




50 

 

 

  

 

  

  



51 

 

 

 

 

 

 

 

 

 



52 

Discussion 

In this study, we demonstrated that expression of E6*, the truncated splice variant 

of the HPV 16 E6 protein, can increase ROS levels in host cells. This may be due to 

decreased expression of anti-oxidant enzymes, and leads to downstream DNA damage. 

The generation of oxidative stress during a viral infection is a common occurrence during 

the inflammatory response to infection, due to the release of ROS from neutrophils and 

macrophages during the “oxidative burst”. In addition, activated phagocytes release pro-

oxidant cytokines. RNA viruses such as influenza A and members of the 

paramyoxoviridae family have been shown to activate monocytes and 

polymorphonuclear leukocytes, which respond to infection with a respiratory burst and 

generate ROS. However, some viruses such as HPV, EBV and HBV are weakly 

immunogenic, and do not necessarily induce a pronounced inflammatory response 

(Levitsky & Masucci, 2002; Tindle, 2002; Wieland & Chisari, 2005). Interestingly, 

oxidative stress plays a significant role in viral pathogenesis in these infections as well. 

Several groups have demonstrated that HBV can induce oxidative stress both in vivo in 

mice in and in vitro in cells (Ha, Shin, Feitelson, & Yu, 2010). The Human hepatitis virus 

x protein targets the mitochondria to alter membrane potential and increase endogenous 

ROS levels, while HBV infected cells carrying the HBV pre-S mutant exhibited 

enhanced levels of ROS and oxidative DNA damage through endoplasmic reticulum 

stress pathways (Wang, Huang, Lai, & Su, 2006). Although the significance of oxidative 

stress in the context of the viral life cycle has not been elucidated in each of these cases, 

biologically-significant effects of these increases in oxidative stress have been well-

documented. 
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E6/E7 mRNA from high-risk HPV types undergoes alternate splicing to produce 

an E6* transcript, which is often the most prevalent species found both in cervical tumors 

and in the early stages of HPV infection. Here, we present data demonstrating that the 

E6* isoform present in high risk HPV types increases oxidative stress in both HPV+ 

(Figures 1 and 2)  and HPV- (Figures 3 and 4) cell lines. In contrast, the full-length 

isoform, E6, displayed no significant effect on ROS.  

Reactive oxygen species (ROS) and antioxidants exist in a delicate balance in 

cells. Oxidative stress occurs when this balance is disrupted due to either an increase in 

ROS production, a decrease in cellular antioxidant levels, or both (Sies, 1997b). The 

reactive oxygen species released during oxidative stress have the ability to directly 

damage DNA. (Kawanishi et al., 2001). One reactive oxygen species in particular, the 

highly reactive hydroxyl radical, interacts with DNA directly, damaging both purine and 

pyrimidine bases (Dizdaroglu et al., 2002). The reaction of the hydroxyl ion with 

guanine, the most easily oxidized base, leads to formation of the most common base 

modification, 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) (Kawanishi et al., 2001; 

Steenken & Jovanovic, 1997). In addition to creating modified bases, ROS-induced DNA 

damage leads to single and double strand breaks, abasic sites and DNA cross-linking 

(Demple & Harrison, 1994; Marnett, 2000). This damage to DNA may lead to mutations, 

aberrations and genomic rearrangements. Consistent with these observations, our data 

shows that DNA damage is highest in HPV+ cells with higher relative E6* expression 

(Figure 6B and 6C), as well as in NOK cells expressing E6* (Figure 6D and 6E).  PARP, 

a cellular marker of DNA damage was also increased in CaSki cells compared to SiHa 
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cells, and in NOK E6* compared to NOK pLNCX and NOK pLNCX-E6 cells, further 

validating our data showing that DNA damage is higher in these cell lines (Figure 7). 

