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ABSTRACT 

 

Arsenite exposure leads to the retention of UV-induced DNA damage, thus 

burdening translesion synthesis (TLS). Rad18 is an essential factor in initiating 

TLS through PCNA monoubiquitination and is implicated in homologous 

recombination. It contains two functionally and structurally distinct zinc fingers 

that are potential targets for arsenite binding. Results from this study reveal 

arsenite binding to both zinc fingers of Rad18 and a corresponding loss of 

domain function. Importantly, arsenite inhibited Rad18 RING-dependent PCNA 

monoubiquitination and polymerase eta recruitment to DNA damage. Further 

analysis demonstrated multiple effects of arsenite, including the reduction in the 

nuclear localization and UV-induced chromatin recruitment of Rad18. Arsenite 

and Rad18 knockdown in UV exposed keratinocytes significantly increased 

markers of replication stress and DNA strand breaks to a similar degree, 

suggesting arsenite mediates its effects through Rad18. Altogether, this 

dissertation supports a mechanism by which arsenite inhibits TLS through the 

altered activity and regulation of Rad18.   
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CHAPTER 1 

INTRODUCTION 

This chapter contains a slightly modified version of “Arsenic co-carcinogenesis: 

inhibition of DNA repair and interaction with zinc finger proteins” by Zhou X, 

Speer RM, Volk LB (co-first author), Hudson LG, Liu KJ published in Seminars in 

Cancer Biology (doi: 10.1016/j.semcancer.2021.05.009), “Arsenic and cancer: 

evidence and mechanisms” by Speer RM, Zhou X, Volk LB, Liu KJ, Hudson LG 

accepted to Advances in Pharmacology, and “The impact of arsenic on Rad18 

and translesion synthesis” by Volk LB, Cooper KL, Jiang T, Paffett ML, and 

Hudson LG in revision for Toxicology and Applied Pharmacology. 

 

1.1 Introduction to the carcinogenicity of arsenic 

Arsenic is ubiquitous in the environment and exposures occur through water, 

soil, dust, and food. Arsenic is a class I human carcinogen and independently a 

weak mutagen at environmentally relevant concentrations. Arsenic is the first 

substance listed on the 2019 Substance Priority List of U.S. Agency for Toxic 

Substances and Disease Registry [https://www.atsdr.cdc.gov/spl/index.html]. The 

Environmental Protection Agency (EPA) and World Health Organization (WHO) 

set a maximum contaminant level (MCL) for arsenic at 10 ppb, which was based 

on data for arsenic as a single agent exposure and did not consider coexposures 

(2000). Additionally, recent studies suggest arsenic may affect human health at 

levels lower than this limit (Ahmad and Bhattacharya, 2019; Saint-Jacques et al., 

2018). There is strong experimental and epidemiological evidence that arsenic in 
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combination with other environmental insults, such as ultraviolet radiation (UV), 

increases carcinogenesis at low concentrations. Thus, the affected population in 

the U.S. and around the world may be significantly larger than current estimates 

when considering that many rural populations rely on well water with arsenic 

levels above the EPA and WHO standard and are at a greater risk for arsenic-

associated diseases. 

Arsenic is known to generate multiple types of DNA damage including 

oxidative DNA damage and strand breaks. At lower concentrations, studies show 

that arsenic functions as a cocarcinogen enhancing the genotoxicity of other 

DNA damaging agents (Hartwig et al., 2020; Salnikow and Zhitkovich, 2008). 

Mechanisms associated with reactive oxygen species (ROS) generation and 

DNA repair inhibition play important roles in arsenic cocarcinogenicity (Tam et 

al., 2020). Certain zinc finger DNA repair proteins, such as poly(ADP-

ribose)polymerase-1 (PARP-1), are sensitive arsenic targets at low and non-

cytotoxic concentrations, which indicates the interaction of arsenic with these 

protein targets may play an important role in its cocarcinogenesis mechanism. 

Arsenic exists in various forms, and metabolic processes generate multiple 

organic and inorganic arsenic forms at trivalent and pentavalent states. However, 

trivalent inorganic arsenic (As(III), arsenite) is most relevant to environmental 

exposure from drinking water, soil, and food. This chapter will focus on the 

molecular mechanisms that contribute to arsenic carcinogenesis and 

cocarcinogenesis (highlighting trivalent arsenite) with a particular emphasis on 

arsenic-mediated DNA damage and repair inhibition. Current research 
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demonstrating zinc finger proteins as key molecular targets of arsenic will be 

described. The impact of DNA repair inhibition by arsenic on replication stress 

has not been thoroughly investigated and is the focus of the dissertation research 

described later in this chapter. 

 

1.2 Arsenic exposure and uptake 

The majority of human population studies focus on chronic arsenic ingestion 

through drinking water as the predominant exposure route (Andrew et al., 2003; 

ATSDR, 2016, 2007; Banerjee et al., 2007; Podgorski and Berg, 2020; World 

Health Organization, 2018). Many parts of the world have high levels of arsenic 

in groundwater and aquifers with populations that use these water sources for 

household needs. One arsenic prediction model based on household 

groundwater-usage statistics estimates that between 94 and 220 million people 

may be exposed to high arsenic concentrations (Podgorski and Berg, 2020). 

Indeed, many seminal health studies have focused on populations in areas of the 

world with high levels of arsenic in water sources including, but not limited to, 

Bangladesh, India, Taiwan and Chile (ATSDR, 2016, 2007; Banerjee et al., 2017; 

Farzan et al., 2021; Moore et al., 2002). Some studies have established the 

relationship between arsenic levels in water and arsenic in biological specimens 

such as urine, hair, and nails (Mahata et al., 2003; Mäki-Paakkanen et al., 1998; 

Ruíz-Vera et al., 2019).  

More recently, greater attention has been paid to food as a source of arsenic 

exposure (Arslan et al., 2017; Gundert-Remy et al., 2015; Oberoi et al., 2014; 
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Wong et al., 2022). Food crops may contain elevated arsenic levels through 

irrigation with arsenic-containing water, cultivation in arsenic contaminated fields, 

or use of agricultural products containing arsenic (Gundert-Remy et al., 2015; 

Wong et al., 2022). Rice has become a notable concern due to arsenic’s uptake 

and accumulation in this plant compared to other common grains such as wheat 

(Karagas et al., 2019). There is evidence of greater urinary arsenic in individuals 

reporting higher rice consumption compared to those with low rice consumption 

even in areas of low arsenic drinking water exposure (Gossai et al., 2017).  

Arsenic exposure is mainly in the form of trivalent inorganic arsenic through 

gastrointestinal absorption. Trivalent arsenic uptake into eukaryotes is mediated 

mainly by proteins in the aquaporin superfamily (AQPs) (Agre et al., 2002). 

Mammalian AQPs were first identified to transport trivalent arsenic in rat and 

mice as AQP9 and AQP7, respectively (Liu et al., 2002). Meanwhile, trivalent 

arsenic has also been shown to be taken up by glucose transporters such as 

GLUT1 (Liu et al., 2006) and hexose permeases (Liu et al., 2004). Both 

aquaglyceroporins and glucose permeases are bidirectional routes of trivalent 

arsenic into and out of cells. 

Organic arsenic forms contribute to arsenic toxicity mainly through metabolic 

pathways. The metabolism of arsenic after absorption consists of two major 

types of reactions; oxidative methylation and reduction (Hughes et al., 2011; Li et 

al., 2017) (Figure 1.1). First, arsenite is oxidatively methylated into 

monomethylarsonic acid (MMA(V)). MMA(V) is thus reduced into 

monomethylarsonous acid (MMA(III)). Second, MMA(III) is oxidatively methylated 
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into dimethylarsonic acid (DMA(V)), then reduced into dimethylarsonous acid 

(DMA(III)). The metabolism of arsenic plays a critical role in toxicity and 

carcinogenesis. The exact mechanisms of action of different arsenic forms are 

still unclear, but various hypotheses have been proposed. 

 

 
Figure 1.1: The metabolism of arsenic. The uptake of trivalent arsenic into eukaryotes is 
mediated through several transporters such as AQPs. Trivalent arsenic is metabolized by 
successive oxidative methylation and reduction reactions. First, iAs(III) is oxidatively methylated 
into MMA(V) by S-adenosyl methionine (SAM), then reduced into MMA(III) by glutathione (GSH). 
Second, MMA(III) is oxidatively methylated into DMA(V), then reduced into DMA(III).  
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Under drinking water exposure, an animal study of organ distribution of 

arsenicals suggested that kidney, lung, and liver contain the highest levels of 

arsenic (H. Li et al., 2013). Arsenic is also found in other organs including skin 

(Hughes et al., 2003; Palma-Lara et al., 2020). In lung, the major form is DMA(III) 

at almost all time points (Kenyon et al., 2005). At early stages of exposure, liver 

and kidney contain all forms of arsenicals, such as MMA(III), MMA(V), DMA(III), 

DMA(V), and inorganic arsenic. At later stages, both liver and kidney show an 

increase in the percentage of DMA(III) in arsenicals (Kenyon et al., 2005). In 

contrast, blood and brain contains the lowest level of all arsenic forms compared 

to other organs across all time points. Inorganic and organic arsenicals were also 

reported to be strongly accumulated in reproductive organs (Pant et al., 2004).  

The carcinogenicity of various arsenic forms and oxidative states largely 

depend on the tissue/cell type. Intriguingly, in bladder or human urothelial cells, 

DMA(III) and MMA(III) are the most hazardous arsenicals when considering 

cytotoxicity and genotoxicity (Bailey et al., 2012; Wang et al., 2007). However, in 

lung and skin cells, trivalent arsenicals show higher potency for DNA damage 

(Bolt and Hengstler, 2018; Sattar et al., 2016). This may be because of a 

difference in metabolism or cellular arsenic uptake. 

 

1.3 Arsenic carcinogenesis 

The relationships between arsenic exposure and cancer are clear. Cancer is 

one of the health effects of concern; arsenic is classified as a Class I human 

carcinogen by the International Agency for Research on Cancer (IARC) with 
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strong experimental and human population evidence to support arsenic 

carcinogenicity (IARC, 2004; Moore et al., 2002; Srinivas et al., 2019; Tam et al., 

2020). The strongest evidence for organ-specific arsenic carcinogenicity is in 

skin, lung, bladder, and kidney with evidence for arsenic contributions to other 

cancers (ATSDR, 2016, 2007; Palma-Lara et al., 2020; World Health 

Organization, 2018) (Figure 1.2). 

 

  
Figure 1.2: Cancers associated with arsenic exposure. Epidemiology studies support the 
association of arsenic exposure through drinking water with increased risk of developing skin, 
lung, bladder, kidney, and liver cancers.   
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Skin Cancer 

Various non-cancerous skin lesions are associated with long term exposure 

to inorganic arsenic including changes in pigmentation, plantar-palmar 

hyperkeratinization and hyperkeratotic warts and corns (ATSDR, 2007; Hunt et 

al., 2014). These skin changes are most common in areas with high arsenic 

levels in drinking water and are viewed as sensitive indicators of chronic arsenic 

exposure (ATSDR, 2007; Cheng et al., 2016; Hunt et al., 2014). Skin lesions and 

cancer appear to be more prevalent at exposures to drinking water levels in 

excess of 50 µg/L and evidence linking arsenic to skin cancer is less conclusive 

at lower arsenic levels (Boffetta et al., 2020; Karagas et al., 2015; Lamm et al., 

2021). Recent findings suggest that ingestion of arsenic containing foods in the 

diet such as rice may also contribute to skin cancer risk (Gossai et al., 2017; 

Karagas et al., 2019). 

The most common tumors associated with arsenic exposure are keratinocytic 

tumors including squamous cell carcinomas, which may develop from 

hyperkeratotic warts or corns, and basal cell carcinomas (ATSDR, 2007; Karagas 

et al., 2015; Palma-Lara et al., 2020). There is less consistent evidence for 

arsenic-associated melanoma although it has been reported in Bangladesh 

(Choudhury et al., 2018), but not in the United States (Bedaiwi et al., 2022; 

Langston et al., 2022; Yager et al., 2016) or there are too few studies to draw 

firm conclusions (Matthews et al., 2019). 
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Lung Cancer 

Epidemiological evidence indicates increased incidence of lung cancer in 

workers exposed to arsenic in the copper mining and smelting industry and 

ingestion through contaminated water (ATSDR, 2007; Palma-Lara et al., 2020; 

Smith et al., 2012; Steinmaus et al., 2014). Studies conducted in Chilean cohorts 

born during periods of low versus high arsenic exposure from water reveal 

increased incidence of several cancers, including lung cancer, associated with 

the high exposure period (ATSDR, 2016, 2007; Smith et al., 2006). Similarly, 

mitigation efforts to decrease arsenic ingestion from contaminated water in 

Taiwan led to reduction in lung cancer rates (Su et al., 2011). No associations 

were identified for lung cancer and arsenic in soil in Taiwan despite reported 

associations between lung cancer and other metals in the same soils (Huang et 

al., 2013). These findings and others support the conclusion that lung cancer is 

increased upon chronic exposure to arsenic in drinking water (ATSDR, 2007; 

Chen et al., 2010; Heck et al., 2009; Kuo et al., 2017; Su et al., 2011). There is 

evidence for dose dependence (Chen et al., 2010); however, the associations 

are less strong at low arsenic exposures (Shao et al., 2021; Tsuji et al., 2019).  

The most common type of lung cancer associated with arsenic exposure is 

squamous cell carcinoma (Heck et al., 2009; Kuo et al., 2017; Taeger et al., 

2009). The correlation between arsenic and squamous cell carcinoma was more 

pronounced at higher exposure levels; adenocarcinoma and small cell carcinoma 

of the lung were not associated with arsenic level in the drinking water in a 

Taiwan population (Kuo et al., 2017) although other investigators reported 
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increased adenocarcinoma and small cell carcinomas of the lung with arsenic 

exposure (Chen et al., 2010; Guo et al., 2004). A study of former German 

uranium miners exposed to arsenic found that the arsenic-related type of lung 

cancer differed in miners based on evidence of silicosis. Arsenic was associated 

with increased squamous cell carcinoma in miners without silicosis. In contrast 

non-small cell lung cancer was related to arsenic exposure in miners with 

silicosis (Taeger et al., 2009) suggesting that other underlying factors may 

influence the specific lung cancer arising because of arsenic exposure. 

 

Bladder Cancer 

Population studies identify a clear relationship between elevated arsenic 

levels in drinking water and bladder cancer (ATSDR, 2007; IARC, 2004; 

Krajewski et al., 2021; Smith et al., 2012). A recent study found evidence for 

oxidative DNA damage in residents exposed to arsenic from artesian well-water 

in Taiwan and concluded that arsenic exposure and DNA damage predicted the 

risk of bladder cancer (Tsai et al., 2021). In the US, arsenic concentrations in 

drinking water were positively associated with bladder cancer in both men and 

women (Baris et al., 2016; Mendez et al., 2017) and a spatial cluster analysis of 

bladder cancer mortality identified significant hot spots. Further studies 

concluded that there was a significant association between bladder cancer 

mortality and arsenic intake from well water (Amin et al., 2019; Baris et al., 2016). 

Notably, well water is not subject to federal regulation and can exceed the EPA 

recommended MCL. As with other arsenic-associated cancers, there is not 
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uniform agreement on risks linked to lower exposures (Kayajanian, 2003) 

although a meta-analysis suggested that exposure to 10 μg/L of arsenic in 

drinking water may double the risk of bladder cancers (Saint-Jacques et al., 

2014). Arsenic ingestion through food is also considered a potentially important 

source of exposure that may contribute to bladder and other cancers (Gundert-

Remy et al., 2015; Karagas et al., 2019; Oberoi et al., 2014). 

There are several studies that indicate arsenic exposure may influence 

bladder cancer progression and clinical outcomes. Comparisons of 

clinicopathological characteristics in bladder cancer patients from an arsenic 

contaminated region versus two reference areas found significantly greater 

proportions of locally advanced and high-grade tumors in the arsenic-exposed 

patients (Fernández et al., 2020). Patients from areas of high arsenic exposure in 

Taiwan versus low arsenic exposure found worse prognosis in the patients from 

areas of high arsenic and this was most pronounced in the disease-free survival 

of early-stage disease (Chang et al., 2021). Similar findings were reported for 

patients in West Bengal, India where measured arsenic accumulation in bladder 

tumor tissue was associated with advanced tumors, poor prognosis, and disease 

recurrence after treatment (Ghosh et al., 2021). These observations may be 

related to distinct mechanisms of arsenic carcinogenesis (Palma-Lara et al., 

2020; Zhou et al., 2021). 
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Additional Cancers and Cancer Risk Due to Prenatal and Early Life 

Exposure 

Although the evidence for arsenic-associated cancers is strongest for skin, 

lung, and bladder tumors, there are other cancers that are linked to arsenic 

exposure. There is significant evidence for arsenic induced kidney cancer (Chen 

and Costa, 2021; Ferreccio et al., 2013a; Krajewski et al., 2021; Naujokas et al., 

2013; Palma-Lara et al., 2020; Saint-Jacques et al., 2014; Smith et al., 2012) and 

liver cancer (ATSDR, 2016, 2007; Chen and Costa, 2021; Naujokas et al., 2013; 

Palma-Lara et al., 2020). There is more limited evidence for increased 

gastrointestinal tract (ATSDR, 2016, 2007; Krajewski et al., 2021), laryngeal 

(Smith et al., 2012), prostate (Lamm et al., 2021), and breast cancer (Moslehi et 

al., 2021) risk with elevated arsenic exposure (Abuawad et al., 2021). In the case 

of breast cancer, it appears that genetic factors may play an important modifying 

role in arsenic-associated risk (Moslehi et al., 2021). 

Gestational and early life exposure to arsenic is associated with a variety of 

long-term health effects including increased risk of cancer in humans (Martinez 

and Lam, 2021; Smeester and Fry, 2018). This observation is supported by 

research demonstrating increased cancer in mice following pre- and perinatal 

arsenic exposures (Boekelheide et al., 2012; Nohara et al., 2017). Studies 

conducted in Northern Chile provide strong evidence for the cancer 

consequences of prenatal and early life arsenic exposures. In 1958, the levels of 

arsenic in drinking water increased nearly 10-fold to 870 ppb and remediation 

efforts in the 1970s reduced arsenic in drinking water to near pre-1958 levels. 
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This led to human cohorts with different levels and timing of arsenic exposure 

(Smith et al., 2012). Increased mortality rates were observed for bladder, 

laryngeal, lung, kidney, liver, and other cancers (Ferreccio et al., 2013b; Smith et 

al., 2012; Steinmaus et al., 2014). Long latency patterns of 25 years or more 

after early life exposure have been reported for liver, kidney, and bladder 

cancers, often accompanied by evidence for higher incidence and cancer 

mortality in children and young adults (Liaw et al., 2008; Marshall et al., 2007; 

Yuan et al., 2010). These findings point to arsenic cancer risks that can persist 

decades after exposure in early life stages. Given evidence from experimental 

animal models that prenatal arsenic exposure elevates cancer development 

(Martinez and Lam, 2021; Waalkes et al., 2007), arsenic exposures across the 

entire lifespan are a concern. 

 

Modifying Factors of Arsenic Carcinogenesis  

Arsenic is one of a limited number of metals or metalloids that is metabolized 

to methylated forms (Roy et al., 2020). Biotransformation of inorganic arsenic to 

mono and dimethyl forms (MMA and DMA, respectively) occurs through the 

enzyme arsenic methyltransferase and arsenic is excreted as a mixture of 

inorganic and methylated forms (Figure 1.1) (Roy et al., 2020). Population 

studies suggest that the different forms of arsenic are not equivalent in 

carcinogenic potential. Studies of the proportion of inorganic and methylated 

arsenic species found that individuals with high percent urinary inorganic arsenic 

or low DMA present were more likely to develop bladder cancer (Chung et al., 
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2013) and a meta-analysis found that bladder and lung cancer were increased 

significantly with increasing MMA percent in the urine (Melak et al., 2014). 

Positive associations between percent urinary MMA and cancers of the breast 

and skin in addition to lung and bladder also have been reported (Abuawad et al., 

2021; Gamboa-Loira et al., 2017; Huang et al., 2018). There is increasing 

evidence that polymorphisms and expression levels of arsenic methyltransferase  

may lead to differences in arsenic metabolism (Delgado et al., 2021) and are 

important factors in arsenic-related cancer risk and outcomes (de la Rosa et al., 

2017; Huang et al., 2018; Lin et al., 2018; Song et al., 2020).   

Coexposures of arsenic and DNA damaging agents can amplify 

carcinogenesis with the greatest evidence in human populations for skin, lung, 

and bladder cancers. The risk of arsenic-associated skin lesions that can be 

precursors to cancer was greater with sun exposure (Chen et al., 2006). 

Furthermore, arsenic exposure and smoking increase risk of lung and bladder 

cancers with evidence for a significant arsenic dose effect (Chen et al., 2010, 

2004; Ferreccio et al., 2013b; Karagas et al., 2004; Koutros et al., 2018; Tsuda et 

al., 1995). These population-based findings are consistent with experimental 

findings of arsenic cocarcinogenesis (Zhou et al., 2021). Cumulatively, the 

evidence derived from studies of human populations exposed to arsenic indicate 

that arsenic is a human carcinogen both as a single agent and the carcinogenic 

effects can be modified by multiple factors including genetic polymorphisms and 

toxic coexposures.  
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1.4 Arsenic-induced oxidative stress 

Arsenic exposure induces oxidative stress and ROS, which are commonly 

associated with carcinogenic mechanisms. ROS induce DNA damage and alter 

DNA repair (Hayes et al., 2020; Hou et al., 2018; Tehrani et al., 2019), which are 

main concerns for arsenic exposure and carcinogenesis. Such effects on cellular 

processes take place in both direct and indirect mechanisms. This section will 

discuss how arsenic exposure induces oxidative stress, and how arsenic leads to 

DNA damage and alters DNA repair. 

 

Mechanisms of oxidative stress induced by arsenic 

Oxidative stress is caused by either the induction of ROS or impairment of 

the antioxidant response system. Arsenic exposure induces oxidative stress 

through both mechanisms. There are several mechanisms underlying arsenic-

induced ROS generation, and their contributions can depend on arsenic 

concentration and cell type. Studies show arsenic ROS generation occurs in the 

mitochondria through inhibition of succinic dehydrogenase activity (Corsini et al., 

1999). Additionally, at environmentally relevant levels of arsenic, oxidative 

damage can occur through arsenic-induced activation of NADPH oxidase (NOX) 

and nitric oxide synthase (NOS) (Figure 1.3; Appendix A) (Barchowsky et al., 

1999; Cooper et al., 2022, 2009; Smith et al., 2001). ROS generation also occurs 

directly through the process of arsenic metabolism within the cell (Ahmad et al., 

2000; Kato et al., 1994). Arsenic directly induces the generation of oxygen 

derived radicals including superoxide anions and hydrogen peroxide (Tam et al., 
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2020). Specifically, the arsenic metabolite, dimethylarsine, is shown to interact 

with molecular oxygen to produce a superoxide anion (Yamanaka et al., 1990). 

Arsenic increases the formation of peroxyl radicals, singlet oxygen, and hydroxyl 

radicals among others via Fenton type reactions (Jomova et al., 2011; Shi et al., 

2004b). While treatment with dimethyl sulfoxide (DMSO) was shown to inhibit the 

effects of arsenic-induced ROS by reducing oxygen radicals (Hei et al., 1998), 

other types of oxidative stress were not attenuated by this type of treatment. 

These results indicate arsenic oxidative stress occurs through several different 

mechanisms. 

Antioxidant imbalance through altered mitochondrial function and inhibition of 

ROS scavengers may also serve as main sources of arsenic oxidative stress 

(Figure 1.3). In the cell glutathione serves as an electron donor during arsenic 

metabolism thereby depleting glutathione leading to antioxidant imbalances 

(Drobna et al., 2009; Hayakawa et al., 2005; Hughes, 2002). Arsenic-induced 

antioxidant imbalances have been demonstrated in other studies, which show 

alterations to superoxide dismutase, catalase, glutathione peroxidase, and 

glutathione S-transferase (Ćavar et al., 2010; Flora, 1999; Samuel et al., 2005). 

In addition to directly affecting antioxidant enzyme function, arsenic may alter 

synthesis of antioxidants including glutathione (Thompson et al., 2009) and 

superoxide dismutase 1 (Yin et al., 2019). These mechanisms of altered 

antioxidant response with the concurrent increase in ROS generation likely play 

important roles in carcinogenic mechanisms of arsenic exposure related to 

oxidative stress.  
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Figure 1.3: Mechanism of arsenic-induced ROS and oxidative damage to macromolecules. 
Arsenic exposure stimulates the production of ROS/RNS through mechanisms such as the 
dysregulation of the electron transport chain and stimulation of enzymes such as NOX and NOS. 
The depletion of glutathione (GSH) through the metabolism of arsenic further promotes redox 
imbalance. Consequently, macromolecules such as DNA, protein, and lipids are damaged by 
arsenic-induced ROS/RNS.  
 

Molecular targets of oxidative damage 

Consequences of oxidative stress include damage to major macromolecules 

in the cell including lipids, proteins, and DNA (Figure 1.3). Arsenic exposure has 

been associated with lipid peroxidation in conjunction with ROS generation and 

DNA damage (Biswas et al., 2010). Arsenic-induced lipid peroxidation was also 

associated with decreased glutathione and glutathione peroxidase activity likely 
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further contributing to oxidative stress in cells (Manna et al., 2008). Recent 

studies show several molecules are capable of reducing arsenic-induced lipid 

peroxidation including chlorogenic acid and allicin by attenuating ROS and 

upregulating antioxidant response. Arsenic-induced oxidative damage to lipids 

may exacerbate oxidative stress in the cell and lead to further perturbations of 

other components such as DNA. For example, when lipids are oxidized in the cell 

additional bioactive ROS molecules are generated (Jomova et al., 2011). These 

bioactive molecules can then perpetuate further lipid damage and target DNA or 

protein. 

DNA is considered a major target of oxidative damage and arsenic-induced 

oxidative DNA damage has been well studied (Bach et al., 2016; Li et al., 2001; 

Wei et al., 2019). As a result of increased oxidative stress, arsenic can induce 

several types of DNA lesions, including strand breaks. One mechanism of 

arsenic-induced oxidative DNA damage is through NOX activation leading to 

increased superoxide production (Lynn Shugene et al., 2000). Additionally, 

arsenic exposure can produce hydroxy radicals that react with DNA nucleobases 

producing DNA lesions including 8-Hydroxy-2’-deoxyguanosine (8-OHdG), 5-

hydroxycytosine, and 5-hydroxyuracil (Huang et al., 2004). While arsenic can 

induce DNA damage through direct oxidative stress, oxidative damage or 

alterations to DNA repair proteins can lead to altered DNA repair and therefore 

additional or unrepaired DNA damage.  

Oxidative stress is also associated with protein modifications after arsenic 

exposure. Direct damage to proteins by arsenic-induced oxidative damage has 
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been demonstrated by an increase in carbonyl residues, which are used as a 

biomarker for arsenic oxidative protein damage and a decrease in protein thiols 

(Biswas et al., 2008; Mahata et al., 2007; Samuel et al., 2005). A recent study 

also demonstrated a significant association of oxidized low-density lipoprotein 

with arsenic intake from drinking water in a cohort from the Navajo Nation 

(Harmon et al., 2018). Several studies have investigated how arsenic-induced 

oxidative stress alters post-translational modifications of proteins (Howe and 

Gamble, 2016). Specifically, studies show certain posttranslational modifications 

to proteins are sensitive to redox states (Duan et al., 2017; Petushkova and 

Zamyatnin, 2020), which may be altered by arsenic-induced oxidative stress. Tu 

et al., 2018 (Tu et al., 2018) found arsenic significantly alters histone 

modifications associated with the transformation of bronchial epithelial cells, and 

this finding is supported by other studies (Bhattacharjee et al., 2018a; Chervona 

et al., 2012; Pournara et al., 2016). Arsenic has been found to alter 

phosphorylation status of proteins leading to changes in signaling pathways and 

protein function (Alp et al., 2010; Hayakawa et al., 2005; Sheldon, 2017; Shen et 

al., 2017). Other studies have examined changes in posttranslational 

modifications of cysteines on proteins by arsenic associated with altered DNA 

repair protein function (Ding et al., 2009; Wang et al., 2013). Arsenic oxidative 

stress leads to modification of cysteine residues, especially those containing zinc 

finger proteins, which are likely targets of arsenic-induced ROS (Nandi et al., 

2005; Zhou et al., 2019, 2015). Arsenic is also thought to affect protein tyrosine 
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phosphorylation due to its effects on redox-sensitive cysteines (Natarajan V et 

al., 1998; Souza et al., 2001; Wetzler et al., 2006).  

 

Signaling pathways in oxidative stress 

Arsenic-induced oxidative stress affects signaling pathways for cell cycle, 

apoptosis, and gene transcription related to DNA damage and repair. All these 

pathways have the potential to promote carcinogenic mechanisms and studies 

show arsenic-induced ROS affect signaling in many of these pathways 

specifically related to DNA damage (Ganapathy et al., 2019; Medda et al., 2021). 

For example, although arsenic induces DNA damage, studies show arsenic 

allows cell cycle checkpoint bypass resulting in unregulated cell proliferation and 

perpetuation of DNA damage (Beezhold et al., 2017; Hassani et al., 2018; Vogt 

and Rossman, 2001). In addition to altering cell cycle control, arsenic has also 

been shown to promote proliferation and survival through extracellular signal-

regulated kinase, epidermal growth factor receptor (EGFR) and mitogen-

activated protein kinase pathways while simultaneously inhibiting cell death 

pathways, including apoptosis, although the cells are under increased oxidative 

stress (Dreval et al., 2018; Germolec et al., 1996; Gu et al., 2017). EGFR may 

also be activated without EGF binding due to transient inactivation of protein 

tyrosine phosphatases (PTPs). Because PTPs have preserved cysteine residues 

sensitive to ROS, and EGFR transactivation is negatively regulated by PTPs, 

arsenic-induced oxidative stress could inhibit PTPs, thus activating downstream 

tyrosine kinases (Kumagai and Sumi, 2007). Interestingly, a recent study 
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demonstrated melatonin was able to overcome arsenic-induced oxidative stress 

associated with upregulation of pro-inflammatory pathways as well as DNA 

damage (Abdollahzade et al., 2021). All these mechanisms promote survival of 

arsenic exposed cells despite DNA damage and increased oxidative stress 

potentially promoting tumorigenesis.  

In addition to affecting proteins in signaling pathways, arsenic may also affect 

transcription of genes in those pathways resulting in altered function. For 

example, arsenic activates the E2F family of transcription factors contributing to 

altered cell cycle regulation and uncontrolled cell proliferation (Kao et al., 2017). 

Similarly, arsenic affects expression of proteins involved in apoptosis, for 

example, increasing Bax (pro-apoptotic) and decreasing Bcl2 (antiapoptotic), and 

these effects occurred despite persistently increased DNA damage (Singh et al., 

2011). The combination of transcriptional effects with direct alteration of proteins 

in these pathways contributes to arsenic carcinogenic mechanisms and tumor 

progression.  

