using the tools 

developed and described in the present work.  It is also critical to study human hepatitis tissue for 

evidence of decreased DNA repair activity and determine the relevance of the observed repair deficiency 

in LEC rats to human disease.   

Limitations and alternative strategies.  One important limitation of the work presented in Theme IA is 

the animal model used.  Cirrhosis is a critical step in the pathogenesis of human liver cancer, but the LEC 

rat does not exhibit cirrhosis (59,60).  Any role that cirrhosis plays in DNA repair, mutagenesis, or 

hepatocarcinogenesis in humans is not represented in this study.  Notably, this issue is difficult to address 

as many animal models of HCC do not have cirrhosis or other pre-cancerous stages observed in humans.  

Another limitation of the work is the lack of a larger understanding of the mutation spectra of the LEC 

tumors.  While several genes were sequenced from both the LEC HCC tissues and the LEC-T cell line, 

only codon 12 of K-ras demonstrated a mutation that was characteristic of Ogg1 deficiency (Figure 2-13).  

An understanding of the overall types and frequency of random mutations, i.e. finding more GT 

transversions, occurring in the LEC-T cell line may strengthen the link between decreased Ogg1 activity 

and mutagenesis.  Furthermore, deep sequencing of the entire LEC HCC genome (both tissues and cell 

line) would be informative about other crucial mutations in oncogenes and/or tumor suppressor genes and 

may provide support to the hypothesis that deficient Ogg1 activity leads to mutagenesis in the LEC rat.       

 While the cell lines developed in this study are a useful tool and are quite informative about the 

characteristics of damaged hepatocytes from the LEC rat liver, any changes that occurred in the cells due 

to culturing are difficult to determine.  The cells exhibit many of the phenotypes observed in the liver 

tissues, but they are not exposed to constant inflammation when in culture, which may have other 

important effects on hepatocytes.  In the future it may be useful to study the LEC hepatocytes co-cultured 

with liver stromal cells, such as inflammatory cells and hepatic stellate cells, or exposed to cytokines and 

other molecules present in the inflammatory microenvironment in the liver.  This kind of experiment 
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would be particularly helpful in understanding adduct accumulation in the hepatitis cells.  While the LEC-

AH cells exhibited increased oxidative stress compared to the LEC-PH cells, it is unclear whether or not 

those levels of ROS are enough to induce accumulation of oxidative DNA damage.  The oxidative 

damaging agent treatment is informative about the levels of adduct in the cells under damaging 

conditions, but experiments in an environment that mimics the inflamed liver may be more useful in 

understanding adduct levels in the cells in a physiologically relevant manner.  Furthermore, the majority 

of the characterization of the cells was performed with one pooled cell line from each LEC cell type.  

Future studies may benefit from further characterization of multiple pools of LEC-AH and LEC-T cells.   

2.4  Materials and Methods 
 

2.4.1 Gene expression microarray 

 

Total RNA was extracted from LEC liver tissue at different time points of tumorigenesis: 8 weeks 

(pre-hepatitis), 18 weeks (acute hepatitis), 84 weeks (late chronic hepatitis, adjacent nontumorous) and 84 

weeks (tumor).  RNA extracted from the tissues was hybridized to the Affymetrix GeneChip Rat Genome 

230 2.0 Array and probed for 30,000 rat transcripts. After raw results were generated, paired t-tests were 

performed using background corrected, normalized, and RMA summarized probe sets, and fold changes 

were calculated to identify a list of statistically significant (p-value ≤0.05) differentially expressed genes 

between each possible combination of two time points. For paired t-test the false discovery rate was 

calculated using the Benjamini-Hochberg method.  GeneGO Pathways software was used to analyze the 

differentially expressed genes, using a fold change cut-off of +/- 1.4 and an FDR adjusted p-value cut-off 

of 0.25.    

 

2.4.2 Cell line generation 

 

Hepatocytes (LEC-AH) were isolated from an 18 week-old LEC rat by liver perfusion using pre-

warmed (37°C) Liver Perfusion medium (Life Technologies) with a flow rate of 35mL/min until the liver 

lightened in color (approximately 10 min).    Then liver was perfused with pre-warmed Liver Digest 

medium (Life Technologies) with a flow rate of 35mL/min for 10-12 min, followed by washing with cold 

Hepatocyte Wash medium (Life Technologies).  The digested liver was removed from the animal and 

placed on a cell culture dish and transferred to a cell culture hood.  Hepatocytes were released from the 

digested liver by cutting the tissue into small pieces.  The sliced liver was resuspended in hepatocyte wash 

medium and centrifuged at 1000 rpm for 5 min.   The pellet was washed once more with hepatocyte wash 
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medium and centrifuged at 1000 rpm for 5 min.  The pellet was resuspended in hepatocyte wash medium 

and cell suspension was filtered through a 100 μm nylon mesh filter into a pre-chilled 50 mL conical tube.  

The filtered cell suspension was centrifuged at 1000 rpm for 5 min and resuspended in cold hepatocyte 

wash medium.  Washing of the pellet with wash media was repeated twice, and cells were plated on 

collagen 1-coated plates with Williams medium E, supplemented with 10% fetal bovine serum (FBS), 

0.01 mg/mL insulin, 0.5 μg/mL dexamethasone, and 1% antibiotic.  Hepatocytes were cultured 

continuously in the Williams medium E with growth supplements at 37°C and maintained by sub-

culturing every 3 days.   

The LEC-T cell line was generated in a similar manner, but no liver perfusion was performed.  

Sections of the identifiable tumor tissue were dissected from a LEC rat (84 weeks old) liver and washed 

in a tissue culture dish with Liver Perfusion medium and digested with Liver Digest medium by 

incubation in the medium at 37°C for 1 h with intermittent gentle agitation.  The digested liver was then 

processed as described for the LEC-AH cell line.   

  

2.4.3 RT-PCR 

 

RNA was extracted from LEC cell lines using the RNeasy Mini kit (Qiagen) according to 

manufacturer’s protocol.  Using 1 μg of RNA, cDNA was prepared using the Quantitect Reverse 

Transcription kit (Qiagen) according to manufacturer’s protocol.  PCR reactions contained 100 ng cDNA, 

500 nM of each primer, and 1X Taq PCR Master Mix (Promega) in a 10 μL reaction volume.  The PCR 

cycling conditions were as follows:  95°C for 3 min, followed by 35 cycles of 95°C for 30 sec 58°C 

(Alb), 62°C (CK7, CK18), or 67°C (Alt) for 1 min, and 72°C for 30 sec.  For detection of Alb, primers 

AlbF (5’-GAGTGTTTCCTGCAGCAC-3’) and AlbR (5’-GATTTCTGCGAACTCAGC-3’) were used.  

For detection of CK7, primers CK7F (5’- TCGGCAGCAGGAGCCTCTATGG-3’) and CK7R (5’ 

AGGGTCTTGATCTGCTCGCGC-3’) were used.  For detection of CK18, primers CK18F (5’- 

TGCGTCCCTTATCCCTCTGCTCA-3’) and CK18R (5’ AGGTGCGCGGAAAACACCCC -3’) were 

used.  For detection of Alt, primers AltF (5’- GCATCCCCGCAGACCCGAAC-3’) and AltR (5’-

GTCCACTTGCACGGCGTCCA-3’) were used.  PCR products were resolved on a 1% agarose gel.   

 

2.4.4  Nuclear extract preparation 

Nuclear extract was prepared using buffers and protocol as previously described with some 

modification (61).  Briefly, 106 cells (LEC-PH, -AH, or -T) were scraped from a 10 cm plate with 400 μL 

of buffer A and collected into a microcentrifuge tube.  The cells were incubated on ice for 15 mins.  Then 
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25 μL of 10% Nonidet NP-40 (US Biological, Salem, MA) was added, and the sample was vortexed.  

Nuclei were pelleted by centrifuging the samples at 1500 rpm for 1 min at 4°C.  The supernatant was 

removed, and the nuclei were resuspended in approximately 50 μL of buffer C.  The samples were rocked 

vigorously at 4°C for 20 mins and subsequently centrifuged at 14,000 rpm for 10 mins at 4°C.  The 

supernatant was aliquoted and stored at -80°C. 

2.4.5 Preparation of 32P-labeled oligonucleotides 

An 8-oxo-dG-containing oligonucleotide (5’-CCGGTGCATGACACTGTXACCTATCCTCAGCG-

3), where X = 8-oxo-dG, and its complementary oligonucleotide (5’-

CGCTGAGGATAGGTCACAGTGTCATGCACCGG-3’) were purchased from Gene Link (Hawthorne, 

NY).  The 8-oxo-dG-containing strand was labeled at the 5’ end using T4 PNK and γ32P-ATP (Perkin 

Elmer, Waltham, MA) and annealed to complementary oligonucleotide to prepare 32P-end-labeled duplex 

oligonucleotide substrate.  

2.4.6   Ogg1 excision assay 

LEC cell nuclear extracts (500 ng) were incubated with 5 nM 8-oxo-dG-containing 32P-labeled 

oligonucleotide substrate for 10 mins at 37°C in an assay buffer containing 25 mM HEPES, pH 7.9, 150 

mM NaCl, 100 μg/mL BSA, 0.5 mM DTT, and 10% glycerol in a total volume of 20 μL.  The reactions 

were subsequently terminated at 65°C for 5 min then cooled to room temperature for 15 min.  Reactions 

were diluted 1:1 with a loading buffer containing 1X gel loading dye (New England Biolabs, Ipswich, 

MA), 85% formamide, and 0.3N NaOH.  Samples were subsequently heated at 95°C for 3 min followed 

by cooling on ice for 3 min.  Samples were resolved by electrophoresis at 60°C using Criterion gel 

cassettes (BioRad, Hercules, CA) containing 20% polyacrylamide (BioRad, Hercules, CA) and 7M urea 

(BioRad, Hercules, CA).  Radioactivity was quantified by exposing the gel to X-ray films and quantifying 

the band intensities using an imager (Chemigenius Bioimaging System, Frederick, MD) and software 

(GeneTool, Syngene Inc., San Diego, CA).   

2.4.7  Flow cytometry studies for ROS detection, 8-oxo-dG quantification, and cell cycle analysis 

 

Flow cytometry studies for ROS detection and 8-oxo-dG quantification were performed as 

previously described, with slight modifications (62,63).  For detection of ROS, LEC cells were treated 

with vehicle (0.5% ethanol, 4.4% PBS in growth media) or 50 mM α-lipoic acid (α-LA) for 72 h at 37°C.  

Cells were subsequently pelleted and resuspended in 100 µL of 10 µM carboxy-2’,7’-dichlorodihydro-

fluorescein diacetate (carboxy-H2DCFDA) (Life Technologies) in phenol red-free Williams Medium E  
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then incubated at 37°C for 3 h.  Cells were then pelleted and washed once with 500 µL 1X PBS and 

transferred to 5 mL glass tubes for flow cytometry.  The single cell suspension was analyzed by flow 

cytometry using the fluorescein excitation/emission maxima.  The geometric means of the carboxy-

H2DCFDA fluorescence distributions were calculated using FCS Express Version 3 software (DeNovo 

Software, Los Angeles, CA).   

For quantification of 8-oxo-dG, LEC cells were treated with vehicle (2% H2O in growth media) 

or 20 µM tert-butyl hydroperoxide (TBHP) for 24 h.  Using the OxyDNA Assay kit (Calbiochem), which 

utilizes a FITC-conjugated anti-8-oxo-dG antibody, cells were fixed and stained according to the 

manufacturer’s protocol.  Cells were then stained with propidium iodide (for cell cycle analysis).  Stained 

cells were analyzed by flow cytometry for 8-oxo-dG levels as described for the carboxy-H2DCFDA stain 

and for cell cycle analysis by FCS Express Version 3 software (DeNovo Software, Los Angeles, CA).  

 

2.4.8 Colony formation in soft agar 

 

Colony formation assay was performed as described previously with some modification (64,65).  

LEC cells were treated with vehicle (1:8, ethanol:PBS) or 50 mM α-lipoic acid (α-LA) for 72 h at 37°C.  

6-well plates were coated with 0.6% agarose in Williams Medium E supplemented with 20% FBS, 0.02 

mg/mL insulin, 1 μg/mL dexamethasone, and 2% antibiotic.  A 2.5 mL cell suspension top layer solution 

was prepared with 1mL treated cells (30,000 cells/mL) and 1.5mL 0.6% agarose in supplemented 

Williams Medium E.  Then 800 μL top layer cell suspension was plated on 3 wells of agarose coated 

wells.  The plates were incubated at 37°C for 10 days and colonies were counted under phase contrast 

microscope at 40X magnification.   

 

2.4.9  Mutation analysis 

 

Genomic DNA (gDNA) was isolated from LEC-PH, LEC-AH, and LEC-T cells using the 

DNeasy Genomic DNA isolation kit (Qiagen) according to manufacturer’s protocol.  K-ras exon 1 

mutation hotspot codons 12 and 13 were amplified with forward primer (5’-

GACTGAGTATAAACTTGTGGTAGTTG-3’) and reverse primer (5’-

CACCGATGGTTCCCTATTACTC-3’).  PCR reactions contained 100 ng gDNA, 500 nM of each 

primer, and 1X Taq PCR Master Mix (Promega) in a 10 μL reaction volume.  The PCR cycling 

conditions were as follows:  95°C for 3 min, followed by 35 cycles of 95°C for 30 sec 57°C for 1 min, 
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and 72°C for 30 sec.  PCR products were purified using the Qiaquick PCR purification kit (Qiagen) and 

sequenced with forward and reverse primers used for PCR (Genewiz).   