One of the mechanisms by which cells can counteract the effects of increased 

oxidative stress is through the expression of antioxidant enzymes. Endogenous ROS 

originates from the mitochondria, cytochrome P450 metabolism, peroxisomes, and 

inflammatory cell activation (Inoue et al., 2003). Among these, the mitochondria are the 

primary source of the free radicals hydrogen peroxide and superoxide in cells. Since 

mitochondrial oxidative phosphorylation is the major source of free radical generation, 

mitochondria are enriched with antioxidant enzymes such as SOD and Gpx (Cadenas & 

Davies, 2000; F. â. M. Yakes & Vanâ€‰Houten, 1997). In this report, we demonstrate 

that changes in cellular ROS are associated with changes in the expression of antioxidant 

enzymes such as SOD2 and Gpx (Figures 5 and 7D). Events that cause a decrease in 

SOD are predicted to result in an increase in the levels of ROS.  We found that 

expressing E6* in NOK cells resulted in both a decrease in SOD2 expression and a 

corresponding increase in ROS (Figures 4 and 5). In addition, CaSki cells displayed 

lower levels of SOD2 than did SiHa cells, and these lower levels of SOD2 were 

associated with higher levels of ROS (Figures 1 and 5). Gpx also functions in antioxidant 

defense, and its inhibition results in an increase in the level of cellular ROS as well 

(Valko et al., 2006a).  Our findings with Gpx mirror those of SOD2, with an increase in 

E6* leading to a decrease in Gpx and an increase in ROS (Figures 1, 4, and 5). 

Expression of antioxidant enzymes is regulated by several transcription factors including 

AP-1, SP-1, Nf-κB, p53, and NRF2 among others (Dhar, Young, & Colburn, 2002; Surh, 

2005). It is possible that E6* may modulate the expression of antioxidant enzymes either 
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directly or indirectly by influencing transcriptional factor expression or activity. 

However, this question requires further investigation. 

In conclusion, we have now demonstrated that expression of the HPV 16 E6* 

isoform increases oxidative stress and induces oxidative DNA damage in host cells. The 

significance of this increase in ROS to the HPV virus life cycle requires further 

exploration. Presently, we can only speculate that this increase in ROS and oxidative 

DNA damage may contribute to viral genome production. Recent studies suggest that the 

introduction of double strand DNA breaks into HPV DNA during productive replication 

is an important step in HPV genome amplification and genome maturation (Gillespie, 

Mehta, Laimins, & Moody, 2012). Studies have also shown that exposure of cells that 

normally maintain episomal copies of the HPV genome to physiologically high doses of 

nitric oxide can lead to up-regulation of early E6 and E7 oncogene expression, as well as 

to a significant increase in DNA double strand breaks (Wei et al., 2009). This increased 

oxidative stress likely plays a role in HPV-mediated carcinogenesis. For example, studies 

in W12 cells demonstrated that increased DNA double-strand breaks are associated with 

HPV 16 integration in cervical keratinocytes (D. M. Winder et al., 2007). In addition, 

ROS-induced DNA damage results in single and double strand breaks, abasic sites, 

modified bases and DNA cross-linking (Demple & Harrison, 1994; Marnett, 2000). 

Interestingly, expression of the E6* variant of E6 coincides with E7 expression during the 

early stages of HPV infection, and has been demonstrated to be the most prevalent 

species in cervical tumors (Heer et al., 2011), suggesting that a clear understanding of its 

activities and roles is likely to contribute to our understanding of both the virus life cycle 

and to carcinogenesis. With this study, we have now demonstrated a link between E6* 
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expression and oxidative stress in cells, by showing that E6* expression can increase 

ROS levels, resulting in increased levels of DNA damage. Further work will focus on the 

impact of this E6*-mediated oxidative stress on the virus life cycle and carcinogenesis. 
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CHAPTER THREE 

IDENTIFICATION OF PATHWAYS INVOLVED IN ROS 

REGULATION AND DNA DAMAGE 

 

Introduction 

 

High Risk types of Human Papillomavirus (HPV) are the causative agents of most 

cases of cervical cancer as well as a significant proportion of oropharyngeal and other 

anogenital cancers. High-risk types of the virus encode two viral oncogenes, E6 and E7, 

that respectively are responsible for degrading the cellular proteins p53 and 

retinoblastoma (pRB) and for inducing cell transformation (Munger et al., 2004). In HPV 

16 and HPV 18, the two types most frequently involved in cervical cancer, these two 

viral oncogenes are transcribed as a single bicistronic E6E7 transcript using a common 

promoter and a common early polyadenylation site (Tang, Tao, McCoy, & Zheng, 2006). 

