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ABSTRACT 

Elucidating the mechanism of DNA damage and mutation is key to understating cancer 

genesis.  In the first section of this thesis we examined base excision repair enzymes (BER) 

responsible for mitigating damage to DNA.  BER DNA glycosylase activity was categorized both 

in silico, and in vitro.  N-methylpurine DNA glycosylase (MPG) and 8-oxoguanine (OGG1) DNA 

glycosylases were shown to have novel substrate activity on 7,8-dihydro-8-oxoguanine (8-oxo-

G) and hypoxanthine (Hx), respectively.  We utilized surface plasmon resonance (SPR) and DNA 

glycosylase activity assays to characterize binding affinity and enzyme-substrate activity.  We 

found the OGG1 bound to Hx with similar affinity as Hx’s canonical DNA repair enzyme MPG, 

yet produced little to no product.  This led us to the hypothesis that Hx may have more than 

one DNA repair enzyme, and may also act as a potential replication blocker by binding and not 

releasing from DNA.   To understand Hx’s effect on DNA repair we examined Hx repair in human 

colon cancer cell line HCT116 and normal human kidney fibroblast line HEK293.  Here we found 

that Hx causes mutation in both leading and lagging strands of DNA, with an increase in 

mutation frequency found in the lagging strand.  Further, Hx causes AG transition mutations, 

insertions, and deletions in both normal HEK293 and cancer HCT116 cells lines.   
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CHAPTER 1. 

INTRODUCTION 

  

The human genome is under constant assault from carcinogens such as ultraviolet 

radiation, ionizing radiation (IR), chemicals, heavy metals, and by-products produced from 

inflammation.  These insults result in chemical and physical alterations of DNA such as 

deamination, depurination, alkylation, and oxidative damage (>100 different types)[1, 2].  In 

total, these alterations result in 30,000-100,000 DNA damaging events per cell, per day [2, 3].  

Considering the human genome is ~ 2 meters long, and is comprised of roughly 7 billion bases, 

finding these errors and fixing them is no easy task, and failure to do so can have catastrophic 

effects such as genomic instability leading to mutagenesis and oncogenesis [4].   

The human cell has at its disposal several repair process to mitigate both endogenous 

and exogenous damage.  There are five major repair pathways: 1) nucleotide excision repair 

(NER), 2) mismatch repair (MMR), 3) non-homologous end joining (NHEJ), 4) homologous 

recombination (HR), and 5) the base excision repair (BER) pathway.   

NER clears “bulky” lesions from the DNA base stack.  These “bulky” lesion s perturb the 

helical periodicity of DNA and are a barrier to DNA replication.  They are formed from non-

standard base pairing due to formation of UV induced photo-products like cyclopyrimidine-

dimers and 6-4 pyrimidine-pyrimidine photoproducts[5, 6]. If the damage is left unchecked due 
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to no or defective repair, subsequent damage post DNA synthesis may result, causing genomic 

instability [3, 7].   

The MMR pathway is utilized to mitigate errors associated with DNA replication, like the 

addition of an incorrect nucleotide on the daughter strand[8, 9].  Strand slippage, a 

phenomenon that is associated with DNA polymerases during DNA synthesis, resulting in 

insertion and deletion errors if left unchecked, is also fixed by the MMR pathway[8, 9]. 

NHEJ and HR are used when single (SSBR) and double strand break repair (DSBR) need 

to be initiated.  Typically, these pathways are activated after receiving damage due to ionizing 

radiation, X-rays, as well as chemotherapy [10].  HR is primarily utilized in actively dividing cells, 

those in later S and G2 phase, whereas NHEJ is used when the sister chromatid is unavailable 

[10, 11].  HR is less error-prone as the damaged strand is “informed” from the template sister 

chromatid.  NHEJ is more prone to error as it does not have a sister chromatid, and instead uses 

resection of the damaged strand followed by blunt end ligation which results in loss of 

nucleotides [11].   

BER is initiated when there has been a chemical alteration to the nucleotides in the DNA 

base stack that results in the occurrence of non-bulky modified bases or lesion s[12].  BER is not 

only initiated in the nucleus, but also the mitochondria [13]. There are 11 known eukaryotic 

DNA repair glycosylases that are responsible for removing roughly 40,000 endogenous lesions 

per cell per day[8, 12, 13].  The type of damage the nucleotide has undergone directs what type 

of BER DNA glycosylase responds to the damage.   Once the appropriate glycosylase is engaged, 

it must find the damaged base in a specific manner.   
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Compounding to the massive search area of DNA is the added complication of DNA 

dynamics.  For example, the DNA duplex opens and closes like a zipper hundreds of times per 

second, individual bases flip in and out of the base stack with high frequency, DNA is constantly 

being manipulated by nuclear enzymes and enzymatic complexes, and DNA exists in A, B, Z, 

triple, and quadruple helix configurations [14, 15].  Understanding these effects is paramount 

to elucidating the mechanisms in which DNA is damaged, the conditions in which it is repaired, 

and the types of mutations that result from such events. 

Several theories explain how these modified bases are processed; one theory proposes 

that glycosylases utilize several conformations to scan DNA.  These conformations are called 

the search complex (SC), interrogation complex (IC), and excision complex (EC)[4].  Currently, 

the EC is the most studied; proven by the plentiful X-ray crystallography images of the enzyme-

substrate complex, and the numerous published kinematic studies; however, there is a dearth 

of data regarding the search for damage.  The SC is theorized to have a loose configuration that 

is optimized for sampling the DNA, in what Friedman and Stivers describe as a tumbling sliding 

motion [4].  This motion allows the enzyme to sample as many contacts with the DNA as 

possible.  The IC is a conformation that the enzyme takes once the SC is bound to an area of 

interest.  What determines the area of interest is still under investigation; however, it may be 

local weak electrostatic interactions between the DNA lesion and the SC’s residues that trigger 

a conformational change from the SCIC configuration.  Once the damage has been identified, 

the enzyme flips the lesion  or modified base out the DNA base stack and proceeds with 
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excision, either via bifunctional or monofunctional pathways depending on the DNA 

glycosylases’s mechanism of action. 

BER glycosylases are classified into two families based upon their mechanism of action: 

bifunctional and monofunctional [2]. Bifunctional proteins have both glycosylase and β-lyase 

activity. Glycosylase activity is defined as excision of the damaged lesion  from the DNA base 

stack, and β-lyase activity is the cutting of the sugar phosphate backbone; 8-Oxoguanine 

glycosylase (OGG1) for example, performs both and is hence bifunctional. N-methylpurine DNA 

glycosylase (MPG), a monofunctional protein, only has glycosylase activity and requires the 

cleavage of the sugar-phosphate backbone by human apurinic/ apyrimidinic endonuclease 1 

(APE1) to allow for repair polymerases [16, 17]. 