 

1.5 DNA Damage Induced by Arsenic Exposure  

The effects of arsenic on DNA damage and repair underly the carcinogenic 

and cocarcinogenic mechanisms of arsenic. Unrepaired or incorrectly repaired 

DNA damage leads to various types of mutations across the genome, which 

increases the risk of developing cancer. Arsenic exposure can not only cause 

DNA damage, but also inhibit DNA repair. When coexposed with other DNA 

damaging agents, DNA repair inhibition by arsenic leads to the retention of DNA 
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damage and enhanced mutagenesis (Hartwig et al., 2020). Arsenic-induced DNA 

damage is predominantly mediated through oxidative dependent mechanisms, 

but other mechanisms also play roles which will be discussed in this section. 

 

Arsenic induces DNA damage and alters DNA methylation 

Chromosome instability 

Common features of genome instability associated with cancer development 

include changes to chromosome structure or copy number (Bhatia and Kumar, 

2013; Thompson and Compton, 2011; Ye et al., 2020). Several in vitro, in vivo, 

and ex vivo studies have identified chromosome aberrations, copy number 

alterations, and micronuclei in association with arsenic exposure (Bustaffa et al., 

2014; Dong et al., 2019; Faita et al., 2013). A study on primary human 

lymphocytes discovered sub-micromolar arsenite treatment resulted in a 

concentration-dependent increase in abnormal metaphase cells. The most 

prevalent chromosomal aberrations found in the arsenite exposed lymphocytes 

were chromatid breaks and aneuploidy (Chakraborty and De, 2009). Aneuploidy 

is a common characteristic of cancer cells arising from aberrant cell division. A 

study assessing lung squamous cell carcinoma tumors found an association 

between arsenic exposure and DNA copy number alterations. Arsenic induced 

DNA losses in several chromosomes and a gain at chromosome 19q13.33, 

which is known to contain oncogenes (Martinez et al., 2010). Colognato et al. 

found arsenic-induced aneuploidy led to the development of micronuclei in 

arsenic exposed human peripheral lymphocytes (Colognato et al., 2007). 
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Micronuclei are associated with DNA damage and cancer and have been found 

to promote tumorigenesis (Bhatia and Kumar, 2013; Kwon et al., 2020). An 

epidemiology study of a population in Southern Assam, India, linked arsenic 

exposure through drinking water with enhanced cytogenetic damage. More 

specifically, cytome assay analysis of buccal epithelial cells revealed arsenic 

exposure increased the percentage of micronuclei, nuclear buds, binucleated, 

and pyknotic cells correlating with greater levels of DNA damage in lymphocytes 

measured via comet assay (Roy et al., 2016).  These findings indicate that 

arsenic can induce genome instability leading to the development of a variety of 

changes to chromosome structure and copy number, all of which can promote 

tumorigenesis.  

 

Oxidative DNA damage 

There is a vast amount of literature demonstrating the capability of arsenic to 

generate ROS leading to oxidative stress and DNA damage. As discussed in 

Section 1.4, oxidative damage via arsenic can occur through various 

mechanisms including mitochondrial dysfunction, antioxidant imbalance, and the 

activation of NOX and NOS (Cooper et al., 2009; Ding et al., 2005a; Hu et al., 

2020). Arsenic-induced ROS and reactive nitrogen species (RNS) attack DNA 

bases producing lesions such as 8-OHdG and 8-nitroguanine, respectively. 

Indeed, 8-OHdG has widely been used to measure oxidative DNA damage after 

arsenic exposure (Chayapong et al., 2017; Cooper et al., 2014; Ding et al., 

2005a; Dutta et al., 2015; Mar Wai et al., 2019; Navasumrit et al., 2019). A study 
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on human in utero arsenic exposure showed a significant increase in both 8-

OHdG and 8-nitroguanine DNA lesions in arsenic exposed newborns. The study 

also revealed a significant increase in DNA strand breaks associated with in 

utero arsenic exposure which could arise from unrepaired damage (Navasumrit 

et al., 2019).  

Arsenic-induced oxidative damage to DNA can be enhanced with coexposure 

to a DNA damaging agent. For example, 10 µM arsenite treatment of HaCaT 

cells is required for a significant increase in 8-OHdG lesions, whereas the 

addition of UV leads to enhanced oxidative damage with only 2 µM arsenite 

(Ding et al., 2005a; Sun et al., 2014). Additionally, a recent epidemiology study 

found that ROS induced by chronic low levels of arsenic in drinking water 

correlated with DNA damage (by comet assay) in airway cells and 8-OHdG DNA 

damage in plasma (Dutta et al., 2015). Further evidence of ROS-induced DNA 

damage after arsenic exposure is illustrated by a reduction in DNA damage with 

the addition of free radical scavenging enzymes such as SOD and catalase and 

treatments upregulating antioxidant responses (Cooper et al., 2013; Ince et al., 

2019; Kessel et al., 2002; Zhou et al., 2019). These findings exemplify arsenic as 

a cocarcinogen.  

 

DNA Methylation 

DNA methylation influences gene expression and is mediated through DNA 

methyltransferases (DNMTs) that catalyze the addition of a methyl group to 

cytosine. CpG island methylation within promoter regions is generally associated 
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with decreased gene transcription. DNA methylation patterns are often altered in 

cancer cells supporting gene-specific promoter hypermethylation and global 

genome hypomethylation. These alterations can lead to the downregulation of 

tumor suppressor genes, such as p53 and p16, and the activation of 

transposable elements and proto-oncogenes promoting carcinogenesis (Brocato 

and Costa, 2013; Martin and Fry, 2018). P53 and p16 are DNA damage 

response factors capable of initiating cell cycle arrest in the presence of DNA 

damage. These mechanisms are essential for preventing the propagation of 

genetically damaged cells that could lead to the development of cancer. Blood 

samples from individuals chronically exposed to arsenic in West Bengal, India, 

revealed a dose-dependent increase in hypermethylation of tumor suppressor 

genes p53 and p16. However, a small subgroup of individuals exposed to high 

levels of arsenic displayed hypomethylation of p53, which is a common duality of 

arsenic on DNA methylation (Chanda et al., 2006; Reichard and Puga, 2010).  

Various studies have demonstrated arsenic induced global genome 

hypomethylation, which may occur as a result of arsenic metabolism. The 

biotransformation of arsenic can deplete S-Adenosyl methionine levels which is 

also required for DNA methylation via DNMTs. This can lead to genomic 

hypomethylation, especially in the context of nutritional deficiencies that limit the 

synthesis and reutilization of S-Adenosyl methionine (Bustaffa et al., 2014; Martin 

and Fry, 2018; Reichard and Puga, 2010; Saxena et al., 2018). In addition, 

several studies demonstrate the ability of arsenite to reduce both transcript and 

protein levels of DNMT1, DNMT3A, and DNMT3B in HaCaT and lung epithelial 



26 
 

cells, potentially leading to global hypomethylation (Mauro et al., 2016; Rea et al., 

2017; Reichard et al., 2007). Gestational arsenic exposure increases global DNA 

hypomethylation in the sperm of C3H mice, particularly at the retrotransposon 

LINEs and LTRs. This arsenic mediated effect can lead to an increase in 

retrotransposon activity which is known to induce various types of cancer (Cajuso 

et al., 2019; Nohara et al., 2020). Several epidemiology studies have also shown 

hypomethylation of transposable elements with arsenic exposure (Bustaffa et al., 

2014). As mentioned previously, hypomethylation of proto-oncogenes has been 

reported with arsenic exposure. Proto-oncogene c-Myc and c-Ha-ras 

hypomethylation and the resulting increase in expression was demonstrated in 

arsenic treated Syrian hamster embryo cells (Takahashi et al., 2002). C-Myc 

upregulation is heavily associated with cancer contributing to the development of 

over 40% of tumors (Miller et al., 2012). Activating mutations within H-ras are 

commonly found within tumors promoting cancer cell proliferation and survival 

(Fernández-Medarde and Santos, 2011). Altogether, alterations in DNA 

methylation patterns by arsenic can lead to gene expression changes that 

promote carcinogenesis.      

 

Mitochondrial DNA  

Mitochondrial DNA (mtDNA) encodes for products involved in cellular 

respiration and protein synthesis and is vulnerable to oxidative damage. 

Mitochondria have limited DNA repair capabilities compared to DNA in the 

nucleus and mtDNA lacks the protective features provided by histones and 
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nucleosome assembly. ROS generated through the electron transport chain is a 

common cause of oxidative damage to mtDNA and the development of somatic 

mutations. Mutations within mtDNA can further disrupt oxidative phosphorylation 

resulting in heightened ROS production, rate of DNA mutations, and risk for 

cancer induction (Tseng et al., 2006). Arsenic is known to disrupt the electron 

transport chain which can enhance the levels of mitochondrial ROS leading to 

direct mtDNA damage. A concentration-dependent increase in oxidative damage 

to mtDNA was observed in arsenic exposed human keratinocytes, which was 

partially rescued with antioxidant treatment. Additionally, elevated levels of 

mtDNA oxidative damage and mutations were found in lesional skin tissue of 

individuals with arsenic-induced Bowen’s disease compared to perilesional tissue 

(Lee et al., 2013). Another study showed arsenic trioxide (ATO) treatment of 

human acute promyelocytic leukemia cells resulted in an increase in mtDNA 

mutation spots corresponding with an increase in cellular apoptosis. The types of 

mutations that arose from ATO exposure included transitions, transversions, and 

codon insertions and deletions (Meng et al., 2010).  

In addition to mutations, alterations in mtDNA copy number are also linked to 

cancer development (Sun et al., 2018; Yu et al., 2007). The D-loop region of 

mtDNA regulates replication and transcription and D-loop hypomethylation can 

lead to an increase in mtDNA copy number (Gao et al., 2015). An epidemiology 

study on a population in West Bengal, India, demonstrated an increase in D-loop 

hypomethylation in blood samples of individuals exposed to arsenic through 

drinking water. These findings corresponded with an arsenic-induced increase in 
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mtDNA copy number (Sanyal et al., 2018). Alternatively, studies have also found 

an arsenic-induced increase in mtDNA deletions and decrease in mtDNA copy 

number, which can also support carcinogenesis (Partridge et al., 2007; Zhang et 

al., 2011). Altogether, these findings demonstrate the genotoxicity of arsenic not 

only affects nuclear DNA, but also alters the integrity of mtDNA, which is known 

to be associated with cancer development. 

 

Somatic Mutations 

Arsenic is known to induce mutations, which may be in part due to ROS 

generation (Hei et al., 1998). A study utilizing the mouse lymphoma TK assay 

revealed a significantly increase in mutation frequency with exposure to at least 

10 µM arsenic. This effect was observed with various arsenic species including 

arsenite, ATO, monomethylarsonic acid, and dimethylarsinic acid (Soriano et al., 

2007). Even at low concentrations, arsenite treatment of normal human neonatal 

epidermal keratinocytes (HEKn) showed a concentration-dependent increase in 

HPRT mutations from 0.1 to 1 µM arsenite, however the most significant 

differences were observed with coexposure to UV (Cooper et al., 2013). The role 

of arsenic-enhanced mutations in carcinogenic mechanisms is a promising 

trajectory for arsenic research. There is little information on specific site 

mutations induced by arsenic, and a majority of the literature on this topic is 

focused on the effect of arsenic in cases of pre-existing mutations (Chang et al., 

2009; Nohara et al., 2012). To date, studies have focused on site mutations in 

specific genes limiting the ability to determine the mechanisms leading to these 
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events. To better understand arsenic cocarcinogenesis, whole-genome or whole-

exome sequencing can be used to determine mutational processes by analyzing 

mutational signatures.  

 

Arsenic synergy with DNA damaging agents    

Ultraviolet radiation (UV)  

Arsenic exposure increases the risk of developing skin lesions and several 

types of skin cancer including squamous cell carcinoma in situ, invasive 

squamous cell carcinoma, and basal cell carcinoma (Kim et al., 2017; Naujokas 

et al., 2013). In the United States, nonmelanoma skin cancer is the most 

prevalent malignancy and is associated with increased cost, morbidity, and 

mortality. Over 3 million people in the United States were treated for 

nonmelanoma skin cancer in 2012, a substantial increase from 2006 (Rogers et 

al., 2015). Approximately 90% of nonmelanoma skin cancers are caused by 

exposure to UV (Kim and He, 2014). In 2004, Burns et al. discovered 

environmentally relevant levels of arsenic greatly enhanced the carcinogenicity of 

UV leading to increased cancer yield in mice (Burns et al., 2004). An 

epidemiology study by Chen et al. also revealed this association in humans 

(Chen et al., 2006). The link between consumption of arsenic contaminated 

drinking water and the development of skin cancer is apparent even at 

concentrations below the EPA MCL of 10 µg/L (Mayer and Goldman, 2016).  

UV exposure produces various types of DNA damage depending on 

wavelength. UVA can generate ROS leading to DNA single strand breaks and 
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oxidized DNA bases, whereas UVB predominantly contributes to the generation 

of cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone 

photoproducts (6-4 PPs) (Cadet and Douki, 2018). Various repair pathways are 

activated to remove damage caused by UV, such as single strand break repair 

and base excision repair (BER) for remediating DNA single strand breaks and 

oxidized DNA bases, respectively. For bulkier DNA lesions such as CPDs and 6-

4 PPs, recognition and repair are facilitated by nucleotide excision repair (NER) 

(Chatterjee and Walker, 2017). Exposure to low levels of arsenic can lead to the 

inhibition of BER and NER, thus reducing the repair capacity for UV generated 

DNA lesions (Tam et al., 2020). Studies on UV exposed HEKn cells revealed a 

significant increase in the levels of 8-OHdG, CPDs, DNA strand break marker 

phospho-histone H2A.X (Ser139) (PH2AX), and HPRT mutations with only 1 µM 

arsenite treatment (Cooper et al., 2014, 2013). Levels of UV induced CPDs, 6-4 

PPs, and PH2AX were also significantly increased in SHK-1 mice treated with 5 

mg/L of arsenite in their drinking water for 28 days (Cooper et al., 2013). 

Evidence suggests arsenic generated ROS and RNS play a role in the 

synergistic effects of arsenic and UV through the inhibition of PARP-1 (Appendix 

A) (Cooper et al., 2009, 2022; Ding et al., 2008, 2009; Qin et al., 2008b; Wang et 

al., 2013). In addition, many studies have found arsenic can regulate the 

expression of various NER and BER proteins impacting the ability of cells to 

repair UV generated DNA lesions (Muenyi et al., 2015; Tam et al., 2020). 

Altogether, the synergy between arsenic and UV provides a clear example of 

how arsenic can function as a co-carcinogen. 
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Polycyclic aromatic hydrocarbons (PAHs) 

Exposure to PAHs, such as benzo(a)pyrene (BaP), are linked with the 

development of skin, lung, and bladder cancers and are derived from both 

natural and anthropogenic sources (Rengarajan et al., 2015). For example, 

cigarette smoke contains BaP, along with other carcinogens as discussed below 

(Ma et al., 2019). Exposure to BaP can also occur from emissions from fossil fuel 

combustion, release of hazardous waste, and ultimately through drinking water. 

These sources concurrently serve as common sources of arsenic, and therefore, 

result in BaP-arsenic coexposures. Reactive metabolites of BaP, such as 

benzo(a)pyrene diolepoxide (BPDE), generate helix distorting DNA lesions at 

concentrations as low as 10 nM (Piberger et al., 2018). The dominant DNA 

adduct formed with exposure to BaP is BPDE-N2-dG, which can lead to G to T 

transversions in DNA if unrepaired (Tran et al., 2002). These transversions are 

often found within the p53 gene of lung cancer patients and are associated with 

PAH exposure through cigarette smoking (Pfeifer and Hainaut, 2003).  

Studies have demonstrated the ability of arsenic to promote BaP-induced 

DNA damage. For example, the addition of arsenite to BaP exposed mouse 

hepatoma cells enhanced the number of BaP-DNA lesions by as much as 18-

fold. Given alone, 0.5 µM BaP and 2.5 µM arsenite did not induce HPRT 

mutations, but together increased the mutation frequency by 8-fold (Maier et al., 

2002). Another study found Sprague–Dawley rats treated with BaP and arsenite 

displayed an increase in the retention of DNA adducts compared to BaP alone, 

suggesting the inhibition of DNA repair (Tran et al., 2002). More recent studies by 
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Burchiel et al. have demonstrated a synergy between arsenic and PAHs in the 

suppression of immune cells (Ezeh et al., 2015; Xu et al., 2016). Arsenite 

promoted the genotoxicity of BaP metabolites in mouse thymus cells. Further 

investigation revealed mechanisms underlying the observed effect may include 

PARP inhibition and increased BaP metabolism (Xu et al., 2016). Altogether, 

studies have provided evidence for the synergism of arsenic and BaP leading to 

increased DNA damage, mutagenesis, and altered immune functions.  

 

Tobacco  

Cigarette smoke contains an assortment of carcinogens including PAHs, 

aromatic amines, and nitrosamines, and can generate ROS leading to oxidative 

damage to DNA (Ma et al., 2019). Arsenic has been shown to increase 

genotoxicity and lung cancer risk in cigarette smokers (Chen et al., 2004; 

Ferreccio et al., 2013b; Roy et al., 2016). In vivo studies have demonstrated an 

increase in oxidative DNA damage with co-exposure to arsenic and cigarette 

smoke. For example, the addition of aerosolized arsenic compounds to Syrian 

golden hamsters exposed to cigarette smoke led to a 5-fold increase in 8-oxo-2’-

deoxyguanosine, predominantly in the nuclei of airway epithelium and sub-

adjacent interstitial cells (Hays et al., 2006). Another study revealed an arsenite-

induced increase in plasma 8-OHdG levels within cigarette smoke exposed mice 

(Wang et al., 2012). An epidemiology study of tobacco chewers in Southern 

Assam, India, revealed a significant increase in cytogenetic damage when 

coexposed to arsenic. More specifically, arsenic enhanced the percentage of 
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buccal epithelial cells containing micronuclei and nuclear buds in tobacco 

chewers signifying chromosomal damage (Roy et al., 2016). Altogether, these 

findings demonstrate the ability of arsenic to enhance the genotoxicity of tobacco 

products resulting in genomic instability and carcinogenesis.        

 

Ionizing radiation (IR) 

Radiotherapies utilizing X-ray or gamma radiation generate DNA double-

strand breaks (DSBs), which can be lethal or mutagenic if not repaired correctly 

thus making an effective treatment against cancer (Borrego-Soto et al., 2015). 

Though a number of cancers can be treated with radiation alone, some require 

co-therapy to improve treatment outcomes (Baskar et al., 2012). ATO has been 

shown to significantly increase IR-induced apoptosis of endothelial HDMEC and 

tumor OSCC-3 cells, while protecting osteoblasts. This arsenic effect was also 

demonstrated in vivo, where the addition of ATO to IR treated mice inhibited 

tumor growth, angiogenesis, and metastasis, as well as protected against 

radiation-induced bone loss (Kumar et al., 2008). A study on IR exposed 

glioblastoma multiforme cells found treatment with ATO upregulated Bax and 

caspase-3 and downregulated Bcl-2 leading to cellular apoptosis (Moloudi et al., 

2017). Arsenic exposure has been shown to inhibit DNA double-strand break 

repair (DSBR) leading to the retention of DNA damage which can result in the 

activation of p53 and the induction of apoptosis (Cooper et al., 2014; De Zio et 

al., 2013; Lieber et al., 2010; Morales et al., 2016; Norbury and Zhivotovsky, 
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2004; Selmin et al., 2019; Zhang et al., 2014). These findings may support the 

usefulness of arsenic and IR as a cancer co-therapy.  

 

Cisplatin 

Cisplatin is a DNA crosslinking agent used in the treatment of several 

different types of cancers including carcinomas, germ cell tumors, lymphomas, 

and sarcomas. Cisplatin crosslinks purine bases within DNA, activating a number 

of DNA repair pathways (Dasari and Tchounwou, 2014). NER, mismatch repair 

(MMR), homologous recombination (HR), translesion synthesis (TLS), and 

Fanconi anemia pathway all play a role in the repair of cisplatin generated DNA 

lesions (Rocha et al., 2018). The disadvantages of cisplatin as a chemotherapy 

are the development of cisplatin resistant cancer cells and the various side 

effects of the treatment (Dasari and Tchounwou, 2014). Combination therapies 

can often be more effective at lower doses decreasing potential side effects and 

increasing cytotoxicity towards drug resistant cancer cells (Mokhtari et al., 2017). 

The synergistic nature of arsenic and cisplatin has sparked many investigations 

into the co-therapeutic potential of arsenic in the treatment of cancer 

(Miodragović et al., 2019). The addition of ATO to cisplatin treated human 

ovarian cancer cells resulted in a concentration-dependent decrease in 

proliferation and increase in apoptosis. The synergistic effect of arsenic and 

cisplatin treatment was evident in both cisplatin sensitive and resistant ovarian 

cancer cell lines, demonstrating the usefulness of arsenic in the treatment of 

ovarian cancer (Zhang et al., 2009). A number of mechanisms are involved in 
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cisplatin resistance, including upregulation of DNA repair pathways. The addition 

of arsenite to cisplatin treated mice increased platinum accumulation in tumors 

and prevented the upregulation of NER factor Xeroderma Pigmentosum 

Complementation Group C (XPC), suggesting arsenite may sensitize cancer 

cells to cisplatin through its ability to suppress NER and increase platinum uptake 

in tumors (Muenyi et al., 2011).  

 

1.6 Arsenic regulation of DNA repair 

At environmentally relevant concentrations, arsenic acts mainly as a 

cocarcinogen enhancing the carcinogenic effects of other carcinogens. One of 

the most important mechanisms of arsenic cocarcinogenesis is the inhibition of 

DNA repair. Epidemiology studies show arsenic-exposed populations have 

reduced DNA repair capacity (Andrew et al., 2003). While not fully understood, 

arsenic orchestrates a multitude of different effects on cellular function that 

decrease DNA repair and promote the carcinogenicity of DNA damaging agents. 

Indeed, evidence of arsenic mediated changes in the levels and recruitment of 

NER, BER, DSBR, and MMR proteins have been reported (Figure 1.4) (Andrew 

et al., 2006, 2003; Bhattacharjee et al., 2018b; Ding et al., 2020; Ebert et al., 

2011; Holcomb et al., 2017; Hossain et al., 2012; Mauro et al., 2016; Mo et al., 

2006; Nollen et al., 2009; Osmond et al., 2010; Selmin et al., 2019; Sykora and 

Snow, 2008; Zhang et al., 2017). In addition, arsenic can alter the activity of DNA 

repair proteins such as through direct binding to critical zinc finger domains, 

further discussed in Section 1.7 (Tam et al., 2020). For example, DNA repair 
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pathways depend on DNA ligases for the sealing of undamaged DNA, and 

arsenite is known to inhibit the activity of both DNA ligase I and III (Figure 1.4) 

(Hu et al., 1998). 

Retained DNA damage from arsenic inhibition of DNA repair can result in the 

generation of DNA DSBs when encountered by the DNA replication fork 

(Alexander and Orr-Weaver, 2016; Ying et al., 2009). Arsenic is known to induce 

DNA strand breaks, particularly in conjunction with a DNA damaging agent (Qin 

et al., 2008b; Tam et al., 2020; Ying et al., 2009). DNA DSBs are a common 

cause of chromosomal rearrangements and can also occur through improper 

DNA repair. Studies have shown alterations in DSBR by arsenic favor error 

prone pathways, such as non-homologous end joining (NHEJ) (Figure 1.4), and 

are associated with structural changes to chromosomes including chromosomal 

translocations (Lieber et al., 2010; Morales et al., 2016; Selmin et al., 2019; 

Zhang et al., 2014). The following sections summarize and review recent 

advances in arsenic inhibition of DNA repair, showing the effects at all levels, 

from transcription to post-translation. 
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Figure 1.4: Arsenic inhibits DNA repair. Various DNA lesions are generated by both 
endogenous and exogenous sources of DNA damage. These types of damage are remediated by 
repair pathways which contain critical DNA repair proteins that facilitate the recruitment of repair 
proteins, removal of damage, and the synthesis and sealing of undamaged DNA. Arsenic alters 
the function of key DNA repair proteins by several means: zinc finger domain inhibition leading to 
loss of activity, disruption in recruitment to DNA damage, and/or the suppression of expression by 
altering transcription and protein turnover.   

 

Transcriptional regulation 

Canonical pathways of protein expression begin with changes in mRNA at 

the transcriptional level. Several studies have demonstrated arsenic-induced 

alterations in transcript levels of DNA repair genes, particularly those involved in 

NER and BER (Ebert et al., 2011; Holcomb et al., 2017). Mechanistically, arsenic 

may alter the expression of DNA repair genes by affecting DNA methylation and 

histone modifications. Importantly, arsenic-induced changes in gene expression 

can depend on various conditions. A study conducted by Osmond et al. 
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investigated arsenite regulation of BER gene transcript levels in mice. Transcript 

levels of BER genes APE1, LIG1, OGG1, PARP1, and POLB were all 

significantly reduced in 24-week-old mice treated with 2 ppm arsenite for 2 weeks 

compared to untreated mice (Figure 1.4). However, acute 24hr arsenite 

treatment increased BER genes APE1, LIG3, and POLB. These findings along 

with the significant differences between transcript levels in 24-week-old versus 1-

week-old mice, highlights the complexity of arsenic and the potential reasoning 

behind the diverse and sometimes conflicting results seen in arsenic research 

(Osmond et al., 2010). Many studies have demonstrated arsenic may impact 

DNA repair directly at the transcriptional level, though much of the research has 

been conducted using arsenic levels significantly higher than environmentally 

relevant. Detailed mechanisms, such as DNA methylation and histone 

modifications, will be discussed in this section. 

 

DNA Methylation 

As mentioned in Section 1.5, arsenic can downregulate DNA damage 

response genes and upregulate proto-oncogenes and transposons by altering 

DNA methylation patterns. Additionally, arsenic is associated with the 

downregulation of DNA repair genes via promoter hypermethylation. BRCA1 is 

an essential DNA repair protein involved in HR, an error free DSBR pathway, and 

promoter hypermethylation is commonly linked with sporadic breast tumors and 

estrogen receptor negativity (Birgisdottir et al., 2006). Arsenite treatment led to 

BRCA1 hypermethylation and decreased BRCA1 and estrogen receptor alpha 
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expression in both MCF7 cells and MCF7 cell mammary tumor xenografts 

(Figure 1.4) (Selmin et al., 2019). These findings may demonstrate a mechanism 

by which arsenic promotes cancer through the inhibition of an error free DSBR 

pathway. Indeed, a study utilizing DSBR reporter assays showed arsenic 

exposure influences pathway choice favoring more error prone repair 

mechanisms, such as NHEJ, which are associated with chromosomal 

aberrations (Lieber et al., 2010; Morales et al., 2016).  

Arsenic-induced changes in DNA methylation are also linked with the 

downregulation of MMR genes. Arsenite treatment of HaCaT cells has been 

shown to increase promoter hypermethylation of the MMR gene MSH2 resulting 

in decreased expression (Mauro et al., 2016). In addition, a study evaluating the 

impact of arsenic on individuals within West Bengal, India, revealed significant 

promoter hypermethylation of both MLH1 and MSH2 genes and a corresponding 

downregulation in gene transcript levels (Figure 1.4) (Bhattacharjee et al., 

2018b). MMR is an important pathway in the recognition and remediation of DNA 

replication and recombination generated base mismatches, insertions, and 

deletions (Li, 2008). Recombination events can occur from unrepaired DNA 

lesions, particularly when encountered by the replication fork (Alexander and Orr-

Weaver, 2016). Arsenic exposure leads to the retention of unrepaired DNA 

lesions which may increase replication stress and DNA strand breaks, thus 

increasing the requirement of MMR (Alexander and Orr-Weaver, 2016; Li, 2008, 

p. 200; Tam et al., 2020). Therefore, the loss of MMR in the context of arsenic 

exposure may have a great effect on genome stability. The impacts of arsenic-
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induced promoter hypermethylation are broad, altering the function of other DNA 

repair pathways such as NER through the hypermethylation of ERCC1 and 

ERCC2 (Figure 1.4) (Zhang et al., 2017). 

 

Histone Modifications 

Chromatin structure is tightly regulated by the methylation of histones, such 

as di-methylation of histone H3 on lysine 9 (H3K9me2), which is most often 

found within heterochromatin and is associated with gene silencing (Bannister 

and Kouzarides, 2011). Recently, Ding et al. discovered an arsenite induced 

increase in H3K9me2 levels within promoter regions of BER genes MPG, 

XRCC1, and PARP1, which corresponded with a decrease in transcript and 

protein levels of each gene (Figure 1.4) (Ding et al., 2020). Partial rescue of 

protein levels was achieved with methyltransferase inhibitor treatments, 

indicating the role of histone methylation in the mechanism of action of arsenic 

(Ding et al., 2020). BER is an essential pathway for the removal of oxidized DNA 

bases, particularly in the context of arsenic exposure which stimulates the 

production of ROS (Whitaker et al., 2017). Without this protective mechanism, 

mutations may arise and promote tumorigenesis (Sakumi et al., 2003, p. 1).  

 

Post-translational regulation 

Degradation 

Arsenic regulates proteasomal-mediated degradation of proteins through 

various means (Di and Tamás, 2007; Holcomb et al., 2017; Jacobson et al., 
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2012; Tamás et al., 2014; Watanabe et al., 2014; Yan et al., 2014; Yang et al., 

2019). For example, ATO is used in the treatment of acute promyelocytic 

leukemia due to its ability to bind PML-RARα oncoprotein and stimulate ROS 

leading to the formation of PML-RARα multimers and targeted degradation 

(Jeanne et al., 2010). Arsenic binding also contributes to the degradation of 

TIP60 involved in DSBR (Tam et al., 2017). The mechanism and consequences 

of arsenic binding to proteins is further discussed in Section 1.7. Another 

mechanism by which arsenite influences protein degradation is through the 

upregulation of E3 ubiquitin ligases. A study on p53 mutant expressing HaCaT 

and MIA PaCa-2 cell lines revealed ATO transcriptionally increased the levels of 

an E3 ubiquitin ligase, Pirh2, which in turn increased the polyubiquitination and 

degradation of mutant p53 (Yan et al., 2014). XPC is an integral factor in global 

genome NER and can bind to a variety of DNA lesions such as those caused by 

exposure to UV, chemotherapy drugs, and tobacco smoke (Ma et al., 2019; 

Schärer, 2013). High concentrations of arsenite decreased XPC protein levels in 

human lung fibroblasts and primary mouse keratinocytes (Figure 1.4). XPC 

expression in human lung fibroblasts was partially rescued with the addition of a 

proteasome inhibitor, MG-132, suggesting levels of XPC were regulated via 

arsenite-induced proteasomal degradation (Holcomb et al., 2017). In addition to 

specific targets, global levels of polyubiquitinated proteins were increased in ATO 

treated mouse cardiomyocytes. These findings corresponded with a 

concentration-dependent increase in proteasome activity with ATO exposure, 

which was found to play a protective role against arsenic mediated cell death 
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(Watanabe et al., 2014). In addition to transcriptional regulation, these findings 

demonstrate arsenite can alter the levels of DNA damage response and repair 

genes via protein degradation. 

 

Recruitment  

Protein phosphorylation is a post-translational modification which can induce 

changes in protein activity, stability, binding, and cellular localization. Arsenic is 

known to regulate several different signaling pathways via mechanisms such as 

generating ROS, binding to sulfhydryl groups, and altering gene expression. 