This bicistronic E6E7 pre-mRNA contains three exons and two introns (Tang et al., 

2006). Intron 1 is positioned in both the HPV 16 E6 and the HPV 18 E6E7 pre-mRNAs, 

and is efficiently spliced in these high-risk strains to produce the E6*I spliced transcript 

(J. Doorbar et al., 1990; Zheng, Tao, Yamanegi, Bodaghi, & Xiao, 2004). This splicing 

pattern appears to be a unique characteristic of all high-risk HPV types, as it is not 

confined to HPV 16 and HPV 18. In fact, the high-risk types HPV 16, HPV 18, HPV 31, 

HPV 33, and HPV 45, which together are responsible for almost all cases of cervical 

cancer, all display the ability to produce these variants. In contrast, the low-risk types 

HPV 6 and HPV 11 do not demonstrate this ability (Naucler et al., 2007). 
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The function and activities of the full-length E6 isoform have been intensively 

studied over the last two decades, and several excellent reviews have been published that 

detail its functions and activities (Howie et al., 2009; Cary A. Moody & Laimonis A. 

Laimins, 2010; S. Tungteakkhun & P. Duerksen-Hughes, 2008). In contrast, 

comparatively little is known of the activities of the E6* isoform, and its significance in 

both the viral life cycle and in carcinogenesis has been disputed. However, several sets of 

data suggest that the E6* isoform modulates the activity of the full-length E6, and that it 

may also possess activities that are independent of E6. For instance, we observed that 

overexpression of E6* in SiHa cells sensitized these cells to both TNF and Fas-induced 

apoptosis (M. Filippova et al., 2009). We also showed that full-length E6 and E6* bind to 

different regions on procaspase 8. E6 large binding leads to accelerated degradation of 

procaspase 8, while E6* binding leads to protein stabilization (Tungteakkhun et al., 

2010). Work done by the Banks group has shown that the HPV18 E6* protein regulates 

the ability of the full-length isoform to degrade p53, with an inverse relationship 

observed between the level of E6* and the ability of full-length E6 to degrade p53. Taken 

together, these observations suggest that E6* possesses important and distinct functions 

from those of the full-length E6 isoform. A 2014 paper from our lab has also shown 

novel independent activities for the E6* isoform. In this report, we demonstrated for the 

first time that HPV 16 E6* can increase ROS levels and DNA damage in both HPV 

positive and HPV negative cells (Williams, Filippova, Filippov, Payne, & Duerksen-

Hughes, 2014). This ability is anticipated to have potential significance for HPV-

mediated carcinogenesis, since DNA damage sites may facilitate HPV integration 

(Williams et al., 2011).   
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To investigate the pathways involved in ROS regulation that may be influenced 

by HPV 16 E6 isoform expression, we employed the cervical cancer cell lines CaSki and 

SiHa. We chose these two lines because we had previously demonstrated that they 

express significantly different ratios of the E6 splice variants, such that the CaSki cells 

have a higher E6*/E6 ratio than do the SiHa cells. This higher E6*/E6 ratio is reflected in 

the higher ROS levels observed in CaSki cells (Figure 1). We used these cells to 

determine what pathways are likely to contribute to the differences in ROS profiles 

observed in these cells by employing a proteomic analysis to identify several pathways in 

which protein expression differed significantly between CaSki and SiHa cells. Our 

findings revealed that some of the identified pathways were those involved in ROS 

regulation. Differential expression of several of the identified proteins was then validated 

by immunoblot.  To complement this protein-level data, a PCR microarray approach was 

employed to identify several genes involved in ROS metabolism that differed in 

expression between the two cell lines. We found that expression of pro-oxidant genes 

such as OXR1 were down-regulated in SiHa versus CaSki cells, while antioxidant genes 

such as SOD2 were up-regulated. Several of these microarray findings were then 

validated by RT-PCR. Together, these protein- and gene expression- datasets may 

explain the observation that SiHa cells display lower levels of ROS than do CaSki cells.  

 

 

Results 

 

ROS Levels are Higher in CaSki than in SiHa Cells 

 

Our initial studies exploring the difference in ROS levels in cervical cancer cell 

lines were done using CaSki and SiHa cells, which are well-known cellular models of 
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cervical cancer derived from HPV 16+ cervical carcinomas. These two cell lines differ in 

the ratio of expression of the two E6 isoforms, in that the ratio of E6* expression to E6 

full-length expression is significantly higher in CaSki than in SiHa cells (Figure 1A). 