Once the lesion  has been cleaved, the monofunctional protein dissociates from the 

DNA base stack and leaves an abasic (AP) site, which is then cleaved by APE1 on the 5’-side, 

leaving a 5’-deoxyribose phosphate (dRP) and a 3’-OH[16, 18].  Bifunctional proteins, like OGG1, 

cleave on the 3’ side of the AP-site leaving a 3′‐α,β unsaturated aldehyde.  The 3′‐α,β 

unsaturated aldehyde is then cleaved by APE1, while the dRP is cleaved by polynucleotide 

kinase 3’ phosphatase (PNK).  Repair will then proceed in two directions: single-nucleotide 

repair (SNBER), or long-patch repair (LPBER). In SNBER POLβ uses its dRP lyase activity to cleave 

the 5’dRP and insert the proper nucleotide.  The nick is subsequently ligated via DNA ligase III 

(LigIII).  In LPBER, POLβ and/or Pol POLδ/ε insert multiple nucleotides, with POLδ and POLε 

moving forward and creating a strand displacement, or flap [18, 19]. Flap endonuclease (FEN1) 

then cleaves the flap and the nick is subsequently sealed via DNA ligase I (LIG1).  Recently 

studies in our laboratory described a new sub-pathway of LPBER, 5’-gap LP-BER and showed 
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involvement of a DNA helicase, RECQ1, and an endonuclease, ERCC1-XRF, and RPA in addition 

to POLδ/ε, FEN1 anf Lig1, the enzymes described in the conventional LPBER pathway[18]. 
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CHAPTER 2. 

NOVEL DNA REPAIR GLYCOSYLASE ACTIVITY 

 

2.1 Background 

Repair of DNA damage is paramount to maintaining our genetic integrity.  Without the 

ability to sense damage, and thus mitigate potential errors we risk introduction of errors into 

our genome in the form of single and double strand breaks, insertions and deletions, as well as 

point mutations.  Fortunately, there is a select group of enzymes called DNA glycosylases which  

locate and repair these lesions; however, exactly how DNA glycosylases search, identify, and 

then release their specific target(s) in such a dynamic and torturous environment is not well 

understood.  Exploring these mechanisms may shed light on why some DNA lesions are not 

fixed, potentially contributing to mutagenesis, the consequences of which are oncogenic. 

In order to characterize the relationship of these DNA repair enzymes to their lesions we 

conducted a series of excision reaction assays, in which BER glycosylases were incubated with 

their known substrates, as well as with substrates they are not known to excise.  Our important 

findings from these assays relate to OGG1, one of the five DNA glycosylases we examined.  

OGG1 is located at cytogenetic position 3p25.3, and is a 39KD 345aa long (canonical hOGG1 

length) bifunctional monomeric protein [16, 20–22]. It is one of 11 known glycosylases that are 

responsible for removing non-bulky lesions from the DNA base stack before they become 

mutagenic. OGG1 is capable of searching the DNA base stack for lesions at a rate of 1.8x104 

bp/sec, allowing for efficient identification and clearance of its cognate lesion [23]. OGG1 is well 
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characterized as excising 8-oxo-7,8-dihydroguanine (8-oxoG), a product of oxidation damage, 

from the DNA base stack [23]. MPG cytogenetic location is 16p13.3. It is a 298aa 

monofunctional monomeric protein that is responsible for removing DNA lesions that result 

from alkylation, deamination, and oxidation reactions [24, 25]. Studies show that high and low 

MPG expression has been associated with an increase in lung cancer risk [26].  

We found novel glycosylase activity of OGG1 on hypoxanthine (Hx) (Fig.2-1A&B). This is 

unusual in that OGG1 is a bifunctional enzyme acting on Hx, a monofuctional MPG substrate. To 

our knowledge, this has never been observed.  

 

2.2 Results 
 
  

2.2.1 In silico Analysis of OGG1 and MPG binding with Hx 

To examine this novel relationship I utilized AutoDoc Vina, a protein docking program 

developed by The Scripps Research Institute in La Jolla, CA, to analyze the binding affinity of 

OGG1 in complex with 8-oxo-G (PDB: 1EBM), and compared it with in silico Hx (Fig. 2-2A-C)[27]. 

I then compared the resulting binding values with experimental binding values that were 

derived from the crystal structure in Kirpota et al [28]. I found our simulation of OGG1 and 

8oxoG to be similar to published experimental data (Fig. 2-2C). Further, I found that Hx has only 

a slightly decreased binding affinity to OGG1 than 8oxoG (8-oxo-dG: μ-5.6kcal/mol; Hx:-

4.7kcal/mol). 
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2.2.2 In vitro single turnover analysis of OGG1 and Hx binding 

In order to elucidate this relationship, I conducted a more comprehensive excision 

reaction assay (Fig 2-3A-C). The lower OGG1-Hx product we observed (see Fig. 2-3C) may be 

due to lower catalytic activity. This may explain why there is light banding in the excision 

reaction assays, as there is a lower catalytic rate between OGG1 and Hx; Hx ~0.4nM product @ 

150nM OGG1, compared to 8oxoG ~7nM product @ 150nM OGG1 (Fig 2-3B&C). These findings 

taken together suggest similar OGG1-Hx and MPG-Hx binding affinity, yet reduced catalysis of 

OGG1-Hx compared with MPG-Hx. This suggests that OGG1 may have the potential to behave 

in a dominant negative manner.  

We proposed that OGG1 may occupy additional sites of DNA damage, but instead of 

repairing them, OGG1 may actually be inhibiting access to the sites by more efficient DNA 

glycosylases in addition to its own lesions [29]. In this manner, MPG has been observed binding 

to 3,N4-ethenocytosine, effectively blocking ALKBH2 from excising this lesion and 

simultaneously sequestering MPG from binding to its own lesions [30]. To that end, in low MPG 

expressing cancers, OGG1 may be acting as a dominant negative by occupying Hx sites 

preventing MPG, a more catalytically efficient glycosylase from removing Hx from the DNA base 

stack.  

 

2.2.3 Confirm AP-lyase activity of OGG1 for Hx excision 

Utilizing NaCNBH4 we are able to trap OGG1 in its Schiff base intermediate with the 

lesion of interest, confirming its status as a bifunctional protein (Fig 2-4D). To test the purity, 

and bifunctional activity of these enzymes, we used NaOH to hydrolyze AP sites (Fig 2-4A-C). 
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We found that OGG1 exhibits bifunctional activity on its cognate lesion 8oxoG, but cleaves 

more product in the presence of NaOH, suggesting that OGG1 may act more as a 

monofunctional protein with 8oxoG (Fig. 2-4A). Conversely, with Hx, we found no significant 

difference between mono- or bifunctional activity, suggesting that with Hx, OGG1 acts as a 

bifunctional protein (Fig. 2-4C). With MPG we detected no bifunctional activity with its cognate 

substrate Hx, suggesting that there is no bifunctional contamination present in the lysate (Fig.2-

4C). 

 

2.2.4 Binding studies utilizing surface plasmon resonance  

MPG’s KD value were determined to be 12.5-fold greater than OGG1 in the Hx-32mer, 

and 4.4-fold greater in a Hx-50mer (Figure 2-5A, B). Interestingly, MPG and OGG1’s KD values 

for 8oxoG were similar. The KD values that were observed show us that depending on MPG or 

OGG1 expression in the cell, competitive binding may occur. Additionally, the fact that we have 

observed OGG1 excision of Hx only confirms that OGG1 may indeed bind to Hx, but may not be 

catalyzing the reaction.  

The novel glycosylase activity between 8-oxoguanine DNA glycosylase (OGG1) and 

hypoxanthine (Hx) is unusual in that OGG1 is a bifunctional enzyme acting on Hx, a 

monofunctional 3-methylpurine DNA glycosylase (MPG) substrate. To my knowledge, this has 

never been observed, and thus is an important line of research to investigate. 
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2.2.4 Figures  

A B 

Figure 2-1. BER DNA Glycosylase Activity Panel. A) Excision reaction assay workflow.  B) 
Glycosylase activity panel.  Glycosylase excision assays were carried out with indicated 
enzymes, on 32P-labled Hx and 8oxodG-containing oligonucleotides.  20nM initial 
substrate concentration. 
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Figure 2-2. AutoDoc Vina In silico Analysis of OGG1 and Hypoxanthine. A) 
AutoDoc binding affinity analysis for 8oxoG and Hx with the excision compex (EC) of 
1EBM (mean ± SEM). B) Active site analysis overlap of in silico Hx and 8oxoG (control 
and in silico). 