EGFR signaling mediates DNA repair pathways such as MMR (Ortega et al., 

2015). The activation of EGFR leads to the phosphorylation of the DNA sliding 

clamp, proliferating cell nuclear antigen (PCNA), which in turn inhibits the binding 

and activation of MMR factors by PCNA (Tong et al., 2015). PCNA is a critical 

processivity factor that facilitates DNA replication and replication-coupled DNA 

repair pathways by acting as a scaffold for the recruitment of proteins (Mailand et 

al., 2013). HeLa cells treated with 5, 10, and 15 µM arsenite resulted in a 

concentration-dependent increase in EGFR levels in which corresponded with an 

increase in the phosphorylation of PCNA. Whole cell extracts from arsenite 

treated HeLa cells had reduced MMR activity which was partially restored by the 

addition of exogenous PCNA (Tong et al., 2015). These findings demonstrate a 

mechanism by which arsenic alters the activity of MMR through PCNA 

phosphorylation (Ortega et al., 2015; Tong et al., 2015). 
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As mentioned previously, Bhattacharjee et al. demonstrated 

hypermethylation of MMR genes in individuals chronically exposed to arsenic in 

West Bengal, India. In addition to this finding, the authors discovered another 

mechanism by which arsenic inhibits the activity of MMR, alterations in histone 

methylation. The study found that arsenic exposure was associated with the 

reduction in tri-methylation of histone H3 on lysine 36 (H3K36me3), particularly in 

the subpopulation with skin lesions (Bhattacharjee et al., 2018b). H3K36me3 is 

required for the recruitment of MMR machinery to chromatin, and thus, its 

function. Loss of H3K36me3 is linked with microsatellite instability and enhanced 

spontaneous mutation frequency, as seen in cells deficient in MMR (F. Li et al., 

2013, p. 36). Alterations in histone acetylation and ubiquitination have also been 

demonstrated with arsenic exposure. Arsenite can bind and inhibit histone 

modifiers such as TIP60 histone acetyltransferase and RNF20-RNF40 histone 

E3 ubiquitin ligase resulting in a decrease in acetylation of lysine 16 on histone 

H4 and monoubiquitination of lysine 120 on histone H2B respectively. These 

histone modifications are important in the recruitment of DSBR factors such as 

BRCA1 and RAD51 by relaxing chromatin around DNA DSBs (Tam et al., 2020, 

2017; Zhang et al., 2014). Altogether, the different mechanisms in arsenic 

mediated regulation of DNA repair proteins illustrates the multifaceted effects of 

arsenic on cell function and genome stability (Figure 1.4).  
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1.7 Mechanisms of arsenic-induced zinc finger protein disruption 

The DNA repair system is highly sensitive to arsenic exposure. Even at low, 

non-cytotoxic concentrations, arsenic exposure inhibits DNA repair activity 

coinciding with inhibition of specific zinc finger DNA repair proteins that are 

sensitive to arsenic exposure. In this section, we will summarize and review 

recent advances on arsenic inhibition of zinc finger DNA repair proteins. In 

addition, we will discuss how this mechanism works in concert with oxidative 

stress mechanisms, creating a cohesive picture of arsenic cocarcinogenesis.  

 

Zinc finger proteins: key role of the zinc ion 

Zinc finger proteins form a large family that function in various physiological 

and pathological processes (Cassandri et al., 2017; Razin et al., 2012). Zinc 

fingers are small, folded motifs thermodynamically held together by the 

coordination of a zinc ion with a combination of four cysteine and/or histidine 

residues (Eom et al., 2016; Klug, 2010). Zinc plays an important role in the 

structure and function of zinc fingers, as well as protecting the sensitive thiol 

groups from oxidation (Krishna et al., 2003; Zhou et al., 2015). Zinc finger 

proteins can be categorized by the number of cysteine and histidine residues 

they contain. For example, the “classical” zinc finger consists of 2 cysteine and 2 

histidine residues, designated a C2H2 conformation (Razin et al., 2012). Other 

non-classical zinc finger proteins have different combinations of cysteine and 

histidine residues, such as C3H1 and C4 (Cassandri et al., 2017; Eom et al., 

2016). Zinc finger proteins can also have more complicated structures, such as 
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RING (really interesting new gene), PHD, and LIM types (Borgel et al., 2017; 

Gibson et al., 1988; Linke et al., 2008; Nunez et al., 2011; Turner and Miller, 

1994), however, these complex structures are in reality combinations of C3H1 or 

C4 zinc fingers (Cassandri et al., 2017; Eom et al., 2016; Linke et al., 2008; 

Matthews et al., 2009). Over 80% of zinc finger proteins are found in the C2H2 

conformation, while a minority are categorized as the C3H1 and C4 

conformations (Cassandri et al., 2017). 

Over five percent of human proteins contain zinc finger domains that perform 

various functions including binding to DNA, RNA, lipids, proteins, and are 

involved in post translational modifications (Vilas et al., 2018). Recognizing and 

binding to other macro-molecules are mediated by zinc finger motifs (Eom et al., 

2016; Fu and Blackshear, 2017; Linke et al., 2008; Razin et al., 2012). Removing 

the zinc ion from zinc fingers results in conformational changes and loss of 

function. As a result, arsenic displacement of zinc ion, through direct or indirect 

mechanisms, could severely disrupt zinc finger protein function, which will be 

discussed in following sections. 

 

Zinc finger DNA repair proteins as an arsenic target 

PARP-1 has two C3H1 zinc fingers in its DNA binding domain (DBD) and is 

an essential DNA repair protein that is recognized as a highly sensitive target of 

arsenic exposure (Tam et al., 2020).  Early studies show low levels of arsenic not 

only inhibit PARP-1 expression, but also its function, setting the stage for future 

investigation into how arsenic affects zinc finger proteins (Hartwig et al., 2003; 
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Walter et al., 2007). PARP-1 binds to DNA strand breaks via its zinc fingers in 

the DNA-binding domain, stimulating poly ADP-ribosylation, recruitment of DNA 

repair factors, and the initiation of repair pathways such as BER, NER, single-

strand break repair, and DSBR (Ray Chaudhuri and Nussenzweig, 2017; 

Reynolds et al., 2015). These pathways are required for the repair of UV 

generated DNA damage and therefore, PARP-1 is an essential protein for 

maintaining  genome stability in the context of UV exposure (Chatterjee and 

Walker, 2017). Indeed, knockdown of PARP-1 significantly increases the 

retention of UV-induced 8-OHdG and DNA strand breaks in HaCaT cells (Ding et 

al., 2009; Qin et al., 2008b).  

Arsenite treatment of HEKn cells results in a concentration-dependent 

decrease in PARP-1 zinc content, signifying arsenite mediated displacement of 

zinc from the PARP-1 zinc fingers (Cooper et al., 2014). The mechanism of zinc 

displacement from PARP-1 was revealed by MALDI-TOF-MS analysis 

demonstrating arsenite binding to the PARP-1 zinc finger peptide, even in the 

presence of excess zinc (Ding et al., 2009; Zhou et al., 2011). Arsenite was 

shown to reduce chromatin bound PARP-1 and UV stimulated poly ADP-

ribosylation in HEKn cells providing evidence for arsenite mediated inhibition of 

the zinc finger containing DBD of PARP-1 (Figure 1.4) (Cooper et al., 2014; Ding 

et al., 2017). PARP-1 inhibition by arsenite may also be a mechanism underlying 

the enhancement of UV-induced 6-4 PPs, CPDs, 8-OHdG, PH2AX, and gene 

mutations in HEKn cells exposed to arsenite (Cooper et al., 2013). Arsenite 

treatment of SHK-1 mice also led to an increase in UV-induced 6-4 PPs, CPDs, 
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and PH2AX. Furthermore, zinc supplementation reduced arsenic enhancement 

of DNA damage both in vitro and in vivo (Cooper et al., 2013). These findings 

support a mechanism of arsenite-induced zinc loss from PARP-1 leading to DBD 

inhibition and the retention of DNA damage with coexposure to UV. 

PARP-1 is not a unique DNA repair protein target for arsenic. Xeroderma 

Pigmentosum Complementation group A (XPA) is an essential NER factor that 

binds to DNA lesions via its C4 zinc finger domain and acts as a scaffold to 

mediate repair (Fadda, 2015). Arsenite treatment of both HaCaT and HEKn cells 

leads to a significant reduction in XPA zinc content (Ding et al., 2017; Zhou et al., 

2011). The loss of zinc in XPA corresponds with increased cysteine oxidation 

and decreased chromatin recruitment of XPA in HEKn cells exposed to arsenite 

(Figure 1.4) (Ding et al., 2017; Zhou et al., 2015). The inhibition of XPA by 

arsenic may contribute to the retention of UV induced 6-4 PPs, CPDs, and DNA 

strand breaks in cells (Cooper et al., 2013; Fadda, 2015). In addition, XPA 

inhibition by arsenic could hinder the removal of bulky DNA lesions caused by 

cisplatin and BaP, thus supporting the observed synergistic effects described in 

Section 1.5 (Ma et al., 2019; Schärer, 2013). Several studies by Wang et al. 

demonstrate arsenic targeting RING finger containing DNA repair proteins. The 

RING finger is distinct from the zinc finger domains of XPA and PARP-1 in that it 

is composed of two interdigitated zinc-binding sites. Upon DNA damage, the 

RNF20-RNF40 E3 ubiquitin ligase complex is responsible for the 

monoubiquitination of histone H2B which leads to chromatin relaxation and 

facilitates DSBR factor recruitment (Zhang et al., 2014). Both RNF20 and RNF40 
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RING fingers contain C4 and CHC2 zinc binding sites (Foglizzo et al., 2016). 

MALDI-TOF-MS and UV absorption spectra analyses of RNF20 and RNF40 

RING finger peptides revealed direct arsenite binding resulting in conformational 

changes of the zinc finger domain (Figure 1.4). A decrease in the 

monoubiquitination of H2B was observed in several different cell lines after 24 h 

exposure to 5 µM arsenite. In addition, 5 µM arsenite treatment of HeLa cells 

displayed decreased recruitment of DSBR factors BRCA1 and RAD51 to laser-

induced DNA DSB sites (Figure 1.4) (Zhang et al., 2014). These findings are 

consistent with the observation that arsenic inhibits the repair of IR induced DNA 

DSBs (Takahashi et al., 2000). Another study revealed arsenite binding to the 

RING finger containing DNA repair protein FANCL. FANCD2 monoubiquitination 

by the E3 ubiquitin ligase, FANCL, is a critical step during DNA interstrand 

crosslink repair. This repair pathway is necessary for the removal of interstrand 

crosslinks generated by DNA damaging agents such as cisplatin and 

endogenous metabolites  (Clauson et al., 2013). Arsenite exposure of HeLa cells 

resulted in decreased FANCD2 monoubiquitination and chromatin recruitment 

(Jiang et al., 2017). Altogether, these findings illustrate a mechanism of arsenic 

cocarcinogenicity via the inhibition of DNA repair zinc finger domains. 

 

Arsenic directly and selectively binds to zinc fingers 

Arsenic can react with the sulfur of thiol group in cysteine to form As-S bond. 

Therefore, proteins with free cysteine residues are potential arsenic targets. 

However, arsenic does not show significant binding to free cysteine or thiol-
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containing small molecules in vivo. Protein studies indicate low reactivity of 

arsenic to proteins with single cysteine or two cysteine residues (Asmuss et al., 

2000). Kinetics experiments show arsenic binding to one or two cysteine 

residues have a higher dissociation rate constant than three or four cysteine 

residues (Kitchin and Wallace, 2006a, 2006b). It was demonstrated that the half-

life of the arsenite-trithiol peptide complex is two orders of magnitude greater 

than that of the corresponding arsenite-dithiol peptide complex. This dramatic 

difference in chemical kinetics implies that trivalent arsenite may be capable of 

interacting with single or two cysteine residues, but a more stable interaction of 

arsenite with a C3 or C4 zinc finger protein may be necessary to sustain 

biological impact. Furthermore, trivalent arsenic appears to have a spatial 

requirement for binding with three cysteines simultaneously. Reactivity of 

arsenite to cysteine requires at least 3 cysteines to be present with a strict spatial 

requirement of 3 cysteine thiols oriented towards the same center within the 

radius of the arsenic atom. Cysteine in zinc finger motifs naturally fulfill this 

spatial requirement, where all cysteine thiols point to and bind with the zinc ion in 

the center.  

The differential reactivity of arsenic to different numbers of cysteine residues 

in zinc finger motif suggests arsenic binding selectivity. Trivalent arsenic 

selectively binds to C3H1 and C4 zinc fingers, but not C2H2 zinc fingers, as 

demonstrated by mass spectrometry (MS) and site direct mutation studies (Zhou 

et al., 2014, 2011). When inorganic arsenite is metabolized to become MMA(III), 

the methyl group will occupy one of the three binding sites. As expected, 
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MMA(III) not only binds with C3H1 and C4 zinc fingers, but also C2H2 (Zhou et 

al., 2014, 2011). Even more interestingly, two MMA(III) were found on the same 

C4 zinc finger motif. These findings provide consistent evidence that arsenic 

binding selectivity is determined chemically by its valence state.   

Since a majority of zinc finger proteins in biological systems are of C2H2 

configuration, selective binding of trivalent arsenic with the minority C3H1 and C4 

zinc finger proteins may make them particularly targeted. For example, PARP-1 

can be inhibited by arsenite at concentrations as low as 0.1 µM in cells (Ding et 

al., 2009), leading to zinc release and DNA binding activity inhibition. GATA-1, a 

transcription factor regulating red blood cell differentiation, can be inhibited by 

arsenic exposure starting from the concentration of 0.1 µm in cellular and animal 

models (Zhou et al., 2020). This selective binding may explain why arsenic 

shows a co-carcinogenesis effect at environmentally relevant concentrations. 

Moreover, C4 configuration zinc fingers may be more sensitive to arsenic 

exposure compared to the C3H1 configuration due to higher number of available 

cysteine residues (Ding et al., 2017). 

A kinetic and thermodynamic study revealed that zinc and arsenic have 

relatively similar binding affinities towards zinc finger peptides, suggesting that 

zinc finger occupancy in a cellular system may be strongly influenced by the 

relative concentrations of each metal (Huestis et al., 2016). A slight kinetic 

advantage for arsenic over zinc may lead to significant arsenic binding to newly 

synthesized zinc finger proteins, especially during the process of significant 

induction of protein expression, such as during a DNA damage response with 
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significant PARP-1 induction. Similarly, this may occur in red blood cell 

differentiation when a large amount of GATA-1 is induced. Thus, under these 

circumstances, certain zinc finger protein targets may be highly sensitive to 

arsenic exposure. 

 

Arsenic indirectly disrupts zinc fingers through ROS/RNS 

Arsenic induces oxidative and nitrosative stress, affecting related enzymes 

and protein targets such as HO-1 (Shi et al., 2004a). Specifically, zinc finger 

proteins containing redox sensitive cysteine residues are molecular targets of 

ROS induced by arsenic. The number of cysteine residues in certain proteins is a 

factor of the likelihood of oxidation by ROS. Thus, C4 zinc finger proteins are 

more likely to be oxidized by ROS than C3H1 and C2H2. Oxidative modification 

on cysteine residues in a zinc finger motif leads to zinc release, conformational 

change, and ultimately functional loss of certain zinc finger protein targets (Wang 

et al., 2013; Zhou et al., 2015). Zinc finger protein targets such as PARP-1 are 

highly sensitive to arsenic-induced ROS. For example, PARP-1 can be inhibited 

by arsenite as low as 0.1 µM, while the effect can be rescued by antioxidants 

(Wang et al., 2013). 

There are different types of oxidative modifications on cysteine residues; 

some are reversible (i.e. -SOH and -SO2H) while others are irreversible (i.e. -

SO3H and -SS-). Arsenic-induced ROS leads to both types of modifications 

(Zhou et al., 2015), suggesting that some oxidative changes induced by arsenic 

might be reversed by antioxidants or zinc supplement, but in certain conditions 
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the damage could be permanent. Arsenic also induces nitric oxide production at 

low and environmentally relevant concentrations (Ding et al., 2008; L. Zhou et al., 

2016). Nitrosative stress can lead to nitrostative modification of zinc finger 

proteins such as PARP-1 (X. Zhou et al., 2016). Furthermore, ROS and RNS 

mechanisms may occur at the same time and synergistically. For example, 

superoxide and nitric oxide produce a peroxynitrite, which inhibits PARP-1 

activity (Zhou et al., 2019). Therefore, arsenic-generated ROS/RNS not only can 

directly cause DNA damage, but also inhibit DNA repair through oxidative or 

nitrosative modifications to key DNA repair zinc finger proteins.   

 

The interplay between direct and indirect mechanisms 

Zinc binding protects cysteine residues within a zinc finger motif from being 

oxidized easily. Under increased oxidative stress, free cysteine should be 

oxidized prior to zinc-protected cysteine on zinc finger motifs (Ray Chaudhuri and 

Nussenzweig, 2017). Taking PARP-1 as an example: its regulatory domain 

responsible for enzyme activity contains 2 free cysteines, while the cysteines in 

its DBD are all located in zinc fingers which are bound to zinc ions (Ray 

Chaudhuri and Nussenzweig, 2017). Therefore, when ROS levels increase, 

PARP-1 DNA binding activity should be less sensitive to oxidative damage than 

the enzyme activity. However, while the two free cysteines in the regulatory 

domain remain unchanged, arsenic is able to cause oxidation of the cysteines on 

PARP-1 zinc finger and inhibit PARP-1 activity at low and non-cytotoxic 

concentrations (Zhou et al., 2015). This result suggests that arsenic 
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displacement of zinc from the zinc finger configurations eliminates zinc protection 

of the zinc finger cysteine residues, thus rendering these cysteines vulnerable to 

attack by arsenite-generated ROS. 

Under oxidative stress, arsenic binding to zinc fingers is unstable. When 

arsenic replaces zinc from zinc finger motifs, thiol groups on the cysteines 

becomes vulnerable to oxidative modification, making arsenic binding to zinc 

fingers a transient process (Zhou et al., 2015). Arsenic presence in zinc finger 

proteins increases at the beginning of exposure, but then decreases quickly while 

oxidative modifications on zinc finger proteins persist and continue to increase 

(Zhou et al., 2015). These results indicate that cysteine oxidation further disrupts 

arsenite binding to the zinc finger motif, thereby releasing arsenite to interact with 

another target protein. Because the released arsenite would be free to interact 

with another target protein and then repeat this cycle, it effectively functions in a 

catalyst-like manner for oxidation of targeted proteins. The bind-and-release 

model could explain why a very low concentration of arsenite (e.g. 

submicromolar) is capable of causing significant inhibition of PARP-1 activity in 

cells. Since a significant portion of arsenic-induced oxidative damage to zinc 

fingers is likely permanent, it explains why adding antioxidants only partially 

reverses the impact of arsenic exposure (Shi et al., 2004a).  

Arsenic selectively binds to specific zinc finger proteins, making these 

proteins vulnerable to oxidative damage. The interplay and the unified 

mechanisms of arsenic binding (direct mechanism) and oxidation (indirect 

mechanism) of zinc fingers by arsenic explains the high sensitivity of certain zinc 
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finger proteins to arsenic exposure, and more importantly, sheds light on 

prevention and intervention strategies by utilizing zinc supplements and 

antioxidants. 

 

1.8 Summary of the carcinogenicity of arsenic 

Arsenic carcinogenesis and cocarcinogenesis present a significant risk to 

human health at environmentally relevant concentrations. Research on the 

molecular mechanisms of arsenic cocarcinogenesis should be of great help in 

prevention and intervention of the impact of arsenic exposure. In addition to the 

many other effects of arsenic exposure such as DNA damage, epigenetic 

alterations, and gene regulation, inhibition of DNA repair plays a central role in 

arsenic cocarcinogenesis. Recent work revealed a clear mechanism of selective 

binding of arsenic to zinc finger proteins, as well as the interplay of binding and 

ROS. The overall concept of the molecular mechanism is summarized in Figure 

1.5. This illustrated mechanism not only demonstrates how arsenic inhibits DNA 

repair but is also meant to inspire future research on arsenic interacting with zinc 

fingers as a key molecular mechanism involved in the cocarcinogenicity of other 

environmental toxicants (Zhou et al., 2020) or to be applied to pharmaceutical 

applications (Cao et al., 2011). 
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Figure 1.5: Schematic illustration of arsenic cocarcinogenesis 

 

Meanwhile, there are still many important gaps in our understanding of the 

mechanisms of arsenic carcinogenesis and cocarcinogenesis. One of the major 

gaps of knowledge is how arsenic is involved in mutagenic processes that lead to 

cancers. For example, while there are many types of environmental mutagens, 

why does arsenic exposure and coexposure lead to cancers at such low 

concentrations? Also, UV exposure results in certain mutational processes 

leading to unique mutational patterns in the genome. Whether arsenic 

coexposure alters such patterns, and how such potential changes lead to strong 
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cocarcinogenesis effects is still unclear. In particular, the impact of arsenite-

induced DNA damage retention on downstream mechanisms involved in 

replication stress, such as TLS, has not been thoroughly examined. TLS 

alleviates replication stress by bypassing DNA damage at replication forks and 

gaps (Ma et al., 2020). Whether promoting or suppressing, alterations in the 

activity of TLS by arsenic can elevate genomic instability and underly the 

carcinogenicity of arsenic.   

 

1.9 The implications of arsenite-induced DNA damage retention on 

replication stress 

As mentioned in the previous sections, arsenic is an established human skin 

carcinogen and acts as a cocarcinogen by enhancing the DNA damage, 

mutagenicity, and tumor formation of UV. UV is a complete carcinogen capable 

of initiating and promoting tumors. Exposure to UV produces various types of 

DNA damage, including UVA-induced DNA single-strand breaks and oxidized 

DNA bases and UVB-induced CPDs and 6-4 PPs (Cadet and Douki, 2018). 

Arsenic exposure has been shown to reduce the repair capacity for UV 

generated lesions by inhibiting repair pathways such as BER and NER involved 

in the remediation of oxidized bases and bulky DNA lesions, respectively 

(Chatterjee and Walker, 2017; Tam et al., 2020). For example, the DNA of 

keratinocytes coexposed to arsenite and UV have significantly elevated levels of 

oxidative damage, bulky lesions, strand breaks, and mutations compared to UV 

alone (Section 1.5) (Cooper et al., 2014, 2013).  
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A proposed mechanism underlying arsenic cocarcinogenicity is the disruption 

of DNA repair leading to the retention of UV-induced DNA damage (Muenyi et al., 

2015; Tam et al., 2020; Zhou et al., 2021). Arsenic inhibits DNA repair through 

multiple mechanisms including altered DNA repair protein expression, post 

translational modifications, subcellular localization, recruitment to DNA damage, 

and enzymatic activity (Figure 1.4). Many of these mechanisms are dependent 

upon the function of zinc finger domains for protein:protein and protein:DNA 

interactions (Holcomb et al., 2017; Muenyi et al., 2015; Tam et al., 2020; Zhou et 

al., 2021). DNA repair proteins PARP-1 and XPA are involved in BER and NER 

respectively, and contain zinc finger DBDs which have been well characterized 

for arsenite binding and zinc displacement (Section 1.7) (Muenyi et al., 2015; 

Tam et al., 2020; Zhou et al., 2021). 

The inhibition of DNA repair by arsenic increases UV-induced DNA damage 

retention and the likelihood of unrepaired DNA lesions present during replication, 

particularly in actively dividing keratinocytes (Holcomb et al., 2017; Muenyi et al., 

2015; Tam et al., 2020; Zhou et al., 2021). These lesions are circumvented 

through the activation of DNA damage tolerance (DDT) pathways such as TLS 

(Figure 1.6) (Ma et al., 2020; Vaziri et al., 2016). When replication forks 

encounter DNA damage, the replicative polymerase and helicase become 

uncoupled. Consequently, a stretch of single-stranded DNA (ssDNA) is exposed 

and is subsequently bound with replication protein A (RPA). Regions of ssDNA 

and RPA assist in the recruitment of the E3 ubiquitin ligase RAD18 in complex 

with the E2 ubiquitin conjugating enzyme human Rad6 (homologs Rad6A/B). The 
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Rad18 RING finger facilitates the monoubiquitination of PCNA, a processivity 

factor necessary for coordinating DNA replication. Monoubiquitinated PCNA 

enhances the recruitment and retention of alternative polymerases with larger, 

more accommodating active sites to bypass the damage by inserting nucleotides 

opposite the DNA lesion. Bypass of UV-induced CPDs by DNA polymerase eta 

(Polη) is viewed as an error-free process; however, other TLS polymerases are 

more error prone (Lou et al., 2021; Ma et al., 2020; Vaziri et al., 2016). An 

alternative DDT pathway, template switching (TS), involves the extension of 

monoubiquitinated PCNA to polyubiquitinated PCNA via a Rad5 complex. TS is 

relatively error free and is mediated by strand invasion of the sister chromatid. 

Both TLS and TS depend on the E3 ubiquitin ligase activity of the Rad18 RING 

finger for the monoubiquitination of PCNA (Gaillard et al., 2015; Ma et al., 2020; 

Vaziri et al., 2016). 
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Figure 1.6: Arsenic burden on TLS. Arsenite inhibits various proteins involved in BER and 
NER, thus leading to the retention of UV-induced DNA damage. If not repaired, retained DNA 
damage must be bypassed by DDT mechanisms such as TLS to prevent replication stress and 
fork collapse. TLS is initiated through the monoubiquitination of PCNA by the Rad18-Rad6 
complex to facilitate the recruitment of alternative polymerases to stalled replication forks. TLS is 
tightly regulated as either the over- or under-activation of TLS can promote genomic instability.    
 

One mechanism by which arsenic may alter TLS is through the binding and 

disruption of the Rad18 zinc fingers. Several studies have demonstrated arsenite 

targeting of RING finger containing proteins resulting in protein degradation or 

inhibition (Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 2021). The loss of 

Rad18 or Rad18 RING function substantially reduces UV-induced PCNA 

monoubiquitination and thus the initiation of TLS (Huang et al., 2009; Inagaki et 

al., 2011; Miyase et al., 2005; Shiomi et al., 2007; Watanabe et al., 2004). In 
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contrast, no ubiquitin-binding zinc finger (UBZ) domains have been evaluated as 

potential arsenite targets. The Rad18 UBZ domain prevents the overactivation of 

TLS by facilitating the monoubiquitination of Rad18 and the subsequent 

formation of the Rad18 homodimer (Inagaki et al., 2011; Miyase et al., 2005; 

Zeman et al., 2014). High levels of Rad18 are known to overactivate TLS leading 

to mutagenesis and the development of treatment resistant cancers, 

demonstrating the importance of proper TLS regulation to prevent mutagenesis 

(Ma et al., 2020; Vaziri et al., 2016).  

The impact of arsenic on TLS is unknown and may represent an avenue for 

the cocarcinogenicity of arsenic as both the overactivation and underactivation of 

TLS can promote genomic instability (Gaillard et al., 2015; Ma et al., 2020; Vaziri 

et al., 2016). In the context of UV exposure, TLS is well characterized for 

inducing mutations when error-prone TLS polymerases replace the function of 

Polη. Indeed, the debilitating disorder xeroderma pigmentosum is associated with 

mutations in the gene coding for Polη. Though error prone in certain conditions, 

TLS is necessary for bypassing unresolved lesions during replication to prevent 

mutagenic replication gaps and fork collapse events (Figure 1.7) (Gaillard et al., 

2015; Ma et al., 2020; Vaziri et al., 2016). The loss of TLS is associated with an 

increase in DNA damage induced s-phase arrest, DNA strand breaks, 

chromosomal aberrations, and >4 bp genomic deletions (Bi et al., 2005; Lou et 

al., 2021; Ma et al., 2020; Saberi et al., 2007; Sasatani et al., 2015; Shiomi et al., 

2007; Tateishi et al., 2003; Vaziri et al., 2016). If arsenic disrupts TLS, these 

adverse effects on genomic integrity may be exacerbated due to the arsenic-
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induced retention of DNA damage and suppression of HR which is often involved 

in alternative pathways for remediating stalled replication forks (Gaillard et al., 

2015; Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 2021). Although several 

in vitro, in vivo, and ex vivo studies have reported an increase in DNA strand 

breaks, chromosome aberrations, and genomic deletions with arsenic exposure 

(Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 2021), the mechanisms have 

not been well-defined and arsenic disruption of TLS may be involved. 

 
Figure 1.7: Dynamics of stalled replication forks. Stalled replication forks and gaps can be 
resolved by DDT pathways TLS and TS or lead to the formation of DNA DSBs requiring DSBR 
mechanisms. 

 

In the context of UV-induced CPDs, TLS is the predominant tolerance 

pathway and remarkably accurate (Cohen et al., 2015). However, depending on 

the lesion, alternative pathways involving HR factors can resolve stalled 
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replication forks. In addition, HR can repair DSBs resulting from the breakdown 

of replication forks or gaps (Figure 1.7) (Costes and Lambert, 2012). Evidence 

supports the inhibition of HR by arsenic, thus promoting the more error prone 

pathway NHEJ (Tam et al., 2020; Zhou et al., 2021). As several studies indicate 

a role of Rad18 in HR (Huang et al., 2009; Inagaki et al., 2011; Kobayashi et al., 

2015; Szüts et al., 2006; Vaziri et al., 2016; Watanabe et al., 2009), any arsenic 

mediated disruption of Rad18 may contribute to the inhibition of HR by arsenic.  

One mechanism by which Rad18 assists in HR is by binding to ubiquitinated 

factors near DNA break sites through its UBZ domain, then binding to factors that 

promote HR such as RAD51C and FANCD2 through its RING finger (Federico et 

al., 2016; Huang et al., 2009; Inagaki et al., 2011; Williams et al., 2011). UBZ 

domain knockout or mutations inhibit Rad18, RAD51C, and Rad9 IR-induced foci 

formation, indicating a loss of recruitment to DNA damage (Huang et al., 2009; 

Inagaki et al., 2011). One study demonstrated that knockout of Rad18 and RNF8 

(ring finger protein 8) significantly decreased IR-induced Rad51 foci formation 

and enhanced NHEJ toxicity (Kobayashi et al., 2015). Rad18 deficient cells 

display elevated levels of chromosomal aberrations and micronuclei with IR 

exposure, signifying genomic instability (Bhatia and Kumar, 2013; Sasatani et al., 

2015; Smith et al., 2004; Thompson and Compton, 2011; Yamashita et al., 

2002). Loss of Rad18 or its zinc fingers decreases survival against DNA strand 

break generating IR and camptothecin (Huang et al., 2009). Similar to the 

function of PARP1, studies suggest Rad18 promotes HR thereby suppressing 

NHEJ toxicity at stalled replication forks (Kobayashi et al., 2015; Saberi et al., 
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2007; Szüts et al., 2006) 

In conclusion, Rad18 contains structurally and functionally distinct zinc finger 

domains which are conducive to arsenite binding and disruption, supporting the 

hypothesis that arsenic inhibits Rad18 (Figure 1.8). Rad18 is an important 

factor in TLS and has been implicated in HR. These pathways play a significant 

role in mitigating replication stress by resolving stalled replication forks and 

replication gaps. Replication stress is associated with carcinogenesis, which can 

be further promoted in the event of TLS or HR inhibition through chromosomal 

aberrations (Gaillard et al., 2015). No studies have evaluated the impact of 

arsenite on TLS in keratinocytes and therefore, this study can reveal a novel 

mechanism underlying the carcinogenicity of arsenic.  