This is consistent with our previously published data, where we demonstrated through 

quantitative PCR that while the level of expression of full length E6 is similar in both 

CaSki and SiHa cell lines, the level of expression of E6* is much higher in CaSki than in 

SiHa cells (Williams et al., 2014). We began by estimating the ROS level in SiHa and 

CaSki cells. ROS levels in SiHa and CaSki cells were estimated using flow cytometry 

following staining with the fluorescent dyes 5-(and-6)-carboxy-2',7'-dichlorofluorescein 

diacetate (DCF) (detects hydrogen peroxide, hydroxyl and peroxyl redicals) and 

dihydroethidium (DHE) (Peshavariya et al., 2007) (detects superoxide radicals). The flow 

cytometry results clearly demonstrated that the levels of both species were higher in 

CaSki cells than in SiHa cells (Figure 1B and 1C).  
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Proteomic Analysis Identified Differences in Pathways Connected to 

p53 Activation, Mitochondrial Function and Oxidative Stress 

To identify the pathways responsible for the different ROS profiles observed in 

CaSki versus SiHa cells, we performed a comparative proteomic analysis. Identification 

and quantification of proteins was done by simultaneously running TMT-labeled 

trypsinized CaSki and SiHa lysates through an LTQ-Orbitrap mass spectrometer. The 

total number of proteins in which the level of expression between SiHa and CaSki cells 

differed by more than 1.5-fold was 430 (data not shown), and the detected range of 

differences in protein levels between these cells ranged from -6.0 to 6.9 fold. Seventy-six 

of these proteins were found to be up-regulated, while the remaining proteins were down-

regulated in SiHa cells as compared to CaSki cells. 

To gain insight into the functions of these differentially expressed proteins, we 

utilized the online IPA analysis (Ingenuity Systems) tool to group them into functionally 

related networks and pathways.  Figure 2 summarizes 9 of the functions for which protein 

expression differs most between these two lines. Some of the more remarkable 

differences in protein levels between SiHa and CaSki cells were detected in proteins 

involved in mitochondrial functions such as mitochondrial depolarization, swelling of 

mitochondria, and the biogenesis of mitochondria (Figure 2). The involvement of the 

mitochondria is significant since the Electron Transport Chain (ETC) is found in the 

inner mitochondrial membrane. The ETC is the major source of premature leakage of 

electrons to oxygen, leading to the formation of superoxide species that can give rise to 

other reactive oxygen species and possibly oxidative stress. Another group of pathways 

differentially activated between these cell lines is connected to DNA repair and the DNA 

damage response (Figure 2). Differences in the expression of proteins involved in 
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mitochondrial status and DNA repair were accompanied by changes in the levels of 

proteins involved in the regulation of ROS levels (Figure 2). For example, NAD(P)H 

dehydrogenase, quinine 1 (NQO1), peroxiredoxin 2 (PRDX2) and superoxide dismutase 

1 (SOD1), which are responsible for inactivation of superoxide radicals, were found in 

higher levels in SiHa than in CaSki cells (data not shown).  
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Genes Involved in ROS Metabolism and Homeostasis are Up-

Regulated in SiHa as Compared to CaSki Cells 

To further explore the idea that ROS-related genes are expressed differentially 

between SiHa and CaSki cells, we employed the Human Oxidative Stress and 

Antioxidant Defense PCR Array (SA Biosciences), which profiles the expression of 84 

genes related to oxidative stress. We found that several of these genes were up-regulated 

in SiHa (as compared to CaSki) cells, and that a few were down-regulated (Table 1). 

Genes whose expression was consistently down-regulated in SiHa (relative to CaSki) 

cells included aldehyde oxidase 1 (AOX1), NADPH oxidase complex (NCF2), and 

oxidation resistance protein (OXR1); these proteins are responsible for the production of 

reactive oxygen radicals. To validate the differences identified by the PCR microarray 

between these two cell lines with regards to expression of proteins involved in ROS 

metabolism, we evaluated the expression levels of a subset of the proteins involved in 

antioxidant defense by immunoblot (Figure 3A). Consistent with our PCR microarray and 

proteomic data, the immunoblot analysis confirmed higher levels of SOD1, SOD2 and 

glutathione peroxidase 1/2 (Gpx1/2) in SiHa cells compared to CaSki cells. A reduced 

level of OXR1 expression in SiHa cells as compared to CaSki cells was also confirmed 

by immunoblot (Figure 3A). Genes that were up-regulated in SiHa (Table 1) participate 

in ROS metabolism in various ways. For example, cytochrome b-245, alpha polypeptide 