 

A 

B 

C 
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B A 

C 

Figure 2-3. MPG and OGG1 Glycosylase Activity Assay. Glycosylase excision assays were carried out 
with indicated enzymes, OGG1 and MPG, on 32P-labled substrates Hx and 8-oxodG-containing 
oligonucleotide A) MPG & 20nM Hx substrate B) OGG1 and 20nM 8oxodG are substrate C) OGG1 and 
2nM Hx substrate. APE1 was added to MPG initial reaction (A) to cleave the AP-site, whereas no APE1 
was added in OGG1 reaction for either 8-oxodG or Hx (B&C). 
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Figure 2-4. OGG1 NaOH and NaCNBH4 β-lyase Survey Experiment 32P excision reaction 
experiment. A) and B) OGG1 w/8oxoG & Hx. Substrate concentrations: 8oxoG (20nM) and Hx 
(2nM). C) MPG w/Hx (20nM) and 8oxoGx (2nM). D) β-lyase survey experiment utilizing 
NaCNBH4. 

A 

B 

C 

C 
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B 

A 

Figure 2-5. Surface Plasmon Resonance Sensorgrams for OGG1 and MPG. A) Kinetics 
analysis (ka and kd only from 10nM data) B) Sensogram data of OGG1 and MPG 
binding kinetics from Biacore T200 

32-mer 8-oxo-dG and Hx 

50-mer Hx 
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2.3 Materials and Methods 

 

 2.3.1 Auto Doc Vina 

 Auto Doc Vina (Scripts Research Institute, La Jolla, CA) was utilized to investigate the 

binding affinities of OGG1 and MPG with Hx.  The simulation was run via the manufacturer’s 

instructions[27, 31].  Briefly, the crystal structure of OGG1 (PDB: 1EBM) was downloaded from 

the Protein Data Bank portal (PDB)[32].  OGG1 was then uploaded into the program and 

classified as a macromolecule.  Hx and 8-oxo-G were also uploaded into the program and 

classified as a ligand.  The binding pocket of OGG1 was identified by the user using a 3-D 

coordinates provided by the program’s interface.  Next, using Monte Carlo analysis, either MPG 

or OGG1 were run for optimal binding configurations with either Hx or 8-oxo-G ligands.  The 

results from the simulation are based on the optimal binding configurations.   

  

2.3.2 Preparation of 32P-labled Hx and 8-oxo-G oligonucleotides 

 Hx and 8-oxo-G oligo nucleotides (5’-CCGGTGCATGACACTGTXACCTATCCTCAGCG-3), 

where X = Hx or 8-oxo-dG, and their complementary oligonucleotides (Hx: 5’-

CGCTGAGGATAGGT(T)CACAGTGTCATGCACCGG-3’; 8-oxo-G: 5’-

CGCTGAGGATAGGT(C)ACAGTGTCATGCACCGG-3’)).  Hx and 8-oxo-G containing strands were 

then labeled at the 5’ end using T4PNK and γ32P-ATP (Perkin Elmer, Waltham, MA) and 

annealed to their complementary oligonucleotide to prepare 32P-end-labeled duplex 

oligonucleotide substrate. 
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2.3.3 Excision reaction and AP-lyase activity assay 

Excision reaction assays are well established in this lab [33–37]. Briefly, we utilized 

α-32P-radiolabeled 32-oligomer substrate containing the DNA adduct of interest (Oligos.com, 

Midland, Texas). Then, we carried out the reaction with the chosen DNA glycosylase to remove 

the target adduct via its glycosylase activity which creates an apurinic/apyrimidinic (AP) site. 

We follow this with APE which creates a DNA nick at the AP site.  Subsequently, we conducted 

the reaction without APE, indicating whether there is or is not bifunctional activity. For 

example, OGG1 does not require APE to create a nicked site as it has β-lyase activity, whereas 

utilizing MPG requires APE to create the nicked site, and without APE there would be no 

detection of activity. If the lesion has been removed, the nicked 16-mer fragment will be 

detected via a 20% acrylamide gel. Post autoradiography, the bands were quantified, where the 

cleaved product was measured against total substrate. NaOH was utilized to hydrolyze the AP 

site, and test for purity, and mono/bifunctional activity.  

Additionally, a β-lyase trapping assay utilizing NaCNBH4, which traps the Schiff base 

intermediate during excision of the DNA lesion was used to examine bifunctional activity, and is 

also detected via a radiolabeled excision assay (Fig 2-2A).  Quantification of band intensity was 

done via imager (Chemigenius Bioimaging System, Frederick, MD), utilizing software (GeneTool, 

Syngene Inc., San Diego, CA).  This method indicated whether or not bifunctional activity is 

taking place. 
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2.3.4 Binding studies utilizing Surface Plasmon resonance 

Studies were done using Biacore T200 system (Biacore, Uppsala, Sweden) as described 

previously[33, 38].  50-mer oligonucleotides containing Hx and 32-mer oligonucleotides 

containing 8-oxo-G and Hx in the sequence were biotinylated and bound on streptavidin-coated 

C1 Biacore chips or sequence of oligonuletides).  Oligo (Hx-32mer, 8oxoG-32mer, and Hx-

50mer) samples were used as ligands.  

32-mer Hx and 8-oxo-G oligo nucleotides; Hx: 5’-

CCGGTGCATGACACTGTXACCTATCCTCAGCG-3 (Midland Certified Reagent Company Inc., 

Midland, TX); 8-oxo-G: 5’-CCGGTGCATGACACTGTGACXTATCCTCAGCG-3’ (Gene Link, 

Hawthorne, NY), ; 50-mer Hx oligo: 5′-

TCGAGGATCCTGAGCTCGAGTCGACGXTCGCGAATTCTGCGGATCCAAGC-3’ (Operon Technologies, 

Alameda, CA)[38].  Reverse complement oligo sequences contain biotinylated 3’-end.  

MPG (27 µM) and OGG1 (46 µM concentration) proteins were used as analytes. 

Neutravidin (10 mg/ml stock in ddH2O) was diluted in 10 mM acetate buffer at pH 4.5 (1:400 

dilution) and immobilized onto FCs 1-4 using standard amine coupling chemistry to an 

immobilization level of ~320 RU. HBS-P (10 mM HEPES, 150 mM NaCl, and 0.05% P20,  pH7.4) 

was used as the immobilization running buffer. Hx-32mer (20 kDa, 9.0 µM stock), 8oxoG-32mer 

oligo (20 kDa, 7.5 µM stock), and Hx-50mer oligo (31 kDa, 5.4 µM stock) were diluted in HBS-P 

buffer to a final concentration of 40 nM and captured onto FC2, FC3, and FC4, respectively. 

HBS-P was used as the capture running buffer. Hx-32mer and 8oxoG-32mer oligos were 

captured to a level of ~40 RU and Hx-50mer oligo to a level of ~65RU. Based on these captured 
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response values, theoretical Rmax values were calculated to be ~78 RU (for OGG1) and ~62 RU 

(for MPG). The Rmax values assume 1:1 interaction mechanism.  