 

1.10 Dissertation Overview 

 



64 
 

Figure 1.8: Dissertation overview. The UBZ domain locates Rad18 to strand breaks where the 
RING finger binds DSBR factors such as RAD51C. In addition, the RING finger 
monoubiquitinates PCNA during TLS to facilitate the recruitment of alternative TLS polymerases 
such as Polη. These mechanisms suppress chromosomal aberrations and genomic instability. 
 

Specific Aim 1 (Chapter 3): Test the hypothesis that arsenite binds to and 

disrupts the function of Rad18 zinc fingers.  

The purpose of aim 1 is to evaluate the zinc fingers of Rad18 as targets of 

arsenite. Results reveal zinc loss from endogenous Rad18 in arsenite treated 

HEKn cells, which is suggestive of loss of structure and function in one or both of 

Rad18 zinc fingers. To elucidate the mechanism by which zinc is released from 

Rad18, peptide metal binding assays were utilized. Results demonstrate arsenite 

binding to the Rad18 RING and UBZ peptides. Arsenite treatment of HEKn cells 

resulted in decreased PCNA and Rad18 monoubiquitination, indicating a loss of 

function of the Rad18 RING finger and UBZ domain, respectively (Miyase et al., 

2005). Rad18 and Rad6 colocalization was significantly disrupted by arsenite 

exposure which is partially dependent on a functional RING finger domain. 

Additionally, arsenite decreased Rad18 foci formation in IR exposed HEKn cells, 

showing a disruption in Rad18 recruitment to DNA DSBs and indicating UBZ 

domain inhibition. Altogether, findings from aim 1 demonstrate an arsenite 

mediated loss of Rad18 RING E3 ubiquitin ligase activity and protein-protein 

interactions which are important to DDT and DSBR (Figure 1.8). Arsenite binding 

to the Rad18 UBZ domain is a novel finding supporting the observed arsenite-

induced inhibition of Rad18 monoubiquitination and foci formation, which are 

necessary for Rad18 sequestration and recruitment of DSBR factors (Huang et 

al., 2009; Zeman et al., 2014). These effects can have consequences on the 
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maintenance of genome integrity.  

 

Specific Aim 2 (Chapter 4): Investigate mechanisms of arsenite regulation 

of Rad18.  

In the context of DNA repair, arsenite regulates DNA repair pathways and the 

expression, localization, and recruitment of various DNA repair proteins (Tam et 

al., 2020; Zhou et al., 2021). Keratinocytes exposed to arsenite displayed a 

significant reduction in the nuclear localization of DDT factors Rad18, Rad6, 

PCNA, and Polη. Rad6 depends on the nuclear localization signal of Rad18 for 

translocation and the arsenite-induced disruption of Rad18 may have influenced 

the localization of Rad6 (Hedglin and Benkovic, 2015, p. 6). In addition to cellular 

localization, the UV-induced chromatin recruitment of Rad18 and Rad6 were both 

significantly decreased with arsenite exposure, which may be in part due to the 

arsenite-induced reduction in chromatin bound RPA. RPA contains a zinc finger 

DBD that is structurally conducive to arsenite binding, which may explain the loss 

of RPA on chromatin with arsenite exposure. The loss of PCNA 

monoubiquitination in aim 1 supports the observed arsenite mediated reduction 

in both Polη UV-induced recruitment to chromatin and colocalization with PCNA 

(Figure 1.8). Arsenite treatment significantly reduced Rad18 recruitment to IR-

induced PH2AX and ubiquitin foci, supporting the disruption of the Rad18 UBZ 

domain. Findings from aim 2 illustrate the diverse implications of arsenite 

exposure on Rad18 and Rad18 dependent mechanisms.  
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Specific Aim 3 (Chapter 5): Examine the impacts of arsenite exposure and 

Rad18 deficiency on TLS & DSBR.  

No studies have evaluated the consequences of arsenite exposure on TLS 

and very few have assessed the modulation of DSBR by arsenite in 

keratinocytes. In addition, Rad18 is not an extensively studied protein. Therefore, 

it is important to assess the role of both arsenite and Rad18 in the disruption of 

TLS and DSBR. Experiments so far have demonstrated arsenite-induced 

alterations in localization, recruitment, and the activity of TLS factors which is 

expected to increase stalled replication forks, DNA damage, and apoptosis. 

Results demonstrate a significant reduction in the mean intensity of 5-Ethynyl-2’-

deoxyuridine (EdU) staining in HEKn cells treated with arsenite or Rad18 siRNA 

to a similar degree, indicating arsenite mediates its impact on replication stress 

through Rad18. Arsenite treatment or knockdown of Rad18 in keratinocytes 

significantly increased UV-induced PH2AX, a marker of replication stress and 

DNA strand breaks, demonstrating the importance of Rad18 in the maintenance 

of genome stability and ability of arsenite to induce genomic instability (Figure 

1.8). Additionally, arsenite increased the presence of both ssDNA and DNA 

DSBs as measured by neutral single-cell gel electrophoresis (comet assay).   

Failure of TLS to bypass damage often results in apoptosis and the levels of 

UV-induced DNA damage response signaling and cleaved-caspase 3 (marker of 

apoptosis) were significantly elevated in Rad18 deficient cells. Interestingly, 

arsenite suppressed these responses to UV as has been shown by other studies 

(Chen et al., 2005; Qin et al., 2012; Sun et al., 2011; Wu et al., 2005; Zhou et al., 
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2017). In addition to UV exposure, arsenite elevated the number of PH2AX foci in 

IR exposed HEKn cells, indicating DSBR inhibition (Figure 1.8). Future studies 

utilizing both the knockdown of Rad18 and arsenite treatment will reveal the role 

of Rad18 in the observed arsenite-induced effects with IR. Aim 3 findings have 

revealed a decrease in the size of replicated DNA post UV and increase in the 

levels of UV-induced DNA strand breaks and ssDNA gaps in arsenite exposed 

HEKn cells, suggesting inhibition of TLS. Furthermore, the inhibition of apoptosis 

by higher concentrations of arsenite in HEKn cells may increase carcinogenesis 

by allowing the survival of damaged cells. 

  



68 
 

CHAPTER 2 

METHODS 

This chapter contains a slightly modified version of “The impact of arsenic on 

Rad18 and translesion synthesis” by Volk LB, Cooper KL, Jiang T, Paffett ML, 

and Hudson LG in revision for Toxicology and Applied Pharmacology. 

 

2.1 Reagents 

Chemicals 

Sodium arsenite (>99%) was purchased from Fluka Chemie (Buchs, 

Switzerland); zinc chloride (>98%) from Sigma (St. Louis, MO); Hydrogen 

peroxide 30% from J.T.Baker (Phillipsburg, NJ); 16% formaldehyde solution and 

carboxy- ’',7'-dichlorodihydrofluorescein diacetate (DCFDA) from Thermo 

Scientific (Waltham, MA); N,N,N',N'-Tetrakis(2-pyridylmethyl)ethylenediamine 

(TPEN; ≥97%) from Tocris (Bristol, United Kingdom); mitomycin C from Enzo 

Biochem (Farmingdale, NY); and etoposide from Calbiochem (San Diego, CA).  

 

Small interfering RNAs (siRNAs) & transfection reagent 

The Rad18 Human siRNA Oligo Duplex kit was obtained from Origene 

(Rockville, MD) and contained 3 unique Rad18 27mer siRNA duplexes A-C 

#SR311213 (Locus ID 56852; RefSeq NM_020165), Trilencer-27 Universal 

Scrambled Negative Control siRNA Duplex #SR30004, and RNAse free siRNA 

Duplex Resuspension Buffer. The Trilencer-27 Fluorescent-labeled transfection 

control siRNA duplex #SR30002 and siTran 2.0 siRNA Transfection Reagent kit 
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#TT320001 containing siTran 2.0 Transfection Reagent and 5x Transfection 

Buffer were purchased from Origene. siRNA Duplex Resuspension Buffer was 

added to siRNA duplexes to a final concentration of 10 µM according to 

manufacturer’s instructions and aliquots frozen at -20 °C.     

 

Antibodies 

Primary antibodies obtained from Cell Signaling (Danvers, MA) include 

Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb #9664, DNA Polymerase η 

(E1I7T) Rabbit mAb #13848, GAPDH (D16H11) XP® Rabbit mAb #5174, 

Histone H3 (D1H2) XP® Rabbit mAb #4499, Histone H4 (L64C1) Mouse mAb 

#2935, HR6A/HR6B Rabbit Antibody #4944, PARP (46D11) Rabbit mAb #9532, 

PARP Rabbit Antibody #9542, PCNA (D3H8P) XP® Rabbit mAb #13110, PCNA 

(PC10) Mouse mAb #2586, Phospho-Histone H2A.X (Ser139) Antibody #2577, 

Phospho-Histone H2A.X (Ser139) (D7T2V) Mouse mAb #80312, Phospho-p53 

(Ser15)(16G8) Mouse mAb #9286, Phospho-Rad18 (Ser403) Rabbit Antibody 

#8393, Rad18 (D2B8) XP® Rabbit mAb #9040, RPA70/RPA1 Rabbit Antibody 

#2267, and SP1 Rabbit Antibody #5931.  

HR6B/UBE2B Mouse Antibody (PCRP-UBE2B-1C7) #NBP3-07169 was 

obtained from Novus Biologicals (Centennial, CO). POLH Rabbit Polyclonal 

Antibody #PA5-76055 was obtained from Thermo Fisher Scientific. Primary 

antibodies obtained from Bethyl Laboratories include BRCA1 Rabbit Polyclonal 

Antibodies #A301-377A and #A301-378A, DNL3 (LIG3) Rabbit Polyclonal 

Antibodies #A301-636A and #A301-637A, p53 Rabbit Polyclonal Antibodies 
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#A300-247A and #A300-248A, and Rad18 Rabbit Polyclonal Antibodies #A301-

340A and #A301-339A. APTX Rabbit Polyclonal Antibody #ab31841, XPA (12F5) 

Mouse mAb #ab2352, XPA Rabbit Polyclonal Antibody #ab85914 were obtained 

from Abcam (Cambridge, United Kingdom). PML Rabbit Antibody (H-238) #sc-

5621 was obtained from Santa Cruz Biotechnology (Dallas, TX). Mono- and 

Polyubiquitinylated Conjugates Mouse mAb (FK2) #BML-PW8810-0100 was 

obtained from Enzo Life Sciences. 

Secondary antibodies used in near-infrared western blotting were obtained 

from LI-COR Biosciences (Lincoln, NE) and include IR Dye 680RD Goat anti-

Mouse #925-68070, IR Dye 680RD Goat anti-Rabbit #925-68071, IR Dye 

800CW Goat anti-Mouse #925-32210, and IR Dye 800CW Goat anti-Rabbit 

#925-32211. Invitrogen secondary antibodies used in immunocytochemistry were 

obtained through Thermo Fisher Scientific and include Goat anti-Mouse IgG 

(H+L) Alexa Fluor Plus 488 #A32723, Goat anti-Mouse IgG (H+L) Alexa Fluor 

Plus 647 #A32728, Goat anti-Rabbit IgG (H+L) Alexa Fluor Plus 488 #A32731, 

and Goat anti-Rabbit IgG (H+L) Alexa Fluor Plus 647 #A32733. 

 

Peptides 

The following peptides were ordered from Genemed Synthesis, Inc. (San 

Antonio, TX): TKVDCPVCGVNIPESHINKHLDSCLS (UBZ), 

TKVDCPVCGVNIPESHINKHLDSHLS (UBZC2H2), LRCGICFEY-

FNIAMIIPQCSHNYCSLCIRKFLSYKTQCPTCCV (RING), 

LRHGIHFEYFNIAMIIPQHSHNYCSLCIRKFLSYKT-QCPTCCV (RINGH2C2). 
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Peptides were validated by the manufacturer using HPLC and purity was 

determined to be >95%.   

 

2.2 Ultraviolet Radiation (UV)  

UV exposures were conducted with two FS40 UVB broadband bulbs emitting 

wavelengths of light between 280 nm and 400 nm with a peak near 300 nm. The 

proportion and intensity of UVA/UVB is measured annually using an ILT2400 

radiometer equipped with UVA (SED033) and UVB (SED240) detectors 

(International Light Technologies; Peabody, MA). The spectral emission profile 

for exposures described herein was 91% UVB, 9% UVA and <1% UVC. In 

experiments involving UV, HEKn cells in medium were exposed to 2.8 kJ/m2 

UVB. The dose of UVB was sufficient to induce CPDs (Figure 2.1A), PH2AX 

(Figure 2.1B), and replication stress (Figure 2.1C) 4 h post UV without 

significantly altering viability 24 h post UV (Figure 2.1D).   
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Figure 2.1: UV response in HEKn cells. HEKn cells were exposed without (No Damage: ND) or 
with 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV exposure and immunocytochemistry was 
performed as described in Methods. Max intensity projections (MIPs) were analyzed for (A) CPDs 
and (B) PH2AX (Ser139) sum of intensity per nucleus normalized to ND with Slidebook 6. Nuclei 
are outlined in representative images and secondary only controls (CONTROL) are included.  
N≥120 nuclei. ****p<0.0001 compared to ND. (C) HEKn cells were treated with 10 µM 5-Ethynyl-
2’-deoxyuridine (EdU) 1 h prior to exposure with 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV 
exposure and EdU detection was performed. MIPs were analyzed for EdU sum of intensity per 
nucleus normalized to ND with Slidebook 6. N≥421 nuclei. ****p<0.0001 compared to ND. (D) 
HEKn cells were exposed to 2.8 kJ/m2 UVB and allowed to recover for 24 h before performing the 
PrestoBlue cell viability assay as described in Methods. Relative Fluorescence Units (RFU) were 
normalized to ND. N=3. There was no significant difference compared to ND. All values represent 
mean ± SEM.  
 

2.3 Ionizing Radiation (IR)   

IR exposures were conducted with a Faxitron MultiRad 225 Irradiator. In 

experiments involving IR, HEKn cells in medium were exposed to 5 Gy of X-ray 

at a rate of 2 Gy/min. The dose of IR was sufficient to induce PH2AX 2 h post IR 

with a significant recovery at 6 h post IR (Figure 5.5).   

 

2.4 Cell Culture and Treatment 

Cell culture 

Pooled HEKn (lot #05461) and single donor HEKn cells (lot #00263; used 

only in zinc release assay) were purchased from Lifeline Cell Technologies 

(Oceanside, CA) and cultured in Lifeline DermaLife K culture medium and 

supplements without the addition of antibiotics. HEKn cells were subcultured for 

no more than 10 passages using Lifeline trypsin 0.05% EDTA 0.02%, Lifeline 

trypsin neutralization solutions, and Sigma Dulbecco’s Phosphate Buffered 

Saline (DPBS). HEKn stocks were stored in Lifeline FrostaLife freezing medium 

in liquid nitrogen.  

Human embryonic kidney (HEK) 293T cells were obtained from ATCC 
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(Manassas, VA) and cultured in Dulbecco’s Modified Eagle’s Medium (Sigma) 

with 10% fetal calf serum (Atlanta Biologicals; Flowery Branch, GA) and 2 mM L-

Glutamine (Sigma). Human embryonic kidney (HEK) 293T cells were passaged 

using 0.25% Trypsin-EDTA 1x (VWR; Radnor, PA) and stocks stored in 90% 

complete medium and 10% DMSO in liquid nitrogen. Cells were used for no 

more than 20 passages from receipt. All cell lines were maintained at 37°C in a 

95% air/5% CO2 humidified incubator. All PBS buffers used in cell culture and in 

the following methods were calcium and magnesium free. 

 

Cell treatment 

Stock solutions were prepared as follows: 1 mM stock arsenite in milliQ 

water, 100 mM TPEN in ethanol, 100 mM DCFDA in DMSO, 100 mM etoposide 

in DMSO, and 1.5 mM mitomycin C in DPBS. Stock solutions were sterilized 

using a 0.22-μm syringe filter and aliquots stored at -20°C. DCFDA stocks were 

aliquoted in dark eppendorf tubes to protect from light and stored at -20°C in a 

desiccator. Working solutions were prepared by diluting the stock with complete 

cell culture medium. For experiments involving cell exposures, cells were placed 

in complete medium containing arsenite at the concentrations and times 

indicated in the figures and figure legends. Final concentration of ethanol in 

TPEN treatments was negligible (0.005%) and did not reveal any significant 

differences compared no treatment (NT) control. 

 

Rad18 knockdown  
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HEKn cells were transfected with Trilencer-27 Fluorescent-labeled 

transfection control (TYE563 labeled siRNA), universal scrambled control (SCR), 

Rad18 siRNA-A (R18A), Rad18 siRNA-B (R18B), or Rad18 siRNA-C (R18C) 

according to the manufacturer’s instructions. Briefly, cells were plated in Thermo 

Nunc Lab-Tek II 4-well slides at 2.5x104 cells per well or Greiner Bio-One 

(Frickenhausen, Germany) CELLSTAR 100 mm cell culture plates at 4x105 cells 

per plate. After 1 day of growth, medium was replaced with fresh medium 30-60 

min prior to transfection. siRNA was diluted in 1x Transfection Buffer, then siTran 

2.0 Reagent added, mixed, and incubated at room temperature for 15 min. The 

transfection mixture was added dropwise to cells, and slides or plates gently 

rocked. Final concentrations were 20 or 40 nM siRNA as reported in figure 

legends, 9% Transfection Buffer, and 0.055% siTran 2.0 Reagent. Medium 

containing transfection complex was removed 5-6 h later and replaced with fresh 

medium. Cells were treated as described in figure legends and fixed for 

immunocytochemistry or collected for western blot 2 days post transfection.  

Transfection with 20 nM of TYE563 labeled siRNA demonstrates efficient 

uptake of siRNA with the transfection conditions described above (Figure 2.2A). 

HEKn cells transfected with 20 nM of R18A-C resulted in a 31% knockdown of 

Rad18 with R18A and 35% knockdown with R18B compared to 20 nM SCR 

control as measured by immunocytochemistry. No significant changes were 

observed with R18C and therefore this siRNA was excluded from the study 

(Figure 2.2B). Western blot analysis demonstrated a 30% and 45% knockdown 

with R18A and R18B respectively (Figure 2.2C), comparable to the findings 
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obtained by immunocytochemistry. HEKn cells transfected with 20 nM each of 

R18A and R18B (R18AB; 40 nM total) led to a 62% and 71% knockdown of 

Rad18 compared to 40 nM SCR control as measured by immunocytochemistry 

(Figure 2.2D) or western blot (Figure 2.2E), respectively. 
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Figure 2.2: Rad18 knockdown by siRNA. HEKn cells were transfected with 20 nM of TYE563 
labeled siRNA, universal scrambled control (SCR), Rad18 siRNA-A (R18A), Rad18 siRNA-B 
(R18B), or Rad18 siRNA-C (R18C) as described in Methods. Cells were fixed 48 h post 
transfection and immunocytochemistry performed. (A) Image demonstrates uptake of TYE563 
siRNA (red) in HEKn cells with optimized transfection conditions (DAPI = blue). (B) MIPs were 
analyzed for Rad18 (green) sum of intensity normalized to number of cells and SCR control with 
Slidebook 6. Secondary only control (CONTROL) included with representative images. N≥15 
images (≥5 cells per image). **p<0.01, *p<0.05 compared to SCR. (C) HEKn cells were 
transfected with 20 nM of SCR, R18A, or R18B. Whole cell lysates were collected 48 h post 
transfection and analyzed via western blot. Rad18 was normalized to total protein stain and SCR 
control. N=3. **p<0.01, *p<0.05 compared to SCR. (D) HEKn cells were treated and analyzed as 
described in B, except transfected with 40 nM universal scrambled control or 20 nM each of 
R18A and R18B (R18AB; 40 nM total). N≥15 images (≥5 cells per image). ****p<0.0001 
compared to SCR. (E) HEKn cells were transfected with 40 nM universal scrambled control 
(SCR) or 20nM each of R18A and R18B (R18AB; 40 nM total) and exposed to 2.8 kJ/m2 UVB 2 
days post transfection. Whole cell lysates were collected 4 h post UV exposure and analyzed via 
western blot. Rad18 was normalized to total protein stain and UV+SCR control. N=3. ***p<0.001 
compared to UV+SCR. All values represent mean ± SEM. 
 

2.5 Cell Viability 

PrestoBlue Cell Viability Reagent was obtained from Thermo Fisher 

Scientific. HEKn cells were plated in a 96 well plate at 2.5x103 cells per well. Two 

days later, cells were exposed with or without UV and allowed to recover for 24 

hr. PrestoBlue cell viability assay was performed according to the manufacturer’s 

instructions. Briefly, 1/10th volume of cell viability reagent was added directly to 

cells in culture medium and incubated for 2 hr at 37°C in a humidified cell culture 

incubator. Plates were read on a SpectraMax i3x (Molecular Devices; San Jose, 

CA) equipped with SoftMax Pro 7.0 software. Well scan was performed using 

excitation wavelength of 560 nm (bandwidth 9 nm) and an emission of 585 nm 

(bandwidth 15 nm). Background fluorescence was subtracted from results. The 

cell viability assay was performed with 3 independent experimental replicates. 
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2.6 Western Blot 

HEKn cells were plated in 100 mm plates at 1.4x105 cells per plate and 

cultured for 4 days. Cells were treated as described in figure legends. Plates 

were washed 2 times with ice-cold 1xPBS, then scraped and collected in non-

denaturing lysis buffer (20 mM TRIS pH 7.5, 150mM NaCl, 1% Triton X-100) with 

1:100 Thermo Halt Protease and Phosphatase Inhibitor Cocktail on ice. Lysates 

were sonicated for 15 pulses (3 output control, 30% duty cycle) with a Branson 

Sonifier Cell Disruptor 200 and centrifuged at 14000xg for 15 min at 4°C. 

Supernatant was transferred to a fresh tube and frozen at -80°C. Protein 

concentration was determined using Thermo Scientific Pierce BCA Protein Assay 

Kit. Equal amounts of lysate (20-60µg protein) in laemmli buffer (5x: 10% SDS, 

500mM DTT, 50% glycerol, 250mM Tris HCl, 0.5% Bromophenol Blue, pH 6.8) 

were loaded into a 10-15% SDS-PAGE gel along with Bio-Rad (Hercules, CA) 

Precision Plus Protein All Blue Prestained Protein Standards. Electrophoresis 

was performed in a Bio-Rad Mini-PROTEAN Tetra Cell or a C.B.S Scientific (San 

Diego, CA) Double-Wide Mini-Blotter at 120v for 1.5-2.5 h with a Bio-Rad 

PowerPac Basic Power Supply. Protein was transferred to LI-COR Odyssey 

Nitrocellulose Membrane at 30v overnight at 4°C. Membranes were allowed to 

dry for at least one h and then rehydrated in 1xTBS (20 mM Tris base, 150 mM 

NaCl, pH 7.6).  

Blots were stained with LI-COR Revert 700 Total Protein Stain according to 

manufacturer’s instructions and imaged with LI-COR Odyssey Fc or 9120 

Imager. Blots were destained and blocked for 1 h at room temperature in LI-COR 
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Intercept Blocking Buffer TBS. Primary antibodies were diluted (according to 

manufacturer’s recommendations for western blot) in Intercept Blocking Buffer 

with 0.2% Tween 20 and incubated overnight at 4°C on a rocker. Three washes 

were performed with 1xTBS 0.1% Tween-20 (TBST) before the addition of LI-

COR IR Dye secondary antibody (1:15000) for 1 h at room temperature. Three 

washes were performed with TBST followed by 1 wash with TBS prior to imaging 

on a LI-COR Odyssey Fc or 9120 Imager.  

No saturation was present in images collected for analysis. Target 

quantification was performed using LI-COR Image Studio Lite Ver 5.2. To 

calculate target signal, the product of background and area was subtracted from 

the sum of the pixel intensity values (Total). Signal = Total – (Background x 

Area). Results were normalized to Revert 700 Total Protein Stain. Blots were 

stripped with LI-COR NewBlot IR Stripping Buffer according to manufacturer’s 

instructions. Stripping efficiency was assessed prior to experimentation. 

Depending on the experiment, blots were cut prior to imaging to fit on the imager 

tray, but blot sections were imaged at the same time and under the same 

imaging conditions. In experiments involving multiple blots, normalization controls 

were included. All western blot analysis was performed with ≥3 independent 

experimental replicates. Brightness and contrast were adjusted uniformly to 

enhance the visualization of representative blots.  

 

2.7 Immunocytochemistry  

Slide preparation 
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HEKn cells were plated in 4-well chamber slides at 1.25x104 cells per well or 

2.5x104 cells per well (siRNA experiments only) and treated as described in 

figure legends. Cells were fixed in 3.7-4% paraformaldehyde for 15 min, washed 

3 times in 1xPBS, then permeabilized with dry methanol at -20°C for 10 min. 

After 3 washes, cells were blocked in 1xPBS 5% normal goat serum (Thermo 

Scientific) 0.15% Triton X-100 (Fisher BioReagents) buffer for 1 h at room 

temperature. Slides were placed in humidity chambers and incubated with 

primary antibody 1xPBS 1% bovine serum albumin (BSA; Sigma) 0.15% Triton 

X-100 overnight at 4°C. Primary antibody concentrations were diluted according 

to manufacturer’s recommendations for immunofluorescence 

(immunocytochemistry), except 1:200-1:400 was used for Rad18 (D2B8) XP® 

Rabbit mAb #9040 and 1:200 was used for RPA70/RPA1 Rabbit Antibody #2267. 

Slides were washed 3 times, then incubated with secondary antibodies (1:1000) 

in 1xPBS 1%BSA 0.15% Triton X-100 buffer for 1 h at room temperature. After 3 

washes, slides were incubated with 0.5 µg/mL 4’,6-Diamidino-2-Phenylindole 

Dihydrochloride (DAPI; Invitrogen) in 1xPBS for 10 min. After 3 more washes, 

slides were mounted with Invitrogen Prolong Glass Antifade Mountant, allowed to 

cure overnight at room temperature, then sealed with nail polish and stored at 

4°C. All washes (5 min each) and incubations (except for the primary antibody 

incubation) were performed at room temperature on a rotator. For the CPD 

immunocytochemistry (Figure 2.1), cells were denatured in 2 N HCl for 30 min, 

then washed 5 times with 1xPBS prior to block.     
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Confocal microscopy 

Sub-Airy unit (0.6AU) pinhole confocal microscopy was performed as 

previously described  (Noureddine et al., 2021; Saha et al., 2022) with a Leica 

TCS-SP8 (Leica Microsystems; Wetzlar, Germany) controlled by LASX software 

version 3.5.7 and followed by computational image restoration (deconvolution) 

with Huygens Essential version 20.10 (Scientific Volume Imaging; Hilversum, 

Netherlands) utilizing a constrained maximum likelihood estimation algorithm. All 

3D confocal scanning parameters (Z-stacks; 1.5 µm physical length, 11 slices) 

were obtained with a 63×/1.4NA apochromat oil objective in sequential scanning 

mode, a sub-Airy pinhole size of 0.6 AU, and image size of 92 µm x 92 µm. Both 

lateral and axial voxel dimensions were acquired at ideal Nyquist sampling rates 

(https://svi.nl/NyquistCalculator) using spectral hybrid detectors where 

fluorophore emission spectra bands-widths were precisely set in combination 

with sequential scanning to avoid any possibility of fluorophore cross-talk. 

As stated above, quality control measures were undertaken to avoid fluorophore 

cross-talk by systematically validating no direct laser excitation of adjacent (red 

shifted) channels were observed during parameter optimization. Secondary only 

controls were included in each experiment to minimize background and 

determine appropriate values for background subtraction during image 

restoration and subsequent analysis. Replicate control wells were included to test 

the well-to-well variability of each antibody and analysis, and no significant 

differences were detected. Nuclear staining was utilized to select groups of cells 

(≥5 cells per image) as to avoid bias from antibody staining.  

https://svi.nl/NyquistCalculator
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Maximum intensity projection (MIP) analysis  

All post-processed (deconvolved) confocal images were converted to max 

intensity projections (MIPs) with LAS X software. Raw MIPs were imported into 

Intelligent Imaging Innovations (Denver, CO) Slidebook 6 version 6.0.6 for 

analysis. Masks were utilized to define whole cells, as well as the nuclear and 

cytoplasmic regions (Figure 2.3A). Subcellular localization analysis was 

performed by calculating the whole cell, nuclear, or cytoplasmic target sum of 

intensity per image, then was divided by the number of cells per image. Sum of 

intensity of CPD, PH2AX, EdU, and phospho-p53 targets utilized in UV 

experiments were calculated per nuclei. Object analysis was used to generate 

the number of Rad18, PH2AX, ubiquitin, Rad18+PH2AX, and Rad18+ubiquitin 

foci per image, then was divided by the number of cells per image (Figure 2.3B). 

Channel threshold and brightness were adjusted uniformly to enhance the 

visualization of representative images.  
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Figure 2.3: MIP Analysis. (A) Example mask highlighting (light blue) of the Rad6B (green) 
nuclear, cytoplasmic, and whole cell staining (DAPI = dark blue). (B) Example foci analysis of 
Rad18 (red), PH2AX (green), and Rad18-PH2AX (yellow) overlap. 
 

Colocalization analysis 

Deconvolved confocal images were analyzed for the spatial overlap between 

two targets using the Huygens Essentials Colocalization Analyzer. First, 

background was estimated from control images using the Costes method and the 

resulting channel thresholds were applied equally to all images in each 

experiment. Next, the Pearson’s correlation coefficient was calculated for each 

image and colocalization maps in the form of iso-colocalization surfaces were 

generated. Colocalization maps were processed with MIP Renderer using false 

color to highlight the lowest to highest pixel values using the following color 

scheme: purple (lowest) < blue < green < yellow < orange < red (highest). 
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Brightness was adjusted uniformly to enhance the visualization of representative 

colocalization map MIPs.  

 

2.8 Reactive Oxygen Species (ROS) Detection 

HEKn cells were plated in 96 well plates at 1 x 104 cells per well and 

incubated overnight. Cells were then pretreated with 20 µM DCFDA for 30 min, 

then fresh medium with or without arsenite (1 or 5 µM) was added.  Plates were 

incubated for an additional 1 h or 24 h before detection of ROS. Nuclei were 

stained with DAPI (0.7 µg/ml) and wells immediately imaged using an Olympus 

IX83 fluorescence microscope equipped with cellSens Dimension (Olympus; v 

1.9) imaging software and a DP80 digital camera. A minimum of 10 images per 

treatment were collected and sum of intensity fluorescence was quantified using 

cellSens Dimension and Count & Measure imaging software (Olympus; v 1.9) 

and normalized to DAPI fluorescence. All images were acquired within 3 h of 

staining to minimize the possibility of signal degradation. ROS detection was 

performed with 3 independent experimental replicates. Brightness and contrast 

were adjusted uniformly to enhance the visualization of representative images.    

 

2.9 Zinc Release Assay  

Single donor HEKn cells were cultured in 150 mm plates to approximately 

50% of confluence then treated with or without 1 µM arsenite for 24h. Total 

protein was collected, proteins of interest immunoprecipitated, and zinc content 

determined using 4,(2-pyridylazo)-resorcinol as previously described (Cooper et 
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al., 2013; Zhou et al., 2011). Antibodies utilized for the immunoprecipitation (IP) 

and/or immunoblotting (IB) of target proteins and their final concentrations are 

listed in Table 2.1. Zinc release assay was performed with ≥3 independent 

experimental replicates.  