(CYBA) is a component of mitochondrial Complex III, which is involved in the transfer 

of electrons to Complex IV so that water can be formed. Other genes belong to various 

antioxidant systems. For example, SODs, GPXs and PRDXs catalyze reactions that 

inactivate superoxide radicals (SODs) or H2O2 (GPXs and PRDXs). Semi-quantitative 

RT-PCR (Figure 3B) along with quantitative qRT-PCR (Figure 3C) were also used to 
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confirm certain results of the PCR array profiles. Overall, our data demonstrated 

significant differences between SiHa and CaSki cells with regards to the expression 

levels of genes and proteins involved in ROS metabolism and homeostasis. We observed 

that antioxidant levels are generally higher in SiHa as compared to CaSki cells while pro-

oxidant levels were lower.. Consistent with these results, PARP1 expression, a marker of 

DNA damage caused by oxidative stress, was also detected at a higher level in CaSki 

than in SiHa cells as assessed both by proteomic analysis (data not shown) and by 

immunoblot analysis (Figure 3A). 
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regarded as significant. 

  

Discussion 

Oxidative stress has been found to be a contributing factor in cancer 

tumorigenesis across a wide spectrum of cancers (Klaunig et al., 1995; Klaunig et al., 

1998; Toyokuni, 2008). Oxidative stress occurs when the balance between reactive 

oxygen species (ROS) and cellular antioxidants is perturbed, a common occurrence in 

cancer (Sies, 1997a). The free radicals thus generated are capable of activating 

procarcinogens, altering the level of cellular antioxidant enzymes, and causing damage to 

DNA and other biomolecules (Sun, 1990). ROS-induced DNA damage results in single 

and double strand breaks, abasic sites, modified bases and DNA cross-linking (Demple & 

Harrison, 1994; Marnett, 2000). This oxidative damage to DNA can then result in 

chromosomal alterations that lead to cell transformation (Mani & Chinnaiyan, 2010). As 

may be expected, the antioxidant enzyme system is found to be perturbed in cancer. For 

example, the antioxidant enzyme, manganese superoxide dismutase (Mn-SOD), in 

particular, is thought to function as a tumor suppressor (Bravard et al., 1992) as its 

expression is found to be decreased in some transformed cell lines (Westman & 

Marklund, 1981). Additionally, low activities of other cellular antioxidant enzymes such 

as copper/zinc superoxide dismutase (CuZnSOD), catalase and glutathione peroxidase 

1(Gpx1) are often observed in transformed cell lines (Li, Oberley, St Clair, Ridnour, & 

Oberley, 1995). These findings correlate with the idea that oxidative stress functions as a 

co-factor in carcinogenesis.  

CaSki and SiHa cells are both HPV-16 transformed cervical cancer cell lines. In a 

previous study, our laboratory demonstrated that the level of ROS as well as that of the 
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antioxidant enzymes superoxide dismutase and glutathione peroxidase was significantly 

different between these two cell lines (Williams et al., 2014). Specifically, CaSki cells 

displayed higher levels of ROS and lower levels of antioxidant enzymes than did SiHa 

cells. One consequence of the higher levels of ROS in CaSki cells was a higher level of 

DNA damage. Further experiments employed NOK cells stably expressing only one of 

the two isoforms (E6 or E6*) to investigate the effect of the HPV 16 E6 isoforms 

individually. These experiments revealed that expression of E6*, but not E6, increased 

the levels of ROS and oxidative DNA damage in these NOK cells. These findings are 

consistent with those from the cancer cell lines, since CaSki cells had a higher E6*/E6 

ratio, higher ROS levels, and more oxidative DNA damage than did the SiHa cells.   

In the present study, we sought to identify those pathways and possibly individual 

genes involved in ROS regulation in CaSki and SiHa cells that may be influenced by 

HPV 16 E6.  Because previous studies in our lab demonstrated that E6* is responsible for 

the increasing ROS in cells, we postulated that the differences indentified in pathways 

and gene expression between these cell lines may be due to the difference in E6*/E6 

expression. The major source of ROS production in cells is the mitochondria, where 

enzymes involved in the electron transport chain and the production of superoxide are 

located (Balaban, Nemoto, & Finkel, 2005). ROS-producing enzymes identified in the 

present study were expressed at higher levels in CaSki cells (Table 1), consistent with the 

higher levels of ROS observed in these cells. On the other hand, the expression of 

proteins with antioxidant functions was higher in SiHa than in CaSki cells. Examples of 

such antioxidant enzymes include SOD1, SOD2, NQO1, PRDX and GPX (Figure 3 and 

Table 1). Together, these differences in gene and protein expression may result in 
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downstream changes in the level of cellular levels of ROS as measured by flow 

cytometry (Figure 1B and 1C). Furthermore, these differences were also reflected in the 

difference in levels of expression of proteins involved in DNA damage recognition and 

response (Figure 3A), since these processes are activated during oxidative stress (Altieri, 

Grillo, Maceroni, & Chichiarelli, 2008; Kryston, Georgiev, Pissis, & Georgakilas, 2011). 