 

2.4.10  Statistical Analyses 

 

Paired student’s t-tests were performed to determine statistical significance between experimental 

groups.  Each test included 2-3 experimental replicates.     
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CHAPTER 3 

THEME IB:  SEQUENCE-RELATED PATTERNS OF BER 

3.1  Background 
Mutations observed in human cancers are often at “mutation hotspots” which suggests that either 

the resulting phenotypic change from those particular codons is more advantageous than at other positions 

or that some DNA sequences have inherent mutability.  This portion of Theme I was undertaken to 

elucidate sequence context effects on DNA repair enzymes, specifically the intrinsic mutability of specific 

hotspot codons in the tumor suppressor gene p53.  The BER pathway, as mentioned previously, has a 

particularly important role in carcinogenesis associated with chronic inflammatory premalignant 

conditions, such as hepatitis, pancreatitis, and colitis.  These conditions are often associated with 

accumulation of oxidative DNA damage due to excess free radicals, including reactive oxygen species 

and DNA-reactive aldehydes from lipid peroxidation (LPO).   

LPO products can react with all four bases to form exocyclic adducts, one of which is an adenine 

adduct, 1, N6-etheno adenine (eA).  Ethenoadenine is specifically recognized and excised by N-

methylpurine-DNA glycosylase (MPG) to initiate the BER pathway.  The presence and accumulation of 

eA have been demonstrated in a variety of chronic inflammatory conditions that carry increased risk of 

cancer, including hemochromatosis and Wilson’s disease, chronic pancreatitis, Crohn’s disease, ulcerative 

colitis, and familial adenomatous polyposis (66).  Additionally, high levels of eA were observed in 

esophageal cells in patients with upper aerodigestive tract cancers associated with long-term alcohol 

abuse and smoking (67).  Ethenoadenine repair has also been shown to be abrogated in inflammation-

mediated lung adenocarcinoma (68).  Additionally, some environmental carcinogens, such as vinyl 

chloride (VC), lead to eA accumulation in several organs (69).  In both bacterial and mammalian 

experimental systems, unrepaired eA has been shown to cause all types of base substitutions (70,71).   

Importantly, VC-induced liver malignancies, as well as other aforementioned cancers associated with 

accumulation of eA during a premalignant inflammatory state,  harbor adenine mutations at frequently 

mutated codons  249, 179, and 255 in the p53 gene  (72-76).       

Sequence context-specific repair by MPG and other BER proteins has been examined previously 

in other studies.  Repair by 8-oxoguanine DNA glycosylase (OGG1), a DNA glycosylase that excises an 

oxidative guanine adduct, 8-oxo-dG, was shown to be affected by flanking modified bases and 

mismatches but not neighboring unmodified bases (77).  On the other hand, the presence of an A:T base 

pair 5’ to 8-oxo-dG reduced the excision activity of E. coli formamidopurine DNA glycosylase (MutM), 
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which is the bacterial enzyme that excises 8-oxo-dG, by 3-fold (78).   Apurinic/apyrimidinic 

endonuclease-1 (APE1) also showed some sequence context-dependent differences in incision activity but 

without any pattern to distinguish “efficient” vs. “inefficient” sequences (79).  MPG exhibited sequence 

context-dependent efficiency of hypoxanthine (Hx) removal and was shown to excise eA more efficiently 

when the damaged base was flanked by GC-rich sequences compared to AT-rich sequences (80-82).  

Additionally removal of eA by mouse MPG was shown to be somewhat affected by neighboring A:T base 

pair stacking (83).  

The aforementioned studies documented a role for the observed differences in BER enzyme 

activity at different DNA sequences in mutagenesis, but the sequences utilized in the activity experiments 

were not biologically relevant, and no in vivo studies were conducted to confirm the in vitro results.  

Additionally, it might be suggested that mutations arise in some DNA sequences more often than others 

because of a difference in adduct accumulation at different sites in the genome.  However, an adduct 

accumulation experiment with chloroacetaldehyde (CAA), a metabolite of VC, showed eA adduct 

formation at frequently mutated codons 249 and 255 as well as some rarely mutated codons such as 247 at 

an even higher level (84).  Then the mechanism behind mutations at codons 249 and 255 may not depend 

simply on adduct formation on those sites alone.  The persistence of DNA adduct rather than the rate of 

adduct formation would lead to mutations as a result of erroneous DNA replication.  It is plausible that a 

low repair rate of eA at certain sequences may contribute to higher accumulation of eA and subsequent 

mutations at specific codons.  However, the repair rate of eA has not been directly compared at frequently 

mutated codons 179, 249, and 255 vs. rarely mutated codons, such as 246 and 247 in p53.  Thus, the 

objective of this study is to examine and compare the repair kinetics of eA at mutation sites and non-

mutation sites of the p53 gene in vivo and in vitro using the mutation patterns observed in cancers 

associated with accumulation of eA during a premalignant inflammatory state as a model.   Our study 

focuses on the sites of interest (mutation and non-mutation sites) in a codon-specific manner, 

hypothesizing that eA at frequently mutated codons in p53 is repaired less efficiently than eA at 

non-mutation sites in p53.  Our approach included in vivo repair analysis by a newly developed real time 

PCR-based assay for codon-specific repair in human hepatic and endothelial cells followed by a 

comprehensive mechanism analysis in vitro.   

3.2  Results 
3.2.1   Real time PCR-based repair assay development and validation in vitro and in vivo.   

In order to validate the real time PCR-based method of monitoring in vivo repair of eA at mutation 

sites and non-mutation sites in the p53 gene, a linear mixing experiment was performed to mimic a range 
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of repair from 0-100%.  M13mp18-p53 phagemids containing a single eA at codon 246, 247, 249, 179, or 

255 were mixed with different amounts of undamaged M13mp18-p53, which represented the repaired 

DNA (Figure 3-1A). These seven standards were then assayed for repair, and the results were plotted 

against the expected repair values, such as 0, 10, 30, 50, 70, 90, and 100% based on the ratio of eA-DNA 

to undamaged DNA (Figure 3-1B).At each codon the calculated percent “repair” increased linearly with 

increasing amounts of undamaged DNA (R2 = 0.90-0.99) (Figure 3-1C). To determine the validity of the 

assay in vivo, M13mp18-p53 phagemid containing eA at codon 246 (246eA) and undamaged plasmid 

were transfected into MPG+/+ and MPG-/- mouse embryonic fibroblasts (MEFs) (Figure 3-2A).  Beginning 

five hours after transfection (0 h), the plasmid DNA was harvested at various time points (5, 16, 24, and 

48 h) and assayed for repair of eA at codon 246.  As expected, no repair of eA was detected in the MPG-/- 

cells up to 48 h post-transfection, while 50% of eA was repaired in less than 5 h (t1/2 < 5 h) in the MPG+/+ 

cells (Figure 3-2B).  The MPG status of the MEFs was verified by MPG excision activity assay using 

cell-free extracts, where excision of the 246eA oligonucleotide substrate was observed in MPG+/+ cells but 

not MPG-/- cells (Figure 3-2C).  Notably, quality control parameters in the real time PCR assay included 

no-template control reactions in each experiment, in which late Ct values were expected.  Also, the 

amplification of an undamaged control region of the plasmid was used as a loading control in which Ct 

values were expected to be in a similar range for all samples.  

3.2.2 Repair of eA at mutation sites is significantly delayed in both hepatocytes and endothelial cells.   

In HepG2 cells, a representative hepatocyte cell line derived from a hepatoblastoma, the in vivo repair 

assay was performed to determine the kinetics of repair of eA at each codon.  Codons 246 and 247 were 

chosen as known nonmutagenic sites, whereas codons 249, 179 and 255 were selected as known 

mutagenic sites for comparative repair studies. The eA-containing phagemids (246eA and 247eA, 249eA, 

179eA and 255eA) were transfected into HepG2 cells and harvested and assayed in the same manner as 

described for the MEFs (Figure 3-3).  The t1/2 for 246eA and 247eA ranged from 5 h to 16 h (t1/2<5 h and 

t1/2 = 16 h, respectively) while t1/2 for 249eA, 179eA, and 255eA was approximately 20 h for all 3 codons 

(t1/2>16 h for all).  Similarly, 50% of eA at codon 246 and 247 was repaired in human umbilical vein 

endothelial cells (HUVECs) in approximately 2-5 h (t1/2 ≤ 5 h) while 50% of eA at codons 249, 179, and 

255 was repaired in approximately 10-13 h (5 h< t1/2<16 h) (Figure 3-4).  These data suggest that eA is 

repaired at a significantly slower rate at mutagenic codons compared to nonmutagenic codons in live 

human cells.  

3.2.3   The base excision step is rate-limiting and is responsible for differential repair rates of eA at 

mutation sites vs. non-mutation sites.   
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While MPG initiates repair of eA by excising the damaged base and may have sequence-specific 

repair efficiency, the subsequent enzymes in the BER pathway may also have sequence-specific 

efficiency.  In order to determine whether the slower rate of complete repair of eA at mutation hotspots 

was due to base excision or post-base excision steps, M13mp18-p53 phagemids with a single abasic (AP) 

site, which is the product of base excision and substrate for the next enzyme APE1, at codons 246, 247, 

249, 179, or 255 were transfected into HepG2 cells and assayed for complete repair (Figure 3-5A).  At all 

sites the t1/2 was between 1 and 4 h after transfection (approximately 1-2.5 h), indicating that there was no 

significant difference in repair of AP-sites at the mutation sites and non-mutation sites.  Since the base 

excision steps are governed by MPG, nuclear extracts from HepG2 were assayed for MPG activity using 

four 50-mer oligonucleotides containing eA in the various sequence contexts (Figure 3-5B).  Extracts 

showed reduced MPG activity for eA at codons 249, 179, and 255 compared to codon 246 and 247 at two 

different time points.   Similar results were observed using purified MPG in the activity assay.  Compared 

to codons 246 and 247 MPG produced 2 and 2.5 fold less product, respectively, when eA was placed at 

codon 249 and 1.3 and 1.5 fold less product, respectively, when eA was placed at codon 179 or 255 

(Figure 3-6A and 6B).  The results from these experiments indicate that base excision steps, which are 

governed by MPG, are responsible for the slower rate of repair of eA at mutation sites.   

7.4 Slow turnover of MPG is the mechanism of slow repair of eA at mutation sites.   

Since base excision steps were responsible for the slower rate of repair of eA at mutation sites in p53, 

a comprehensive mechanism analysis was performed to determine which step in the excision reaction 

accounted for the differential rates in repair at mutation sites vs. non-mutation sites.  Three intermediate 

steps in the excision reaction were tested: binding (KD), catalysis (kchem), and product dissociation (kpd), 

according to Michealis-Menten kinetics. 

  

The analysis included SPR spectroscopy to measure the DNA binding of MPG toward eA in different 

sequence contexts.  Also, intermediate reaction steps were tested by pre-steady-state kinetic analysis.  The 

sequence context was tested for its effect on the glycosidic bond cleavage step by single turnover (STO) 

kinetics and on the product dissociation step by multiple-turnover (MTO) kinetics.  Slight differences in 

the equilibrium dissociation constant (KD) were observed in SPR studies, but the in vivo and in vitro 

experimental results indicated a dramatic difference in total MPG activity at the mutation sites, which 

would correspond to 10-fold or higher KD values if sequence context affected the binding of MPG to eA 
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(Figure 3-7A-D).  Therefore, we determined that there was no significant difference in the KD values 

among the various codons, indicating that sequence context did not affect the binding of MPG to eA.  

Additionally, no difference in kchem was observed among the five sequences in the STO studies indicating 

that the sequence context did not affect the rate of glycosidic bond cleavage (Figure 3-8).    On the other 

hand, a dramatic difference in product dissociation rate was observed among the four sequences in the 

MTO analysis.  The kpd for MPG on the non-mutation sites was 0.24±0.01 (246eA) and 0.11±0.04 

(247eA) while kpd for MPG at the mutation sites (0.02±0.01 to 0.04±0.01) was 3-12-fold lower (Figure 3-

9A and 9B).  Of note, the kpd determined for MPG at the 246 sequence was comparable to the kpd of MPG 

for eA in a random sequence context (0.26±0.03), as determined previously (85).   

 Notably, the sequence-context of the product, which is the AP-site, is determining the rate of the 

excision reaction.  Therefore, the turnover of another substrate of MPG, hypoxanthine (Hx), was tested in 

the individual codon contexts since the AP-site product is the same regardless of the adduct excised.  The 

kpd for MPG at the non-mutation sites was 0.25±0.03 and 0.25±0.01 for 246Hx and 247Hx, respectively 

(Figure 3-10).  At mutation sites the kpd determined for MPG was 3-26 fold slower (0.01±0.003 to 

0.08±0.001), which was consistent with the result we observed for MPG and eA at the various codons 

(Figure 3-10).   