 

Target 
Protein 

Manufacturer Catalog 
Number 

Dilution Used 
IP IB 

APTX  Abcam ab31841 1:500 1:1000 
BRCA1 Bethyl 

Laboratories 
A301-377A 1:150  

BRCA1 Bethyl 
Laboratories 

A301-378A  1:1000 

LIG3 Bethyl 
Laboratories 

A301-637A 1:150  

LIG3 Bethyl 
Laboratories 

A301-636A  1:2000 

p53  Bethyl 
Laboratories 

A300-247A  1:250  

p53 Bethyl 
Laboratories 

A300-248A   1:5000 

PARP-1 Cell Signaling 9532 1:200  
PARP-1 Cell Signaling 9542  1:1000 
PML Santa Cruz 

Biotech 
sc-5621 1:100 1:500 

RAD18 Bethyl 
Laboratories 

A301-340A 1:100  

RAD18 Bethyl 
Laboratories 

A301-339A  1:1000 

SP-1 Cell Signaling 5931 1:200 1:1000 
XPA Abcam ab85914 1:100  
XPA Abcam ab2352  1:500 

Table 2.1: Zinc release assay antibodies and dilutions. Listed are the final dilutions used for 
the immunoprecipitation (IP) and immunoblotting (IB) of target proteins during the zinc release 
assay.  
 

2.10 Peptide Analysis  

Peptide stocks 
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The RING finger peptides were resuspended in 70% acetonitrile, 10% acetic 

acid, 20% milliQ water, and 250 µM dithiothreitol to a concentration of 1 mM and 

sonicated for 10 pulses. The UBZ domain peptides were resuspended in 50% 

acetonitrile, 50% milliQ water, and 250 µM dithiothreitol to a concentration of 1 

mM and gently vortexed. Peptide stocks were stored in a desiccation chamber at 

-20°C.   

 

Liquid Chromatography (LC) and Electrospray Ionization (ESI) MS  

Stock peptides were added to 10 mM ammonium acetate (pH 7.2) and 250 

µM dithiothreitol buffer to a final concentration of 100 µM. Aliquots of the 100 μM 

peptides were mixed with 400 μM arsenite and incubated at room temperature 

for ≥30 min. Coincubation experiments were conducted by incubating the peptide 

with arsenite and zinc at different molar ratios (ratio 1:2, 1:1, 2:1, respectively).  

Both LC-MS experiments and ESI−MS direct infusion were performed on Q-

exactive orbitrap classic mass spectrometer (Thermo Fisher Scientific; San Jose, 

CA) equipped with a HESI source (Thermo Fisher Scientific; San Jose, CA). For 

ESI-MS, samples from the metal binding assay were diluted 10-fold with 10 mM 

ammonia acetate and introduced into the MS source at 5 μL/min. The ESI source 

spray voltage, capillary temperature, sheath gas, auxiliary gas, S-lens RF level 

and mass resolution were maintained at 3.5 kV, 320°C, 5 psi, 0 psi, 50 V, and 

17,500, respectively. For the LC-MS experiment, 1 μL of undiluted samples were 

injected using a Vanquish Flex Binary UHPLC (Thermo Fisher Scientific; San 

Jose, CA) equipped with a Biobasic 4 5 μm 50 x 2.1 mm column (Thermo Fisher 
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Scientific; San Jose, CA). Peptides were eluted using mobile phase A of 0.1% 

formic acid in water, mobile phase B of 0.1% formic acid in acetonitrile, and a 10 

min gradient of 1) 3%-97% B over 6.5 min, 2) then a hold of B for 1.5 min, 3) 

return to A in 0.5 min and 4) a final hold of A for 1.5 min. MS data were acquired 

in the mass range of 400 – 4,000 m/z. For data analysis, intact peptide masses 

were deconvoluted using Unidec1 Version 5.0.2 (Marty et al., 2015). 

 

Matrix-Assisted Laser Desorption/Ionization – Time of Flight (MALDI-TOF) MS  

Peptide solution was diluted to a concentration of 25 μM in a buffer 

containing 5 mM Tris-HCl (pH 6.8) and 250 μM dithiothreitol. Aliquots of the 25 

μM peptides were mixed with 200 μM arsenite and incubated in room 

temperature for 1 hr. Coincubation experiments were conducted by incubating 

the peptide with arsenite and zinc at different molar ratios (ratio 1:2, 1:1, 2:1, 

respectively). 

MALDI-TOF MS analyses were performed using a MALDI TOF/TOF 5800 

system (Applied Biosystems; Foster City, CA) equipped with a nitrogen laser in 

the positive-ion, reflectron mode. One μL of the above-mentioned peptide 

solution was mixed with an equal volume of 2,5-dihydroxybenzoic acid matrix 

solution and spotted onto a MALDI sample plate and dried completely prior to MS 

analysis. Each mass spectrum was acquired using 500 laser shots of random 

positions across a spot. Laser intensity was 5000 (arb. Unit), and the pulse rate 

was 400 Hz. 
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2.11 Chromatin Fractionation 

HEKn cells were plated in 100 mm plates at 1.2x105 cells per plate and 

cultured for 3 days, then treated with 1 µM or 5 µM arsenite for 24 h prior to UV 

exposure. Cells were lysed 4 h post UV exposure and proteins were fractionated 

as described previously (Lake et al., 2010). Briefly, cells were rinsed with 1xPBS, 

collected in 200 μl fractionation buffer (150 mM NaCl, 0.5 mM MgCl2, 20 mM 

HEPES pH 8.0, 10% glycerol, 0.5% Triton X-100, 1 mM DTT) on ice and 

centrifuged at 15,000xg for 20 min at 4°C. Resulting supernatant (roughly 300 μl) 

was removed and added to 75 μl of 5x laemmli buffer (soluble fraction). 125 μl of 

2x laemmli buffer was added to the pellet (chromatin fraction). All samples were 

sonicated continuously for 10 seconds. The chromatin-enriched fraction was 3 

times more concentrated than the soluble fraction. Equal volumes of samples 

were loaded onto 13-14% SDS-PAGE gels and western blot analysis performed 

as described in Section 2.6. Representative Revert 700 Total Protein Stain of 

samples is provided in Figure 2.4A. Fractionation efficiency was confirmed with 

histone H3 and histone H4 for the insoluble fraction and GAPDH for the soluble 

fraction (Figure 2.4B). The recruitment of PARP-1 to chromatin in arsenite and 

UV treated cells was used as a control and results were similar to previous 

findings (Figure 2.4C) (Ding et al., 2017). Chromatin fractionation was performed 

with 3 independent experimental replicates.    
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Figure 2.4: Chromatin fractionation controls. HEKn cells were treated and analyzed as 
described in Figure 4.7 and Methods. Shown are representative western blots of chromatin 
fractionation (A) total protein stain and (B) fractionation controls. (C) HEKn cells were treated with 
1 µM (UV+1A) or 5 µM (UV+5A) arsenite for 24 h prior to exposure with 2.8 kJ/m2 UVB. 
Chromatin fractionation was performed 4 h post UV exposure as described in Methods. PARP-1 
in the chromatin fraction was normalized to total protein stain and UV only control. N=3. Values 
represent mean ± SEM. *p<0.05 compared to UV. 
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2.12 DNA Synthesis Assay 

Click-iT Plus EdU Cell Proliferation Kit for Imaging (Alexa Fluor™ 555 dye) 

was obtained from Thermo Fisher Scientific and reagents prepared according to 

manufacturer’s instructions. HEKn cells plated in 4-well chamber slides at 

1.25x104 cells per well or 2.5x104 cells per well (siRNA experiments only) and 

treated as described in figure legends. Ten µM 5-ethynyl-2'-deoxyuridine (EdU) 

added 1 h prior to UV exposure and cells were fixed 4 h post UV for a total EdU 

treatment of 5 h. Cells not exposed to UV were also treated with EdU for 5 h. 

EdU detection was performed according to manufacturer’s instructions. Briefly, 

cells were fixed in 3.7% paraformaldehyde for 15 min, washed 2 times with 3% 

BSA in 1xPBS, then permeabilized with 0.5% Triton® X-100 in 1xPBS for 20 min. 

Cells were washed 2 times with 3% BSA in 1xPBS, then incubated with Click-iT 

Plus reaction cocktail for 20 min. Cell were washed once with 3% BSA in 1xPBS, 

then 2 times with 1xPBS prior to a 30 min incubation with Hoechst® 33342 in 

1xPBS. Cells were washed 3 times with 1xPBS and mounted with Invitrogen 

Prolong Glass Antifade Mountant. All incubations were performed on a rotator at 

room temperature. Slides were allowed to cure overnight at room temperature, 

then sealed with nail polish and stored at 4°C. Imaging was performed as 

described in Section 2.7. 

 

2.13 Comet Assay 

Neutral comet assay was performed according to instructions included with 

Trevigen (Gaithersburg, MD) CometAssay #4250-050-K with the addition of an 
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S1 nuclease treatment as previously described (Quinet et al., 2016). Briefly, 

HEKn cells were plated in 100 mm plates at 1.4x105 cells per plate and cultured 

for 3 days. Cells were treated with 1 µM or 5 µM arsenite for 24 h prior to UV 

exposure. Cells were collected 4 h post UV. For positive controls, HEKn cells 

were treated with 25 µM etoposide, 15 µM Mitomycin C, and serum starvation 

(Lifeline DermaLife medium without K supplements) for 4 h. Cells were collected 

by trypsinization, washed, and resuspended in ice cold 1xPBS, then counted and 

adjusted to 1x105 cells per mL in ice cold 1xPBS. Cells were combined with 37°C 

molten LMAgarose (Trevigen) at a ratio of 1:10 (v/v), and 50 μl of the mixture 

was immediately pipetted onto each well of a Trevigen 20-well CometSlide. The 

slides were placed at 4°C for 30 min, then immersed in prechilled Trevigen Lysis 

Buffer at 4°C for 1 h. Slides with S1 nuclease treatment were washed 3 times 

with Promega (Madison, WI) 1x S1 Nuclease Reaction Buffer, then incubated for 

30 min at 37°C in a humidity chamber with 40 U/mL of Promega S1 Nuclease in 

1X Reaction Buffer. All slides were washed with prechilled 1x Neutral 

Electrophoresis Buffer (0.1 M Tris Base plus 0.3 M sodium acetate) for 30 

minutes at 4°C 

The slides were transferred to the CometAssay ES tank with prechilled 1x 

Neutral Electrophoresis Buffer. Electrophoresis was performed at 21v for 1 h at 

4°C. Excess Neutral Electrophoresis Buffer was drained and slides immersed in 

DNA precipitation solution (1 M ammonium acetate in 95% ethanol) for 30 min at 

room temperature. Slides were then immersed in 70% ethanol for 30 min at room 

temperature. Slides dried overnight at room temperature in the dark. Diluted 
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Invitrogen SYBR Gold (1:10000 in TE buffer) was pipetted onto each well and 

incubated for 5 min at 4°C. Excess SYBR Gold was removed, slides dried at 

37°C and wells imaged using an Olympus IX83 fluorescence microscope 

equipped with cellSens Dimension (Olympus; v 1.9) imaging software and a 

DP80 digital camera. Comets (22-70 per treatment) were analyzed for percent 

tail DNA using Comet Analysis Software (Trevigen) version 1.2. Comet assay 

was performed with ≥3 independent experimental replicates. Controls were 

performed. Etoposide demonstrated DNA DSBs captured by the neutral comet 

assay. DSBs were increased with S1 nuclease treatment of the replication stress 

positive controls mitomycin C and serum starvation (Figure 2.5).   
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Figure 2.5: Neutral comet assay controls. (A) HEKn cells were treated without (ND) or with 25 
µM etoposide (ETOP), 15 µM mitomycin C (MMC), or serum starved (Lifeline DermaLife medium 
without K supplements) for 4 h prior to collection. Neutral comet assay was performed with or 
without the addition of S1 nuclease as described in Methods and representative images are 
shown. Comets were analyzed for percent tail DNA using Trevigen Comet Analysis Software and 
normalized to NT control. N≥1. (B) HEKn cells were collected 4 h post 2.8 kJ/m2 UVB. Comets 
were analyzed for percent tail DNA and normalized to NT control. N=3. ****p<0.0001 compared to 
corresponding ND control. No significant differences when comparing No S1 to +S1 for UV 
treatment matched groups. All values represent mean ± SEM. 
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2.14 Statistical Analysis 

All graph values represent mean ± standard error of the mean (SEM). 

Statistical comparisons were performed by nonparametric, unpaired Student’s 2-

sample t-test using GraphPad Prism 5.0 & 8.0 (GraphPad Software Inc.; San 

Diego, CA). p<0.05 was considered to be statistically significant.  
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CHAPTER 3 

AIM 1: ARSENITE BINDS TO AND DISRUPTS THE FUNCTION OF RAD18 

ZINC FINGERS 

This chapter contains a slightly modified version of “The impact of arsenic on 

Rad18 and translesion synthesis” by Volk LB, Cooper KL, Jiang T, Paffett ML, 

and Hudson LG in revision for Toxicology and Applied Pharmacology. 

 

3.1 Rad18 is a target of arsenite  

Arsenite preferentially binds to zinc fingers containing ≥3 zinc coordinating 

cysteine residues (Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 2021). 

Based on this feature, the UBZ and RING zinc fingers of Rad18 are candidate 

targets for arsenite. The Rad18 RING finger is composed of two interdigitated 

zinc-binding sites, a C4 and a CHC2 (Figure 3.1) (Huang et al., 2011) and 

several RING finger containing proteins are known arsenite targets (Tam et al., 

2020; Zhou et al., 2021). In comparison, the Rad18 UBZ domain coordinates one 

zinc ion with a C2HC zinc-binding site (Figure 3.1). The classical C2H2 zinc 

finger of aprataxin (APTX) is structurally comparable to the UBZ domain and 

does not bind arsenite; however, mutant CCHC APTX zinc finger peptides bind 

arsenite (Rizzo et al., 2014; Zhou et al., 2011).  
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Figure 3.1: Rad18 zinc finger domains. Schematic of zinc binding sites within the Rad18 RING 
finger and UBZ domains.  
 

Arsenite displaces zinc from Rad18 

A zinc displacement assay was used to determine if Rad18 is a target of 

arsenite. HEKn cells were treated with 1 µM arsenite for 24 h and zinc finger 

proteins were isolated by immunoprecipitation. Zinc content was detected by 

incubation with a colorimetric zinc chelator, 4,(2-pyridylazo)-resorcinol). Arsenite 

exposure resulted in nearly 80% loss of zinc from endogenous Rad18, which was 

significantly greater than the loss from the APTX and SP1 C2H2 zinc finger 

controls and comparable to zinc loss from previously identified arsenite targets 

PARP-1 and XPA (Figure 3.2) (Zhou et al., 2011). Arsenite binding to PML has 

been well studied and underlies its use as a treatment for acute promyelocytic 

leukemia (Section 1.6) (Zhou et al., 2021). 
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Figure 3.2: Arsenite-induced zinc release from proteins involved in DNA damage response. 
Single donor HEKn cells were treated with or without 1 µM arsenite for 24 h. The following targets 
were isolated by immunoprecipitation and free zinc detected by 4,(2-pyridylazo)-resorcinol 
chelation assay: specificity protein 1 (SP1), APTX, p53, DNA ligase 3 (LIG3), PARP-1, XPA, 
BRCA1, promyelocytic leukemia protein (PML), and Rad18. Results were normalized to NT 
control (defined as 100%) for each individual target. Values represent mean ± SEM. N>3. 
****p<0.0001, **p<0.01 compared to C2H2 zinc finger proteins (SP1 and APTX average).  
 

Arsenite binds Rad18 RING peptide 

More detailed analysis using MS was conducted to determine which of the 

Rad18 zinc fingers may be a target of arsenite. Peptides were synthesized 

containing the amino acid sequence for the Rad18 RING finger and UBZ 

domains, as well as mutants with only two cysteines per zinc-binding site (Figure 

3.3A). Resuspended Rad18 zinc finger peptides were incubated with or without 

arsenite or zinc for LC-MS analysis. Arsenite incubation with the RING peptide 

revealed a +144 Dalton (Da) peak shift indicating peptide bound to two arsenic 

ions (Figure 3.3B) (binding of two arsenic ions and removal of four protons). The 

shift was evident even when peptide was coincubated with arsenite and excess 

zinc (Figure 3.4A). Interestingly, the H2C2 mutant RING peptide was still 
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capable of binding to one arsenic ion (giving +72 Da shift in the observed mass-

to-charge value) (Figure 3.3C), perhaps due to the availability of ≥3 zinc 

coordinating cysteine residues retained between the two binding sites.  

 

 
Figure 3.3: Arsenite binds Rad18 zinc finger domains. (A) Rad18 zinc finger (ZF) peptide 
sequence, corresponding peptide mass, and results are shown. (B-E) In an ammonium acetate 
buffered solution, 100 µM of each peptide was incubated with 400 µM arsenite (As(III)) for a 
minimum of 30 min at room temperature prior to LC-MS analysis. LC-MS results were obtained 
for (B) Rad18 RING, (C) RINGH2C2, (D) UBZ, and (E) UBZC2H2 peptides, respectively.  
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Figure 3.4: Zinc-arsenite coincubation assay with Rad18 zinc finger peptides. Peptide 
sequences are shown in Figure 3.3. In an ammonium acetate buffered solution, 100 µM of each 
peptide was coincubated with zinc (Zn(II)) and arsenite (As(III)) at one of the following 
concentrations: 200 µM zinc : 400 µM arsenite (1:2), 400 µM zinc : 400 µM arsenite (1:1), 800 µM 
zinc : 400 µM arsenite (2:1). Peptide-metal incubations proceeded for a minimum of 30 minutes 
at room temperature prior to MS analysis. LC-MS results of the zinc-arsenite coincubation assay 
were obtained for the (A) RING and (B) UBZ peptides and ESI-MS for the (C) UBZ peptide.  
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Arsenite binds Rad18 UBZ peptide 

Incubation of the Rad18 UBZ peptide with arsenite resulted in a +72 Da peak 

shift corresponding to one bound arsenic ion (Figure 3.3D), which was absent 

with the C2H2 mutant UBZ peptide (Figure 3.3E), These findings were 

consistent with the matrix-assisted laser desorption/ionization - time of flight 

(MALDI-TOF) MS data (Figure 3.5). Arsenite binding to the UBZ domain was not 

evident when coincubated with zinc (Figure 3.4B). ESI-MS results showed peaks 

corresponding to free peptide and zinc bound peptide, but no peak 

corresponding to arsenic bound peptide (Figure 3.4C). Altogether, these data 

suggest greater sensitivity of the Rad18 RING finger for disruption by arsenic in 

comparison to the UBZ domain.  
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Figure 3.5: MALDI-TOF-MS analysis of the Rad18 UBZ peptide. Peptides sequences are 
shown in Figure 3.3. In a Tris-HCl buffered solution, 25 µM of each UBZ peptide was incubated 
with or without 200 µM arsenite for 1 h at room temperature prior to MALDI-TOF-MS analysis. 
MALDI-TOF-MS results were obtained for (A) UBZ and (B) UBZC2H2 peptides. 

 

Arsenite stimulates ROS production in HEKn cells 

Previous studies have determined that the inhibition of zinc finger domains by 

arsenite is a dual mechanism. First, arsenite increases the vulnerability of the 

zinc coordinating cysteine residues to oxidative damage by zinc finger binding 

and zinc displacement. Second, arsenite-induced ROS oxidizes the sensitized 

cysteine residues releasing arsenite (Cooper et al., 2022; Tam et al., 2020; Zhou 

et al., 2021). These actions lead to domain loss of function and, consequently, 

inhibition of DNA repair (Figure 1.4). ROS production by arsenite through 

mechanisms such as NOX stimulation (Appendix A) is an important component 
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in the inhibition of zinc fingers and is evident in pooled HEKn cells (Figure 3.6) 

(Cooper et al., 2022; Tam et al., 2020; Zhou et al., 2021). To determine the 

consequences of the disruption of Rad18 by arsenite, Rad18 zinc finger function 

in the presence of arsenite was assessed in Section 3.2.  

 
Figure 3.6: Arsenite-induced ROS in HEKn cells. HEKn cells were pretreated with 20 µM 
DCFDA for 30 min, then fresh medium without (NT) or with 1 µM (1A) or 5 µM arsenite (5A) was 
added. Plates were incubated for an additional 1 h or 24 h before detection of ROS as described 
in Methods. DCFDA sum of intensity (green) was normalized to DAPI (blue) and NT control using 
cellSens Dimension software as described in Methods. Values represent mean ± SEM. N=3. 
**p<0.01, *p<0.05 compared to NT. 
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3.2 Arsenite inhibits Rad18 zinc finger function 

 
Figure 3.7: Rad18 domain schematic. Rad18 domains involved in (A) TLS and (B) DSBR. 
Dashed arrows represent Rad18 zinc finger mediated post translational modifications. Solid 
arrows represent Rad18 domain binding activity. BD = Binding domain. NLS = Nuclear 
Localization Signal.  
 

Arsenite inhibits Rad18 RING finger function 

The Rad18 RING finger is a multifunctional domain with E3 ubiquitin ligase 

and protein binding activities, and is involved in various pathways including TLS 

and DSBR (Figure 3.7) (Huang et al., 2009; Inagaki et al., 2011; Miyase et al., 

2005; Song et al., 2010; Vaziri et al., 2016; Williams et al., 2011). Rad18 

monoubiquitinates PCNA through its RING finger in response to DNA damage-

induced stalled replication forks (Figure 3.8A) (Ma et al., 2020; Vaziri et al., 
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2016). The monoubiquitination of PCNA enhances the recruitment and retention 

of TLS polymerases. Treatment of HEKn cells with arsenite for 24 h significantly 

reduced both basal and UV-induced PCNA monoubiquitination (Lys164) in a 

concentration-dependent manner suggesting a decrease in zinc finger domain 

function (Figure 3.8B). Knockdown of Rad18 significantly reduced UV-induced 

PCNA monoubiquitination in HEKn cells, confirming the importance of Rad18 in 

this response (Figure 3.8C).  
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Figure 3.8: Arsenite reduces RING-dependent PCNA monoubiquitination in HEKn cells. (A) 
Schematic of Rad18 mediated PCNA monoubiquitination. R6BD = Rad6 Binding Domain. Ub = 
ubiquitin. (B) HEKn cells were treated without (0A) or with 1 µM (1A) or 5 µM arsenite (5A) for 24 
h or 5 µM TPEN (TP) for 30 min prior to exposure without (ND) or with 2.8 kJ/m2 UVB. Whole cell 
lysates were collected 4 h post UV exposure and analyzed via western blot. Monoubiquitinated 
PCNA (Lys164; PCNA-mUb) was normalized to total protein stain and NT control. N≥6. 
****p<0.0001, **p<0.01, *p<0.05 compared to corresponding 0A control. δδδδp<0.0001 comparing 
ND to UV for arsenite treatment matched groups. (C) HEKn cells were transfected with 40 nM 
SCR (SCR) or 20 nM each of R18A and R18B (R18AB; 40 nM total), then exposed to 2.8 kJ/m2 
UVB 2 days later. Whole cell lysates were collected 4 h post UV exposure and analyzed via 
western blot. Monoubiquitinated PCNA was normalized to total protein stain and UV+SCR 
control. N=3. *p<0.05 compared to UV+SCR. All values represent mean ± SEM. 
 

The E3 ubiquitin conjugating enzyme, human Rad6 (homologs Rad6A/B), is 

required for the monoubiquitination of PCNA by Rad18. The interaction of Rad18 

with Rad6 is dependent on the Rad18 RING finger and Rad6 binding domain 

(Figure 3.7A, Figure 3.8A) (Inagaki et al., 2011). Knockout or mutations in the 

Rad18 RING finger decrease the amount of Rad6 coimmunoprecipitated with 

Rad18 (Inagaki et al., 2011). Since the Rad18 RING finger is a target of arsenite 
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(Figure 3.3), it reasons that RING binding activity may be disrupted. To assess the 

impact of arsenite on the interactions between Rad18 and Rad6B, colocalization 

analysis was performed in arsenite treated HEKn cells. Results demonstrate a 

concentration dependent decrease in Rad18-Rad6B colocalization (Figure 3.9), 

suggesting a disruption in the interaction between Rad18 and Rad6. Altogether, 

findings from Figures 3.8 and 3.9 support the inhibition of Rad18 RING finger 

function by arsenic, which can lead to reduced DDT activity and promote UV-

induced replication stress.  

 

 
Figure 3.9: Arsenite disrupts RING-dependent colocalization of Rad18 and Rad6B. HEKn 
cells were treated without (0A) or with 1 µM (1A) or 5 µM arsenite (5A) for 24 h or 5 µM TPEN 
(TP) for 0.5 h prior to exposure without (ND) or with 2.8 kJ/m2 UVB. Cells fixed 4 h post UV 
exposure and immunocytochemistry performed. Pearson’s correlation coefficients and 
colocalization maps for Rad18 and Rad6B were obtained with Huygens Colocalization Analyzer 
as described in Methods. Results were normalized to NT control. Cells from representative 
colocalization map MIPs are provided and display false coloring to show pixel intensity from 
purple (lowest) < blue < green < yellow < orange < red (highest). N≥12 z-stacks (≥5 cells per z-
stack). Values represent mean ± SEM. ****p<0.0001 compared to NT.  
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Arsenite inhibits Rad18 UBZ function 

The Rad18 UBZ domain is involved in Rad18 ubiquitination and the 

localization of Rad18 to DSB sites (Figure 3.7) (Huang et al., 2009; Inagaki et 

al., 2011; Rizzo et al., 2014; Zeman et al., 2014). The monoubiquitination of 

Rad18 by Rad6 stimulates Rad18 homodimerization, which sequesters Rad18 

from initiating TLS in undamaged cells. Rad18 monoubiquitination is reduced in 

response to some, but not all DNA damaging agents, freeing Rad18 to bind to 

other factors in order to promote DDT pathways  (Figure 3.10A) (Zeman et al., 

2014). Knockout or mutations in the Rad18 UBZ domain prevents 

monoubiquitination and impairs Rad18 homodimerization (Inagaki et al., 2011; 

Miyase et al., 2005; Zeman et al., 2014). Rad18 monoubiquitination was 

significantly reduced in HEKn cells exposed to 5 µM arsenite for 24 and 48 h 

suggesting impairment of the UBZ domain function (Figure 3.10B). These 

findings are expected to promote DDT, however, PCNA monoubiquitination was 

still suppressed in arsenite treated cells further supporting the arsenite mediated 

inhibition of the Rad18 zinc fingers. 
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Figure 3.10: Arsenite decreases UBZ-dependent Rad18 monoubiquitination. (A) Schematic 
of Rad18 ubiquitination and homodimerization. (B) HEKn cells were treated without (0A) or with 1 
µM (1A) or 5 µM arsenite (5A) for 24 and 48 h. Whole cell lysates were collected and analyzed 
via western blot. Monoubiquitinated Rad18 (Rad18-mUb) was normalized to total protein stain 
and NT control (0 h). N≥3. ****p<0.0001 compared to NT control. (C) HEKn cells were treated 
with 5 µM TPEN for approximately 4 h. Whole cell lysates were collected and analyzed via 
western blot. Monoubiquitinated Rad18 was normalized to total protein stain and NT control. N≥3. 
****p<0.0001 compared to NT. All values represent mean ± SEM. 
 

Several studies have identified roles Rad18 performs beyond TLS initiation 

including the recruitment of DSBR factors during HR (Huang et al., 2009; Inagaki 

et al., 2011; Vaziri et al., 2016). After exposure to IR, the Rad18 UBZ domain 

binds ubiquitinated factors near DNA break sites which results in the formation of 

Rad18 foci (Figure 3.7B) (Huang et al., 2009; Tian et al., 2013). Knockout of the 
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UBZ domain prevents IR-induced Rad18 foci and subsequent recruitment of 

DSBR factors via the Rad18 RING finger (Huang et al., 2009). To evaluate 

arsenite inhibition of the UBZ domain ubiquitin binding function, Rad18 foci 

formation in arsenite and IR exposed HEKn cells was assessed. The number of 

IR-induced Rad18 foci at both 2 h and 6 h post IR was significantly reduced in 

HEKn cells coexposed to 5 µM arsenite (Figure 3.11). These findings indicate a 

potential role of Rad18 in the inhibition of HR with exposure to higher 

concentrations of arsenite. 
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Figure 3.11: Arsenite reduces UBZ-dependent IR-induced Rad18 foci formation. HEKn cells 
were treated without (0A) or with 1 µM (1A) or 5 µM arsenite (5A) for 24 h or 5 µM TPEN (TP) for 
0.5 h prior to exposure without (ND) or with 5 Gy X-rays. Cells fixed 2 (2IR) and 6 h (6IR) post IR 
exposure and immunocytochemistry performed. MIPs were analyzed for number of Rad18 foci 
per nuclei normalized to NT control with Slidebook6. Nuclei are outlined in representative images 
and a secondary only control (CONTROL) is included. N≥10 images (≥5 nuclei per image). 
**p<0.01, *p<0.05 compared to corresponding 0A control. δδδp<0.001, δδp<0.01, δp<0.05 
comparing 2IR and 6IR to ND for treatment matched groups. Φp<0.05 comparing 6IR to 2IR for 
treatment matched groups.   
 

Treatment with zinc chelator is similar to arsenite  

Both the RING and UBZ domains of Rad18 are zinc binding motifs as 

previously described (Figure 3.1) (Inagaki et al., 2011). Treatment of HEKn cells 

with the membrane-permeable zinc chelator N,N,N′,N′-tetrakis(2-pyridinylmethyl)-

1,2-ethanediamine (TPEN) significantly reduced RING-dependent PCNA 
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monoubiquitination (Figure 3.8B) and Rad18-Rad6 colocalization (Figure 3.9), 

as well as UBZ-dependent Rad18 monoubiquitination (Figure 3.10C) and IR-

induced foci formation (Figure 3.11). The similarities in findings between arsenite 

and TPEN treatments (Table 3.1) strongly support arsenite disruption of the zinc-

binding domains of Rad18 as has been reported for other zinc finger proteins 

(Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 2021).  

 

Domain  Function Results from arsenite or TPEN treatments 

RING E3 ubiquitin ligase activity Decreased PCNA monoubiquitination 
 

Protein binding Decreased Rad18-Rad6B colocalization 
 

UBZ Rad18 monoubiquitination Decreased Rad18 monoubiquitination 
 

Ubiquitin binding Decreased IR-induced Rad18 foci formation 

Table 3.1: Impacts of arsenite and TPEN on Rad18 zinc finger function.   
 