However, while these results provide a starting point for examining the influence of these 

HPV 16 E6 isoforms on ROS, the fact that multiple copies of multiple viral genes, which 

are also expressed at different levels, are present in these cells, combined with the lack of 

matched controls, complicate the analysis of data from these cells and required the use of 

another model system. Therefore, future studies will employ NOK cells that stably 

express the different E6 isoforms separately to determine the individual effect of each 

isoform on the pathways identified in CaSki and SiHa cervical cancer cells. 
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CHAPTER FOUR 

DISCUSSION 

 

Summary of Findings 

High Risk strains of Human Papillomavirus (HPV) are the causative agents of 

most cases of cervical cancer as well as a significant proportion of oropharyngeal and 

other anogenital cancers. The burden of cervical cancer has declined in recent decades 

due to the efficiency of screening with the Pap smear, and is expected to decline even 

further within the next few decades due to the influence of the HPV vaccines. However, 

the incidence rate of other HPV-related cancers such as anal, oropharyngeal and vulvar 

cancers has steadily increased within that same period. In addition, vaccine uptake rates 

in the US remain at startling low levels (~33%) as compared to that seen in other first 

world countries such as Canada, where vaccine uptake is as high as 75%in some regions 

(Musto et al., 2013). This limits the expected influence of the vaccine on cervical cancer 

incidence in upcoming decades. Treatment options for cervical cancer remain inadequate, 

as one third of patients with invasive cervical cancer die from either recurrent or 

metastatic disease (Tao, Hu, Ramirez, & Kavanagh, 2008).  Each of these factors 

underscores the need for ongoing research into the mechanisms behind HPV-related 

carcinogenesis. 

The experiments described in chapter two we present data demonstrating that the 

E6* isoform of HPV 16 is able to increase ROS levels in cells, thereby causing increased 

oxidative stress and DNA damage in these cells. In contrast, expression of the full-length 
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isoform, E6L, displayed no significant effect on ROS. In this report, we also demonstrate 

that changes in cellular ROS are associated with changes in the expression of antioxidant 

enzymes such as SOD2 and Gpx (Figure 5). PARP, a cellular marker of DNA damage in 

cells was also increased in CaSki cells as compared to SiHa cells, and in NOK E6* 

compared to NOK pLNCX and NOK E6 cells. These findings are consistent with our 

data showing that DNA damage is higher in E6*-expressing cell lines (Figure 6). 

Superoxide dismutases are essential enzymes that eliminate superoxide radicals by 

converting them to hydrogen peroxide (reviewed in (McCord & Edeas, 2005)). 

Therefore, events that cause a decrease in SOD are predicted to result in an increase in 

superoxide. Consistent with this prediction, we found that expressing E6* in NOK cells 

resulted in both a decrease in SOD2 expression and an increase in ROS (Figures 5 and 4). 

In addition, CaSki cells displayed lower levels of SOD2 than did SiHa cells, and these 

lower levels of SOD2 were associated with higher levels of ROS (Figures 5 and 1). To 

the best of our knowledge, this is the first study demonstrating a link between E6* 

expression and oxidative stress in cells. These findings are significant, as they suggest 

that HR HPV E6* may serve a significant role in generating oxidative DNA damage, and 

that this increased oxidative stress may facilitate HPV-mediated carcinogenesis. 

In chapter three, we observed differences in the ROS profiles of the cervical 

cancer cell lines CaSki and SiHa. Therefore, in chapter three we asked which pathways 

involved in ROS regulation might be influenced by the differential expression of the 

HPV 16 E6 isoforms in these cells. Proteomic analysis enabled the identification of 

several differentially-activated pathways that were involved not only in ROS regulation 

but also in p53 activation and mitochondrial functioning. PCR analysis of an array of 
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genes involved in ROS regulation then confirmed the differences in the expression levels 

of several of the associated genes. We observed that in CaSki cells, as compared to SiHa 

cells, several pro-oxidant genes such as AOX1 and OXR1 were up-regulated, while 

antioxidant genes such as SOD1 and SOD2 were down-regulated. Further investigation 

of these expression levels by immunoblotting and qRT-PCR validated our initial findings. 