The results of the mechanism analysis indicate that the slower overall rate of repair of eA at 

mutation sites is due to low MPG turnover, suggesting one of the potential mechanisms for the presence 

and pattern of frequently mutated sites in p53 in inflammation- and vinyl chloride (VC)-induced 

malignancies.   
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3.2.5  Figures 

 
 

Figure 3-1.  Experimental design and method validation by mixing experiment in vitro.  (A)   

Schematic representation of repair assay.   (B)  246eA, 247eA, 249eA, 179eA, and 255eA mixing 

experiment demonstrating the linearity of the assay. (C) Table reports the R2 values of the trendline for 

each mixing experiment graphed in (B). 
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Figure 3-2.  Experimental design and method validation in vivo.  (A)   Schematic representation of in 

vivo repair assay.   (B)  Repair of 246eA in wild type (MPG+/+) and MPG-/- MEFs as measured by real 

time PCR.  (C) MPG excision activity on 246eA oligonucleotide substrate in MPG+/+ and MPG-/- MEF 

nuclear extract.  The “No extract” control sample was resolved on the same gel with nuclear extract 

samples but was separated by several lanes, as depicted by the division in the gel figure. 
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Figure 3-3.  Slow repair of eA at mutation sites in p53 in HepG2 cells.  The real time PCR-based 

method for quantifying repair of eA in vivo was utilized to quantify repair of eA at mutation hotspots and 

non-mutation hotspots in the p53 gene in hepatocytes.  (A)  Repair of eA at different codons in p53 in 

HepG2 cells as detected by real time PCR.  Green denotes non-mutation sites and red denotes mutation 

sites.  For each graphed point, N = 3, and error bars denote SEM.  (B) Table reports t1/2, indicating the 

length of time required for 50% repair of eA. 
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Figure 3-4.  Slow repair of eA at a mutation sites in p53 in HUVECs. The real time PCR-based 

method for quantifying repair of eA in vivo was utilized to quantify repair of eA at mutation hotspots and 

non-mutation hotspots in the p53 gene in endothelial cells.  For each graphed point, N = 3, and error bars 

denote SEM.  Table reports t1/2, indicating the length of time required for 50% repair of eA. 
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Figure 3-5.  Role of base excision step in slow repair of eA at mutation sites.  (A)   AP-site repair in 

HepG2 cells. For each graphed point, N = 3, and error bars denote SEM.  (B)  MPG excision activity 

assay in HepG2 nuclear extracts.  Graph indicates the percent product formation.  Green denotes non-

mutation sites and red denotes mutation sites. 
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Figure 3-6.  Reduced MPG excision activity on eA at mutation sites in vitro.  (A)   In vitro MPG 

activity assay using increasing concentrations of purified MPG and sequence context-specific eA 

substrate oligonucleotides. (B)  Quantification of in vitro MPG activity assay by densitometry.  Percent 

product is calculated as the percent radioactivity in product band out of the total radioactivity in the 

substrate and product bands combined.  p-value < 0.05 
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Figure 3-7.  Langmuir isotherms of MPG binding to sequence-specific biotinylated eA-

containing oligonucleotide substrates using Biacore-T100.  The results of the binding 

experiments and fitted curves are represented by colored and black lines, respectively, for non 

mutation sites (A) 246eA and (B) 247eA and mutation sites (C) 249eA (D) 179eA and (E) 

255eA. Various concentrations of hMPG (3 injections each) were used to obtain binding kinetic 

parameters:  0, 0.315, 0.625, 1.25, 2.5, 5, 10, 20, and 40 nM.  
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Figure 3-8.  Effect of sequence context on kinetics of binding and catalysis of hMPG at mutation 

sites.  (A)  Effect of sequence context on the catalysis rate of hMPG.  Green denotes non-mutation sites 

and red denotes mutation sites.  For each graphed point, N = 3, and error bars denote SEM.  (B)  Table 

reports kchem data from panel A, which was derived from the equation described in the Materials and 

Methods section 3.4 “STO kinetic study.”  
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Figure 3-9.  Effect of sequence context on product dissociation of hMPG using eA-containing 

oligonucleotides.  (A) Effect of sequence context on the product dissociation rate of hMPG. Green 

denotes non-mutation sites and red denotes mutation sites.  For each graphed point, N = 3, and error bars 

denote SEM.  (B)  Table reports the results of the analysis of panel A, using the equation described in the 

Materials and Methods section “Burst analysis.”  A0, active hMPG concentration; kobs, burst constant; 

kss/A0 (≈kpd), product dissociation rate constant or turnover number.  
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Figure 3-10.  Effect of sequence context on product dissociation of hMPG using Hx-containing 

oligonucleotides.  (A) Effect of sequence context on the product dissociation rate of hMPG. Green 

denotes non-mutation sites and red denotes mutation sites.  For each graphed point, N = 3, and error bars 

denote SEM.  (B)  Table reports the results of the analysis of panel A, using the equation described in the 

Materials and Methods section “Burst analysis.”  A0, active hMPG concentration; kobs, burst constant; 

kss/A0 (≈kpd), product dissociation rate constant or turnover number.  
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Table 1.  Substrate oligonucleotides utilized for activity assays, pre-steady state and binding 
kinetics of hMPG.  Oligonucleotide sequences used for in vitro eA-M13mp18-p53 phagemids, 
real time PCR, and activity assays, pre-steady state and binding kinetics. For activity, pre-steady 
state, binding kinetics, and in vitro bypass studies, oligonucleotide sequences shown are the eA-
containing strand.  For those assays the substrates were duplexed with appropriate 
complementary oligonucleotides.  For binding kinetics experiments the complementary 
oligonucleotides were biotinylated on the 3’ ends for immobilization on the streptavidin-coated 
Biacore chips.  X denotes eA or Hx.  

 

 

 



 

47 

 

3.3  Discussion 
The second part of Theme I revealed that sequence-specific repair activity of a key DNA repair 

enzyme could be correlated with known mutation sites in human cancers.  We demonstrated that slow 

repair of eA at frequently mutated codons in p53 was caused by codon-specific low turnover of the repair-

initiating glycosylase, MPG.  The present work has revealed several important points regarding sequence-

specific DNA repair.  This study is the first to demonstrate sequence context-related delayed repair of a 

DNA adduct in live human cells in a biologically relevant sequence by a novel method.  Notably, the 

sequence specific deficiency was frequently mutated sequences in the p53 gene.  Overall, this work is the 

first report of a codon-specific study of repair, which is different from previous reports regarding 

sequence-specificity of repair and may be a more biologically relevant approach.  Furthermore, the 

enzymatic mechanism for slower codon-specific repair was demonstrated by a comprehensive study of 

the repair-initiating excision step both in vivo and in vitro.  The observed slow repair of eA implicated 

MPG-initiated BER as the primary pathway responsible for the difference in repair efficiency.  The BER 

pathway includes several enzymes working in a sequential manner.  In the case of MPG-initiated BER, 

MPG recognizes the adduct (eA) and cleaves the glycosidic bond between the damaged base and the 

sugar, leaving an AP-site.  The AP-site is subsequently cleaved by APE1 resulting in a nick in the DNA 

strand, where DNA polymerase β (Polβ) incorporates a nucleotide and DNA ligase III (LigIII) seals the 

nick in the phosphate-sugar backbone, resulting in the fully restored sequence (86).  Importantly, since 

there was no significant difference in the repair of AP-sites between non-mutation sites and mutation 

sites, we conclude here that post-base excision step(s) do not contribute to the slower repair of eA at 

frequently mutated codons (Figure 3-5A).  Our mechanistic studies, therefore, focused on characterizing 

the interaction of MPG, the base excising glycosylase, with eA in different sequence contexts.  Using the 

in vitro assay, we showed with both cell-free extracts and purified enzyme that MPG exhibits less activity 

toward eA placed at frequently mutated codons than at rarely mutated codons, correlating with the results 

for complete repair (eA to A) we observed in vivo (Figures 3-5B and 6).  Moreover, our activity 

experiments in nuclear extracts over different time points correlate well with the observed excision rate 

differences in the burst analysis (Figure 3-5B and 9). 

Previously, we and others determined that the excised damaged base, N-terminal tail of MPG, 

Mg2+ and even other BER proteins, such as APE1 and proliferating cell nuclear antigen (PCNA) can 

regulate the turnover of MPG but in this study we have also demonstrated the importance of codon 

context in the rate of product dissociation for MPG (Figure 3-9) (81,85,87-89).  In this case AP-site DNA 

is the product that confers codon-specificity, since the excised base, eA, is the same for all sequences.  

Base flipping by MPG, possibly facilitated by codon context, is part of eA recognition and subsequent 
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catalysis but is not associated with product (AP-site) binding and inhibition of MPG as the eA base is 

excised.  Burst analysis with Hx in the various sequence contexts confirmed that the AP-site product is 

playing a role in determining codon-specific turnover (Figure 3-10).  It should be noted, however, that the 

pattern of kpd values observed for the Hx burst analysis was slightly different than that of the eA burst 

analysis, which indicates that the excised base, acting as a second product, is playing some role in the 

codon-specific turnover (85).  In future studies it would be useful to examine the structure of AP-site- and 

excised base-bound MPG in the mutation site and non-mutation site contexts, as such a study would 

provide valuable insight into the mechanism of codon-specific turnover rate.  However, as previously 

mentioned, we have shown that the N-terminal tail is required for the turnover of MPG, indicating the 

role of this motif in product dissociation (88).  Currently, the crystal structure of the full length MPG has 

not been solved, rather the solved structure is a truncated form without the N-terminal tail (90).  This 

study highlights the need for a full length MPG crystal structure in order to correctly carry out a codon- or 

sequence-specific structure-function analysis of the product dissociation by MPG.   

The sequence context-specific turnover rate observed in this study has profound biological 

significance since it was at frequently mutated codons that MPG exhibited extremely slow rates of 

product dissociation.  Overall eA may persist at mutation sites because of the slow rate of turnover by 

MPG, increasing both the chance of erroneous base incorporation opposite the damaged base during DNA 

replication and, consequently, the mutation frequency at those sites.  Ethenoadenine is a strong replication 

blocker but can be bypassed during translesion synthesis (TLS).  During TLS, its bypass has been shown 

to be erroneous but relatively efficient by human DNA polymerase η (Polη) compared to other TLS 

polymerases (38,91,92).  The results of the referred studies demonstrate the genotoxicity of eA both in 

vitro and in vivo, implicating the importance of repair of this lesion in the prevention of mutagenesis.  

Understanding both the repair and genotoxicity of this lesion is particularly important since eA is formed 

by lipid peroxidation products, which are present at high levels in a variety of inflammatory conditions.  

Levels of eA in human cells have been correlated with risk for various types of oxidative stress-associated 

cancers (93,94).  The present study also has implications for mutation patterns associated with other 

mutagenic adduct substrates of MPG since it excises a variety of adducts, including alkylated, 

deaminated, and lipid peroxidation-induced purine adducts (95-97). 

The activity of BER glycosylases has been shown to prevent intestinal and lung carcinogenesis in 

mice, with or without treatment with a damaging agent, as well as humans  (98-100).  Specifically, the 

enzyme of interest in the present study, MPG, has been shown to be important in preventing 

inflammation-mediated colon carcinogenesis (101).   As these referred studies highlight the significance 
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of BER glycosylase activity in cancer prevention, it is highly significant that we observed sequence-

specific excision deficiency in a normal, wild type glycosylase.  The local sequence-directed impedance 

of excision activity may be playing a role in spontaneous carcinogenesis, potentially unrelated to any 

inherited defect in the glycosylase. Interestingly, single nucleotide polymorphisms (SNPs) of MPG have 

been identified in the human population, so it remains to be seen if these alterations could lead to 

modifications in the observed sequence-specific turnover of the wild type enzyme, which may re-direct 

mutation signatures in a SNP-specific manner (102).  We may expect that some SNPs that increase MPG 

turnover would confer a protective effect against certain inflammation-mediated cancers, such as liver or 

colon cancer.  On the other hand,  an MPG variant that led to slower turnover rate may confer increased 

risk for these types of malignancies.     

It should be noted that previous studies have examined mutation hotspots as a marker for 

unrepaired lesions, resulting from either inefficient repair of adducts or excess adduct formation by 

genotoxic agents.  Ligation-mediated PCR (LM-PCR) is a powerful tool that has been utilized in several 

studies as a method of monitoring the location of DNA lesions induced by various damaging agents.  

Using LM-PCR it was found that benzo(a)pyrene diolepoxide (BPDE), a metabolite of benzo(a)pyrene, 

present in cigarettes, preferentially formed adducts at known human lung cancer mutation hotspots in p53 

(103).  This observation suggested sequence-specificity of the genotoxic reaction and provided a 

mechanism for high frequency of mutation at certain sites.   However, in addition to the rate of lesion 

formation, the rate of repair of DNA adducts is an equally important component of the mutagenic 

outcome of an adduct.  In fact, erroneous base incorporation opposite lesions in ssDNA is drastically 

higher than that in duplex DNA, presumably because of lack of efficient repair in the context of ssDNA, 

underscoring the contribution of repair in overall mutation frequency (38).    The rate of damage repair 

was examined in another LM-PCR-based study with UV-irradiated human skin fibroblasts.  Analysis of 

the location and persistence of UV-induced DNA damage in the p53 gene indicated slower removal of 

damage at known human skin cancer mutation hotspots, suggesting that sequence-specific deficiency in 

repair was responsible for the persistence of mutagenic adducts at specific sites, making those mutation 

hotspots (104).  However, it was not clear whether the disappearance of DNA damage was due to repair 

or dilution of the adduct level by DNA replication.  Moreover, even if the damage disappearance over 

time is defined as repair, the mechanism of sequence-specific differences in removal of DNA adducts was 

not studied.  Our present study not only focused on comparing in vivo repair rates of an adduct in a 

sequence-specific manner, but also on establishing a mechanism of differential repair efficiency.  

Additionally, while the LM-PCR method was valuable because of its ability to establish the presence and 

exact location of adducts, another major limitation is the uncertainty about the specific type of damage 
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being observed.  The strength of the method developed and used in our study is that a known DNA adduct 

is specifically engineered into a non-replicating plasmid and assayed for repair.  More importantly, no 

damaging agent treatment is required for our assay, so the observed repair rates represent the basal 

condition of the cells rather than a treatment-induced condition, which may obscure the normal behavior 

of the repair pathways. 