Arsenite effect is cell line dependent 

In contrast to HEKn cells, PCNA monoubiquitination was upregulated (Figure 

3.12A) and Rad18 monoubiquitination unaltered (Figure 3.12B) in arsenite treated 

HEK-293T cells. The increase in UV-induced PCNA monoubiquitination is what 

would be expected with arsenite mediated DNA damage retention triggering DDT 

pathways. The difference between cell lines may be due to the level of Rad18, 

which is considerably higher in the immortalized HEK-293T cells compared to 

primary HEKn cells (Figure 3.12C). Rad18 expression is regulated at both the 

transcription and protein level and is significantly greater in rapidly dividing cells 

(Miyase et al., 2005; Varanasi et al., 2012). The surplus of Rad18 in HEK-293T 
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cells may provide more protection from arsenite-induced changes. Mechanistic 

studies involving Rad18 or arsenite are known to be variable, partly due to the use 

of different cell types (Ma et al., 2020; Muenyi et al., 2015; Tam et al., 2020; Vaziri 

et al., 2016; Zhou et al., 2021). Therefore, this finding illuminates the importance 

of using an appropriate biological model for studying the cocarcinogenic activity of 

arsenite through TLS.  
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Figure 3.12: Cell line dependent effects. (A) HEK-293T (293T) cells were plated in 60 mm 
plates at 3x105 cells per plate and cultured for 2 days. Cells were treated without (0A) or with 1 
µM (1A) or 5 µM arsenite (5A) for 24 h prior to exposure without (ND) or with 2.8 kJ/m2 UVB. 
Whole cell lysates were collected 4 h post UV exposure for western blot analysis. 
Monoubiquitinated PCNA (Lys164) was normalized to total protein stain and NT control. N≥3. 
****p<0.0001, **p<0.01, *p<0.05 compared to corresponding 0A control. δδδδp<0.0001 comparing 
ND to UV for arsenite treatment matched groups. (B) 293T cells were treated without (0A) or with 
1 µM (1A) or 5 µM arsenite (5A) for 24 and 48 h. Whole cell lysates were collected and analyzed 
via western blot. Monoubiquitinated Rad18 (Rad18-mUb) was normalized to total protein stain 
and NT control (0 h). N≥3. No significant differences compared to NT. (C) Primary HEKn cells 
and immortalized 293T cells were plated in 100 mm plates and collected for western blot analysis 
at approximately 80 percent confluence. Each protein was normalized to total protein stain and 
HEKn cell results. N=3. **p<0.01, *p<0.05 compared to HEKn cells. All values represent mean ± 
SEM. 
 

3.3 Aim 1 conclusions 

In summary, arsenic binds to peptides representing both the RING finger and 

UBZ domains of Rad18 (Figure 3.3) and arsenic exposure promoted zinc loss 

from endogenous Rad18 (Figure 3.2). In contrast to the UBZ peptide, arsenite 

binding to the RING peptide was evident with zinc coincubation (Figure 3.4). 

These findings suggest arsenite has a higher affinity for the RING finger 

compared to the UBZ domain and may have more significant effects on RING-

dependent functions. This is suggested by concentration dependence for 

arsenite-induced suppression of RING-dependent PCNA monoubiquitination 

(Figure 3.8B) and Rad18-Rad6B colocalization (Figure 3.9) versus UBZ-

dependent Rad18 monoubiquitination (Figure 3.10B) and foci formation (Figure 

3.11).  

The similarity in results from arsenite and TPEN treated cells further support 

zinc displacement as the mechanism by which arsenite inhibits Rad18 (Table 

3.1). The arsenite-induced effect was dependent on cell type, with primary HEKn 

cells being more vulnerable to Rad18 inhibition compared to immortalized HEK-

293T cells (Figure 3.12). Altogether, these findings reveal a novel arsenite 
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target, the UBZ domain, and illustrate a mechanism by which arsenite may 

influence genome stability through the binding and functional inhibition of the 

Rad18 zinc fingers. As alterations in the regulation of Rad18 can also impact 

Rad18-dependent mechanisms such as TLS, it is important to evaluate other 

effects of arsenite exposure beyond zinc finger inhibition as addressed in the 

following chapter.  
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CHAPTER 4 

AIM 2: MECHANISMS OF ARSENITE REGULATION OF RAD18 

This chapter contains a slightly modified version of “The impact of arsenic on 

Rad18 and translesion synthesis” by Volk LB, Cooper KL, Jiang T, Paffett ML, 

and Hudson LG in revision for Toxicology and Applied Pharmacology. 

 

4.1 The minor impact of arsenite on Rad18 expression and phosphorylation 

The mechanism of action of arsenic carcinogenesis is exceptionally complex. 

In the context of DNA repair, arsenite regulates DNA repair pathways and the 

expression of various DNA repair proteins. Therefore, it is important to 

distinguish if arsenite inhibition of Rad18 is mediated through zinc finger 

disruption, altered regulation, or a combination of both. The initiation of TLS 

through Rad18 is tightly regulated due to the negative implications of error prone 

DNA damage bypass. Alterations in Rad18 expression (Figure 4.1A) and 

posttranslational modifications, including phosphorylation (Figure 4.2A) and 

ubiquitination (Figure 3.10A), in response to DNA damage are important means 

by which Rad18 modulates TLS (Ma et al., 2020; Vaziri et al., 2016; Zeman et 

al., 2014).  

 

Arsenite induces a minor increase in Rad18 expression 

With regards to expression, arsenite treatment of HEKn cells for 24 h 

revealed a modest increase in the levels of Rad18 and its binding partner Rad6 

but did not change protein levels of two additional TLS proteins (RPA and PCNA) 
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(Figure 4.1B). High levels of Rad18 can overactivate TLS through PCNA 

monoubiquitination, whereas Rad6 overexpression is associated with increased 

Rad18 monoubiquitination (Miyase et al., 2005; Yang et al., 2018). However, 

neither of these effects are observed in arsenite treated HEKn cells (Figure 

3.8B; Figure 3.10B), further supporting the arsenite mediated inhibition of the 

Rad18 zinc fingers.  
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Figure 4.1: Arsenite effect on Rad18 and TLS factor expression. (A) Schematic of Rad18 
expression regulation. (B) HEKn cells were treated without (NT) or with 1 µM (1A) or 5 µM 
arsenite (5A) for 24 h. Whole cell lysates were collected and analyzed via western blot. Levels of 
each protein were normalized to total protein stain and NT control. N≥3. Values represent mean ± 
SEM. **p<0.01, *p<0.05 compared to NT.  

 

Rad18 phosphorylation is not altered by arsenite exposure 

Checkpoint kinase 1 activation of downstream factors leads to the 

phosphorylation of the Rad18 Polη binding site, which is required for efficient 
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Polη mediated gap filling during TLS (Figure 3.7A) (Barkley et al., 2012; Day et 

al., 2010). Previous studies have determined arsenite exposure can lead to the 

inhibition of checkpoint kinase 1, which underlines the importance of evaluating 

arsenite mediated effects on Rad18 phosphorylation (Hubaux et al., 2013; 

Muenyi et al., 2015). However, neither basal nor UV-induced Rad18 

phosphorylation at the Polη binding site (serine 303) was significantly altered by 

arsenite treatment (Figure 4.2B). Altogether, these findings indicate that arsenite 

does not inhibit PCNA monoubiquitination as shown in Figure 3.8 by 

suppressing Rad18 expression (Figure 4.1) or phosphorylation (Figure 4.2). 

However, there are other means of regulating protein activity such as changes in 

subcellular localization.  
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Figure 4.2: Arsenite effect on Rad18 phosphorylation. (A) Schematic of Rad18 
phosphorylation. (B) HEKn cells were treated without (0A) or with 1 µM (1A) or 5 µM arsenite 
(5A) for 24 h prior to exposure without (ND) or with 2.8 kJ/m2 UVB. Whole cell lysates were 
collected 4 h post UV exposure and analyzed via western blot. Phosphorylated Rad18 (S403) 
was normalized to total protein stain and NT control. N=3. Values represent mean ± SEM. No 
significant differences were detected for arsenite treatment compared to corresponding 0A 
control. δp<0.05 comparing ND to UV for arsenite treatment matched groups.  
 

4.2 Arsenite decreases the nuclear localization of Rad18 

Rad18 and TLS factor localization in response to UV 

Alterations in TLS factor localization is another means of TLS regulation 

(Figure 4.3A). Rad18 is predominantly found in the nucleus with a smaller 

fraction in the cytoplasm. Many factors influence Rad18 localization including cell 

cycle phase and monoubiquitination (Inagaki et al., 2009; Masuyama et al., 2005; 
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Miyase et al., 2005). Nuclear localization of Rad18 was significantly decreased 

by 16% (Figure 4.3B) and the cytoplasmic fraction increased by over 3-fold 

(Figure 4.4A) following treatment of HEKn cells with 5 µM arsenite. The 

reduction of Rad18 in the nucleus and increase in the cytoplasm was evident 

regardless of exposure to UV.  
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Figure 4.3: Arsenite disrupts the nuclear localization of Rad18 and Rad6B. (A) Schematic of 
Rad18 and Rad6 nuclear localization. (B-C) HEKn cells were treated without (0A) or with 1 µM 
(1A) or 5 µM arsenite (5A) for 24 h prior to exposure without (ND) or with 2.8 kJ/m2 UVB. Cells 
were fixed 4 h post UV exposure and fractional nuclear localization of (B) Rad18 and (C) Rad6B 
was measured by immunocytochemistry as described in Methods. MIPs were analyzed for 
protein nuclear sum of intensity normalized to total sum of intensity and NT control with Slidebook 
6. Nuclei are outlined in representative images and secondary only controls (CONTROL) are 
included. N≥15 images (≥5 cells per image). Values represent mean ± SEM. ****p<0.0001, 
**p<0.01, *p<0.05 compared to corresponding 0A control. δδp<0.01, δp<0.05 comparing ND to UV 
for arsenite treatment matched groups.  
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Figure 4.4: Cytoplasmic localization and whole cell signal of TLS factors in response to 
arsenite and/or UV. HEKn cells were treated without (0A) or with 1 µM (1A) or 5 µM arsenite 
(5A) for 24 h prior to exposure with or without 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV 
exposure and immunocytochemistry performed. MIPs were analyzed for (A) protein cytoplasmic 
sum of intensity normalized to total sum of intensity and NT control and (B) protein sum of 
intensity normalized to number of cells and NT control using Slidebook 6. N≥12 images (≥5 cells 
per image). Values represent mean ± SEM. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
compared to corresponding 0A control. δδδp<0.001, δδp<0.01, δp<0.05 comparing ND to UV for 
arsenite treatment matched groups.   

 

It is proposed that Rad6 localization is dependent on Rad18 binding and 

nuclear translocation via the Rad18 nuclear localization signal (Hedglin and 

Benkovic, 2015). The nuclear localization of the Rad6 human homolog Rad6B 

was significantly decreased (Figure 4.3C), and the cytoplasmic fraction 

increased (Figure 4.4A) in response to arsenite with or without UV. Rad6 binds 

to Rad18 partially through the Rad18 RING finger (Figure 3.7A) and disruption in 

Rad6 localization may be due to the arsenite mediated inhibition of the Rad18 

RING finger (Chapter 3).   

RPA and PCNA are predominantly located in the nucleus with little detected 
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in the cytoplasm (Figure 4.5). Arsenite caused minor decreases in the nuclear 

localization of these factors, with corresponding increases in the cytoplasmic 

fraction (Figure 4.4A). The nuclear fraction of Polη was significantly increased by 

UV exposure (Figure 4.5), which was substantially suppressed by arsenite 

coexposure. Altogether, localization analysis revealed a decrease in the nuclear 

fraction of several TLS factors which may suppress TLS activity.  
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Figure 4.5: Nuclear localization of additional TLS factors in response to arsenite and/or 
UV. HEKn cells were treated without (0A) or with 1 µM (1A) or 5 µM arsenite (5A) for 24 h prior to 
exposure without (ND) or with 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV exposure and 
immunocytochemistry was performed. MIPs were analyzed for protein nuclear sum of intensity 
normalized to total sum of intensity and NT control using Slidebook 6. Nuclei are outlined in 
representative images and secondary only controls (CONTROL) are included. N≥12 images (≥5 
cells per image). Values represent mean ± SEM. ****p<0.0001, ***p<0.001, *p<0.05 compared to 
corresponding 0A control. δδδδp<0.0001, δp<0.05 comparing ND to UV for arsenite treatment 
matched groups.   
 

Rad18 localization in response to IR  

As discussed in Section 3.2, Rad18 forms distinct nuclear foci in response to 
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IR. These foci are significantly reduced by arsenite treatment in HEKn cells 

(Figure 3.11). Additionally, the subcellular localization of Rad18 is disrupted by 

arsenite in IR exposed HEKn cells, with a significant decrease in nuclear 

localization and increase in the cytoplasmic fraction (Figure 4.6). These findings 

are similar to both UV and unexposed cells, suggesting the mechanism by which 

arsenite alters the subcellular localization of Rad18 is not DNA damage 

dependent.     

 

 
Figure 4.6: Nuclear localization of Rad18 with IR. HEKn cells were treated without (0A) or with 
1 µM (1A) or 5 µM arsenite (5A) for 24 h prior to exposure with 5 Gy X-rays. Cells were fixed (A) 
2 h and (B) 6 h post IR exposure and immunocytochemistry performed. MIPs were analyzed for 
Nuclear Fraction (NF; Rad18 nuclear sum of intensity normalized to total sum of intensity and NT 
control), Cytoplasmic Fraction (CF; Rad18 cytoplasmic sum of intensity normalized to total sum of 
intensity and NT control), and Whole Cell (WC; Rad18 sum of intensity normalized to number of 
cells and NT control) using Slidebook 6. Nuclei are outlined in representative images and 
secondary only controls (CONTROL) are included. N≥12 images (≥5 cells per image). Values 
represent mean ± SEM. ****p<0.0001 compared to 0A control for each fraction.   
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4.3 Arsenite alters Rad18 recruitment to DNA damage 

Rad18 and TLS factor recruitment to UV-induced DNA damage 

Rad18 recruitment to chromatin is heavily regulated by multiple mechanisms 

to ensure TLS is initiated only when necessary. RPA and ssDNA are critical 

factors controlling Rad18 recruitment to stalled replication forks (Figure 3.7A; 

Figure 3.8A) (Li et al., 2020; Ma et al., 2020). Chromatin fractionation of UV 

exposed HEKn cells revealed a substantial loss in chromatin bound Rad18, 

Rad6, and RPA upon coexposure to arsenite (Figure 4.7). The arsenite-induced 

decrease in chromatin bound RPA can negatively influence the recruitment of 

Rad18 and Rad6 to chromatin. RPA contains a zinc finger DBD structurally 

conducive to arsenite binding which may underly the reduction of RPA on 

chromatin with arsenite exposure (Bochkareva et al., 2002). The presence of 

soluble RPA is known to inhibit Rad18 recruitment and thus PCNA 

monoubiquitination (Ma et al., 2020); however, arsenite did not significantly alter 

the levels of soluble RPA (data not shown). In contrast to RPA, 5 µM arsenite 

significantly increased the amount of chromatin bound PCNA by 66% in UV 

exposed cells.  
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Figure 4.7: Arsenite alters TLS factor chromatin recruitment in response to UV. HEKn cells 
were treated without (UV) or with 1 µM (UV+1A) or 5 µM (UV+5A) arsenite for 24 h prior to 
exposure with 2.8 kJ/m2 UVB. Chromatin fractionation was performed 4 h post UV exposure as 
described in Methods. TLS proteins in the chromatin fraction were normalized to total protein 
stain and UV only control. N=3. Values represent mean ± SEM. ****p<0.0001, ***p<0.001, 
**p<0.01, *p<0.05 compared to UV.  
 

PCNA monoubiquitination by the Rad18-Rad6 complex enhances the 

recruitment of Polη to stalled replication forks (Ma et al., 2020; Vaziri et al., 

2016). Arsenite treatment or Rad18 knockdown significantly decreased PCNA 

monoubiquitination (Figure 3.8). Therefore, it is expected that arsenite exposure 

will negatively impact the recruitment of Polη to chromatin. Indeed, arsenite 

treatment decreased the amount of chromatin bound Polη (Figure 4.7). The 

decreased recruitment of critical TLS factors Rad18 and Polη in response to UV 

was confirmed by colocalization analysis. Colocalization results demonstrated an 

arsenite-induced reduction in the interaction of Rad18 (Figure 4.8A) and Polη 

(Figure 4.8B) with PCNA in UV exposed cells.  
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Both the inhibition of the Rad18 RING finger domain through arsenite binding 

and the reduction in nuclear localization and chromatin recruitment of Rad18 

could negatively impact TLS initiation, thus impeding the recruitment of Polη to 

stalled replication forks and increasing replication stress. These findings support 

a complex mechanism by which arsenite inhibits TLS initiation through Rad18. 

Though the zinc fingers of Rad18 are not critical in localizing Rad18 to stalled 

replication forks, the UBZ domain is responsible for Rad18 recruitment to DNA 

DSBs, such as in the event of replication fork collapse (Huang et al., 2009; 

Inagaki et al., 2011; Ma et al., 2020; Vaziri et al., 2016).        
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Figure 4.8: Arsenite alters TLS factor colocalization with PCNA in UV exposed cells. HEKn 
cells were treated without (UV) or with 1 µM (UV+1A) or 5 µM (UV+5A) arsenite for 24 h prior to 
exposure with 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV exposure and immunocytochemistry 
was performed. Pearson’s correlation coefficients and colocalization maps for (A) Rad18 and (B) 
Polη colocalization with PCNA were obtained with Huygens Colocalization Analyzer. Results 
were normalized to UV only control. Cells from representative colocalization map MIPs are 
provided and display false coloring to represent pixel intensity from purple (lowest) < blue < green 
< yellow < orange < red (highest). N≥18 z-stacks (≥5 cells per z-stack). Values represent mean ± 
SEM. ****p<0.0001, ***p<0.001 compared to UV.  
 

Rad18 recruitment to IR-induced DNA damage 

The Rad18 UBZ domain is critical in localizing Rad18 to DNA DSBs by 

binding to ubiquitinated factors near the break site such as ubiquityl-histone H2A 

(Figure 3.7B). This process forms large Rad18 foci which are abolished with 

knockout of the Rad18 UBZ domain (Huang et al., 2009; Inagaki et al., 2011). IR-



131 
 

induced Rad18 foci formation is negatively impacted by arsenite exposure in 

HEKn cells (Figure 3.11), most likely due to the binding and inhibition of the 

Rad18 UBZ domain (Chapter 3). Due to the decrease in Rad18 foci formation 

with arsenite, it is expected that Rad18 recruitment to IR-induced DNA damage 

will also be suppressed by arsenite exposure.  

Histone H2AX is rapidly phosphorylated around DNA DSB sites forming 

distinct PH2AX foci (Mah et al., 2010). The overlap of Rad18 foci with PH2AX 

foci in IR exposed HEKn cells is significantly decreased with the addition of 

arsenite at both 2 and 6 h post IR (Figure 4.9A). This decrease occurred 

irrespective of an increase in IR-induced PH2AX foci investigated further in 

Section 5.3. Factors are also ubiquitinated in response to DNA DSBs such as 

histones H2A and H2AX forming distinct ubiquitin foci, which help facilitate the 

recruitment of Rad18. Arsenite did not alter ubiquitin foci formation in response to 

IR (data not shown). However, the overlap of IR-induced Rad18 foci with 

ubiquitin foci was significantly decreased with arsenite coexposure at 2 h post IR 

(Figure 4.9B). Altogether, results show arsenite disrupts the recruitment of 

Rad18 to both UV- and IR-induced DNA damage.       
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Figure 4.9: Rad18 recruitment to IR-induced DNA damage. HEKn cells were treated without 
(0A) or with 1 µM (1A) or 5 µM arsenite (5A) for 24 h prior to exposure without (ND) or with 5 Gy 
X-rays. Cells were fixed 2 h (2IR) and 6 h (6IR) post IR and immunocytochemistry was 
performed. MIPs were analyzed for number of (A) Rad18 (red) and PH2AX (green) foci overlap 
per nuclei normalized to NT control or (B) Rad18 (red) and ubiquitin (Ub; green) foci overlap per 
nuclei normalized to NT control with Slidebook6. Nuclei are outlined in representative images and 
secondary only controls (CONTROL) are included. N≥5 images (≥5 nuclei per image). **p<0.01, 
*p<0.05 compared to corresponding 0A control. δδδδp<0.0001, δδδp<0.001, δδp<0.01, δp<0.05 
comparing 2IR and 6IR to ND for arsenite treatment matched groups. ΦΦp<0.01 comparing 6IR to 
2IR for arsenite treatment matched groups. All values represent mean ± SEM.  
 

4.4 Aim 2 Conclusions 

Interestingly, arsenite had a multifaceted impact on Rad18, altering Rad18 

subcellular localization and recruitment to chromatin in addition to zinc finger 

inhibition demonstrated in Chapter 3. The nuclear localization of Rad18 and 

other TLS factors such as Rad6 and Polη were significantly reduced with 

exposure to higher concentrations of arsenite (Figure 4.3; Figure 4.5). The 

nuclear translocation of Rad6 is dependent on its ability to bind to Rad18, which 

is partially mediated through the Rad18 RING finger and may be disrupted by 

arsenite exposure (Figure 3.9). Since Rad6 performs many essential functions in 

the nucleus beyond TLS, these findings may illuminate another mechanism of 

arsenite carcinogenicity (Roest et al., 2004). For many proteins, mislocalization 

from the nucleus to the cytoplasmic is a characteristic of carcinogenesis (Wang 

and Li, 2014).  

Chromatin fractionation results show a substantial loss in chromatin bound 

Rad18, Rad6, RPA, and Polη with arsenite treatment in UV exposed HEKn cells 

(Figure 4.7). Furthermore, UV-induced colocalization of Rad18 and Polη with 

PCNA was significantly decreased by arsenite treatment (Figure 4.8). Since RPA 

coating along replication gaps encourages Rad18 recruitment to chromatin, the 
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arsenite-induced loss of chromatin bound RPA may have negatively influenced 

Rad18 recruitment. The decrease in chromatin bound RPA may be due to 

arsenite antagonization of the RPA zinc finger DBD. Both the loss of Rad18 

RING E3 ubiquitin ligase function and chromatin recruitment may contribute to 

the arsenite-induced decrease in Polη recruitment to chromatin and 

colocalization with PCNA. These findings are even more profound considering 

arsenite exposure increased the amount of chromatin bound PCNA.  

Altogether, from arsenite targeting of the Rad18 zinc finger domains to the 

decrease in TLS factor nuclear localization and chromatin recruitment, findings 

have supported the inhibition of TLS by arsenite. Additionally, evidence 

demonstrates the arenite mediated disruption of Rad18 in DSBR through altering 

Rad18 foci formation (Figure 3.11), subcellular localization (Figure 4.6), and 

recruitment to DNA damage (Figure 4.9) in IR exposed HEKn cells. The impact 

of these effects on TLS and DSBR (preliminary) are investigated further in 

Chapter 5.   
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CHAPTER 5 

AIM 3: IMPACTS OF ARSENITE EXPOSURE AND RAD18 DEFICIENCY ON 

TLS & DSBR 

This chapter contains a slightly modified version of “The impact of arsenic on 

Rad18 and translesion synthesis” by Volk LB, Cooper KL, Jiang T, Paffett ML, 

and Hudson LG in revision for Toxicology and Applied Pharmacology. 

 

5.1 Arsenite and Rad18 knockdown increase UV-induced replication stress 

If not resolved or bypassed, the formation of bulky adducts from UV exposure 

may induce replication fork stalling, replication gaps, and fork collapse. These 

outcomes of replication stress can be measured as a decrease in DNA synthesis, 

increase in ssDNA, and increase in DSBs respectively. Consequently, these 

events promote apoptosis or mutagenesis. Failure of TLS has been 

demonstrated to exacerbate replicative stress (Gaillard et al., 2015; Ma et al., 

2020; Vaziri et al., 2016).  

In order to test the net effect of arsenite on replication stress, HEKn cells 

were treated with arsenite then UV exposed and the effects on DNA replication 

(EdU incorporation), DNA strand breaks, and ssDNA gaps were measured. 

Arsenite treatment of HEKn cells led to a pronounced reduction in EdU 

incorporation post-UV exposure (Figure 5.1). In the absence of UV, 5 µM, but 

not 1 µM, arsenite decreased EdU incorporation (Figure 5.2A). Knockdown of 

Rad18 led to a 46% decrease in DNA synthesis post-UV (Figure 5.1) as has 

been reported previously (Tateishi et al., 2003, 2000; Yamashita et al., 2002), 
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and a reduction in EdU incorporation in unexposed cells (Figure 5.2B). The 

addition of arsenite to Rad18 knockdown cells did not significantly alter EdU 

incorporation when compared to the Scr siRNA control cells, suggesting that the 

arsenite effect is largely mediated through Rad18. The increase in UV-induced 

replication stress by arsenite may promote DNA strand breaks through the 

breakdown of replication forks and gaps (Gaillard et al., 2015; Ma et al., 2020; 

Vaziri et al., 2016). 

 

 



137 
 

Figure 5.1: Arsenite and Rad18 knockdown increase replication stress. HEKn cells were 
transfected with 40 nM of universal scrambled control (SCR) or 20 nM each of R18A and R18B 
(R18AB). One day post transfection, cells were treated without (UV) or with 1 µM (UV+1A) or 5 
µM arsenite (UV+5A) for 24 h prior to 2.8 kJ/m2 UVB. EdU (10 µM) was added 1 h prior to UV. 
Cells were fixed 4 h post UV exposure and EdU detection was performed as described in 
Methods. MIPs were analyzed for EdU sum of intensity per nucleus normalized to SCR control. 
Nuclei are outlined in representative images and a secondary only control (CONTROL) is 
included. N≥300 nuclei. Values represent mean ± SEM. ****p<0.0001 compared to corresponding 
UV control. δδδδp<0.0001 comparing SCR to R18AB for arsenite treatment matched groups.  
 

 
Figure 5.2: Replication stress in response to arsenite or Rad18 knockdown in the absence 
of UV exposure. (A) HEKn cells were treated without (NT) or with 1 µM (1A) or 5 µM arsenite 
(5A) for 24 h. EdU (10 µM) was added 5 h prior to fixation and EdU detection was performed. 
MIPs were analyzed for EdU sum of intensity per nucleus normalized to NT control with 
Slidebook 6. Nuclei are outlined in representative images and secondary only controls 
(CONTROL) are included. N≥300 nuclei. ****p<0.0001 compared to NT. (B) HEKn cells were 
transfected with 40 nM of universal scrambled control (SCR) or 20 nM of each R18A and R18B 
(R18AB). Two days post transfection, EdU detection was performed as in (A). MIPs were 
analyzed for EdU sum of intensity per nucleus normalized to SCR control. N≥184 nuclei. *p<0.05 
compared to SCR. All values represent mean ± SEM. 
 

5.2 Arsenite and Rad18 knockdown enhance the levels of UV-induced DNA 

strand breaks  

Prolonged stalling of replication forks can lead to replication fork collapse 
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resulting in the formation of mutagenic DNA DSBs (Gaillard et al., 2015; Ma et 

al., 2020; Vaziri et al., 2016) and PH2AX serves as both a marker of replication 

stress and DNA strand breaks (Cleaver, 2011; Mognato et al., 2021; Sirbu et al., 

2011). Arsenite treatment increased UV-induced PH2AX in a concentration 

dependent manner (Figure 5.3, SCR). Knockdown of Rad18 led to a nearly 3-

fold increase in UV-induced PH2AX in the absence of arsenite indicating 

involvement of Rad18 in the response. Arsenite modestly increased PH2AX in 

Rad18 knockdown cells, possibly due to inhibition of residual Rad18 (Figure 2.2) 

or through another mechanism. These findings indicate that arsenite treatment 

and Rad18 knockdown each promote UV-induced replication stress. 
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Figure 5.3: UV-induced PH2AX is increased in arsenite and/or Rad18 siRNA treated cells. 
HEKn cells were treated without (UV) or with 1 µM (UV+1A) or 5 µM arsenite (UV+5A) for 24 h 
prior to 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV exposure and immunocytochemistry was 
performed. MIPs were analyzed for PH2AX (Ser139) sum of intensity per nucleus normalized to 
SCR control. Nuclei are outlined in representative images and a secondary only control 
(CONTROL) is included. N≥119 nuclei. Values represent mean ± SEM. ****p<0.0001, 
***p<0.0001 compared to corresponding UV control. δδδδp<0.0001 comparing SCR to R18AB for 
arsenite treatment matched groups.  
 

Neutral comet assays measure DNA DSBs, and the addition of the S1 

nuclease allows for the detection of ssDNA gaps. To capture mutagenic ssDNA 

gaps and fork collapse events as a consequence of replication stress, UV 

exposed HEKn cells were tested using a neutral comet assay +/- S1 nuclease 

(Quinet et al., 2016). Both 1 µM and 5 µM arsenite increased DSBs in UV 

exposed HEKn cells (Figure 5.4). Importantly, the addition of S1 nuclease to 

arsenite treated cells further increased DSBs indicating the presence of ssDNA. 

The S1-induced increase in DSBs was not observed in cells untreated with 

arsenite (Figure 2.5). These findings are supportive of an arsenite-induced 

inhibition of TLS leading to replication stress, ssDNA gaps, and fork collapse 

events.  
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Figure 5.4: Arsenite enhances the levels of UV-induced DNA DSBs and ssDNA gaps. HEKn 
cells were treated without (UV) or with 1 µM (UV+1A) or 5 µM arsenite (UV+5A) for 24 h prior to 
2.8 kJ/m2 UVB. Neutral comet assay was performed 4 h post UV exposure with or without the 
addition of S1 nuclease as described in Methods and representative images are shown. Comets 
were analyzed for percent tail DNA using Trevigen Comet Analysis Software and normalized to 
UV only control. N≥3. Values represent mean ± SEM. ***p<0.001, **p<0.01, *p<0.05 compared to 
corresponding UV control. δδp<0.01, δp<0.01 comparing No S1 to +S1 for arsenite treatment 
matched groups.   

 

5.3 Preliminary evidence indicating the inhibition of DSBR by arsenite 

Thus far, findings strongly support the inhibition of Rad18-dependent TLS by 

arsenite. Since TS is dependent on Rad18 mediated PCNA monoubiquitination, it 

reasons that both DDT pathways involved in replication fork maintenance are 

inhibited by arsenite in HEKn cells (Figure 1.7). Consequently, the breakdown of 

replication forks and gaps lead to the accumulation of DNA DSBs (Figure 5.3; 

Figure 5.4) requiring DSBR for remediation (Figure 1.7). Several studies support 

the inhibition of HR by arsenite (Tam et al., 2020; Zhou et al., 2021). To evaluate 
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the impact of arsenite on DSBR, IR was utilized as it predominantly contributes to 

DNA strand breaks (Su et al., 2010). There is a retention in the number of IR-

induced PH2AX foci from 2 h to 6 h post IR in HEKn cells exposed to higher 

concentrations of arsenite (Figure 5.5A). Additionally, the size of IR-induced 

PH2AX foci is increased with arsenite exposure, even at 2 h post IR (Figure 

5.5B). These findings suggest the inhibition of DSBR by arsenite in HEKn cells, 

as has been demonstrated in other studies (Tam et al., 2020; Zhou et al., 2021). 