Overnight kinetics were performed for all analytes binding to ligands. The kinetics 

experiments were performed in the presence of 10 mM HEPES (pH 7.6)+90 mM KCl+0.0226% 

glycerol+0.05% P-20. The flow rate of analyte solutions was maintained at 100 μL/min. The 

analyte concentrations were 0 nM, 0.15625 nM, 0.3125 nM, 0.625 nM, 1.25 nM, 2.5 nM, 5.0 

nM, and 10 nM. 2M NaCl was used to regenerate the sensor surface. Sensorgrams obtained 

from the overnight kinetics were analyzed using 1:1 kinetics binding model.  

 

2.4 Discussion 

 We have shown that OGG1 also repairs hypoxanthine (Hx), a product of adenine 

deamination, an lesion previously known only to be excised via MPG. This new activity plays an 

important role in understanding OGG1’s mechanism of action. If OGG1 and MPG are mutated 

or deleted, then repair of both 8-oxoG and Hx will be diminished, leading to accumulation of 

G:CT:A and A:TC:G transversions, and A:TG:C transitions respectively [15, 39]. This 

diminished repair may lead to accumulation of mutagenic DNA lesions that could contribute to 

tumorigenesis, especially in conditions of chronic inflammation or the tumor microenvironment 

(TME) [1, 16].  

In the TME chronic inflammation induces hypoxic conditions which compound upon 

DNA damaging events, contributing to initiation and progression of cancer.  Hypoxia promotes 
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neutrophil and macrophage tumor infiltration, contributing to an increase in localized reactive 

oxygen and nitrogen species (RONS), which initiate genomic instability, cause post translational 

modification (PTM) of proteins, and disrupt DNA repair mechanisms and the cell cycle[40–43].  

RONS in colon cancer for example, are shown to inhibit p53 through PSer15 PTM and activate 

apoptosis, thus selecting mutated p53 expressing cells for expansion[42, 44].  Additionally, 

RONS have been shown to perturb ATM DNA damage response thus contributing to 

tumorigenesis[45].  Therefore, further investigation of the relationship of DNA repair proteins 

with various lesions and modified DNA bases should be accomplished. 
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CHAPTER 3. 

MUTAGENIC POTENTIAL OF HYPOXANTHINE IN LIVE HUMAN CELLS 

 

3.1 Background 

 Chronic inflammation due to disease and infection is implicated in 25% of worldwide 

cancers [42, 46, 47].  The inflammatory response to disease and infection leads to a complex 

microenvironment where activated neutrophils and macrophages secrete damaging reactive 

oxygen and nitrogen species (RONS).  Under normal circumstances, the inflammatory response 

is temporary.  But damage to sensitive biomolecules like proteins, lipids, and nucleic acids can 

occur from sustained levels of RONS due to chronic conditions stemming from genetic 

predisposition to disease, or due to bacterial, viral, and parasitic infection, as well as from 

exposure to ionizing and ultraviolet radiation, heavy metals, and chemicals.  It is estimated that 

these damaging agents cause a single nucleotide polymorphism (SNP) in 1/300 base pairs, as 

well as chromosomal alteration, aging related disease such as neurodegeneration, and 

oncogenesis [1, 16, 20, 41, 48–50](Table 3-1). 

In the tumor microenvironment (TME) chronic inflammation induces hypoxic conditions 

which compound upon DNA damaging events, contributing to initiation and progression of 

cancer.  Hypoxia promotes neutrophil and macrophage tumor infiltration, contributing to an 

increase in localized RONS, which initiates genomic instability, cause post translational 

modification (PTM) of proteins, and disrupt DNA repair mechanisms and the cell cycle [40–43].  
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RONS in colon cancer for example, are shown to inhibit p53 through PSer15 PTM and activate 

apoptosis, thus selecting mutated p53 expressing cells for expansion [42, 44].  Additionally, 

RONS have been shown to perturb ATM initiated DNA damage response thus contributing to 

tumoriogenisis[45]. 

In the TME, radical reactions take place between the inflammatory response radicals, 

NO• (nitric oxide), O2•- (super oxide), and H2O2 (hydrogen peroxide) which interact to form 

damaging agents like ONOO- (peroxynitrite), ONOOCO2-(nitrosoperoxycarbonate), N2O3 (nitrous 

anhydride), and –OH (hydroxyl radical) [41, 42, 51].  These radicals have been observed 

facilitating mutagenesis and the progression of cancer via deamination, alkylation, nitrosation, 

and oxidation of DNA [51, 52].   

Hypoxanthine (Hx, the base component of 2’-deoxyinosine, dI) is a DNA lesion induced 

mainly by endogenous agents during chronic inflammation.  Hx can be formed by different 

deamination mechanisms during inflammation. This includes simple DNA hydrolysis and 

reaction with nitrous anhydride (N2O3), a genotoxic derivative of nitric oxide [41, 53–55]. 

However, nitric oxide-induced deamination of adenine to form Hx is not strongly supported 

[56]. Under inflammatory conditions in addition to deamination of adenine and formation of Hx 

(dI; Fig. 1A), guanine, cytosine and 5-methylcytosine are also deaminated to form xanthine, 

uracil and thymine, respectively [41, 54]. Moreover, bases deaminate not only within the DNA 

molecule, but also as nucleoside triphosphates, precursors of DNA.  Then a noncanonical 

nucleotide, such as dITP, is incorporated into the newly synthesized DNA, albeit less efficiently 

compared to dATP [57]. 



 

22 

 

The level of Hx is detectable in animals (~5.7 lesions per 107 nucleotides), but it 

increases significantly during inflammation in infection-induced colitis and colon cancer models 

[58].  In general, DNA damage levels are known to be altered in cells by DNA repair pathways or 

through the replication process, which often convert DNA lesions to mutations [33, 52, 59].  

Hx is known to be repaired efficiently by the base excision repair pathway. A 

monofunctional DNA glycosylase, MPG recognizes Hx and efficiently excises the Hx base leaving 

a cytoxic abasic site (AP-site). APE1 nicks the DNA at AP-site leaving a 5’-deoxyribose phosphate 

(dRP) moiety. A repair polymerase, DNA polymerase β fills in the nucleotide gap and removes 

the dRP. Finally, a DNA ligase seals the nick and completes Hx repair [33, 34].  

In several studies with E. coli, human cell line and transgenic mouse model, NO has been 

shown to have mutagenic activity under inflammatory conditions [60, 61]. However, those 

studies did not examine Hx or other deaminated bases or direct relationship of deaminated 

bases with mutations. Moreover, no study has linked Hx accumulation to mutagenesis and 

strand-specific mutations in human cells.  We used a site-specific mutagenesis approach to 

investigate Hx-induced mutations in the replication context of both leading and lagging strands 

in human cells. 
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3.2 Results 

3.2.1 Site-specific mutagenesis assay verification and validation 

We have recently reported an in-cell site-specific mutagenesis assay, which was utilized 

only for mutation frequency measurement [33].  Here we verified our new assay for both 

mutation frequency and mutation pattern analyses for a well-characterized mutagenic DNA 

lesion, 8-oxoguanine (8-oxo-dG).  We incorporated a single 8-oxo-dG residue within the EcoRI 

site of a replicating plasmid DNA in the leading strand as previously described [33].  We then 

verified the presence of 8-oxo-dG by treating the DNA with OGG1 and APE1, which specifically 

removes 8-oxo-G and nicks the DNA at AP-site. Although OGG1 is a bifunctional DNA 

glycosylase, it leaves a substantial amount of AP-sites [12]. To ensure complete cleavage of AP-

sites we included APE1 in the reaction. After treatment the covalently closed circular (CCC) 

plasmid DNA containing 8-oxo-G was almost completely converted to nicked DNA, while an 

insignificant amount of CCC undamaged DNA showed conversion to nicked form (Fig. 3-2A). 