In conclusion, we have observed significantly delayed repair of an oxidative DNA adduct at 

known mutation sites in p53 in vivo by a novel method and established for the first time that the 

mechanism of differential repair was glycosylase turnover rate.  The results of our present study and the 

work of others demonstrate the impact of DNA repair on mutagenesis and carcinogenesis.  We posit that 

the mechanism of slow repair presented here could have broad relevance, possibly as the architect of 

mutation signatures in other cancer-related genes in addition to p53 and in other cancer types as well.  

Limitations and alternative strategies.  One potential limitation of the present study is the use of a 

surrogate system to monitor repair in live cells rather than direct monitoring of repair in genomic DNA 

(gDNA).  Certainly the plasmid DNA is circular while gDNA is linear, but, historically, the use of 

circular DNA in the DNA repair field has been preferred since monitoring repair in linear DNA has been 

challenging.  The difficulty is due to limits in the length of linear DNA that can be effectively utilized in 

repair experiments.  While it is true that plasmid-based reporter systems are widely used in the molecular 

biology field, it would be useful to focus efforts on developing a method to detect and quantify sequence-

specific BER in the genomic DNA of a cell.  Since detection of damage clearance in genomic DNA is 

possible using LM-PCR, it seems that the major technical challenge is the introduction of the adduct of 

interest at the desired sequence of interest.  Additionally, a major limitation of the work is the lack of a 

definitive experimental connection between the decreased turnover rate and frequency of mutation at the 

codons of interest.  A few methods to detect site-specific mutagenesis in live cells using eA at the codons 

of interest within a replicating plasmid were attempted but were unsuccessful for a few reasons.  The 

disadvantage of monitoring mutations in a biologically relevant sequence is the lack of options for 

eliminating the overwhelming percentage of wild type replicated plasmid.  Furthermore, eA is strong 

replication blocker, and the mutation frequency is extremely low (38).  The plaque-based hybridization 

method of detecting site-specific mutation developed by Tolentino et al, which is a modification of a 

method developed by Levine et al, may be a useful strategy to pursue in future studies, but a method with 

higher throughput would be more ideal (38,91).      
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3.4  Materials and Methods 
3.4.1 M13mp18-p53 phagemid construction and single-stranded DNA (ssDNA) isolation.   

The p53 cDNA sequence was cloned from pcDNA4/TO-p53 (a gift from Dr. Maria Laura 

Avantaggiati, Georgetown University) using primers containing the HindIII and XbaI restriction sites on 

the 5’ and 3’ ends, respectively.  The p53 cDNA was cloned into M13mp18 phagemid vector at the 

HindIII and XbaI sites so that the M13mp18-p53 phagemid (+) strand contained p53 in the (-) orientation.  

The phage suspension was prepared following a standard method (105).  Single-stranded M13mp18-p53 

DNA was isolated from the phage suspension using the Qiaprep Spin M13 kit (Qiagen, Gaithersburg, 

MD). 

3.4.2 eA-M13mp18-p53 and APsite-M13mp18-p53 in vitro construct preparation.   

The eA-M13mp18-p53 in vitro construct preparation included three main steps:  phoshorylation of the 

eA-containing primer oligonucleotide, annealing of the oligonucleotide to the ssDNA, and the primer 

extension reaction.  Typically, for each preparation of eA-M13mp18-p53, 6 individual reactions were 

performed simultaneously according to the following protocol.  Phosphorylation of the primers was 

performed by incubating 2 μg of codon-specific eA-containing oligonucleotide (2 μL) with 1X PNK 

buffer, 400 nM ATP, 50 mM DTT, and 10 U of T4 polynucleotide kinase (New England Biolabs, 

Ipswich, MA) in a 30μL reaction volume at 37°C for 45 mins.  The phosphorylated oligonucleotide was 

purified through a G-25 column (GE Healthcare Life Sciences, Pittsburgh, PA ) according to the 

manufacturer’s protocol. Then 6 μL of this purified oligonucleotide was incubated with 2 μg of p53-

M13mp18 ssDNA in an annealing buffer containing 10 mM Tris-HCl, pH 7.5, and 50 mM NaCl in a 20 

μL reaction volume.  This annealing reaction was incubated at 80°C for 5 minutes and slowly cooled to 

room temperature with brief centrifugation when the reaction reached 50°C.  Then the annealing reaction 

was incubated with an extension reaction mixture containing 1X T7 DNA polymerase buffer, 1.5 mM 

ATP,1.5 mM of each dNTP, 10 mM DTT, and 160 μg/mL BSA, 10 U of T7 DNA polymerase (New 

England Biolabs, Ipswich, MA), and 400 U of T4 DNA ligase (New England Biolabs, Ipswich, MA) in a 

final reaction volume of 30 μL for 5 mins on ice followed by 5 mins at room temperature.  The extension 

reaction was subsequently incubated at 37°C for 1 h.  After an hour, 50 nmol of ATP and 200 U of T4 

DNA ligase was added to the extension reaction and incubated at 14°C overnight for efficient ligation to 

occur. The 6 individual reactions were then pooled together and incubated with 1X Supercoil-It buffer 

(Bayou Biolabs, Metairie, LA) and 2 μL of Supercoil-It enzyme mixture at 37°C for 3 h.  Plasmid was 
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recovered after the incubation by purification using Qiaquick PCR Purification kit (Qiagen, Gaithersburg, 

MD). The DNA was eluted from the column using 50 μL of molecular grade water. Concentration of the 

eluted DNA was measured using a Nanodrop spectrophotometer, and the DNA was stored at -20°C.  

APsite-M13mp18-p53 was prepared by incubating 1pmol eA-M13mp18-p53 phagemid with 100 μM 

hMPG (expressed and purified previously,(88)) in 200 μL of reaction buffer containing 50 mM Tris-HCl, 

pH 8.0, 50 mM KCl, 0.5 mM DTT, and 500 μg/mL BSA at 37°C for 45 mins.  Then another 20pmol of 

hMPG was added to the reaction and incubated for another 45 mins at 37°C.  An aliquot was digested 

with 25 nM APE (expressed and purified previously, (106)) and 10 mM MgCl2 and resolved on an 

agarose gel to confirm AP site generation.  APsite-M13mp18-p53 DNA was immediately transfected into 

HepG2 cells as described for eA-M13mp18-p53 DNA.    

3.4.3 In vivo repair of eA and AP-sites in human cells.  

 In order to detect and quantify repair of eA or AP-sites in human cells, plasmids were first 

transfected into human cells and retrieved at various time points post-transfection.  After harvesting the 

episomal DNA from the cells, the DNA was digested with HindIII and XbaI restriction enzymes to isolate 

the p53 insert, then hybridized to a complementary uracil-containing full length p53 probe.  Samples were 

subsequently digested with hMPG and/or APE1 to convert eA- or AP-site-containing plasmid, 

respectively, to nicked DNA.  Finally, the samples were treated with uracil DNA glycosylase   to digest 

the complementary probe strand, then repair was determined by real time PCR using primers flanking the 

damage site.  Each of these steps is described in detail below and illustrated in Figures 3-1A and 2A. 

Mixing Experiment:  Eight hundred picograms (pg) control (undamaged) M13mp18-p53 phagemids and 

plasmids containing a single eA at codon 246, 247, 249, 179, or 255 were digested with HindIII and XbaI 

(see description of restriction digestions below).  The digested control M13mp18-p53 plasmid was then 

mixed with eA M13mp18-p53 plasmid to create the following percentages of eA-containing DNA:  0, 10, 

30, 50, 70, 90, and 100%.  The mixed ratios were subsequently processed as described in the following 

sections.  

Transfection and retrieval of episomal DNA:  Approximately 300,000 HepG2 cells or HUVECs were 

transfected with 1 μg control, eA, or AP-site M13mp18-p53 plasmid using Lipofectamine 2000 (Life 

Technologies, Grand Island, NY)i in Opti-MEM media (Life Technologies, Grand Island, NY) according 

to the manufacturer’s protocol in 6-well plates.  Cells were then incubated at 37°C, and plasmid was 

retrieved at indicated times 5 to 48 h post-transfection for eA-containing plasmid, or 1.5-20 h post-

transfection for AP-site-containing plasmid.  To harvest transfected episomal DNA, cells were washed 



 

53 

 

twice with 1X PBS, trypsinized, and pelleted.  The pelleted cells were washed once with 1X PBS and 

again pelleted.  The plasmid DNA was isolated from the cells using the Qiagen Spin Miniprep Kit 

(Qiagen, Gaithersburg, MD) according to manufacturer’s protocol for bacterial pellets.    

Single-stranded p53 probe preparation:  To produce biotinylated, uracil-containing p53 probe, PCR 

reactions were carried out using control M13mp18-p53 DNA as template.  The primer sequences are 

listed in Table 1.  Each 50 μL reaction contained 1X GoTaq reaction buffer (Promega, Madison, WI), 200 

nM each of dATP, dGTP, dCTP, and dUTP (Life Technologies, Grand Island, NY), 500 nM each of 

primer 1 and 2, 1ng template DNA, and 1U GoTaq polymerase (Promega, Madison, WI).  PCR 

conditions were as follows:  3 mins at 95°C, 35 cycles of 15 s at 95°C, 30 s at 60°C, and 1.5 min at 72°C, 

followed by a 5 min final extension at 72°C.  PCR products were purified using Qiagen PCR purification 

kit (Qiagen, Gaithersburg, MD) according to manufacturer’s instructions.  The eluted purified 

biotinylated p53 PCR product was subsequently immobilized on streptavidin-coated magnetic beads 

using the Dynabeads® kilobase Binder Kit (Life Technologies, Grand Island, NY) according to 

manufacturer’s protocol with some modifications.  Prior to incubation with the biotinylated PCR product, 

the magnetic beads were pre-incubated in the provided binding buffer to minimize non-specific binding of 

DNA to the beads.  After 1h of immobilization at room temperature (according to the given protocol), the 

tubes were placed on a magnetic separator, and the supernatant was removed.  The beads were washed 

twice with the provided wash buffer and once with molecular grade water.  The beads were then 

resuspended in 50 μL 10 mM Tris-HCl, pH 7.5.  The solution was incubated at 100°C for 5 mins then 

immediately placed on the magnetic separator and the supernatant removed and discarded.  The single-

stranded p53 probe, immobilized on the remaining magnetic beads, was resuspended in 100 μL 1 M NaCl 

and subsequently hybridized to HindIII/XbaI-digested M13mp18-p53 DNA. 

Restriction Digestion of Plasmids:  Retrieved plasmid DNA post-transfection was concentrated to 

approximately 5 μL.  Each 20 μL digestion reaction contained 1X NEB Buffer 2, 100 μg/mL BSA, 20 U 

HindIII (New England Biolabs, Ipswich, MA), 20 U XbaI (New England Biolabs, Ipswich, MA), and the 

concentrated retrieved plasmid DNA.  Reactions were incubated at 37°C for 2 h and subsequently diluted 

25 times in molecular grade water before hybridization to single-stranded p53 probe. 

Hybridization:  Hybridization reactions containing 10 μL single-stranded p53 probe and 10 μL diluted 

HindIII/XbaI digested plasmid were incubated at the following temperatures in an Eppendorf 

Mastercycler machine:  5 min at 95°C, then decreasing 1°C every 15 min to 60°C, 30 min at 60°C, and 

finally decreasing to room temperature at 1°C per minute.  For the mixing experiment, each hybridization 
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reaction contained 10 μL single-stranded p53 probe and 10 uL (400 pg) mixed HindIII/XbaI-digested 

M13mp18-p53 DNA.   

MPG/APE/UNG digestion:  Hybridized samples were placed on separation magnet (Perkin Elmer, 

Waltham, MA), and the supernatant was removed.  The beads were resuspended in a 50 μL reaction 

mixture containing 50 mM Tris-HCl, pH 8.0, 50 mM KCl, 0.5 mM DTT, 2 mg/mL BSA, and 24 nM 

hMPG (expressed and purified previously,(88)).  The MPG reactions were incubated at 37°C for 30 min 

after which another 1nmol of hMPG was added to the reaction.  The reactions were incubated at 37°C for 

another 30 min, then 10 μL of an APE1/MgCl2 mixture (75 nM APE1 with 50 mM MgCl2) was added 

and the reactions incubated at 37°C for 15 min followed by 10 min at 70°C.  For experiments with AP-

site plasmid, the hybridized samples were treated with APE1/MgCl2 mixture only.  The tubes were placed 

on the separator magnet, and the supernatant was removed.  The beads were washed twice in 50 μL of a 

wash buffer containing 50 mM Tris-HCl, pH 8.0, 50 mM KCl, and 1 mM DTT.  After removing the 

supernatant in the second wash, the beads were resuspended in 20 μL of a reaction mixture containing 50 

mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM MgCl2, 1 mM DTT, and 10 U UNG.  The UNG reactions 

were incubated at 37°C for 1 h after which another 10U of UNG was added to the reaction and incubated 

for another hour at 37°C.  The digested samples were finally diluted 8 times in molecular grade H2O and 

stored at 4°C. 

Real time PCR:  In order to determine the percent repair of eA or AP-site, PCR analysis was performed 

for two regions in the plasmid, the eA region and an undamaged control region.  Each eA region or 

control region real time PCR reaction contained 1X Maxima Sybr Green qPCR Master Mix (Thermo 

Scientific, Waltham, MA), 500 nM of each  primer (see Table 1 for forward and reverse primer 

sequences), and 2 μL of diluted MPG/APE/UNG- or APE/UNG-treated samples.  Reactions were carried 

out in a 96 well plate in a BioRad iCycler (BioRad, Hercules, CA) under the following cycling 

conditions:  10 min at 95°C followed by 40 cycles of 10 s at 95°C, 30 s at 53°C, 30 s at 72°C.  After PCR, 

the repair percentages were calculated as previously described, using a ratio of damage region/control 

region Ct values for each sample (107).   