Further investigation is required to determine the contribution of Rad18 to the 

retention of IR-induced PH2AX foci and the use of specialized assays for 

examining HR more specifically.    
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Figure 5.5: Arsenite increases IR-induced PH2AX foci. HEKn cells were treated without (0A) 
or with 1 µM (1A) or 5 µM arsenite (5A) for 24 h prior to exposure without (ND) or with 5 Gy X-
rays. Cells were fixed 2 h (2IR) or 6 h (6IR) post IR exposure and immunocytochemistry was 
performed. MIPs were analyzed for PH2AX (Ser139) (A) foci count and (B) foci area per nucleus 
normalized to NT control with Slidebook 6. Nuclei are outlined in representative images and a 
secondary only control (CONTROL) is included. N≥5 images (≥5 nuclei per image). Values 
represent mean ± SEM. **p<0.01, *p<0.05 compared to corresponding 0A control.  δδδδp<0.0001, 
δδδp<0.001, δδp<0.01, δp<0.05 comparing 2IR and 6IR to ND for arsenite treatment matched 
groups. ΦΦΦΦp<0.0001, ΦΦΦp<0.001, ΦΦp<0.01, Φp<0.05 comparing 6IR to 2IR for arsenite 
treatment matched groups.   
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5.4 Arsenite inhibits apoptosis   

Replication stress activates ATM/ATR mediated phosphorylation of p53 

(phospho-p53) promoting apoptosis, which is a characteristic of TLS failure 

(Gaillard et al., 2015; Huang et al., 2009). Indeed, the knockdown of Rad18 in 

HEKn cells significantly increased UV-induced phospho-p53 (Figure 5.6A) and 

cleaved caspase-3, a marker of apoptosis (Figure 5.6B). Interestingly, 5 µM 

arsenite suppressed the UV-induced phosphorylation of p53 in Rad18 deficient 

cells (Figure 5.6A), as well as decreased cleaved caspase-3 in UV exposed 

HEKn cells (Figure 5.6C). These findings support previous studies 

demonstrating the ability of environmentally relevant levels of arsenite to inhibit 

apoptosis, such as through the inhibition of PARP-1 or p53 (Chen et al., 2005; 

Qin et al., 2012; Sun et al., 2011; Wu et al., 2005; Zhou et al., 2017). The 

inhibition of apoptosis by arsenite could further perpetuate genomic instability in 

cells defective in DDT and repair.    

 

 



144 
 

Figure 5.6: Arsenite suppresses UV-induced apoptosis. (A) HEKn cells were transfected with 
40 nM of universal scrambled control (SCR) or 20 nM of each R18A and R18B (R18AB). One day 
post transfection, cells were treated without (UV) or with 1 µM (UV+1A) or 5 µM arsenite (UV+5A) 
for 24 h prior to 2.8 kJ/m2 UVB. Cells were fixed 4 h post UV exposure and immunocytochemistry 
was performed. MIPs were analyzed for phospho-p53 (Ser15) sum of intensity per nucleus 
normalized to SCR control. Nuclei are outlined in representative images and a secondary only 
control (CONTROL) is included. N≥119 nuclei. ****p<0.0001 compared to corresponding UV 
control. δδδδp<0.0001 comparing SCR to R18AB for arsenite treatment matched groups. (B) HEKn 
cells were treated without (UV) or with 1 µM (UV+1A) or 5 µM arsenite (UV+5A) for 24 h prior to 
2.8 kJ/m2 UVB. Whole cell lysates were collected 4 h post UV exposure and analyzed via western 
blot. Cleaved caspase-3 was normalized to total protein stain and UV only. N=6. ***p<0.001 
compared to UV. (C) Cells were transfected with 40 nM SCR (SCR) or 20 nM each of R18A and 
R18B (R18AB), then exposed to 2.8 kJ/m2 UVB 2 days later. Whole cell lysates were collected 4 
h post UV exposure and analyzed via western blot. Cleaved caspase-3 was normalized to total 
protein stain and UV+SCR control. N=3. *p<0.05 compared to UV+SCR. All values represent 
mean ± SEM. 
 

5.5 Aim 3 Conclusions 

Rad18 knockdown studies utilized in aim 3 reveal a mechanism by which 

arsenite induces replication stress through Rad18 in HEKn cells. Both arsenite 

and Rad18 knockdown reduced post-UV EdU incorporation to a similar degree 

(Figure 5.1), signifying replication fork stalling. Levels of UV-induced PH2AX 

were elevated in HEKn cells treated with arsenite and/or Rad18 siRNA compared 

to control (Figure 5.3), which further supports replication stress and the potential 

presence of DNA strand breaks. Comet assay analysis confirmed not only the 

presence of arsenite-induced DNA DSBs, but also ssDNA gaps in UV exposed 

HEKn cells (Figure 5.4). These potentially mutagenic outcomes support a role 

for Rad18 and TLS in the cocarcinogenicity of arsenite.  

Failure of TLS to bypass DNA lesions during replication can lead to the 

breakdown of replication forks and gaps inducing the formation of DNA DSBs. 

These lesions are highly mutagenic and require repair from DSBR mechanisms 

such as HR and NHEJ (Figure 1.7) (Gaillard et al., 2015; Ma et al., 2020; Vaziri 

et al., 2016). Results suggest arsenite inhibits DSBR due to the increased 
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retention and size of IR-induced PH2AX foci in arsenite treated HEKn cells 

(Figure 5.5). Further analysis is necessary to determine the contribution of 

Rad18 and HR to these findings. Aberrant repair of DNA DSBs can lead to the 

formation of insertions/deletions and chromosomal rearrangements, which are 

known to be elevated in arsenite treated or Rad18 deficient cells (Despras et al., 

2016; Lou et al., 2021; Ma et al., 2020; Saberi et al., 2007; Sasatani et al., 2015; 

Smith et al., 2004; Zhou et al., 2021, 2021). 

Prolonged replication stress and persistent DNA DSBs can trigger apoptosis 

to prevent mutagenesis (Gaillard et al., 2015). Indeed, knockdown of Rad18 

significantly increased UV-induced DNA damage response signaling (Figure 

5.6A) and levels of cleaved-caspase-3 (Figure 5.6B). These findings are 

consistent with studies showing a decrease in survival with UV in cells deficient 

in Rad18 or with RING finger mutations (Huang et al., 2009; Saberi et al., 2007; 

Tateishi et al., 2000; Tian et al., 2013; Watanabe et al., 2004; Yamashita et al., 

2002). In contrast, arsenite suppressed DNA damage response signaling and 

apoptosis (Figure 5.6), as has been demonstrated in keratinocytes (Chen et al., 

2005; Qin et al., 2012; Sun et al., 2011; Wu et al., 2005; Zhou et al., 2017). The 

inhibition of apoptosis by arsenite can have grave consequences on the 

maintenance of genome integrity by allowing the propagation of damaged cells.    
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CHAPTER 6 

DISCUSSION 

This chapter contains a slightly modified version of “The impact of arsenic on 

Rad18 and translesion synthesis” by Volk LB, Cooper KL, Jiang T, Paffett ML, 

and Hudson LG in revision for Toxicology and Applied Pharmacology. 

 

Elucidating the role of Rad18 and TLS in the mechanism of action of 

arsenite  

This dissertation provides evidence for Rad18 as an arsenic target and for 

arsenic disruption of Rad18 functions in TLS. A consequence of arsenic inhibition 

of NER and BER pathways is the retention of UV-induced DNA damage (Figure 

6.1A) (Holcomb et al., 2017; Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 

2021). Unrepaired damage increases replication stress and the burden on DDT 

pathways including TLS (Figure 6.1B). Rad18 regulates TLS initiation and either 

the under- or over-activation of TLS have deleterious consequences on genomic 

integrity (Ma et al., 2020; Vaziri et al., 2016). We find that arsenite binds to both 

zinc finger domains of Rad18 (Figure 6.1C) and inhibits RING-dependent PCNA 

monoubiquitination (Figure 6.1D) and Rad6 binding (Figure 6.1E), as well as 

UBZ-dependent Rad18 monoubiquitination (Figure 6.1F) and foci formation 

(Figure 6.1G). The arsenite-induced disruption in Rad18 RING finger activity 

may contribute to the observed decrease in Polη recruitment to chromatin 

(Figure 6.1H), which support an underactivation of TLS leading to replication 

stress. Indeed, arsenite reduced post-UV DNA replication and increased post-UV 
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strand breaks as detected by PH2AX and comet assay analysis (Figure 6.1I). 

Not only does arsenite impair a major mechanism to bypass UV-induced DNA 

damage and prevent replication stress and mutagenic fork collapse, but evidence 

suggests arsenite inhibits apoptosis in HEKn cells (Figure 6.1J), thus further 

supporting genomic instability and the potential for carcinogenesis.   
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Figure 6.1: Schematic summarizing the impact of arsenic on Rad18 and TLS. (A) Arsenic 
inhibition of BER and NER pathways increase the retention of UV-induced DNA damage and 
consequently, (B) increases the burden on TLS. (C) MS analysis revealed the Rad18 RING finger 
and UBZ domains as targets of arsenite. Disruption of the Rad18 RING domain may lead to the 
observed arsenite-induced decrease in (D) PCNA monoubiquitination and (E) Rad6 binding, 
whereas disruption of the UBZ domain may contribute to the arsenite-induced decrease in (F) 
Rad18 monoubiquitination and (G) foci formation. (H) Arsenite exposure decreased UV-induced 
chromatin recruitment and PCNA colocalization of Rad18 and Polη, further disrupting TLS. (I) 
Rad18 knockdown and arsenite treatment led to a significant decrease in DNA replication and 
increase in PH2AX post UV, signifying replication stress and potential fork collapse events. 
Neutral comet assay analysis with S1 nuclease confirmed arsenite-induced ssDNA and DNA 
DSBs in UV exposed HEKn cells. (J) The inhibition of apoptosis by arsenite may further promote 
genomic instability in HEKn cells. Altogether, these data support the inhibition of Rad18 mediated 
TLS by arsenite.   
 

Significance of Rad18 zinc finger inhibition by arsenite 

Rad18 RING finger 

Arsenic binds to peptides representing both the RING and UBZ (UBZ4-type) 

domains of Rad18 (Figure 3.3) and arsenic exposure promoted zinc loss from 

endogenous Rad18 (Figure 3.2). The Rad18 RING finger domain is better 

characterized than the UBZ domain. A C28F mutation in the RING finger 

demonstrates that this zinc binding motif is responsible for the UV-induced 

monoubiquitination of PCNA (Huang et al., 2009; Miyase et al., 2005) and the 

prevention of UV-induced replication stress (Tateishi et al., 2000) and cell death 

(Huang et al., 2009; Tateishi et al., 2000). Rad18-dependent PCNA 

monoubiquitination enhances the recruitment and retention of TLS polymerases 

including Polη to stalled replication forks and gaps, though evidence suggests 

this mechanism may differ amongst cell types (Bi et al., 2021; Hendel et al., 

2011; Kannouche et al., 2004; Ma et al., 2020; Vaziri et al., 2016; Watanabe et 

al., 2004).  

The effects of Rad18 ablation in previous studies were similar to arsenite 

treatment in HEKn cells with a significant reduction in UV-induced PCNA 
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monoubiquitination (Figure 3.8) (Huang et al., 2009; Watanabe et al., 2004), 

Polη recruitment (Figure 4.7; Figure 4.8B) (Barkley et al., 2012; Tsuji et al., 

2008; Watanabe et al., 2004), and DNA replication post-UV (Figure 5.1) 

(Tateishi et al., 2003; Yamashita et al., 2002). Furthermore, both arsenite and 

Rad18 knockdown or knockout  have been shown to elevate DNA damage-

induced strand breaks (Figure 5.3; Figure 5.4; Figure 5.5) (Shiomi et al., 2007; 

Zhou et al., 2021), rate of sister chromatid exchange (Tateishi et al., 2003; 

Yamashita et al., 2002; Zhou et al., 2021), chromosomal aberrations (Despras et 

al., 2016; Saberi et al., 2007; Smith et al., 2004; Zhou et al., 2021), micronuclei 

formation (Sasatani et al., 2015; Zhou et al., 2021), and genomic deletions (Lou 

et al., 2021; Zhou et al., 2021). 

The Rad18 C28F RING mutant decreases Rad6 binding (Inagaki et al., 

2011), an interaction necessary for TLS initiation. Colocalization analysis of 

HEKn cells revealed a dose dependent decrease in the interaction of Rad18 with 

Rad6B, suggesting disturbance of the Rad18 RING finger binding activity (Figure 

3.9) (Huang et al., 2009; Inagaki et al., 2011; Miyase et al., 2005). The C28F 

RING mutant also inhibits the DNA damage-induced recruitment of proteins 

involved in HR and Fanconi anemia pathway (Huang et al., 2009; Inagaki et al., 

2011; Kobayashi et al., 2015; Song et al., 2010; Vaziri et al., 2016; Williams et 

al., 2011), as has been reported for arsenite exposure (Jiang et al., 2017; Muenyi 

et al., 2015; Tam et al., 2020; Zhou et al., 2021). Future studies evaluating the 

DNA damage induced foci formation of factors such as RAD51, RAD51C, Rad9, 

and FANCD2 in cells treated with or without arsenite or Rad18 siRNA may reveal 
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further the role of Rad18 in these pathways and the mechanism of action of 

arsenite.  

 

Rad18 UBZ domain 

In contrast to the Rad18 RING finger, the UBZ domain plays a minor role in 

TLS by sequestering Rad18 through the monoubiquitination and 

homodimerization of Rad18 (Figure 3.7A; Figure 3.10A) (Inagaki et al., 2011; 

Miyase et al., 2005; Zeman et al., 2014), and higher concentrations of arsenite 

significantly reduced Rad18 monoubiquitination (Figure 3.10B). Rad18 is also 

implicated in DSBR (Figure 3.7B) and higher concentrations of arsenite 

disrupted the UBZ-dependent recruitment of Rad18 to IR-induced DNA strand 

breaks (Figure 3.11) (Huang et al., 2009; Inagaki et al., 2011). Arsenic bound to 

the UBZ peptide in the absence, but not the presence, of zinc (Figure 3.4B-C) 

indicating effective zinc competition for arsenic at the UBZ domain peptide. 

Arsenite binding to the Rad18 UBZ domain may have broader implications given 

other UBZ4-type proteins are important in the maintenance of genome integrity, 

including TLS polymerase kappa (Ma et al., 2020; Vilas et al., 2018). Polymerase 

kappa bypasses BaP generated DNA adducts with high accuracy and efficiency 

and arsenite is known to enhance BaP-induced DNA damage (Section 1.5) (Ma 

et al., 2020; Zhou et al., 2021)  

 

Rad18 zinc finger comparison 

As opposed to the UBZ peptide, arsenite binding to the RING peptide was 
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evident with zinc coincubation (Figure 3.4A). These findings indicate a higher 

affinity of arsenite for the RING finger compared to the UBZ domain. The 

concentration dependence for arsenite-induced inhibition of PCNA 

monoubiquitination (Figure 3.8B) and Rad18-Rad6B colocalization (Figure 3.9) 

versus Rad18 monoubiquitination (Figure 3.10B) and foci formation (Figure 

3.11) supports a greater effect of arsenite on the Rad18 RING finger in 

comparison to the UBZ domain. Results from a kinetics study assessing arsenite 

binding to the zinc finger peptides of PARP-1 and XPA proposed that three-

dimensional structure plays an important role in affinity of arsenite for zinc finger 

motifs (Huestis et al., 2016). It is possible that the interdigitated structure of the 

RING finger makes it more conducive to arsenite binding and disruption. In 

contrast to arsenite, the chelation of zinc by TPEN is non-specific and displayed 

a negative impact on Rad18 zinc finger activity (Figure 3.8B; Figure 3.9; Figure 

3.10C; Figure 3.11) further supporting zinc displacement as the mechanism by 

which arsenite inhibits the activities of Rad18. 

 

Evaluating the impact of Rad18 regulation by arsenite 

Localization 

Previous studies on arsenite binding often do not consider other mechanisms 

of inhibition when evaluating the impact of arsenic on a particular protein. In 

addition to activity, arsenite is known to alter protein expression, post-

translational modifications, localization, and recruitment to DNA damage (Muenyi 

et al., 2015; Tam et al., 2020; Zhou et al., 2021). Indeed, arsenite decreased the 
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nuclear localization of Rad18 with or without the addition of a DNA damaging 

agent (Figure 4.3; Figure 4.6). This finding along with the decrease in nuclear 

localization of several other TLS factors (Figure 4.5) highlights an interesting 

avenue for further research. For example, importin 90 involved in nuclear 

transport has been identified as a target of arsenic binding and may underly the 

arsenite-induced reduction in protein localization to the nucleus (Zhang et al., 

2007). 

 

Recruitment 

Chromatin fractionation results revealed a reduction in chromatin bound TLS 

proteins Rad18, Rad6, RPA, and Polη with arsenite treatment in UV exposed 

HEKn cells (Figure 4.7), as well as a decrease in the UV-induced colocalization 

of Rad18 (Figure 4.8A) and Polη (Figure 4.8B) with PCNA. The disruption in 

RPA chromatin binding may have influenced the recruitment of Rad18 and Rad6 

(Ma et al., 2020; Vaziri et al., 2016). Altogether, the inhibition of Rad18 RING 

function (Chapter 3), as well as the reduction in Rad18 nuclear localization and 

recruitment to DNA damage (Chapter 4) may contribute to the arsenite-induced 

decrease in Polη chromatin binding and colocalization with PCNA.  

As Rad18 is also implicated in DSBR, the localization of Rad18 to IR-induced 

PH2AX and ubiquitin foci was also assessed. Due to the evidence supporting the 

inhibition of the Rad18 ubiquitin-binding UBZ domain (Figure 3.3; Figure 3.10; 

Figure 3.11), it was expected that IR-induced Rad18 recruitment would be 

suppressed by arsenite. Indeed, arsenite significantly decreased the overlap of 
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Rad18 with both PH2AX and ubiquitin. Therefore, despite the presence of UV or 

IR, arsenite regulates the localization and recruitment of Rad18 to DNA damage, 

potentially hindering the activities of Rad18 in TLS and DSBR. 

     

The influence of arsenite and Rad18 deficiency on genome integrity 

UV-induced replication stress was confirmed in arsenite treated cells, 

measured as a reduction in post-UV DNA replication (Figure 5.1), and increase 

in ssDNA and DNA strand breaks (Figure 5.3; Figure 5.4). Similarities between 

the findings from arsenite and Rad18 siRNA treated cells suggests arsenite 

mediates its effects through Rad18. Interestingly, both 5 µM arsenite and Rad18 

knockdown in HEKn cells had an impact on the normal replication of HEKn cells 

(Figure 5.2). This may be due to recent findings linking PCNA 

monoubiquitination to DNA replication origin activation or as a consequence of 

replication stress (Gaillard et al., 2015; Leung et al., 2022).  

The two dominant DDT pathways are the more error prone TLS and template 

switching which is considered error free; both are dependent on Rad18 mediated 

PCNA monoubiquitination (Figure 1.7) (Gaillard et al., 2015; Ma et al., 2020; 

Vaziri et al., 2016). Therefore, it reasons that arsenite impinges on both DDT 

pathways involved in replication fork maintenance. Consequently, stalled 

replication forks and gaps can collapse forming mutagenic DNA DSBs. These 

lesions require DSBR for remediation, which preliminary evidence indicates is 

inhibited with exposure to higher concentrations of arsenite (Figure 5.5). 

Previous studies have shown that arsenite exposure or Rad18 deficiency inhibit 
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HR, promoting the more error prone NHEJ (Huang et al., 2009; Inagaki et al., 

2011; Kobayashi et al., 2015; Saberi et al., 2007; Szüts et al., 2006; Tam et al., 

2020; Zhou et al., 2021). Further investigation is needed to elucidate the role of 

Rad18 and HR to the retention of DNA strand breaks by arsenite. 

With severe replication stress and retention of DNA DSBs, cells trigger 

apoptosis to avoid propagation of DNA damage (Gaillard et al., 2015). The loss 

of Rad18 is associated with enhanced UV-induced apoptosis (Saberi et al., 2007; 

Tanoue et al., 2018; Tateishi et al., 2003; Tian et al., 2013; Watanabe et al., 

2004; Yamashita et al., 2002) yet arsenic suppressed this response (Figure 5.6), 

supporting previous studies demonstrating the arsenite-induced inhibition of 

apoptosis in keratinocytes (Chen et al., 2005; Qin et al., 2012; Sun et al., 2011; 

Wu et al., 2005; Zhou et al., 2017). Arsenite inhibition of apoptosis may promote 

carcinogenesis by allowing the survival of DNA damaged cells defective in TLS.  

 

Assessing arsenic mutagenesis through Rad18 

TLS is associated with different mutagenic pathways, such as when the 

equilibrium of TLS polymerases is disrupted or Rad18 is overexpressed (Ma et 

al., 2020; Vaziri et al., 2016). However, there are limited studies on the 

consequences of Rad18 knockout in UV-induced skin carcinogenesis. Because 

Rad18 null mice have compensatory signaling by DNA damage response factor 

checkpoint kinase 2 (Chk2), studies were conducted in Rad18-/-, Chk2-/- and 

double knockout mice (Tanoue et al., 2018). The number of mice with well-

differentiated squamous cell carcinoma after chronic UV exposure was similar in 
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wild-type (6/20), Rad18-/- (6/19), and Chk2-/- (7/19) mice with significantly more 

mice bearing tumors in the double knockout (14/20) and a trend toward earlier 

tumor development in Rad18-/- Chk2-/- mice compared to Chk2-/- mice.  

A more detailed in vivo analysis reported that Rad18 determines levels of 

single nucleotide variations (SNVs) versus insertion/deletion (INDEL) mutations 

during 7,12- dimethylbenz[a]anthracene (DMBA)-induced skin carcinogenesis 

(Lou et al., 2021). Skin tumor genomes from Rad18+/+ mice revealed that these 

tumors display mutational signatures with high levels of A(T)>T(A) SNVs. Rad18 

expression was also strongly associated with high SNV burdens in human tumor 

data from The Cancer Genome Atlas. In contrast, tumors from Rad18-/- mice had 

a mutation pattern characterized by increased numbers of deletions >4 bp and an 

increased contribution of COSMIC signature 3 also associated with BRCA-

mutant tumors (Lou et al., 2021). A study of DMBA-induced hematological 

malignancies reported that the number of mice with B Cell Lymphoma was 

significantly higher in the Rad18-/- group (11/23) compared to the Rad18+/+ 

group (1/20) (Yang et al., 2016). These studies are consistent with other 

evidence that alterations in the balance of TLS leads to differences in genomic 

outcomes (Figure 6.1B).    

With respect to genomic integrity, studies have demonstrated similarities in 

the consequences of arsenic exposure and Rad18 deficiency, including 

enhanced DNA damage-induced strand breaks, sister-chromatid exchange, 

chromosomal aberrations, micronuclei formation, and genomic deletions (Figure 

5.3; Figure 5.4; Figure 5.5) (Despras et al., 2016; Lou et al., 2021; Muenyi et al., 
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2015; Saberi et al., 2007; Sasatani et al., 2015; Shiomi et al., 2007; Smith et al., 

2004; Tam et al., 2020; Tanoue et al., 2018; Tateishi et al., 2003; Yamashita et 

al., 2002; Yang et al., 2016; Zhou et al., 2021, 2021). Unresolved replication 

stress and fork collapse can contribute these events through aberrant DSBR 

leading to INDELS and chromosomal rearrangements. Indeed, recent findings 

have specifically identified arsenite-induced INDELS in UV exposed 

keratinocytes (unpublished data), which may be a major driver of arsenic 

cocarcinogenesis.   

Findings demonstrate an impact of arsenic on Rad18 and TLS, but the 

outcomes of arsenic treatment on skin carcinogenesis are expected to differ from 

those obtained by Rad18 knockout alone. It is possible that Rad18 may still 

interact with other factors and facilitate functions independent of its zinc finger 

domains with arsenic exposure. Though perturbed by arsenic, the recruitment of 

inhibited Rad18 to stalled replication forks and gaps may block the actions of 

compensatory E3 ubiquitin ligases, such as RNF8 (ring finger protein 8), 

CRL4Cdt2 (Cullin4-RING ligase (CRL4)-Ddb1-Cdt2), and HLTF (Helicase Like 

Transcription Factor) (Ma et al., 2020; Tanoue et al., 2018). These E3 ligases 

also contain RING domains which may be vulnerable to inhibition by arsenic. The 

reduction in the activity of these redundant mechanisms may shunt cells to more 

error prone pathways, particularly in the context of UV-induced CPDs where TLS 

is the predominant tolerance pathway and remarkably accurate (Cohen et al., 

2015; Ma et al., 2020).  
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Future studies to define the effects of arsenic on UV-induced tumor 

mutational spectrum should shed light on the broader impact of arsenite-induced 

TLS inhibition. For example, the contribution of Rad18 to arsenic mutagenesis 

can be determined by treating Rad18+/+ and Rad18-/- mice with arsenite through 

drinking water, then exposing to solar simulated UV as performed in Cooper and 

Volk et. al., 2022. Assessing skin tumor burden will reveal the role of Rad18 in 

UV-induced tumorigenesis by arsenite. Results from this study suggest Rad18 

knockout will elevate the number of mice with UV-induced skin tumors and 

decrease any observed arsenite-induced effects due to the loss of Rad18 in the 

mechanism of action of arsenite. Whole exome sequencing of lesional and 

nonlesional skin tissue from the various mouse treatment groups can reveal 

differences in mutational signatures and illuminate which DNA repair and 

tolerance pathways may contribute to the cocarcinogenicity of arsenic with UV 

(Lou et al., 2021). It is important to note that results from this dissertation indicate 

cell type is an important factor in the alteration of TLS by arsenite (Figure 3.12). 

Therefore, it is necessary to assess if normal mouse keratinocytes display a 

similar response to arsenite as seen with normal human keratinocytes before 

experimentation.  

 

Conclusions   

In conclusion, results from this study support the novel finding that arsenite 

exposure in keratinocytes suppresses Rad18 function in TLS, and preliminary 

evidence supporting the inhibition of Rad18 mediated DSBR. Rad18 is highly 
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conserved in eukaryotes emphasizing the importance of this protein, and its 

regulation is critical in preventing TLS imbalance and associated loss of genomic 

integrity (Gaillard et al., 2015; Ma et al., 2020; Vaziri et al., 2016). Arsenite tips 

the balance by binding and inhibiting the Rad18 RING finger, which may underly 

the arsenite-induced reduction in PCNA monoubiquitination, Polη recruitment, 

post-UV replication, and increase in ssDNA and DNA strand breaks in UV 

exposed keratinocytes. Overall, results from this study exemplify the complexity 

of arsenite on DNA damage repair and tolerance and reveal for the first time a 

potential role of TLS in the cocarcinogenicity of arsenic.    
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8OHdG, 8-hydroxy-2'-deoxyguanosine; As(III), arsenite; Apo, apocynin; DAB, 

diaminobenzidine; DAPI, 4’,6-diamino-2-phenylindole; DBD, DNA binding 

domain; DCFDA, carboxy- 2',7'-dichlorodihydrofluorescein diacetate; HEKn, 

normal human neonatal epidermal keratinocytes; MED, minimum erythema dose; 

MnTMPyP, Manganese(III)tetrakis(1-methyl-4-pyridyl)porphyrin; NADPH, 

reduced nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; 

PARP, Poly(ADP-ribose) polymerase; PBS, phosphate buffered saline; PH2AX, 

phospho-histone H2A.X; ROS, reactive oxygen species; Scr, scrambled; siRNA, 

small interfering RNA; TBHP, tert-butyl hydrogen peroxide; UVR, ultraviolet 

radiation  

 

ABSTRACT  

Arsenic is a naturally occurring element present in food, soil and water and 

human exposure is associated with increased cancer risk. Arsenic inhibits DNA 

repair at low, non-cytotoxic concentrations and amplifies the mutagenic and 

carcinogenic impact of other DNA-damaging agents, such as ultraviolet radiation 

(UVR). Arsenic exposure leads to oxidation of zinc coordinating cysteine 

residues, zinc loss and decreased activity of the DNA repair protein 

poly(ADP)ribose polymerase (PARP)-1. Because arsenic stimulates NADPH 

oxidase (NOX) activity leading to generation of reactive oxygen species (ROS), 

the goal of this study was to investigate the role of NOX in arsenic-induced 

inhibition of PARP activity and retention of DNA damage. NOX involvement in the 

arsenic response was assessed in vitro and in vivo. Keratinocytes were treated 
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with or without arsenite, solar-simulated UVR, NOX inhibitors and/or isoform 

specific NOX siRNA. Knockdown or inhibition of NOX decreased arsenite-

induced ROS, PARP-1 oxidation and DNA damage retention, while restoring 

arsenite inhibition of PARP-1 activity. The NOX2 isoform was determined to be 

the major contributor to arsenite-induced ROS generation and DNA damage 

retention. In vivo DNA damage was measured by immunohistochemical staining 

and analysis of dorsal epidermis sections from C57BI/6 and p91phox knockout 

(NOX2-/-) mice. There was no significant difference in solar-simulated UVR DNA 

damage as detected by percent PH2AX positive cells within NOX2-/- mice versus 

control. In contrast, arsenite-dependent retention of UVR-induced DNA damage 

was markedly reduced. Altogether, the in vitro and in vivo findings indicate that 

NOX is involved in arsenic enhancement of UVR-induced DNA damage.   
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1. INTRODUCTION  

Arsenic exposure is associated with numerous acute and chronic health effects 

including increased risk of skin, lung and urinary tract cancers (ATSDR, 2016, 

2007). In addition to the known direct carcinogenic actions of arsenic, there is 

substantial evidence that arsenic is a co-carcinogen and amplifies the 

carcinogenic potential of other DNA-damaging agents such as ultraviolet 

radiation (UVR) (Hartwig et al., 2020; Rossman et al., 2004; Zhou et al., 2021). In 

experimental models, Rossman and colleagues demonstrated that non-

carcinogenic concentrations of arsenic increased the number of UVR-induced 

skin lesions in mice, decreased the time to tumor onset and increased tumor size 

and invasiveness (Burns et al., 2004; Rossman et al., 2004, 2001). The 

relevance of these findings is supported by human epidemiologic data indicating 

a relationship between sun exposure and skin cancer in arsenic-exposed 

populations (Chen et al., 2006, 2003; Melkonian et al., 2011).  

 

Disruption of DNA repair is one mechanism proposed for the observed co-

carcinogenic actions of arsenic (Andrew et al., 2006; Hudson et al., 2016; Muenyi 

et al., 2015; Tam et al., 2020; Zhou et al., 2021). Exposure to low levels of 

arsenite (As(III)) inhibits base excision repair responsible for the remediation of 

UVA induced DNA single strand breaks and oxidized DNA bases, and nucleotide 

excision repair that resolves UVB induced bulky adducts such as cyclobutane 

pyrimidine dimers and pyrimidine (6-4) pyrimidone photoproducts (Beyersmann 

and Hartwig, 2008; Cadet and Douki, 2018; Ding et al., 2017; Hartwig et al., 
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2020; Muenyi et al., 2015; Tam et al., 2020; Zhou et al., 2021). Thus, arsenic 

reduces the cellular capacity to repair numerous UVR generated DNA lesions 

ultimately leading to retention of DNA damage and enhanced mutagenesis.   

 

DNA repair can be disrupted by arsenic through a dual mechanism requiring both 

1) the binding of trivalent As(III) to zinc finger DNA binding domains (DBD) of 

DNA repair protein targets containing three or more zinc coordinating cysteine 

residues and 2) the subsequent oxidation of the DBD cysteine residues by As(III) 

stimulated reactive oxygen species (ROS) (Muenyi et al., 2015; Tam et al., 2020; 

Zhou et al., 2021). Poly (ADP-ribose) polymerase (PARP-1) is a known target of 

As(III) involved in the remediation of UVR-induced DNA lesions by binding to 

damaged DNA through its zinc finger containing DBD and stimulating poly ADP-

ribosylation for the recruitment of base excision repair, nucleotide excision repair 

and DNA strand break repair factors (King et al., 2012; Pascal, 2018; Ray 

Chaudhuri and Nussenzweig, 2017; Reynolds et al., 2015; Wang et al., 2019). 