This data agrees with our earlier observation of increased ROS levels in CaSki versus 

SiHa cells, since increased pro-oxidant and decreased antioxidants levels would lead to 

the downstream observation of increased ROS levels. 

 

Conclusions 

Previous research has shown that expression of the high-risk HPV16 E6 oncogene 

results in a greater frequency of foreign DNA integration into the host genome as 

compared to expression of the low risk HPV E6 genes (Kessis, Connolly, Hedrick, & 

Cho, 1996).  As has been shown in studies of hepadnavirus, sites of DNA damage can 

serve as sites for viral DNA integration, a critical step in carcinogenesis (S. Jeon & P. 

Lambert, 1995; Petersen et al., 1997). Therefore, it is reasonable to expect that the 

integration of HPV viral DNA into that of the host would also be enhanced by damage to 

both the viral episome and the host DNA, as this would create a site for integration. 

Studies such as those noted above and other similar findings led to our initial hypothesis 

that expression of HPV 16 E6* may increase ROS levels in cells and lead to increased 

levels of DNA damage in cells. Interestingly, only high-risk strains of HPV express the 

E6* splice variant. With these facts in consideration, two questions were posed at the 

beginning of these studies. 1) Does E6 isoform expression affect the level of cellular 

oxidative stress in cells, and if so, what is/are the molecular mechanism(s)? This question 
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was addressed in chapters 2 and 3. 2) Does expression of either of the E6 isoforms affect 

the level of DNA damage in cells? This question was answered in chapter two.  

In summary, the results from the experiments described in this dissertation show 

for the first time that an HPV oncogene, E6*, can increase ROS levels in cells, decrease 

expression of antioxidant enzymes and induce an increase in oxidative DNA damage. 

They also show that in the CaSki and SiHa cervical cancer cell lines, difference in ROS 

levels are reflected in differences observed in pathways connected to oxidative stress, as 

identified at the protein level by proteomic analysis, IPA and immunoblotting, and at the 

gene expression level by the Human Oxidative Stress and Antioxidant Defense PCR 

Array and validated by RT PCR. Therefore, the overall findings of this study state that 

HPV 16 E6* expression increases oxidative stress and DNA damage in cells though 

pathways involved in ROS regulation.  

 

Future Directions 

In this thesis it was established that HPV16 E6* is capable of inducing oxidative 

stress and DNA damage in both HPV+ and HPV- cells. One of the main molecular 

implications of this finding is the putative functional role of HPV16 E6* in increasing the 

frequency of HPV DNA integration. HPV DNA integration has been postulated as the 

main molecular step in converting a benign HPV infection into a malignant disease 

process such as cervical cancer. To date, few mechanisms for how HPV genome 

integration occurs in HPV-induced carcinogenesis have been proposed. Studies in W12 

cells demonstrated that increased DNA double-strand breaks are associated with HPV 16 

integration in cervical keratinocytes (D. M. Winder et al., 2007). Cells with integrated 

copies of HPV demonstrate increased proliferation and presumably form a pool of 
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immortalized cells within which further mutations can occur, sometimes leading to full 

transformation and cancer. Furthermore, the loss of E2 that occurs with integration allows 

the increased expression of E6 and E7, which also promotes genetic instability and the 

emergence of cancer.  

Because HPV integration is frequently a pivotal step in the process of HPV 

carcinogenesis, it is critical to determine the mechanisms by which HPV genes may 

facilitate this event. Ongoing experiments in our lab are focused on developing 

techniques that can be used to quantify HPV integration; these techniques will be used to 

answer this question. To begin identifying the mechanisms involved in these E6*-

mediated changes in oxidative stress, we identified some of the pathways involved in 

ROS regulation that may be influenced by HPV 16 E6 in CaSki and SiHa cells. However, 

to determine the individual effect of each of these isoforms on the previously identified 

pathways we plan to use the same NOK model system described in a chapter two, then 

perform experiments similar to those outlined in chapter three. Through the use of this 

model, we can then investigate the pathways involved in ROS metabolism that are 

influenced separately by the HPV 16 E6 and E6* isoforms.  
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