3.4.4 Cell Culture 

HepG2 cells were cultured in DMEM (Mediatech, Manassas, VA) with 10% FBS and 1% Penicillin-

streptomycin (Mediatech, Manassas, VA).  HUVECs were cultured in Ham's F-12K (Kaighn's) Medium 

(Life Technologies, Grand Island, NY) supplemented with 10% FBS, 1% Penicillin-streptomycin, 0.1 
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mg/ml heparin (Sigma, St. Louis, MO), and 0.03 mg/ml endothelial cell growth supplement (ECGS) 

(Sigma, St. Louis, MO). 

3.4.5 Nuclear Extract Preparation 

Nuclear extract was prepared using buffers and protocol as previously described with some 

modification (61).  Briefly, 106 cells (HepG2 or MEFs) were scraped from a 10 cm plate with 400 μL of 

buffer A and collected into a microcentrifuge tube.  The cells were incubated on ice for 15 mins.  Then 25 

μL of 10% Nonidet NP-40 (US Biological, Salem, MA) was added, and the sample was vortexed.  Nuclei 

were pelleted by centrifuging the samples at 1500 rpm for 1 min at 4°C.  The supernatant was removed, 

and the nuclei were resuspended in approximately 50 μL of buffer C.  The samples were rocked 

vigorously at 4°C for 20 mins and subsequently centrifuged at 14,000 rpm for 10 mins at 4°C.  The 

supernatant was aliquoted and stored at -80°C. 

3.4.6 Preparation of 32P-labeled oligonucleotide substrates 

Sequence-specific eA-containing oligonucleotides and their complementary oligonucleotides were 

purchased from Gene Link (Hawthorne, NY).  For excision activity, single turnover, and multiple 

turnover (burst) experiments, the eA-containing strand was labeled at the 5’ end using T4 PNK and γ32P-

ATP (Perkin Elmer, Waltham, MA) and annealed to complementary oligonucleotide to prepare 32P-end-

labeled duplex oligonucleotide substrate.  

3.4.7 hMPG-mediated excision activity assay.   

Purified hMPG (4-8 nM) was incubated with 7 nM sequence-specific eA-containing 32P-labeled 

oligonucleotide substrates (see Table 1 for oligonucleotide substrate sequences) for 10 mins at 37°C in an 

assay buffer containing 25 mM HEPES, pH 7.9, 150 mM NaCl, 100 μg/mL BSA, 0.5 mM DTT, and 10% 

glycerol in a total volume of 20 μL.  The MPG reactions were subsequently stopped at 65°C for 10 min 

then cooled to room temperature for 15 min.  AP-sites were cleaved with reaction mixture of 15 nM 

APE1 and 5 mM MgCl2 at 37°C for 15 min.  Reactions were diluted 1:1 with a loading buffer containing 

1X gel loading dye (New England Biolabs, Ipswich, MA), 85% formamide, and 0.3N NaOH.  Samples 

were subsequently heated at 95°C for 3 min followed by cooling on ice for 3 min.  Samples were resolved 

by electrophoresis at 60°C using Criterion gel cassettes (BioRad, Hercules, CA) containing 20% 

polyacrylamide (BioRad, Hercules, CA) and 7M urea (BioRad, Hercules, CA).  Radioactivity was 

quantified by exposing the gel to X-ray films and quantifying the band intensities using an imager 

(Chemigenius Bioimaging System, Frederick, MD) and software (GeneTool, Syngene Inc., San Diego, 
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CA).  Reactions using nuclear extracts were performed similarly, using 2 μg of HepG2 or MEF nuclear 

extract and 1 nM sequence-specific eA-containing 32P-labeled oligonucleotide substrates. 

3.4.8 Binding studies using surface plasmon resonance.   

Binding studies were performed in a Biacore T100 system (Biacore, Uppsala, Sweden) as described 

previously with some modifications (85).  50-mer oligonucleotides containing eA in the sequence context 

of codons 246, 247, 249, 179, and 255 (see Table 1 for sequences of oligonucleotides) were biotinylated 

and immobilized on streptavidin-coated C1 Biacore chips.  Then binding parameters of hMPG were 

determined using 0-30 nM protein in a binding buffer containing 10 mM HEPES-KOH, pH 7.6, 90 mM 

KCl, and 0.05% surfactant P20 (Biacore, Uppsala, Sweden) at 7°C.  Injections, regeneration, and kinetics 

analysis were performed as described previously (85).  Kinetic parameters for binding were calculated 

using a 1:1 binding model and Langmuir isotherm based on the on/off rates and protein concentrations for 

each oligonucleotide substrate using BiaEvaluation software (Biacore, Uppsala, Sweden). 

3.4.9 Single Turnover (STO) kinetic study.   

The kinetic studies were carried out and analyzed as described previously (85).  Typically, 500 nM 

hMPG was incubated with 1nM of 5’-32P-labeled codon-specific eA- or Hx-containing oligonucleotide 

substrate (see Table 1 for oligonucleotide sequences) at 37°C in hMPG excision activity assay buffer in a 

total volume of 100 μL.  Aliquots of 5 μL were heat-inactivated at 80°C in pre-heated microcentrifuge 

tubes at various time points from 0-10 min.  AP-site cleavage and sample denaturation and resolution by 

gel electrophoresis were performed as described in the excision activity assay.  Data were analyzed using 

the equation: 

[P] = A0{1-exp(-kobst)} 

where A0 represents the amplitude of the exponential phase and kobs is the observed rate constant of the 

reaction, which is approximately equivalent to kchem, the rate of glycosidic bond cleavage.   

3.4.10 Burst analysis.   

 

Reactions were carried out as described previously (85).  Briefly, 7 nM hMPG was incubated with 75 

nM of 5’-32P-labeled codon-specific eA- or Hx-containing oligonucleotide substrate for different lengths 

of time (0-10 min) at 37°C under conditions similar to those described in the STO kinetic study. The data 

were analyzed according to the equation: 
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[P] = A0{1-exp(-kobst)} + ksst 

where kss is the slope of the linear phase, which is the turnover rate, and A0 represents the amplitude of the 

burst.  The rate of product dissociation (kpd) is estimated by the ratio of A0 over kss.   
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CHAPTER 4 

THEME II:  IN VIVO MONITORING OF INTERACTION BETWEEN DNA REPAIR PROTEINS 
AND MODIFIED DNA 

4.1  Background 
The study of DNA-protein interactions holds great biological significance and reveals previously 

unknown cellular phenomena.  Understanding the intricacies of the interaction between the most 

important functional cellular proteins and the “blueprint” of the cell elucidates the mechanisms behind the 

regulation of cellular processes that may be important in understanding various diseases.  DNA-protein 

interactions have been studied by numerous methods, but a particular gap in methodology lies in the study 

of DNA structure-specific interactions with proteins in vivo.  Certain methods, including chromatin 

immunoprecipitation (ChIP) and ligation mediated PCR (LM-PCR) are powerful methods to detect DNA-

protein interactions in vivo.  ChIP is useful for detecting interactions that are mediated by the sequence of 

the DNA while LM-PCR can determine the location and accumulation of certain DNA modifications in 

the DNA sequence, but information about the proteins interacting with those DNA modifications is, at 

best, indirect.  Both methods are unhelpful for directly monitoring protein interactions that are mediated 

by a modification of the DNA structure, such as DNA adducts, DNA replication structures, or 

recombination structures (108-110).  Currently, several methods are available to observe DNA structure-

specific interaction with associated proteins in vitro, including DNA footprinting, electophoretic mobility 

shift assay (EMSA)fluorescence anisotopy, and surface plasmon resonance (SPR), to name a few 

(85,88,111-113).  These techniques are valuable for dissecting mechanisms and quantifying kinetic 

parameters of the enzymatic interaction between a protein and a modified DNA structure, but all the 

aforementioned methods fall short in elucidating the interaction of interest in live human cells, which is 

necessary for a complete physiological understanding that can be translated into useful knowledge about 

human disease.  The goal of the method developed and described in the present study is to monitor 

functional DNA-protein interaction in vivo, particularly in a DNA structure-specific manner.  In order to 

accomplish this goal, we utilized the interaction of a well-known DNA repair protein, human apurinic 

apyrimidinic endonuclease 1 (APE1) with its substrate, the abasic (AP) site, as a model.   

AP sites are one of the most frequent non-coding lesions generated in cellular DNA, either by 

spontaneous or enzyme-catalyzed processes (114,115).  An abasic site is formed when the N-glycosyl 

bond  between the base and deoxyribose sugar is hydrolyzed.  This hydrolysis can occur during 

spontaneous depurination or as an intermediate step in the base excision repair (BER) pathway, which 

repairs small adducts in the cellular DNA.  An AP-site is generated during BER after the initiating 
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glycosylase excises a damaged base from the DNA structure.  The resulting abasic site is subsequently 

cleaved at the first 5’ phosphate by APE, and repair is completed by gap-filling and ligation via other 

BER enzymes to fully restore the DNA sequence.  The interaction of APE1 with abasic site DNA is well-

characterized in vitro, both qualitatively and quantitatively (111,116-118).  However, as previously noted 

for general DNA-protein interactions, in vivo interactions between APE1 and AP-site DNA remain to be 

elucidated.  At best, a quantification of abasic sites in the genomic DNA can be performed using aldehyde 

reactive probe (ARP), but one limitation is that ARP also detects incised AP-sites (115).  In fact, in a 

study where cleaved and intact abasic sites were quantified using a chemical method in human and rat 

tissues, almost all of detected AP-sites were incised, indicating that the interaction between APE1 and 

abasic sites occurs rapidly and that the current methods for detecting AP-sites are unable to capture the 

interaction (119).   

Using fluorescence-based techniques commonly used for detecting protein-protein interactions, 

including co-localization and fluorescence resonance energy transfer (FRET), we developed a method for 

monitoring structure-specific DNA-protein interaction in vivo using the interaction of APE1 with AP-site 

DNA as a model.  We further determined the functionality of the observed APE1-abasic site interaction 

by modifying an in vivo DNA repair assay developed previously by our lab (120).   

4.2  Results 
4.2.1  Assay Design.   

 We have established a new sensitive method for monitoring APE1-AP site interactions in live human 

cells.  The overall strategy is described in Figure 4-1A.  We engineered a site-specific synthetic 

tetrahydrofuran, which is a stable AP-site analog recognized by APE1, on the M13mp18 phagemid 

(method described in detail below).  Of particular importance to understanding APE1 and other structure-

specific DNA-binding enzyme mechanisms is the ability to distinguish substrate DNA from a sea of non-

specific DNA.  In order to elucidate specific vs non-specific interaction, single damage and control (no 

damage) oligonucleotides were used to generate AP-site-containing or control (undamaged) double 

stranded phagemids via in vitro primer extension and ligation with a pool of dNTPs including Cy3-dCTP.  

The novelty of the described in vitro phagemid construction includes not only the incorporation of a 

single, site-specific damage but also the incorporation of a fluorescent marker, rendering the DNA visible 

under fluorescence microscope after transfection into cells.  Quantification of Cy3 labeling of the 

phagemids indicated that approximately 5% of phagemid molecules were labeled with Cy3 as is shown in 

Figure 4-1D.  Assuming the Poisson distribution, the probability that a single phagemid contains more 

than one Cy3 molecule is 0.001, indicating that the Cy3-labeled fraction of DNA contains mostly 
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phagemids with 1 Cy3 molecule.  Following transfection, the cells were analyzed in 3 ways: (a) co-

localization of Cy3-labeled DNA with Alexafluor-488-stained APE1, (b) sensitized emission FRET of 

Alexafluor-488-stained APE1, and (c) repair of transfected Cy3-labeled AP-site DNA to test the 

functionality of the interaction, which is monitored by a real time PCR-based assay for repair.  It should 

be noted that the same reporter phagemid used in steps (a) and (b) for detecting APE1 binding was used 

in step (c) for the repair study.   

(a) Co-localization 

After transfection with either Cy3-labeled control or AP-site DNA, the cells were fixed and stained 

for APE1 using an Alexafluor488-conjugated secondary antibody, so co-localization of Cy3 and 

Alexafluor-488 signals indicated APE1 is associated with the transfected DNA (Figure 4-1B).  

Quantification of co-localization was achieved by determining the Pearson’s correlation coefficient (Rr) 

in the nucleus, and the difference in Rr of APE1 for AP-site DNA vs. control DNA is compared over time 

post-transfection (Figure 4-1A).   

(b) FRET 

FRET has been utilized to monitor direct molecular interaction between two fluorescently labeled 

proteins (121,122).  Here we have used FRET analysis to determine direct molecular interaction between 

APE1 and the Cy3-labeled DNA (Figure 4-1C).  The cells are transfected, fixed, and stained as described 

in (a), but cells are then analyzed for FRET, using Alexafluor-488 coupled to a secondary antibody, 

representing APE1, as the donor and Cy3 (transfected phagemid) as the acceptor.   