This confirms the presence of 8-oxo-G in the plasmid DNA.   

We then transfected the 8-oxo-dG containing pBSII-sv40ori plasmid DNA into HCT116 

cells and tested the efficiency of progeny recovery.  The number of progeny per 100 retrieved 

molecules of 8-oxo-G containing plasmid was similar to that of control undamaged plasmid (Fig. 

3-2B).  The mutation frequency of 8-oxo-dG was, however, significantly higher with cells 

transfected with 8-oxo-dG containing pBS-sv40ori (leading) plasmid compared to control 

undamaged plasmid (Fig 3-2C). This finding is consistent with the previously published results 

[62], and thus, which validated our methodology to examine Hx mutagenicity in human cells.  
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Additionally, we characterized the distribution of the mutations, finding largely GCTA 

transversion mutations (55.6%; Fig 3-2D), which was consistent with the results of others [62]. 

 

3.2.2 Hx construct preparation and verification 

Similar to 8-oxo-dG, we incorporated a single deoxyinosine (Hx is the base) within the 

EcoRI site of the replicating plasmid DNAs, pBSII-sv40ori, in both leading and lagging strand in 

separate constructs.  Then we verified the presence of Hx by treating the DNA with MPG and 

APE1, which specifically removes Hx and nicks the DNA at AP-site, respectively. After treatment 

the CCC plasmid DNA containing Hx was almost completely converted to nicked DNA, while an 

insignificant amount of CCC undamaged DNA showed conversion to nicked form (Fig. 3-3A). 

This confirms the presence of Hx in the replicating constructs.  

 

3.2.3 Hx-induced mutations in human nonmalignant HEK293 cells 

To explore the mutagenic potential of Hx in human cells, we examined the effect of this 

lesion in a human nonmalignant HEK293 cell line.  We and others have extensively used HEK293 

cells for site-specific mutagenesis of various DNA lesions [33, 63].  As previously described [64], 

we also considered DNA synthesis mechanisms and the effects it may have on Hx-induced 

mutation on both the leading and lagging strand of DNA, and transfected these constructs 

separately in HEK293 cells. 
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Replication efficiency for HEK293 cells that contained Hx and undamaged pBSII-sv40ori 

DNA was established to compare the plasmid’s effect on its replication.  There were no 

significant differences in progeny recovery efficiencies between leading and lagging strands 

(Fig. 3-3B), which is consistent with previous findings that rates of replication fork movement 

are similar in both directions from the SV40 origin [65, 66].  Next, mutation frequency was 

examined, and we found that DNA containing Hx in the leading strand had a mutation 

frequency of 1.06%, 2.7-fold more than the undamaged DNA (0.39%, p<0.0162).  The DNA 

containing Hx in the lagging strand showed a 2.8% mutation frequency, which is 7.3-fold more 

than undamaged DNA (0.38%, p<0.0001) (Fig. 3-3C and Table 3-2). 

Of the mutations that we observed in HEK293 cells, undamaged DNA generated 100% 

deletions, whereas DNA containing Hx in the leading strand produced 11.1% insertions, with 

the remaining 88.9% deletions and no substitutions at Hx site.  To our knowledge, this is the 

first time insertions have been directly attributed to the presence of Hx in leading strand DNA 

(Fig.3-3D).  In the undamaged DNA we observed 93.8% deletions, with the remaining 6.2% 

ATGC transition mutations.  DNA containing Hx in the lagging strand, however, showed 84.6% 

deletions and 15.4% ATGC transition mutations (Fig. 3-3D).   

We noted that the leading strand containing no lesion or Hx did not show any transition 

or transversion mutations, while interestingly, the lagging strand containing either Hx or no 

lesion exhibited transition mutations, albeit Hx had much more than the no lesion control.  

Furthermore, only the leading strand containing Hx led to insertion mutations.   
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3.2.4 Hx-induced mutations in human HCT116 cancer cells 

We also tested the mutagenic potential of Hx in a human cancer cell line, HCT116. We 

and others have also extensively used HCT116 cells for site-specific mutagenesis of various DNA 

damage [33, 63].  We again considered DNA synthesis mechanisms and the effects it may have 

on Hx–induced mutation on both the leading and lagging strand of DNA.  HCT116 was 

transfected with pBluescript II-sv40ori containing plasmids that had been modified to contain a 

Hx modification in the EcoR1 restriction site, in both the leading and lagging strand DNA 

conformations.  In the HCT116 cancer cells, we did not observe any significant difference in 

progeny recovery efficiency for leading and lagging strands of undamaged and Hx-DNA (Fig. 3-

4A).   

Next, we examined mutation frequency and observed that Hx on the leading strand of 

DNA resulted in a 1.5% mutation frequency which is 6.0-fold more than the undamaged leading 

strand DNA (Fig. 3-4B; p=0.0202 and Table 3-2).  The Hx on the lagging strand of DNA resulted 

in a 2.8% mutation frequency, which is 5.6-fold more than the undamaged lagging strand DNA 

(Fig 3-4B; p=0.0007).   

Interestingly, of the mutations observed in HCT116 cells, the undamaged leading strand 

DNA generated 100% deletions compared with 40% deletions and 60% A:TG:C transition 

mutations seen in the leading strand with Hx.  However, in the lagging strand DNA with both 

undamaged and Hx DNA, we observed 100% deletion mutations, albeit there was a 5-fold 
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increase with Hx compared to undamaged DNA (Fig.3-4C).  These are essentially large deletions 

(≥200 nucleotides).   

Previous studies with pS189/SupF plasmid system also showed significant fraction of 

large deletions for undamaged DNA [67, 68].  Furthermore, the spontaneous mutation 

frequency of the undamaged DNA in our study (0.01-0.47%) is comparable to those previous 

studies by others (0.02-0.2%;[68, 69]).  Thus, the large deletions we are observing are not due 

to the difference in plasmid systems used in this study and in other laboratories, rather caused 

by the DNA damage.   

Notably, we found that Hx when placed on lagging strand is more mutagenic than the 

same Hx in the leading strand in both the cell lines; Hx in the lagging strand is 2.6-fold (Fig. 3-

3C; p<0.0001) and 1.8-fold (Fig 3-4B; p=0.0226) more mutagenic than the Hx in leading strand 

in HEK293 and HCT116 cells, respectively. 