(c) Repair of AP-site DNA in cells 

An important aspect of a productive in vivo DNA-protein physical interaction method is the 

quantification of functional interaction between the protein and DNA of interest.  In the case of APE1, 

functional activity of the enzyme on the AP-site will result in complete repair of the DNA.  We modified 

and converged two previous methods in order to monitor repair of the engineered AP-site phagemid DNA 

by real time PCR, in which we combined the basic principle of an in vivo repair assay based on plaque 

formation, which was developed in our lab, with a real time PCR based strategy of quantifying repair 

developed in another lab (107,120).  The strategy for the real time PCR-based AP-site repair assay is 

depicted in Figure 4-2A.  M13mp18-AP is resistant to EcoRI digestion due to the presence of THF on the 

EcoRI site (Figure 4-2B).  Thus, EcoRI treatment of the phagemids at various time points post-

transfection into human cells can distinguish between unrepaired and completely repaired DNA.  This 
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strategy is similar to our previously developed in vivo plaque assay, which relies on the same principle, 

but we have changed the read-out from plaque number to real time PCR Ct values (120).  The real time 

PCR-based assay for repair relies on the amplification of 2 regions of the M13mp18 phagemid and is a 

modification of a previously described method (107).  A control reaction amplifies a region not associated 

with the multiple cloning site (MCS), serving as a template loading control, while a separate reaction 

amplifies the MCS, the target region where THF was placed.  The principle of the assay is that target 

region amplification will occur if the DNA is undigested (THF at the EcoRI site restricts EcoRI from 

digesting the DNA), and amplification will not occur (or will be far less efficient) when the DNA is 

linearized by EcoRI digestion after the THF in the EcoRI site is repaired.  The phagemids are harvested 

post-transfection and aliquots are digested with EcoRI, SacI, or no enzyme.  Thus, for each time point 

post-transfection, PCR is performed on 3 different digestions of the phagemid.  The SacI site also lies in 

the MCS but is not modified, resulting in linearization regardless of repair status at the EcoRI site and 

making it an “expected maximum” Ct value for a given sample.  The undigested phagemid (no enzyme) 

remains circular and the MCS region is amplifiable, making it an “expected minimum” Ct value for a 

given sample.  These controls allow a repair percentage to be calculated from the resulting target region 

Ct values for the EcoRI digested aliquot.   

 

4.2.2  Confirmation of in vitro phagemid construction and validity of the real time PCR-based assay for 

AP-site repair.   

The confirmation of AP-site presence in the M13mp18-AP DNA and not in the M13mp18-ctrl DNA 

and quality of the construct preparation are shown in Figure 4-2B.  APE1 cleaved the THF site (synthetic 

regular AP-site) converting nearly 100% of the covalently closed circular (CCC)  DNA to nicked DNA 

(Figure 4-2B).  Restriction digestion of control DNA and modified DNA (containing THF at the EcoRI 

site) was performed to determine the effect of the AP-site on restriction digestion.  The results for the 

EcoR1 digestion demonstrated complete cleavage of the control DNA while the AP-site DNA was 

completely resistant.  Both M13mp18-control and M13mp18-AP DNA are sensitive to SacI digestion.   

In order to validate the real time PCR-based method of monitoring in vivo repair of abasic sites, a 

linear mixing experiment was performed in vitro to mimic a range of repair from 0-100%.  M13mp18-AP 

phagemids containing a single AP-site were mixed with different amounts of M13mp18-control, which 

represented the repaired DNA.  These standards were then assayed for repair, and the results were plotted 

against the expected repair values, such as 0, 10, 30, 50, 70, 90, and 100% based on the ratio of AP-site-

containing DNA to undamaged DNA (Figure 4-2C).  The observed repair increased linearly with 
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increasing amounts of undamaged DNA (R2 = 0.97).  Notably, quality control parameters in the real time 

PCR assay included no-template control reactions in each experiment, in which late Ct values were 

expected.  Also, the amplification of an undamaged control region of the plasmid was used as a loading 

control in which Ct values were expected to be in a similar range for all samples. 

Cy3 appears to be a bulky adduct and may be repaired by the NER pathway.  However, if Cy3 is 

repaired and removed from the phagemid DNA, it will defeat the purpose of the assay.  Therefore, 

another construct was prepared by placing Cy3 on the EcoRI site and tested for repair in HCT116 cells by 

real time PCR along with the Cy3-labeled AP-site-containing phagemid.  At 24 h post-transfection Cy3 

was not repaired, while ≈95% of AP-site DNA was repaired (Figure 4-2D).  The Cy3 itself was not 

repaired, but when it present with the AP-site in the same DNA construct, it does not have any effect on 

AP-site repair in human cells.   Taken together, the Cy3-labeled M13mp18-ctrl and –AP constructs were 

validated for use in the following in vivo microscopy study and functional validation of APE1-DNA 

interaction. 

4.2.3 Co-localization of APE1 protein and Cy3-labeled DNA.   

Cy3-labeled control or AP-site DNA was transfected into HCT116 cells, and the cells were fixed and 

stained for APE1 and DAPI at several time points post-transfection (see Materials and Methods section 

4.4).  The Cy3-labeled DNA can be visualized as red dots in the cells while APE1 can be visualized by 

the green stain (Figure 4-3A).  The images in Figure 3B are representative of key time points to 

demonstrate the specificity of the association between APE1 and AP-site DNA.  To measure the extent of 

co-localization in the merge panels (Figure 4-3A) we derived the Pearson’s correlation coefficient (Rr) of 

co-localization at each timepoint post-transfection using the JACoP plugin in ImageJ (123) (Figure 4-3B).  

The time course experiment depicted in Figure 4-3B is a representative experiment from two independent 

experiments.  Since the interaction of interest in this method is between a DNA-binding protein and DNA, 

it is necessary to distinguish between specific and non-specific co-localization in order to validate the 

method.  Importantly, the unmodified DNA is used in this analysis to demonstrate the “background” co-

localization, which indicates the general non-specific association between APE1, a DNA-binding protein, 

and DNA.  In the first 30 sec-1 min of transfection, the control DNA and APE1 have a relatively high Rr 

value (approximately 0.7), but the Rr value quickly decreases within 5min post-transfection, reaching an 

Rr value of ≈0.3-0.4, where it remains for the remainder of the time points, defining the Rr value of non-

specific DNA association.  On the other hand, from as early as 30 sec post-transfection, we obtained a 

high Rr of co-localization of AP-site DNA with APE1 protein (≈0.7), which remains until 30 min post-

transfection when the Rr value steadily decreases until it reaches ≈0.4, the non-specific Rr value of co-
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localization as revealed by the control-DNA transfected cells.  A paired t-test of the time points between 5 

and 30 min post-transfection demonstrated a significant difference between the control and AP-site DNA 

(p-value < 0.05).  Of note, it may be argued that the difference in Rr values observed between the control 

and AP-site DNA could be due to a difference in the intensity of Cy3 fluorescence between the two 

samples possibly because of inefficient transfection or loss of the phagemid during the experiment.   

However, at 5 and 30 min post-transfection, when the difference between Rr values was greatest, there 

was no difference in Cy3 fluorescence intensity between control and AP-site DNA-transfected cells, nor 

was there a difference at the longest time point, 300 min (Figure 4-3C).  Additionally, Figure 4-3C 

indicates that neither the AP-site nor control DNA differentially affects Cy3 fluorescence intensity.   

4.2.4  Direct interaction of APE1 with Cy3-labeled DNA.   

After Cy3-labeled control or AP-site DNA was transfected into HCT116 cells, the cells were fixed 

and stained for APE1 at 5, 30, and 90 min post-transfection (see Materials and Methods section).  The 

cells were subsequently analyzed for FRET, in which the Cy3-labeled DNA was the acceptor and 

Alexafluor-488-labeled anti-mouse secondary antibody bound to anti-APE1 antibody was the donor 

(Figure 4-4A and 4B).   NFRET, calculated by the Xia method, is one of the ways to quantify FRET, and 

was used because it is able to minimize the effects of concentration differences between the donor and the 

acceptor.  At 5 min post-transfection, a significant increase in NFRET was observed for AP-site DNA 

over control DNA (1.5-fold, p-value <0.0001, n = 30-35 cells per time point), indicating direct interaction 

of APE1 with the AP-site (Figure 4-4B).  At both 30 and 90 min post-transfection, no significant 

difference in NFRET values was observed between control and AP-site DNA.    The images in Figure 4-

4A are representative of the 5 min time point where specific interaction between APE1 and AP-site DNA 

was observed.  Commonly, in protein-protein interaction studies that utilize FRET, the background FRET 

control is a transfection of both the donor and acceptor fluorophores un-tagged to the proteins of interest 

(124).  In the case of utilizing FRET to monitor DNA-protein interaction, the unmodified control DNA 

serves as a background control for FRET.  Again, Cy3 fluorescence intensity was quantified in control 

and AP-site DNA-transfected cells, and no difference was observed at the studied time points (Figure 4-

4C).  The graph shown in Figure 4-4B is a representative experiment from two independent experiments.  

Taken together, both co-localization and FRET analyses could detect specific APE1 interaction with AP-

site DNA, as compared to the control DNA. 
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4.2.5 Functional validation of in vivo APE-AP-site interaction.   

In order to validate the functionality of the physical APE1-DNA interaction observed by FRET, the 

kinetics of AP-site repair in vivo were determined.  Both the control and AP-site phagemids were 

transfected into colon cancer HCT-116 cells and harvested at 5, 20, 30, 90, 150, and 300 min post-

transfection then assayed for repair.  The time at which 50% AP-site DNA was repaired (t1/2) was 

approximately 30 min post-transfection while 100% AP-site DNA was repaired at approximately 1.5 h 

post-transfection (Figure 4-5A).  According to the NFRET results, 50% repair at 30 min may be expected, 

since specific interaction was only observed at 5 min post-transfection indicating AP-site incision was 

extremely fast (Figure 4-4B).  The remaining BER steps, which occur after 5 min, determine the rate of 

the reaction observed in the in vivo repair assay.  

The rate determining steps of abasic site repair are post-AP-site incision, as determined in vitro 

(125), so further validation of the interaction and abasic site repair results were performed by measuring 

the rate of incised AP-site repair in human cells.  Incised AP-site DNA was transfected into HCT116 cells 

and tested for repair at 5, 20, 30, 90, 150, and 300 min post-transfection (Figure 4-5B).  Of note, the 

incised AP-site is also resistant to EcoR1 digestion, so the restriction enzyme digestion-based PCR 

method for monitoring repair of intact AP-sites can be utilized similarly. The t1/2 for incised AP-site DNA 

was approximately 30 min post-transfection, which was similar to the t1/2 observed for intact AP-site 

DNA, indicating that the APE1-directed incision step of AP-site repair was not rate-limiting, as had been 

previously determined in vitro 

 

In summary, the interaction between APE1 and AP-site-containing DNA could be reliably 

detected using microscopy-based techniques and analysis, including co-localization and FRET.  Using 

undamaged DNA as a control, specific vs. non-specific interaction could be monitored, and the specific 

interaction was functionally validated by a real time PCR-based assay for repair.  
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4.2.6  Figures 

 

 
 

 

Figure 4-1.  Experimental strategy and fluorophore labeling of plasmid DNA.  (A) Experimental 

strategy for detecting physical and functional interaction of APE1 with AP-site DNA.  (B) Schematic 

diagram of Cy3-labeled AP-site DNA co-localizating with Alexafluor-488 –labeled APE1.    (C) 

Schematic diagram of FRET occurring when Alexafluor-488-labeled APE1 directly interacts with Cy3-

labeled AP-site plasmid DNA.  (D) The percent of M13mp18-control or –AP plasmid DNA preparations 

containing Cy3 was quantified.  Error bars indicate SEM of the measurement of 3 separate dilutions of the 

plasmids. 
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Figure 4-2.  Validity of plasmid preparation and real time PCR-based assay for repair of AP-sites 

in vivo.  (A)  Strategy for real time PCR-based assay for repair of AP-sites in vivo.  (B)  Validity of 

M13mp18-ctrl or –AP plasmid DNA preparations shown by APE1 and restriction enzyme treatments.  

Treated samples were resolved on a 1% agarose gel and imaged after ethidium bromide staining.  CCC, 

covalently closed circular.  (C)  Mixing experiment demonstrating the linearity of the repair assay.  (D)  

Two Cy3-labeled constructs were tested for repair in HCT116 cells, one containing an AP-site on the 

EcoRI site (Cy3-AP site)- and one containing Cy3 on the EcoRI site (Cy3-Cy3).  Repair was assayed 24 h 

post-transfection.  Expression of APE1 in HCT116 cells as determined by Western blot is shown in the 

inset.    
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Figure 4-3.  Nuclear co-localization of Cy3-labeled plasmid DNA and APE1.  (A)  Representative cell 

images from 1, 5, and 90 min post-transfection of either Cy3-M13mp18-Ctrl or Cy3–AP site plasmid 

DNA.  White dotted line indicates the nucleus where co-localization was measured.  (B)  Pearson’s 

correlation coefficient of co-localization quantified at the specified time points post-transfection of Cy3-

M13mp18-Ctrl or Cy3–AP site plasmid DNA; values indicate the average Rr for each time point.  Error 

bars indicate SEM from 2 independent experiments, n = 15 cells.  Bracket indicates the range of time 

points in which a significant difference between two points was calculated by two-tailed paired t-test,  * 

p-value < 0.05.  (C) The average intensity of Cy3 fluorescence was measured at representative time points 

during the kinetic experiments.  Graph indicates the average ratio of Cy3 mean gray value/area measured 

in the field.  Error bars indicate SEM from 2 independent experiments, n = 15 cells. 
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Figure 4-4.  Direct interaction of APE1 with Cy3-labeled AP-site DNA.  (A)  Representative cell 

images from 5 min post-transfection of either Cy3-M13mp18-Ctrl or –AP site plasmid DNA.  Images 

were acquired using a Zeiss LSM510 confocal microscope, and NFRET was quantified using the FRET 

Plus macro available as a part of the Zeiss LSM510 software.  The NFRET heat map legend is shown to 

the right of the images. (B)  NFRET was quantified at 5, 30, and 90 min post-transfection.  Graph 

indicates the average NFRET value for each time point.  Error bars indicate SEM from 2 independent 

experiments, n = 30 cells.  ***p-value <0.0001  (C) The average intensity of Cy3 fluorescence was 

measured at representative time points during the FRET experiments.  Graph indicates the average ratio 

of Cy3 mean gray value/area measured in the field.  Error bars indicate SEM from 2 independent 

experiments, n = 30 cells. 