  

  



 

28 

 

3.2.5 Figures 
 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3-1. Strategy for testing Hx-induced mutations on the leading or lagging strand DNA 
template of a duplex plasmid. A) Structures of deoxyadenosine (dA) and deoxyinosine (dI). B) 
The SV40-containing replicating shuttle vector used for the construction of plasmid DNA 
containing a site-specific Hx lesion. C) The target sequence containing Hx lesion at EcoRI site in 
the leading strand (pBSII(KS+)-SV40) and the lagging strand (pBSII(KS-)-SV40) are shown with 
respect to SV40 origin. 
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Figure. 3-2. 8-oxo-G-induced mutations in HCT116 cells. A) OGG1 and APE1 digestion of 
undamaged and 8-oxo-G containing pBSII-sv40ori plasmids.   Upon treatment with OGG1 and 
APE1, 8-oxo-G-containing CCC DNA is converted to nicked DNA. B)  Replication efficiency of 
undamaged and 8-oxo-G-containing plasmid DNA. C) 8-oxo-G-induced mutation frequency. D) 
8-oxo-G-induced mutation distributions. 15 mutant plasmids were selected and sent for 
forward and reverse sequencing to verify mutation type. CCC: covalently closed circular DNA; 8-
oxo-G: 7,8-Dihydro-8-oxoguanine.  *p=0.00342. 
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Figure 3-3.  Hx-induced mutations in HEK 293 cells.  A) MPG and APE1 digestion of undamaged 
and Hx-containing pBSII-sv40ori plasmids.  Upon treatment with MPG and APE1, Hx-containing 
CCC DNA is converted to nicked DNA. See Materials and methods for details.  B) Replication 
efficiency of undamaged and Hx-containing plasmid DNA. C) Hx-induced mutation frequency. D) 
Hx-induced mutation distributions. 153 mutant plasmids were selected and sent for forward 
and reverse sequencing to verify mutation type. CCC: covalently closed circular DNA. *p≤0.02, 
****p<0.0001. 
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Figure 3-4.  Hx-induced mutations in HCT116 cells.  A) Replication efficiency of undamaged and 
Hx-containing plasmid DNA. B) Hx-induced mutation frequency. C) Hx-induced mutation 
distributions. 50 mutant plasmids were selected and sent for forward and reverse sequencing 
to verify mutation type.*p=0.02, ***p≤0.0007. 
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3.2.6 Tables 
 

Table 3-1. Inflammatory diseases and cancer risk 

Disease Site Cancer *Risk Source 

Crohn's disease Colon Colon cancer 3 [42, 70] 

Alcohol related hepatitis  Liver Liver cancer 5-6 [70] 

Ulcerative colitis Colon Colon cancer 6 [42, 71] 

H. pylori Stomach Gastric cancer 11 [42, 70] 

Schistosomiasis Bladder Bladder cancer 2-14 [42, 72] 

Chronic pancreatitis Pancreas Pancreatic cancer 14-16 [71] 

Chronic viral hepatitis C Liver Liver cancer 30 [48] 

HHV8 Epithelial tissue Kaposi's sarcoma 10-50 [73, 74] 

Chronic viral hepatitis B Liver Liver cancer 88 [42, 70] 

Hemochromatosis Liver Liver cancer 219 [48] 

* Relative cancer risk 

 
 



 

33 

 

  

Table 3-2. Hx-induced mutations on leading and lagging strands in HEK293 and 
HCT116 cells. 
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3.3 Materials and Methods  

3.3.1 Construct preparation and single-strand DNA (ssDNA) isolation 

We constructed a replicating shuttle vector as previously described by Yoon et al [75]. 

Essentially, the pBlusescript II (KS+/SK-)-SV40 (pBSII(KS+/SK-)-SV40) was prepared by cloning a 

DNA fragment (700 bp) containing SV40 replication origin sequence effectively in two opposite 

orientations with respect to the placement of Hx and 8-oxo-G at the EcoRI site within the 

multiple cloning site (MCS). The SV40 origin sequence was amplified from pSP189 using primers 

containing AflIII and SapI restriction sites and cloned in either pBSII (KS+) or pBSII (SK-) at AflIII 

and SapI sites (Figure 3-1A).   

The phage suspension was prepared following a standard method [76].  Single-stranded 

pBSII(KS+/SK-)-SV40 DNA was isolated from the phage suspension using the Qiaprep Spin M13 

kit and following manufacturer’s protocol (Qiagen, Gaithersburg, MD). 

Leading orientation was established when Hx was placed in the MCS (see below for 

method of Hx-containing DNA preparation) by primer extension on the KS+ single stranded DNA 

(sense strand) so that the SV40ori is located on the 3’ side of Hx.  During DNA synthesis, Hx is 

encountered by the polymerase while synthesizing the leading strand.  Similarly, lagging 

orientation was established when Hx was placed in the multiple cloning site (MCS) by primer 

extension on the SK- single stranded DNA (antisense strand) so that the SV40ori is on the 5’ side 

of Hx.  Then during DNA synthesis the polymerase encounters Hx while synthesizing the lagging 

strand (Fig. 3-1B and C).  
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3.3.2 Hx- or 8-oxo-G- pBSII(KS+/SK-)-SV40 in vitro construct preparation 

The modification (Hx or 8-oxo-G) was placed at the EcoRI site of the pBSII(KS+/SK-)-SV40 

construct as described previously for 1, N6 ethenoadenine constructs [33]. Briefly, the 

preparation included four main steps:  phosphorylation of two separate damage-containing 

primer oligonucleotides (5’-CCGGGCTGCAGXYATTCGATATCAA-3’ where X=8-oxo-G or Y=Hx and 

the underline refers to EcoRI site) or the undamaged primer oligonucleotide (5’-

CCGGGCTGCAGGAATTCGATATCAA-3’ where the underline refers to EcoRI site), annealing of the 

oligonucleotides to the ssDNA, and the primer extension reaction and ligation.  Then plasmid 

DNA was recovered using Qiaquick PCR Purification kit (Qiagen, Gaithersburg, MD). Finally, all 

the modified and undamaged plasmid DNA constructs were in vitro methylated with Dam 

Methylase (New England Biolabs, MA) following manufacturer’s conditions. The methylated 

plasmid DNA was further purified using Qiaquick PCR Purification kit (Qiagen, Gaithersburg, 

MD).      

 

3.3.3 Confirmation for the presence of Hx- or 8-oxo-G and methylation in the 

pBSII(KS+/SK-)-SV40 constructs 

We verified for the presence of 8-oxo-G by digestion of plasmid DNA with 60 nM 8-

oxoguanine DNA glycosylase (OGG1) and 100 nM APE1 via glycosylase activity assay. OGG1 and 

APE1 were expressed and purified previously [77]. In a similar manner, a glycosylase activity 
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assay containing 60 nM MPG and 100 nM APE1 was utilized to verify the presence of Hx in the 

leading and lagging strands of pBSII-sv40ori DNA.  MPG was expressed and purified previously 

[78]. We incubated 200 ng of 8-oxo-dG- or Hx- containing pBSII-sv40 plasmids with OGG1 or 

MPG cocktails for 1 hr at 37°C in a reaction volume of 20 μL containing 25 mM HEPES-KOH 

(pH7.9), 0.5 mM DTT, 10 µg/ml nuclease-free bovine serum albumin, 150 mM NaCl and 10% 

glycerol.  

We then verified that the plasmids were nicked for the presence of 8-oxo-G and Hx by 

agarose gel electrophoresis. DNA methylation was tested by transforming the methylated 

plasmid DNA with or without DpnI (New England Biolabs, MA) digestion into XL-1 Blue followed 

by colony formation. The results showed that there is very few or no colony formation after 

DpnI digestion of undamaged or Hx/8-oxo-dG-containing plasmids (data not shown). This 

ensures that DNA methylation and DpnI digestion were complete. We also performed EcoRI 

(New England Biolabs, MA) digestion followed by XL-1 Blue colony formation.  EcoRI digestion 

of undamaged plasmid showed no colonies, whereas the same digestion of Hx/8-oxo-dG-

containing plasmids showed similar colony formation as the undigested plasmids (data not 

shown). The EcoRI digestion results ensure that both lesions are present in the plasmids and 

inhibit EcoRI digestion. Thus, the mutation results from human cells using site-specific 

mutagenesis assay (described below) are not affected by any remaining parental plasmids. 
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3.3.4 Site-specific mutagenesis assay 

 The damaged (Hx and 8-oxo-dG) or the undamaged constructs, after methylation, were 

transfected into HEK293 and HCT116 cells with Lipofectamine 2000 (Invitrogen) following 

manufacturer’s protocol. Forty eight hours post-transfection, the cells were harvested and the 

plasmids were recovered using Qiagen Miniprep kit (Qiagen, Gaithersburg, MD). Retrieved 

plasmid DNA was digested with DpnI (New England Biolabs, MA) and EcoRI (New England 

Biolabs, MA) or DpnI only and the digested plasmid DNA was then transformed by 

electroporation into XL1-Blue cells.  

 Colonies were manually counted and mutation frequency was calculated as described 

previously [33]. Briefly, the mutation frequency was calculated by dividing the mutant colonies 

(DpnI and EcoRI-digested) by total number of colonies (only DpnI digested). DpnI digestion 

eliminated the parental methylated Hx/8-oxo-dG-containing or undamaged DNA, leaving only 

progenies, which are Hx-or 8-oxo-G-free, but may have incurred mutations or wild type 

sequence at Hx or 8-oxo-G site.    

The colonies formed without EcoRI digestion provided the measure of total number of 

plasmid DNA copies, and the colonies that were formed after EcoRI digestion afforded the 

measure of copy numbers of mutant plasmid DNA as they are only able to form colonies 

because of resistance to EcoRI digestion. To validate this resistance, 30– 40 of these colonies 

were tested by a second EcoRI digestion followed by agarose gel electrophoresis. However, we 

observed only 2–3% of colonies containing WT DNA that had escaped the initial EcoRI digestion. 

Therefore, those colonies did not significantly affect the overall mutation frequency reported. 
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Similarly, the efficiency of progeny recovery was measured by analyzing the XL1-Blue colonies 

transformed with DpnI digested and undigested plasmid DNA recovered from human cells.  

Mutation patterns were analyzed by examining mutations and deletions in the EcoRI restriction 

site via Sanger sequencing provided by GeneWiz (Germantown, MD). 

 

3.4 Data analysis, statistics and quantifications  

Data are presented as the mean ± SE of at least 3 independent experiments and were 

analyzed via one-way ANOVA followed by Tukey’s multiple comparison post hoc test for 

undamaged and Hx containing DNA studied in HEK293 and HCT116 cells, and unpaired t-test 

with Welch’s correction for unequal variance for undamaged and 8-oxo-G containing DNA 

studied in HCT116 cells.  All statistical analyses were performed, and all graphs generated, 

using GraphPad Prism 7.0 software (GraphPad). 

 

3.5 Discussion 

We validated our previously developed site-specific mutagenesis assay[33] for both 

mutation frequency and mutation pattern analyses for a well-characterized mutagenic DNA 

lesion, 8-oxogunine (8-oxo-dG).  Using this method we report the first direct evidence of 

mutation potential and pattern of Hx in live human cells. We investigated Hx-induced mutations 

in human nonmalignant HEK293 and cancer HCT116 cell lines, and found that Hx is mutagenic 
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in both HEK293 and HCT116 cell lines, despite the fact that a part of the lesion-containing 

plasmids might be repaired before their replication resulting in decreased mutation frequency.   

There is a strand bias for Hx-mediated mutations in both the cell lines; the Hx in lagging 

strand is more mutagenic than in leading strand.  There is some difference in cell types 

regarding the strand bias for mutation types. HEK293 cells showed mostly deletion (>80%) 

mutations in both leading and lagging strands and the remaining mutations were insertions and 

A:TG:C transition mutations in leading and lagging strands, respectively.  In HCT116 cells we 

observed 60% A:TG:C transition mutations in the leading strand and 100% deletions in the 

lagging strand. The cell type difference for the mutation spectra seems interesting. Compared 

to nonmalignant human kidney HEK293 cells, malignant colon cell line HCT116 cells have a large 

number of gene mutations including over 80 oncogenes and some DNA by-pass polymerase 

family genes (Cancer Gene Census and Cell Line Project v80 , COSMIC, Sanger, UK). This may 

have caused different mutation spectra in HEK293 versus HCT116 cells.  HCT116 is deficient in 

MLH1, an essential protein for MMR, but MMR does not have a role in Hx-induced mutations in 

HCT116, since we did not see difference in overall mutation frequency in HEK293 or HCT116 

cells.  However, MLH1 may have some relationship with DNA polymerases and that relationship 

may affect mutation pattern difference in these two cell lines. 

NO has been shown to be mutagenic in human TK6 cells[79], animals bearing tumors 

[60], and also in other human and E. coli cells [61].  Routledge et al showed 61% and 75% 

A:TG:C transition mutations in human Ad293 cells and E. coli, respectively [61]. They treated 

SupF-containing shuttle vector with NO and analyzed the global mutation spectrum on SupF 
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gene, but neither Hx formation on the DNA nor the strand specificity was tested.  In fact, the 

mutation spectrum by NO can be hardly determined due to the presence of diverse DNA lesions 

generated by NO-produced species and its mutagenic diversity [80–82].  Therefore, signatory 

and quantitative mutational potential of Hx must be understood to explore its role in 

inflammation-driven carcinogenesis.  

In regard to base substitution we only observed A:TG:C transition mutation and this is 

consistent with an in vitro study with purified human DNA polymerases by Yasui et al.  Pol α, 

Polη and Polκ incorporated preferentially dCMP (55-83%) opposite the hypoxanthine lesion, 

and no blockage was detected [83].  It is possible that Hx might be excised by MPG and leave 

AP-site due to incomplete repair by the BER pathway. The AP-site, instead of the parental lesion 

Hx, would induce mutations, and follow rigidly the ‘A-rule’ [84]. In that manner, we would 

expect AT transversion mutation since we incorporated Hx in place of adenine in the EcoRI 

site.  

However, we observed only AG transition mutation in both HEK293 and HCT116 cells 

and therefore, the substitution mutation, AG, was most likely generated from the parental 

lesion, Hx.  In addition to substitution mutation, we observed a significant fraction of large 

deletion mutations with Hx in intact human cells (Figs. 3D and 4C).  This apparent discrepancy 

between the in vitro study with purified polymerases and our in vivo system could be due to 

the fact that the in vitro study used few by-pass polymerases and missed the whole replication 

machinery operating in the live cells.  Additionally, that in vitro study used a short 

oligonucleotide template-primer system, which does not allow probable mechanisms such as 
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replication fork stall involving Polδ/ε and template switching for generation of large deletions 

[85].   

We also noted insertion mutations on the leading Hx-containing strand in HEK293 cells. 

Insertion mutations may form during trans-lesion synthesis (TLS) of Hx by DNA polymerases 

during replication, specifically when there has been a replication fork stall [86, 87].  The Y-

family of DNA polymerases are error prone, and known to cause indels (including -1 and +1) 

when replicating past an AP-site, which may be formed via excision of Hx from the DNA without 

completing the BER pathway [88].  The insertion mutations that we observed on leading strands 

in HEK293 cells have an extra adenine at the EcoRI site: G(HX)ATTCGAAATTC.  +1 frameshift 

mutations may be preferential to DNA fork collapse, or large scale deletions as we observed on 

lagging strand in HEK293 cells, and in HCT116 leading and lagging strands [89].  Further analysis 

on Y-family DNA polymerases and Hx by-pass will need to be performed on leading and lagging 

strands to understand these intricate mechanisms. 