 

 



 

69 

 

 

Figure 4-5.  Functional validation of APE1-AP-site interaction in vivo.  (A)  Kinetics of repair of AP-

sites in HCT116 cells.  (B)  Kinetics of repair of incised AP-sites in HCT116 cells.  Error bars in both (A) 

and (B) indicate SEM from at least 2 independent experiments.   

 

4.3  Discussion 
The method presently described reliably detected and could monitor functional APE1 interaction 

with AP-site DNA over time.  Using the APE1-AP-site as a model protein-DNA interaction relationship, 

the method was able to successfully distinguish specific and non-specific interaction over time (Figures 4-

3 and 4). Moreover, this DNA-protein interaction assay has the potential for broad applicability and may 

facilitate mechanism studies of initial steps in numerous nucleic acid transaction pathways in vivo, 

including replication, transcription, and recombination. 

Specifically, the method described in the present study revealed valuable information about APE1 

substrate discrimination and abasic site repair kinetics in vivo.  The dissociation constant (KD) of the 

interaction between APE1 and AP-site DNA is lower than for undamaged DNA (0.87nM vs. 5.3nM, 

respectively)(111), which is reflected in both the co-localization and FRET results by the longer residence 

time on AP-site containing DNA vs control DNA (Figures 4-3 and 4). The 6-fold difference in KD of 

APE1 for specific and non-specific DNA determined in vitro (111) might have predicted that the present 

method may not be sensitive enough to detect a difference in co-localization or FRET of APE1 with 

control vs AP-site DNA, but we observed a significant difference in both read-outs post-transfection.  The 

initial high Rr value of co-localization between APE1 and both control and AP-site DNA (0.7) is 

expected since APE1 is a DNA-binding protein and is known to associate with DNA.  However, the 

relatively shorter “high” association time (1 min) between the enzyme and undamaged DNA as compared 

to the longer “high” association time between APE1 and AP-site DNA (30 min) demonstrates substrate 
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recognition and discrimination by APE1 (Figure 4-3).  More specifically, direct interaction between 

APE1 and AP-site DNA occurred for at least 5 min, according to the FRET analysis in which a significant 

difference in NFRET values was observed at 5 min post-transfection between the AP-site and control 

DNA (1.5 fold; Figure 4-4).  Taken together these results show the interaction time between APE1 and 

abasic site DNA is longer than with undamaged control DNA, which not only shows the specificity of 

APE1 for AP-site DNA but is also consistent with the known in vitro kinetics of APE1-DNA interactions.  

The co-localization and NFRET results demonstrate an amazing property of APE1, which is to recognize 

a single abasic site in a 7.2 kb phagemid.  Importantly, the specific association can be compared to the 

non-specific association and reveals a significant difference in interaction time, suggesting that this 

described microscopy-based method is a useful and valid method of monitoring specific DNA-protein 

interactions inside cells. 

Of note, our method confirmed a previously assumed property of APE1 in vivo as it had only 

been determined in vitro, which is that APE1 is an extremely fast enzyme as has been demonstrated by 

pre-steady state kinetics studies (116).  The rate of AP-site incision by APE1 was so fast that a maximal 

single turnover rate could not be measured and was at least 850s-1 (116).  The same study demonstrated 

that the rate of product dissociation by APE1 was relatively slower and was rate limiting in the entire 

catalytic cycle, making the steady state incision rate approximately 2s-1.  By utilizing incised AP-site 

DNA as a substrate, no difference in in vivo repair kinetics was observed compared to AP-site DNA 

(Figure 4-5A and 5B), which correlates with an in vitro BER reconstitution experiment where a post AP-

site incision step was shown to be the rate-determining step of BER of abasic sites (125).  APE1 rapidly 

binds the substrate and catalyzes hydrolysis, then dissociates from the product as indicated by the 

combined microscopy-based and real time PCR-based analyses of the full reaction.    

It is interesting that co-localization was observed between APE1 and AP-site DNA 30 min post-

transfection while no FRET was observed at the same time point.  At 30 min post-transfection, 50% of 

AP-site DNA was completely repaired but APE1 was no longer directly interacting with AP-site DNA.    

The completion of BER post-abasic site incision requires the activity of several more DNA repair 

enzymes.  It is possible that APE1 may be associated with a complex of downstream BER proteins and 

that it is present around the damage site even after cleaving its substrate.  Two theories concerning the 

mode of BER have been hypothesized.  One theory, referred to as the “hand off” theory, describes BER 

as a sequence of single enzymes and repair intermediate substrates (126).  Another theory suggests that 

BER enzymes function as a complex rather than sequentially (127,128).  Neither of these theories has 

been tested yet in vivo, but, presumably, the presently described method can be modified to detect any 
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protein and could be useful in answering this longstanding question regarding the mechanism of BER.  

Generally speaking, these results highlight the strength of measuring both co-localization and FRET for 

monitoring DNA-protein interaction by this method as it may reveal the involvement of multi-protein 

complexes.  

 

Notably, fluorescence microscopy-based strategies can and are used to study adducted DNA-

protein interaction when an antibody is available to probe for the adduct of interest. For example, useful 

antibodies against cyclopyrimidine dimers (CPDs) and 6-4 photo products (6-4 PP) are used in the study 

of NER mechanisms in live cells (129).  However, few powerful antibodies against adducts repaired by 

BER are available, with the exception of 8-hydroxydeoxyguanosine (8-oxo-dG), which has been used as a 

clinical prognostic tool (47).  Even with the use of anti-CPD and anti-6-4 PP antibodies, studies of repair 

pathways are limited by the lack of information about repair intermediate structures.  A previous 

published report on NER using these antibodies relied on the presence of repair proteins known to be 

involved at different repair intermediates since specific tools to monitor those intermediates in genomic 

DNA after UV damage were not available (129).  By modifying our phagemid-based method to probe for 

various repair intermediates in addition to the DNA damage, the method can report the status of DNA 

damage and repair intermediates interacting with various repair proteins in a specific pathway.   

Non-specific DNA-protein interactions can be monitored by FRET in genomic DNA using the 

fluorescent DNA stain Sytox Orange (130).  However, at best, specificity of interaction at a certain 

binding site must be inferred with the use of a mutant protein that cannot bind its appropriate sequence.  

Even so, this type of assay cannot be used for the investigation of DNA adduct-protein interactions.  

Currently, chromatin-based DNA adduct-protein interaction studies require adduct-specific antibodies, 

but as previously stated, antibodies are often unavailable for the critical DNA adducts to be studied, and 

even the specificity of available antibodies is often questionable.  A concern may arise that this phagemid 

DNA-based assay may not provide insight into biologically relevant DNA-protein interactions within 

chromatin.  However, reporter plasmid DNA has been known to form a chromatin-like structure in cells 

and reliably mimic nuclear functions (131,132).  Notably, promoter activity is often measured using the 

luciferase-based reporter assay, which is, in fact, the gold standard method used extensively in gene 

expression and transcription mechanism studies, and relies on a plasmid-based system to understand 

nuclear biology.   

In conclusion, the presently described techniques have been shown to be powerful in monitoring 

DNA-protein interaction in vivo.  The microscopy-based methodology can be applied to other interactions 
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of interest in a variety of disciplines of nucleic acid transaction pathways other than DNA repair, 

including replication, transcription, recombination, and others.  In regard to versatility in the field of DNA 

repair, many modified bases of interest are commercially available for synthesis in an oligonucleotide 

sequence as described in this manuscript.  The relatively slight modifications required for application to 

other disciplines may include the development of a structure-specific DNA substrate that is transfectable 

into cells and able to be fluorescently labeled.   Furthermore, the real time PCR-based repair assay 

described in this manuscript can be widely applicable to other adducts of interest in the field of DNA 

repair, but for application to another field, an appropriate method for detection of enzyme functionality on 

the labeled substrate may need to be applied.  However, the DNA-protein interaction assay described here 

has the potential for broad applicability and may facilitate mechanism studies of initial steps in numerous 

nucleic acid transaction pathways in vivo. 

Limitations and alternative strategies.  As described in the previous paragraph, a potential limitation in 

this study is the use of a surrogate system to monitor protein-DNA interaction.  In the future it may be 

useful to pursue the development of better methods to monitor these kinds of interactions during BER in 

genomic DNA.  As stated in Chapter 2, a major challenge in the development of that kind of assay is the 

introduction of the adduct of interest at a known site for monitoring.  Another limitation of the method 

developed in this study is the use of fixed samples rather than live cells.  Permeabilization of the cells and 

fixation by paraformaldehyde may introduce artifacts in the experiment such as loss of intracellular 

contents or masking of the antigen for immunodetection.  Furthermore, antibodies for the DNA repair 

proteins of interest used in the experiments may have non-specific binding to other cellular proteins, 

which may obscure the results.  In the future it may be useful to develop a similar fluorescence-based 

method for detecting protein-DNA interactions using live cells.  In that case expression of a recombinant 

protein of interest with a fluorescent tag would be necessary.  An inducible system in an APE1 null or 

knockdown background would be preferable in order to titrate the amount of fluorescent protein being 

expressed.  One aspect that is currently unclear is the feasibility of detecting FRET for monitoring an 

extremely rapid reaction like that of APE1 with AP-site DNA in live cells, which may require 

considerable optimization of both the experimental conditions and the imaging conditions, especially scan 

speed.  In fact, if these technical challenges are overcome, live cell microscopy will be useful to acquire 

more detailed information and insight in this kind of fast interaction.  However, our understanding of the 

rate of the APE1-AP-site DNA interaction measured by FRET in this study is limited by the fact that only 

time point 5 min post-transfection exhibited significant FRET over the non-specific control DNA (Figure 

4-4B).  In order to determine the actual length of time that the enzyme is directly interacting with the 

substrate, intermediate time points between 5 and 30 min post-transfection would be valuable.   
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 A major challenge in the development of this method was the imbalance in the fluorophore 

intensity between the donor (APE1) and the acceptor (AP-site DNA) since APE1 is a highly expressed 

cellular protein.  The use of NFRET attempts to normalize the results based on concentrations of donor 

and acceptor.  However, a more sensitive method that may alleviate this problem is fluorescence lifetime 

imaging microscopy (FLIM), which measures the fluorescence lifetime of the donor to monitor direct 

interaction and is a more direct measurement of FRET and can be used in both fixed and live cells.  In the 

future it would be worthwhile to pursue a FLIM-based readout for monitoring the interaction between 

DNA repair proteins and their substrates.        

4.4  Materials and Methods 
4.4.1  Construction of AP-site phagemid DNA 

 

The preparation of the control and AP-site phagemid DNA was performed in vitro as previously 

described for 1,N6-ethenoadenine-containing phagemids with some modification (120). We engineered 

M13mp18 phagemids (7.2 kb) with a single tetrahydrofuran (THF) at the EcoRI restriction site in the 

multiple cloning site (MCS).  Tetrahydrofuran is a stable analog of abasic site and is used in this study as 

a model AP-site.  Typically, for each preparation of M13mp18-ctrl or –AP phagemid, 6 individual 

reactions were performed simultaneously according to the following protocol.  Phosphorylation of the 

primers was performed by incubating 2 ug of THF-containing (5’-CCGAGCTCGXATTCGTAATC-3’) 

or control (5’-CCGAGCTCGAATTCGTAATC-3’) oligonucleotide (2 ul) with 1X PNK buffer, 400 nM 

ATP, 50 mM DTT, and 10 U of T4 polunucleotide kinase (New England Biolabs, Ipswich, MA) in a 

30uL reaction volume at 37°C for 45 mins.  The phosphorylated oligonucleotide was purified through a 

G-25 column (GE Healthcare Life Sciences, Pittsburgh, PA) according to the manufacturer’s protocol. 

Then 6 ul of this purified oligonucleotide was incubated with 2 ug of M13mp18 ssDNA in an annealing 

buffer containing 10 mM Tris-HCl, pH 7.5, and 50 mM NaCl in a 20 uL reaction volume.  This annealing 

reaction was incubated at 80°C for 5 minutes and slowly cooled to room temperature with brief 

centrifugation when the reaction reached 50°C.  Then the annealing reaction was incubated with an 

extension reaction mixture containing 1X T7 DNA polymerase buffer, 1.5 mM ATP,1.5 mM of each 

dNTP, 10 mM DTT, and 160 ug/mL BSA, 10 U of T7 DNA polymerase (New England Biolabs, Ipswich, 

MA), and 400 U of T4 DNA ligase (New England Biolabs, Ipswich, MA) in a final reaction volume of 30 

uL for 5 mins on ice followed by 5 mins at room temperature.  The extension reaction was subsequently 

incubated at 37°C for 1 h.  After an hour, 50 nmol of ATP and 200 U of T4 DNA ligase were added to the 

extension reaction and incubated at 14°C overnight for efficient ligation to occur. The 6 individual 

reactions were then pooled and incubated with 1X Supercoil-It buffer (Bayou Biolabs, Metairie, LA) and 
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2 uL of Supercoil-It enzyme mixture at 37°C for 3 h.  Phagemid DNA was recovered after the incubation 

by purification using Qiaquick PCR Purification kit (Qiagen, Gaithersburg, MD). The DNA was eluted 

from the column using 50 ul of molecular grade water (DNase-, RNase-, and protease-free). 