We noticed strand bias for Hx-mediated mutations in both HEK293 and HCT116 cell lines 

with the Hx in lagging strand being ≥2 fold more mutagenic than in leading strand.  Strand 

specificity of mutations was also observed for other DNA damage such as psoralen 

monoadducts in human cell extracts by Thomas et al [90].  They observed a 3-fold difference in 

overall error frequency per detectable site replicated in cell extracts, with lagging-strand 

replication being more erroneous [90].   

Our results with Hx are somewhat similar to those with psoralen monoadducts. 

Although a new study showed that Polδ is responsible for both leading and lagging strand 
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synthesis during normal replication [91], under DNA damage stress conditions, other DNA 

polymerases including Polε and lesion by-pass polymerases, proofreading exonucleases, 

accessory proteins and/or the architecture of the replication fork may have significant 

differential effect on replication of leading and lagging strands [91–94].  These possibilities may 

be tested in the future to understand the intricate mechanism of strand bias for Hx 

mutagenesis. 

Although the overall A:TG:C mutation was thought to be rare in human cancer cells, 

the same mutation in a particular sequence context, a purine 5’ to the mutated A, is more 

frequent in p53 gene of colorectal tumors, lymphomas and leukaemias [95–98].  However, in a 

recent meta-analysis study that included 5 million somatic mutations across 7,000 cancers, 

Alexandrov et. al. found that AG (TC) mutations are a prominent signature in a variety of 

cancers, chiefly of the stomach and liver, but also found in lymphomas, gliomas, kidney cancer, 

lung (small and adenocarcinoma), and pancreatic cancer [99].  This finding correlates with our 

observations, that Hx is formed in an environment enriched with reactive nitrogen and oxygen 

species, like those found in the tumor microenvironment, and that its formation leads to 

A:TG:C mutation signature. 

Interestingly, in a paper by Sankar et al., they noted that when the transcriptome of B. 

subtilis collided with its replisome there was an increase in mutation frequency, specifically 

A:TG:C transition mutations[100].  They hypothesized that when the ribosome is stalled due 

to a head-on collision with the transcriptome, the template strand (TS) of DNA is trapped in its 

single stranded form in the ribosome’s σ-pocket[100].   The authors suspected that the 
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unprotected ssDNA TS was demainated while in the σ-pocket.  To test this, they utilized a 

mutant Hx DNA-repair deficient glycosylase variant, and found that when B. subtilis was treated 

with nitrous acid (deaminating chemical) there was an increase in mutation frequency[100].  In 

a bacterial model system, it demonstrates that with high concentrations of RONS that are 

associated with an inflammatory environment, there may be higher propensity for adenine to 

become deaminated while in its single stranded state in the σ-binding pocket.   

While dITP incorporation in DNA has been shown to be non-mutagenic in E. coli [101], in 

a study with human and mouse cells Yoneshima et. al. demonstrated that deoxyinosine (dI) 

causes genomic instability, and growth arrest [57].  They found that inactivating inosine 

triphosphatase (ITPA), an enzyme responsible for hydrolyzing dITP to dATP, allows for the 

unhydrolyzed free dITP to accumulate in the nucleotide pool and be incorporated into DNA, via 

the DNA polymerases.  In fact, ITPA KO in mice leads to growth retardation and cardiac 

complications, leading to death before weaning [102].    

Yoneshima et. al. predicted that dITP may cause the DNA polymerase to stall during 

DNA synthesis, and thus cause a replication fork collapse [57].  Repeated proofreading by the 

DNA polymerase is a candidate mechanism for polymerase stalling. In fact, proofreading-

deficient Deep Vent polymerase (Exo−), but not proofreading-proficient Deep Vent (Exo+), 

could amplify DNA using Hx-containing primers. This suggests that the proofreading function of 

some DNA polymerases may recognize a base pair of hypoxanthine and a normal base as a 

mismatch pair and initiate proofreading [103]. Moreover, it is possible that AP-site 

accumulation due to incomplete repair by BER pathway may lead to deletion mutations.   
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A full investigation into these mechanisms of Hx-induced deletion mutations, including 

the leading vs lagging strand differences in deletion frequency, presents new and interesting 

challenges because of the novelty of the deletion induced by Hx, which is considered a simple 

deamination modification of a base, and such an investigation deserves its own detailed study 

in the future. 

In this study we provided the first direct evidence of mutation potential and pattern of 

Hx in intact human cells.  Overall, Hx is a highly mutagenic lesion capable of generating 

A:TG:C transitions and large deletions with a significant variation in leading and lagging 

strands. Both deletions and duplications are known to be a major cause of copy-number 

variations or CNVs, which are major underlying causes of many diseases including mental 

illness, developmental disorders and cancer [85].  Thus, Hx, a major DNA lesion induced by NO, 

has potential in initiating inflammation-driven carcinogenesis in addition to various human 

pathophysiological consequences. 
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CHAPTER 4. 

CONCLUSION 

 

The results from these studies have described the mutagenic effects of novel DNA 

glycosylase substrates.  The findings point to the fact that there remains a lot we do not 

understand about the relationship between modified DNA bases and their repair enzymes.  As 

was seen in our investigation of OGG1 and Hx, a previously unknown relationship, categorization 

of binding partners is critical to understanding how expression of DNA glycosylases as well as 

amount quantity of modified bases may have an effect on the fidelity of DNA repair.   

Post-translational modifications of OGG1 and/or MPG, underexpression of these two 

enzymes, and single nucleotide polymorphisms of MPG and OGG1 may lead to Hx accumulation.  

This may thus affect cellular processes like DNA replication and lead to accumulation of Hx errors 

leading to mutagenesis.  Determining DNA glycosylase excision of Hx lesions will characterize the 

cell’s ability to repair Hx lesions in the presence of a MPG and/or OGG1 aberration.  In the long 

term, understanding these back-up mechanisms will demonstrate the interconnectedness of BER 

glycosylases, and will have implications in our understanding of the cell’s susceptibility to 

mutagenesis.  More rigorous biochemical analyses as well as development of cell lines that 

selectively target BER repair genes may shed more light on the effects of those aforementioned 

DNA glycosylases and modified base relationships. 

 

The A:TG:C transition mutations, deletions, insertions, and mutation frequency bias 

that we observed in the lagging strand indicate that there is much we do not know about the 
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effects of Hx on DNA repair.  Hx, a byproduct of deamination, is generated by RONS from 

inflammation, but can also occur spontaneously.  Since the TME is often a site of high RONS, it 

is critical to elucidate the effects that Hx generation will have on normal and cancer cells alike.  

Here we found that Hx causes an increase in mutational load in both normal and cancer cells. 

 

The first study discovered the novel relationship between OGG1 and Hx, and helped 

shed light on potential avenues of investigation, furthering our knowledge of BER.  Previously, 

there was no noted relationship between OGG1 and Hx.  The addition of our finding will expand 

the known DNA glycosylase and modified base interactions.  The next study examined the 

nature of Hx, a modified adenine.  Hx’s effects in vitro were not well understood.  This work 

examined the nature of Hx’s effects, and demonstrated its mutagenic potential, not only in 

cancer cells, but normal cells as well.  This work serves to advance our understanding of BER, 

and will hopefully act as a guide to charactering novel DNA repair enzyme and substrate 

specificity.    
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