Concentration of the eluted DNA was measured using a Nanodrop spectrophotometer, and the DNA was 

stored at -20°C. Eighty five femtomoles (fmol) of each of the DNA constructs were treated with 20 nM 

APE1 (expressed and purified previously (106))  or 0.05 U of EcoRI and 10 U of SacI.  Digestion 

products were evaluated by gel electrophoresis on a 1% agarose gel.   For experiments in Figure 4-2D, an 

oligonucleotide containing Cy3 in the EcoR1 site was used for phagemid preparation (5’-

CCGAGCTCGXATTCGTAATC-3’), where X = Cy3.   

 

4.4.2  Construction of fluorescently labeled AP-site phagemid DNA 

 

Similar to the previously described construction of AP-site phagemid DNA, fluorescently labeled 

AP-site or control phagemid DNA was prepared.  During the polymerization step of the in vitro phagemid 

preparation, 1nmol Cy3-dCTP (GE Life Sciences) was added to the dNTP pool generating a fraction of 

phagemids that were Cy3-labeled (control or AP-site-containing).  In these constructs Cy3 was not placed 

at or around the assayed restriction site (EcoRI), whereas THF was placed in the EcoRI site. The quality 

of the constructs was evaluated as described in the above section.   Quantification of Cy3 labeling of the 

phagemids was performed using an oligonucleotide containing a single Cy3 as a standard molecule to 

generate a standard curve and different dilutions of the phagemids.  Quantification was carried out in a 96 

well black plate with excitation at 480 nm and emission detected at 520 nm in a GloMax Multi-Detection 

system (Promega).   

 

4.4.3  Transfection, harvest, and restriction digestion of AP-site phagemid DNA 

 

Typically, 40 fmol of control or AP-site DNA was transfected into approximately 400,000 

HCT116 cells in a well of a 6-well plate using 8uL Lipofectamine 2000 (Life Technologies), according to 

manufacturer’s protocol.  At various time points post-transfection (5, 20, 30, 90, 150, and 300 min), the 

phagemid DNA was retrieved from the cells using the Qiagen Miniprep Kit (Qiagen) according to 

manufacturer’s protocol.  The retrieved phagemid DNA was aliquoted for 3 separate reactions: no 

digestion, SacI digestion, and EcoRI digestion.  Digestions were carried out according to New England 

Biolabs recommended protocols for the respective enzymes in 20uL reaction volumes.      
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4.4.4  Western Blot 

 

 HCT116 whole cell extracts were prepared using M-PER Mammalian Protein Extraction Reagent 

(Pierce) according to manufacturer’s protocol.  Extracts were boiled in SDS-loading buffer and resolved 

on a 4-12% Bis-Tris polyacrylamide gel (Life Technologies) then transferred to nitrocellulose membrane.  

Western blotting was carried out with the affinity-purified anti-APE1 (1:1000; Novus Biologicals, CO) 

and β-actin (1:1000; Sigma-Aldrich, MO) monoclonal antibodies and a horseradish peroxidase-linked 

anti-mouse secondary antibody (1:1000; Amersham Pharmacia Biotech, NJ) using enhanced 

chemiluminescent substrate (ThermoScientific) according to the manufacturer’s protocol.  Imaging of the 

bands was performed using X-ray film.    

 

4.4.5  Real time PCR-based assay for AP-site repair 

 

The control region was amplified using the following primers: forward 5’-

GTGACGAAACTCAGTGTTAC-3’ and reverse 5’-TCGAGAGGGTTGATATAAG-3’. The MCS 

region was amplified using the following primers: forward 5’-TCCGGCTCGTATGTTGTGGGAAT-

3’and reverse 5’-AAGGCGATTAAGTTGGGTAACGCC-3’.  Digested retrieved phagemid DNA 

samples were diluted 1:128 in molecular grade H2O and served as templates in the PCR reactions.  Each 

20uL PCR reaction contained 1X Sybr green PCR mix (ABgene), 500nM of each primer, and 2uL of 

1:128 diluted digested phagemid DNA samples.  Reactions were carried out in duplicate in a 96-well 

plate under the following PCR conditions:  95°C for 10 min, 40 cycles of 95°C for 15 s, 53°C for 30 s, 

72°C for 30 s, followed by a melt curve cycle to evaluate the specificity of the primers and overall 

reaction quality.  

 

4.4.6  Analysis of real time PCR Ct values 

 

The template samples used for PCR were the three digestion aliquots (undigested, SacI, and 

EcoRI).  For each sample a Ct value for the MCS region amplification (Ct-MCS) and a Ct value for the 

control region (Ct-control) were obtained. Then a ratio of Ct -MCS/Ct-control for each sample was 

calculated to determine the percent repair of AP-site DNA in cells.  Therefore, for each sample, 3 ratios 

were obtained from the three digestion aliquots:  undigested, SacI, and EcoRI.  The ratio of the undigested 

(uncut) sample for each time point was representative of unrepaired DNA while the ratio of the SacI 

(completely linearized) sample for each time point was representative of completely repaired DNA. 
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Recalling the amplification strategy described in part (c) of the general strategy outlined in the results 

section, the undigested ratio should therefore be the minimum ratio obtained while the SacI ratio should 

be the maximum ratio for a given time point.  The EcoRI ratio should lie between the maximum and 

minimum values.  The percent repair at the EcoRI site was therefore calculated as: 

 

[(EcoRI ratio)  −  ( undigested ratio)]  /  [(SacI ratio)  −  (undigested ratio)] * 100 

 

4.4.7  Intracellular immunofluorescence staining 

 

Approximately 400,000 HCT116 cells were seeded on glass coverslips in 6-well plates and 

allowed to attach overnight at 37°C followed by transfection with Cy3-labeled control or AP-site 

phagemids as described above. HCT116 cells were fixed at various time points post-transfection (1, 2.5, 

5, 20, 30 mins, 1.5, 2.5, and 5 h) with 4% paraformaldehyde for 10 min at room temperature.  Cells were 

washed 3 times with 1X PBS, then permeabilized with 0.5% Triton X-100 in 1X PBS for 5 min at room 

temperature. The cells were subsequently blocked for 1 h at room temperature in 1% bovine serum 

albumin (BSA) in 1X PBS.  Coverslips were incubated with anti-APE1 (1:2000; Novus Biologicals) and 

DAPI (600 nM; Life Technologies) for 1h at room temperature.  The cells were then washed 3 times 1X 

PBS followed by incubation with anti-mouse secondary antibody conjugated to Alexafluor-488 (1:2000; 

Life Technologies) for 1 h at room temperature.  The cells were again washed 3 times in 1X PBS 

followed by 2 washes with molecular grade H2O.  The coverslips were mounted onto glass slides with 

Tris-buffered fluorogel (Electron Microscopy Sciences) and allowed to set overnight at room temperature 

in the dark.     

 

4.4.8  Imaging and co-localization analysis 

 

After mounting the coverslips, the cells were imaged by confocal microscopy (Zeiss LSM510) 

using a 63X/1.4 N.A. oil lens. For detecting Cy3-labeled DNA, cells were excited at 543 nm and emission 

was detected using a 565-615 nm filter.  For Alexafluor 488 fluorescence (APE1 detection), cells were 

excited at 488 nm and emission was detected using a 500 nm filter with a bandpass of 30 nm.  For each 

time point, detector gain values were adjusted to maximize signal and minimize pixel saturation, and 

those settings were used to image both control and AP-site-transfected cells.  Images were background 

subtracted, and the Pearson’s correlation coefficient (Rr) of co-localization was determined by analyzing 

individual cell nuclei as selected regions of interest (ROIs) using the JACoP plugin from ImageJ 



 

77 

 

(available from NIH).  Cy3 fluorescence intensity for each image was quantified using ImageJ by 

measuring the mean gray value in the Cy3 channel for each image and normalized by dividing by the area 

quantified.   

 

4.4.9  Fluorescence resonance energy transfer (FRET) analysis 

 

 HCT116 cells were transfected and stained as described above except no DAPI stain was used.  

After mounting the coverslips, the transfected and stained cells, along with donor only and acceptor only 

controls, were imaged by confocal microscopy (Zeiss LSM510) using a 63X/1.4 N.A. oil lens.  The donor 

(Alexafluor 488) was excited using a 458 nm laser, and the acceptor (Cy3) was excited using a 543 nm 

laser.  The 458nm laser for donor excitation was chosen to minimize acceptor spectral bleed through.  

Donor emission was detected using a 500 nm filter with a bandpass of 50 nm, and acceptor emission was 

detected using a long pass 560 nm filter.  For each cell three images were acquired:  donor 

excitation/emission, acceptor excitation/emission, and donor excitation/acceptor emission.  The detector 

gain was uniform for both the donor and acceptor emission filters, and cells of similar donor and acceptor 

emission intensity were chosen for imaging and analysis.  Normalized FRET (NFRET), calculated by the 

Xia method, which is one of the ways to quantify FRET, was quantified for individual nuclei as selected 

ROIs using the FRET Plus macro available as a part of the Zeiss LSM510 software (133).   NFRET is the 

most useful FRET calculation in this case because it is able to minimize the effects of concentration 

differences between the donor and the acceptor.  In this case APE1 is an extremely abundant nuclear 

protein, so the Xia method provides a reliable FRET value that circumvents the disparity in 

concentrations between APE1 and the transfected DNA.  Cy3 fluorescence intensity for each image was 

quantified using ImageJ by measuring the mean gray value in the Cy3 channel for each image. 
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CHAPTER 5 

CONCLUSION 
The present work has described phenomena relating BER to mutagenesis.  In particular, the BER 

study in the LEC rat provided valuable insight into inflammation-mediated carcinogenesis and 

relationship between DNA repair and mutagenesis.  The results of the study clearly indicate that sustained 

inflammation confers long-term changes to cells, as evident by the spontaneously immortalization, repair 

deficiency, and other cancer-like phenotypes observed in the hepatocytes isolated from the acute hepatitis 

liver.  In the future testing BER capacity in inflamed human tissues would be informative in 

understanding potential avenues for intervention in pre-malignant chronic inflammatory conditions.  

Furthermore, understanding the exact mechanism of decreased BER during inflammation would be an 

intriguing pursuit with potential translational applications such as chemoprevention as well.   

The GT transversion mutation observed in the LEC tumor cells not only indicated the 

significance of inflammation-mediated decreased BER (Ogg1) activity but also demonstrated a role for 

deficiencies in the BER pathway independent of genetic polymorphisms.  The sequence-related repair 

deficiencies explored in the MPG study also demonstrate repair inefficiencies that are inherent in wild 

type BER proteins and lead to the presence of mutation hotspots.  Most of the current understanding of 

BER deficiencies associated with cancer risk is related to polymorphisms that result in decreased repair 

capacity of key enzymes.  However, the present studies demonstrate that decreased BER capacity can 

occur independently of genotypic changes in the BER genes themselves and further supports investigating 

repair capacity in all of its intricacy even in wild type DNA repair proteins in otherwise “normal” human 

patients.   

The methods developed in Theme I and Theme II not only increase knowledge in the DNA repair 

field but also expand the tools available for studying BER mechanisms in vivo.  Previously, monitoring 

sequence-specific repair of eA in live cells had not been described, and, at best, in vitro studies of 

sequence-specific repair of MPG substrates were performed in non-biologically relevant sequences.  

Additionally, the monitoring and quantification of structure-specific DNA-protein interaction was mostly 

performed by indirect assays in vitro. The microscopy-based method of monitoring modified DNA bases 

interacting with DNA repair proteins described in this work represents a step forward in connecting well 

characterized in vitro observations to mechanisms occurring in live cells.          
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APPENDIX 
 

ABBREVIATIONS 

8-oxo-dG 
 

7,8-dihydro-8-oxoguanine 
APE1 

 
apurinic/apyrimidinic endonuclease 1 

AP-site 
 

abasic site 
BER 

 
Base excision repair 

BPDE 
 

benzo[a]pyrene diolepoxide 
CAA 

 
chloroacetaldehyde 

CPD 
 

cyclopyrimidine dimer 
dRP 

 
deoxyribose phosphate 

DSB 
 

Double strand break 
eA 

 
1,N6-ethenoadenine 

FEN1 
 

flap endonuclease 1 
FRET 

 
fluorescence resonance energy transfer 

HCC 
 

hepatocellular carcinoma 
HNPCC 

 
Hereditary non-polyposis colorectal cancer 

HR 
 

Homologous recombination 
LEC 

 
Long Evans Cinnamon 

LigIII 
 

DNA ligase III 
LP-BER 

 
long patch base excision repair 

LPO 
 

lipid peroxidation 
MAP 

 
MYH-associated polyposis 

MMR 
 

Mismatch repair 
MPG 

 
N-methylpurine DNA glycosylase 

MYH 
 

MutY homolog 
NER 

 
Nucleotide excision repair 

NHEJ 
 

Non-homologous end joining 
OGG1 

 
8-oxoguanine DNA glycosylase 

Polβ 
 

DNA polymerase β 
Polδ 

 
DNA polymerase δ 

Polε 
 

DNA polymerase ε 
RNS 

 
reactive nitrogen species 

ROS 
 

reactive oxygen species 
SN-BER 

 
single nucleotide base excision repair 

SSB 
 

Single strand break 
TBHP 

 
tert-butyl hydroperoxide 

TLS 
 

translesion synthesis 
VC 

 
vinyl chloride 
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