We find As(III) binding to the PARP-1 DBD leads to zinc displacem(Zhou et al., 

2015)ent and increased susceptibility of the zinc ligands to oxidative damage 

(Zhou et al., 2015). As(III)-stimulated production of ROS is an important factor in 

PARP inhibition. Antioxidants and ROS scavengers interfere with As(III)-

dependent zinc loss and inhibition of PARP activity (Wang et al., 2013). Further 

studies found inhibition of NADPH oxidase (NOX) activity blocked PARP-1 DBD 

zinc displacement and cysteine oxidation in response to As(III) (Zhou et al., 
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2015), suggesting As(III) stimulation of NOX is an important pathway for ROS 

generation related to DNA repair inhibition. 

 

Oxidative stress has long been recognized as a contributing factor to skin 

carcinogenesis (Alnajjar and Sweasy, 2019; Cadet and Douki, 2018; Nishigori et 

al., 2004; Rudolf et al., 2018). UVA generates ROS leading to oxidative damage 

of macromolecules important in the maintenance of genome stability, including 

DNA and DNA repair proteins (Cadet and Douki, 2018). During DNA replication, 

the presence of oxidative DNA damage (8-hydroxy-2'-deoxyguanosine; 8-OHdG) 

can lead to G:C to T:A transversions which are often detected in the mutated p53 

tumor suppressor gene in human skin cancers and UVR-induced mouse skin 

cancers (Nishigori et al., 2004). Several mechanisms contribute UVR generated 

ROS including the overactivation of superoxide producing NOX enzymes (de 

Jager et al., 2017; Raad et al., 2017; Valencia and Kochevar, 2008). 

 

NOX isoforms are detected in the epidermis (Rudolf et al., 2018) and both UVA 

and As(III) increase overall NOX activity and ROS production in keratinocytes, 

but with notable differences (Cooper et al., 2009). Exposure of keratinocytes to 

UVA resulted in rapid and transient NOX activation, whereas the response to 

As(III) was more pronounced and persistent. NOX inhibitors decreased ROS 

production in As(III)-treated cells but had little impact on UVA-exposed 

keratinocytes (Cooper et al., 2009). Collectively, these findings suggest As(III) 
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stimulation of NOX activity may be a critical pathway for PARP-1 oxidation and 

inhibition of PARP-1 mediated DNA repair.  

 

In this study we tested the contributions of NOX to As(III)-dependent oxidation of 

PARP-1, inhibition of PARP-1 activity and enhancement of UVR-induced DNA 

damage in keratinocytes. We find that NOX inhibition decreases As(III)-induced 

oxidation of endogenous PARP-1 and significantly rescues As(III) inhibition of 

PARP-1 activity. NOX2 is expressed at greater levels in human skin than NOX1 

(Fagerberg et al., 2014; Uhlen et al., 2015) and results from small interfering 

RNA (siRNA) knockdown of NOX1 or NOX2 demonstrates NOX2 is the major 

contributor to As(III)-induced ROS and DNA damage retention in keratinocytes. 

In addition, we used p91phox knockout (NOX2-/-) mice to assess the role of 

NOX2 in As(III)-dependent responses in vivo. As(III) inhibition of UVR-induced 

PARP activity was not evident in the epidermis of NOX2-/- mice compared to 

controls. Furthermore, retention of UVR-induced DNA damage by As(III) was 

decreased in NOX2-/- mice. The findings obtained from this study support a role 

for NOX2 in mediating the effects of As(III) on UVR-induced DNA damage repair.  

 

2. MATERIALS AND METHODS  

2.1 Cell Culture and Materials 

Normal human neonatal epidermal keratinocytes (HEKn) and DermaLife K 

culture medium with supplements were purchased from Lifeline Cell 

Technologies (Oceanside, CA). Cells were cultured at 37°C in 95% air/5% CO2 
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humidified incubator. Sodium arsenite (>99%; As(III)) was purchased from Fluka 

Chemie (Buchs, Germany). Other chemicals were obtained from Sigma-Aldrich 

(St. Louis, MO) unless otherwise indicated. Stock solutions of As(III) (10 mM), 

Manganese(III)tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP; 1mM; 

Calbiochem; La Jolla, CA), and tert-Butyl H2O2 (100mM; TBHP; Thermo Fisher; 

Waltham, MA) were prepared in milliQ water and sterilized using a 0.22-μm 

syringe filter. Working solutions were prepared by diluting the stock with 

complete cell growth medium. The ROS indicator carboxy- 2',7'-

dichlorodihydrofluorescein diacetate (DCFDA; Thermo Fisher) and apocynin 

(Apo; Calbiochem) were prepared in dimethyl sulfoxide at 100 mM. Final 

concentrations of vehicle used to prepare the primary stocks did not exceed 

0.1% (v/v) of total volume in the cell culture medium. For experiments involving 

cell exposures, cells were rinsed and placed in complete medium containing 

As(III), apocynin, MnTMPyP or TBHP at the concentrations and times indicated 

in the figure legends. Concentrations of apocynin and MnTMPyP employed did 

not significantly alter the viability of the HEKn cells at 24 h of treatment 

(Supplemental Fig. 1) but were sufficient to inhibit ROS induced by As(III) 

(Supplemental Fig. 2). The NOX1, NOX2 and universal scrambled (Scr) control 

siRNAs (Supplemental Table 1) were purchased from Origene and HiPerFect 

Transfection Reagent from Qiagen. 

 

2.2 Ultraviolet Radiation (UVR) Exposure 
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Solar simulated UVR exposures were performed using an Oriel 1600 Watt Solar 

Ultraviolet Simulator (Oriel Corp., Stratford, CT). This solar simulator produces a 

high intensity UVR beam in both the UVA (320-400 nm) and UVB (280-320 nm) 

spectrum with an emission ratio of 13:1 (UVA:UVB). The proportion and intensity 

of UVA/UVB was measured using an ILT2400 radiometer equipped with UVA 

(SED033), UVB (SED240) and UVC (SED270) detectors (International Light 

Technologies; Peabody, MA). In vivo exposures were at 28 kJ/m2 providing 

approximately 1 minimum erythema dose (MED). Measurements were made with 

Erythema UV and UVA intensity meter (Solar Light Co., Inc., Philadelphia, PA) in 

order to estimate MED. Animal UVR dosing was conducted in groups of 4 or 5 

with animals allowed to move freely within the exposure enclosure. Cultured cells 

were exposed at a dose of 2kJ/m2 in complete medium with the vessel lids 

removed. Cells were kept in the dark during transport to and from the UVR 

exposure lamp.  

 

2.3 Cysteine Oxidation 

HEKn cells were treated with As(III) (1 μM) with or without a 30 min pretreatment 

of either apocynin (Apo; 5 M) or MnTMPyP (2.5 M) for 6 h. Cells were 

harvested in RIPA cell lysis buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1 mM 

EDTA; 1 mM EGTA; 1% Triton X-100; 2.5 mM sodium pyrophosphate; 1 mM β-

glycerophosphate; 1 mM sodium vanadate) plus 1% Halt Protease Inhibitor 

Cocktail (Thermo Scientific, Rockford, IL), sonicated and centrifuged at 14,000 

rpm for 10 min at 4°C to remove cellular debris. Total protein content was 
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determined via BCA assay (Pierce, Rockford, IL). Aliquots were prepared and N-

ethylmaleimide (NEM; 10 mM; #E3876; Sigma) was added to block free cysteine 

residues and dimedone (1mM; #A10140; Alfa Aesar; Tewksbury, MA) was added 

to label SOH functional groups. PARP-1 was immunoprecipitated with anti-

PARP1 antibody (#9532; Cell Signaling Technologies; Danvers, MA) from cell 

lysates (250 g protein per 500 l total volume) with Protein A Agarose beads 

(#15918-014; Invitrogen; Carlsbad, CA) then resolved with 10% SDS-PAGE and 

transferred to nitrocellulose membrane (PI88018; Fisher Scientific). 

Immunoblotting was performed with cysteine sulfonic acid (Millipore, #07-2139) 

antibody to determine level of oxidation. Membranes were stripped and probed 

for total PARP-1 (#ab75757; Abcam; Cambridge, MA). Quantification of 

immunoblot results was performed using a FluorChemR image acquisition station 

(Proteinsimple; Sunnyvale, CA) with the Alpha View FluorChem Q (ver. 3.4.0.0) 

analysis software. Densitometry of oxidized protein was normalized to PARP-1 

protein. All samples were run in duplicate with a minimum of three independent 

experiments analyzed per treatment. One-way analysis of variance with Tukey’s 

multiple comparison tests conducted using GraphPad Prism 5.03 (San Diego, 

CA) was used to determine statistical significance. 

 

2.4 NOX1 and NOX2 siRNA Transfection 

HEKn cells were transfected with NOX siRNAs according to the manufacturer’s 

instructions. Supplemental Table 1 provides details of each siRNA purchased for 

these experiments. Briefly, NOX1, NOX2 and Scr negative control siRNAs were 
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mixed with cell culture medium (10-15% of final volume) and HiPerFect 

Transfection Reagent (2 µl per ml of final volume; Qiagen) and incubated at room 

temperature for 10 min. The concentrations of siRNAs used were determined by 

dose-response experiments and are as follows: NOX1A (10 nM), NOX1C (10 

nM), NOX2B (20nM), NOX2C (20 nM) and Scr (20 nM). These resulted in 

equivalent level of target protein knockdown (approximately 60%) and 

transfection efficiency was 67.7-79.6% for the siRNAs (Supplemental Fig. 3). 

Success of the siRNA knockdown was determined for each individual experiment 

by concurrently plating and transfecting cells in 6 well plates, including Mock, Scr 

and NOX siRNAs. Cells were incubated for a total of 72 h, total protein collected 

in RIPA buffer, and immunoblotted for NOX1 and NOX2 proteins. For 

experiments conducted on cells grown in 60 mm tissue culture plates (i.e., PARP 

activity and immunoblot analyses), HEKn cells were trypsinized, centrifuged and 

resuspended in complete medium. 3.5 x 104 cells and transfection complexes 

were then added to the prepared plates containing 3 ml complete medium. Cells 

were incubated overnight, medium exchanged for fresh, then incubated for an 

additional 48 h to allow for adequate protein knockdown (Supplemental Fig. 3) 

before further analysis as described in sections below. Transfection of cells in 4-

well chamber slides was accomplished with slight modifications of cell 

concentration and volume as described in the following sections. Scr control 

siRNA prepared as above was used as a negative control. One-way analysis of 

variance with Tukey’s multiple comparison tests conducted using GraphPad 
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Prism 5.03 was used to determine statistical significance of a minimum of 3 

independent experiments.  

 

2.5 ROS Detection 

To detect the effects of inhibitors on arsenic-induced ROS production, HEKn 

cells were pretreated with apocynin (5 µM) or MnTMPyP (2.5 µM), and DCFDA 

(20 µM) for 30 min., then fresh medium with As(III) (1 µM), inhibitors 

or As(III) plus inhibitors was added.  Plates were incubated for an additional 0.5 

h, 2 h or 24 h before detection of ROS. Nuclei were stained with 4’,6-diamino-2-

phenyindole (0.7 µg/ml; DAPI) and slides immediately imaged using an Olympus 

IX83 fluorescence microscope equipped with cellSens Dimension (Olympus; v 

1.9) imaging software and a DP80 digital camera. A minimum of 10 images per 

slide were collected per treatment and sum fluorescence intensity was quantified 

using cellSens Dimension and Count & Measure imaging software (Olympus; v 

1.9) and normalized to DAPI fluorescence. To detect the impact of NOX siRNA 

on arsenic-induced ROS, 2.5 X 103 cells were plated in each chamber of 4-well 

slides (Lab-Tek; Rochester, NY) and incubated overnight. Cells were then 

transfected as described above with either NOX1, NOX2, NOX1 plus NOX2 or 

Scr control siRNAs then incubated overnight. Media was changed and slides 

incubated for an additional 48 h. As(III) (1 µM) and DCFDA (20 µM) were added, 

and slides returned to the incubator for 0, 5, 30, or 60 min. Nuclei were stained 

with DAPI, slides imaged and fluorescence quantified as described above. All 

images were acquired within 3 h of staining to minimize possibility of signal 
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degradation. Data from at least 3 independent experiments were pooled and 

statistical significance assessed by one-way ANOVA with Tukey’s multiple 

comparison tests conducted using GraphPad Prism 5.03.  

 

2.6 Detection of PH2AX and 8OHdG 

For DNA damage assessment, 2.5 X 103 cells were plated and transfected with 

NOX and control siRNAs as described in 2.4.2 above. Cells were treated with 

As(III) (1 µM) for 24 h, then exposed to UVR (2 kJ/m2) to induce DNA damage. 

As an additional control, cells were incubated with the NOX inhibitor apocynin (5 

µM) 30 min prior to the As(III) treatment and subsequent UVR exposure. Results 

from the non-transfected control were equivalent to the Scr control and therefore 

were not included in the figures. Slides were fixed with 4% paraformaldehyde at 

0 (no UVR), 1 and 6 h post UVR. DNA strand breaks were visualized using 

antibodies for phospho-histone H2A.X (PH2AX; #2577; 1:800; Cell Signaling 

Technologies; Danvers MA) or oxidative DNA damage using antibodies for 

8OHdG (#ab48508; 1:500; Abcam; Cambridge, MA) by indirect 

immunofluorescence. Slides were incubated in primary antibody overnight at 4°C 

followed by a 1 h incubation at room temperature with anti-rabbit FITC 

conjugated secondary antibody (#6717; 1:1000; Abcam; Cambridge, MA) or anti-

mouse Alexa Fluor 647 conjugated secondary antibody (#a32728; 1:1000; 

Abcam; Cambridge, MA) diluted in blocking buffer (PBS containing 2.5% goat 

serum, 0.15% triton X-100). Nuclei were stained with DAPI (0.7 µg/ml) and slides 

were mounted with VectaShield (H-1000; Vector Laboratories; Burlingame, CA) 
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and visualized with an Olympus IX83 fluorescence microscope equipped with a 

DP80 digital camera (Olympus America; Center Valley, PA). A minimum of 10 

images per slide were collected per treatment and fluorescence intensity was 

quantified using cellSens Dimension and Count & Measure imaging software 

(Olympus; v 1.9). Data from at least 3 independent experiments were pooled and 

statistical significance assessed by one-way ANOVA with Tukey’s multiple 

comparison tests conducted using GraphPad Prism 5.03. 

 

2.7 PARP-1 Activity  

Cells were treated as described in the figure legends, then PARP-1 was 

activated by exposure to UVR (2 kJ/m2). Whole cell extracts were collected in 

PAR ELISA lysis buffer (10 mM Tris, pH 7.4, 100 mM sodium chloride, 1 mM 

EDTA, 1 mM EGTA, 1 mM sodium fluoride, 20 mM sodium pyrophosphate, 2 mM 

sodium vanadate, 1% triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate) 

plus 1% Halt Protease Inhibitor Cocktail (Thermo Scientific, MA, USA) 6 h after 

UVR exposure. An aliquot of each sample was diluted 1 to 10 in RIPA buffer and 

total protein content determined via the BCA assay kit. Cell lysates were assayed 

for PARP activity via the PAR ELISA assay as described in Zhou, X et al. (Zhou 

et al., 2015). Briefly, PAR standards or total protein (30 µg) were placed in 

antibody (Trevigen; #4335-MC-100) coated plates in triplicate and incubated 

overnight at 4°C. Plates were then incubated with polyclonal PAR antibody 

(Trevigen; #4336-BPC-100) and incubated for 2 h at room temperature followed 

by an additional 1 h incubation with goat anti-rabbit HRP conjugated antibody at 
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room temperature. Total PAR content was determined by the addition of 

SuperSignal ELISA pico substrate (Pierce, Rockford, IL) and luminescence 

measured on a SpectraMax i3X plate reader equipped with FluorChem Q (ver 

3.4.0.0) analysis software (Molecular Devices; Sunnyvale, CA). Luminescence 

was compared to the standard curve and PAR content reported as nmoles PAR 

per mg of protein. One-way analysis of variance with Tukey’s multiple 

comparison tests conducted using GraphPad Prism 5.03 was used to determine 

statistical significance of a minimum of 3 independent experiments. 

  

2.8 In vivo Exposures and Tissue Collection 

P91phox (NOX2) knockout breeding pairs (B6.129S-Cybbtm1Din/J; NOX2-/-) and 

C57BL/6 (21–25 days old; CTRL) mice were purchased from Jackson Labs (Bar 

Harbor, ME). Breeding of the knockout animals was performed by the UNM HSC 

Animal Research Facility and transferred to the experimental protocol at age 25-

27 days old. The difference in age from the background control mice is due to the 

small size of the knockout animals at day 21. These studies were performed 

under an approved Institutional Animal Care and Use Committee (IACUC) 

protocols (#18-200816B-HSC and 18-200864-HSC). Animals were randomly 

distributed into treatment groups and administered As(III) (5 mg/l) or no addition 

in the drinking water for 28 days. Water was freshly prepared and changed 3 

times per week, consumption monitored and volumes compared to untreated 

control animals to ensure equivalent water consumption (Supplemental Fig. 4). 

Controls and treated animals were provided standard mouse chow ad lib. 
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Animals were anesthetized with isofluorane and the dorsal hair from hips to 

shoulders removed by shaving and subsequent application of a topical hair 

remover (Nair™; Church & Dwight Co., Inc.). The animals were given 3 days to 

recover, then randomly selected from each treatment group for exposure to a 

single dose (28 kJ/m2; 1.2 MED of UVR) and euthanized at 0 (no UVR), 1 or 6 h 

post exposure. These time points were chosen from previously published studies 

showing time courses from DNA damage initiation through repair (Bykov et al., 

1999; Ropolo et al., 2011) and from our previous studies (Cooper et al., 2013; 

Ding et al., 2008) to reflect the peak damage (1 h) to partial repair (6 h). The 

UVR exposure reflects a dose to cause significant, but not maximal, DNA 

damage allowing for detection of As(III) augmented DNA damage (Supplemental 

Fig. 5) (Cooper et al., 2013). Animals were euthanized using CO2 followed by 

cervical dislocation, then the irradiated and UVR naïve dorsal skin was collected 

and preserved in 10% neutral buffered formalin and paraffin blocks were 

prepared using standard procedures. A section of skin was quick frozen on a 

cold block and the epidermis scraped to remove the keratinocytes as previously 

described (Hudson et al., 2007). These scrapings were then placed in RIPA 

buffer to extract protein and frozen at -80°C for future analyses. 

 

2.9 PARP Activity in Epidermal Lysates 

Lysates obtained from skin scrapings described above were diluted 1:1 in PAR 

ELISA lysis buffer, vortexed vigorously and sonicated on ice for 3 X 15 sec to 

fully solubilize proteins. Samples were centrifuged at 14,000 rpm for 10 min at 
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4°C to remove cellular debris and aliquoted into fresh tubes. BCA assay (Pierce, 

Rockford, IL) was performed to determine total protein and lysates diluted to 5 

g per 200 l total volume. PARP activity was determined on 50 µl of sample in 

triplicate by PARP activity assay as described above. One-way analysis of 

variance with Tukey’s multiple comparison tests conducted using GraphPad 

Prism 5.03 was used to determine statistical significance. 

 

2.10 Immunohistochemistry and Image Analysis of DNA Damage  

Paraffin embedded tissue was sectioned using a rotary microtome (Microm 

HM315) at a thickness of 10 μm. For staining, slides were deparaffinized with 

three exchanges of xylene (10 min each) followed by a 1 min exchange in 

absolute ethanol. Sections were rehydrated by sequential 1 min immersions in 

95%, 75%, and 50% ethanol followed by 5 min in water. Slides were treated with 

0.125% trypsin for 10 min at room temperature, followed by three rinses with 1X 

phosphate-buffered saline (PBS), then placed in a 1 N HCl solution for 30 min at 

room temperature to denature DNA and subsequently rinsed 3 times in 1X PBS. 

Antigen retrieval was accomplished by immersing slides in hot (90°C) 1 M EDTA, 

pH 8.0 for 20 min, then peroxidases quenched by immersion in 3% H2O2 in 

methanol for 20 min. For staining of DNA strand breaks, slides were blocked with 

Background Sniper (Biocare Medical; Concord, CA) 30 min, then incubated with 

primary antibody against PH2AX (#2577 Cell Signaling, Danvers, MA at 1:300) 

overnight at 4°C followed by biotinylated anti-rabbit secondary antibody (Vector 

Labs; Burlingame, CA) at 1:750 for 30 min at room temperature, then incubated 
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in ABC reagent (Vector Labs) for an additional 30 min. DAB solution (5%; 3,3’-

Diaminobenzidine; Sigma) was employed to label positive epitopes with 

hematoxylin QS (Vector Labs) used as the nuclear counter stain. Sections were 

dehydrated and coverglass mounted with Permount Mounting Medium (EMS, 

Hatfield, PA). For analysis, slides were scanned at high-resolution using the 

Aperio Versa 200 (Lecia Biosystems; Buffalo Grove, IL) automated slide scanner 

and digitally analyzed with the HALO™ Platform software (v3.0.311.185; Indica 

Labs; Albuquerque, NM). Tissue sections were annotated with the digital 

software to differentiate the epidermis from other skin tissue types and to identify 

positively stained cells. Intensity of positive staining was calibrated to give 0, 1+, 

2+ and 3+ levels of staining with 0 being negative staining and 3 being the most 

intensely stained. ROIs (regions of interest) were drawn around the epidermis of 

each scanned image to limit the occurrence of false identification of epidermal 

cells. Percent positive cells was calculated by dividing the number of positive 

cells for each level by the total number of nuclei from a minimum of 3 separate 

sections from each mouse. Data from at least five different animals were pooled 

and two-way ANOVA with Bonferroni post-test was conducted using GraphPad 

Prism 5.03 to determine statistical significance. 

 

3. RESULTS 

 

3.1 As(III)-induced ROS Through NOX Activation Contributes to PARP-1 

Inhibition 
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As(III) binds to zinc finger domains of PARP-1 leading to zinc displacement and 

oxidative damage to the zinc coordinating cysteine residues (Ding et al., 2009; 

Qin et al., 2008b; Wang et al., 2013; Zhou et al., 2011, 2015). Previous work 

found that NOX inhibition in keratinocytes decreased the As(III)-induced 

oxidation of cysteine residues within exogenously expressed PARP-1, but effects 

on PARP-1 activity were not assessed (Zhou et al., 2015). To determine the 

contributions of NOX and ROS to the oxidation of endogenous PARP-1 and 

PARP activity, HEKn cells were pretreated with a NOX inhibitor (apocynin, 5 µM) 

or a ROS scavenger (MnTMPyP, 2.5 µM) prior to exposure to As(III) (1 µM). The 

concentrations of the NOX inhibitor and ROS scavenger did not significantly alter 

cellular viability at 24 h post exposure (Supplemental Fig. 1) but effectively 

inhibited ROS production induced by As(III) at 2 h (Fig. 1A), and at 0.5 and 24 h 

(Supplemental Fig. 2) post exposure. The consequences of As(III)-induced ROS 

on PARP-1 cysteine oxidation and enzyme activity were assessed. Oxidation of 

the PARP-1 cysteine residues was increased by As(III) (1 µM; 6 h), while the 

pharmacological inhibition of NOX by apocynin resulted in a significant reduction 

of the observed As(III)-induced effect (Fig. 1B&C). As(III) inhibits UVR (2 kJ/m2) 

induced PARP-1 activation (Cooper et al., 2014, 2013; Ding et al., 2009; Qin et 

al., 2008a, 2008b) and this response is significantly mitigated by the 

pharmacological inhibition of NOX activity or by the addition of the ROS 

scavenger (Fig. 1D). Altogether, these results provide evidence that the As(III)-

induced production of ROS through NOX is responsible for the oxidation of 

endogenous PARP-1 and subsequent loss of PARP-1 activity. 
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Fig. 1. As(III) stimulates NOX resulting in ROS production, PARP-1 oxidation and reduced 
PARP-1 activity. A) As(III)-stimulated ROS was measured in the presence or absence 
of apocynin (5 μM) or MnTMPyP (2.5 μM) and DCFDA (20 μM) for 30 min followed by treatment 
with As(III) (As; 1 μM) for 2 h. Relative fluorescence intensity values normalized to total DNA 
fluorescence are shown. Rfu = relative fluorescence units. ***p < 0.001 significantly different 
compared to As(III) only; n = 3. B-C) As(III)-stimulated PARP-1 oxidation was measured in the 
presence or absence of apocynin or MnTMPyP as described in (A) followed by treatment with 
As(III) (As; 1 μM) for 6 h. B) PARP-1 immunoprecipitated (IP) from whole cell lysate (WCL) and 
protein oxidation detected by immunoblotting for cysteine sulfenic acid (cys-SOH). Membranes 
were stripped and reprobed for PARP-1 in order to normalize to total protein immunoprecipitated. 
C) Graph represents the densitometric quantification of the pooled data from 6 independent 
experiments. ***p < 0.001 significantly different compared to As(III) only; n = 6. D) HEKn cells 
were treated as in B&C then exposed to a single dose of UVR (UVR; 2 kJ/m2; black bars) to 
stimulate PARP activity. Total protein was collected 6 h post UVR exposure and PARP activity 
determined by ELISA as described in Materials and Methods. *p < 0.05, **p < 0.01 significantly 
different between indicated groups; n = 4. All graph values represent mean ± SEM. 
 

3.2 Differential Contributions of NOX1 and NOX2 in As(III)-induced ROS and 

PARP-1 Inhibition 

Both NOX1 and NOX2 are expressed in the skin and can be activated by UVR 

leading to enhanced ROS generation and pathological consequences (Glady et 

al., 2018; He et al., 2005; Raad et al., 2017; Rudolf et al., 2018; Valencia and 

Kochevar, 2008). siRNA was used to investigate the individual roles of NOX1 

and NOX2 in As(III)-induced NOX activity and PARP-1 inhibition. Immunoblotting 

https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/oxidase
https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/apocynin
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/western-blot
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/sulfenic-acid
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/ribose
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and densitometry confirmed significant knockdown of the NOX1 and NOX2 

(p91phox) subunits (Supplemental Fig. 3). To assess As(III)-induced ROS 

production through NOX1 and NOX2, ROS levels were measured over time in 

HEKn cells transfected with the individual siRNAs or Scr control. Representative 

images are shown in Fig. 2A and Supplemental Fig. 6. As(III) (1 µM) treatment in 

both NOX1 (Fig. 2B) and NOX2 (Fig. 2C) siRNA transfected cells showed a rapid 

increase in ROS that peaked at 5 min post treatment (6.0 fold and 4.0 fold for 

NOX1 and NOX2 knockdown cells, respectively), but did not reach the levels 

observed in the As(III) treated Scr control cells (8.2 fold). Knockdown of each 

NOX isoform led to a significant reduction of ROS at all three time points 

investigated; however, NOX2 knockdown had a greater impact on ROS 

production. The significant differences between NOX1 and NOX2 knockdown at 

30 min (p=0.045) and 60 min (p=0.009) time points indicates that NOX2 is the 

principal contributor to the sustained production of ROS following As(III) 

stimulation of keratinocytes (Cooper et al., 2014, 2009, 2007; Qin et al., 2008a; 

Zhou et al., 2015).  

 

Results from Fig. 1 demonstrated As(III)-induced ROS through NOX activation 

leads to the oxidation and inhibition of PARP-1. To determine the individual 

contributions of NOX1 and NOX2 to the inhibition of PARP-1 activity by As(III), 

knockdown studies were performed. The silencing of both NOX1 (Fig. 2D) and 

NOX2 (Fig. 2E) resulted in significant restoration of PARP activity following 

As(III) (1 µM; 24 h) exposure with NOX2 knockdown having a significantly 
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greater effect than that of NOX1 (45.5% versus 35.6% restoration of activity, 

respectively; p = 0.042). These results correspond with the findings shown in Fig. 

2A-C that indicate NOX2 as the predominant mechanism of As(III)-induced ROS 

and indicate that NOX2 is capable of mediating As(III) inhibition of PARP activity.  

 

Fig. 2. NOX1 and NOX2 (p91phox) contribute differentially to As(III)-induced ROS 
production and PARP-1 inhibition. HEKn cells were transfected with NOX1A or C, NOX2B or C 
or scrambled (Scr) siRNA and cells incubated for 72 h to allow for target protein knockdown. A-C) 
Measurement of ROS production. DCFDA (DCF, 20 μM) was added with (black lines) and without 
(gray lines) As(III) (1 μM) and slides were incubated for the indicated times then cells 
counterstained with DAPI (0.7 μg/ml). Images were collected and relative fluorescence analyzed 
as described in Materials and Methods. A) Representative images of the 30 min time point. B&C) 
Graphs show changes in the relative DCFDA fluorescence normalized to DAPI fluorescence in 
the presence of B) NOX1 or C) NOX2 siRNA (solid lines) as well as the matched Scr siRNA 

https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/small-interfering-rna
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/4-6-diamidino-2-phenylindole
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control (dashed lines). Alternate siRNAs for NOX1 and NOX2 (NOX1C, NOX2C) were used as 
indicated and designated as “O” without As(III) and “X” with As(III) in the figure key at the 30 min 
time point to confirm findings. In panel C, NOX2C values −/+ As(III) overlap. There are significant 
differences between NOX1 (B) and NOX2 (C) knockdown at 30 min (p = 0.045) and 60 min 
(p = 0.009). ***p < 0.001 significantly different between As(III) treated Scr and NOX siRNA 
transfected groups; δδδp < 0.001 significantly different between As(III) and no As(III) siRNA 
matched groups; n ≥ 3. D&E) PARP activity assay. NOX1 (D) and NOX2 (E) siRNA transfected 
HEKn cells were treated with (black bars) or without (white bars) As(III) (1 μM) for 24 h, then 
exposed to UVR (UVR; 2 kJ/m2) to introduce DNA damage. PARP activity was determined by 
PAR ELISA as described in Materials and Methods. There are significant differences between 
NOX1 (D) and NOX2 (E) knockdown (p = 0.042). *p < 0.05, **p < 0.01 significantly different 
between indicated groups; n ≥ 3. All graph values represent mean ± SEM. 
 

3.3 NOX Activation by As(III) Leads to UVR-induced DNA Damage Retention 

Exposure to UVR can generate a variety of DNA lesions including bulky DNA 

adducts, oxidized bases (i.e. 8OHdG) and single strand breaks (Cadet and 

Douki, 2018) and As(III) enhances the retention of multiple UVR-induced markers 

of DNA damage including PH2AX and 8OHdG (Cooper et al., 2014, 2013; Ding 

et al., 2009, 2017; Qin et al., 2008b). In order to determine the contribution of 

NOX in As(III) inhibition of DNA repair, the retention of DNA damage was 

examined in NOX1 and NOX2 siRNA treated HEKn cells. Cells were transfected, 

treated with As(III) (1 µM; 24 h) then exposed to a single dose of UVR (2 kJ/m2) 

to induce DNA damage. Cells were fixed at 0 (no UVR), 1 and 6 h (Fig. 3) post 

UVR representing time points for detection of DNA damage (1 h) and significant 

repair of DNA damage (6h). Representative images and graphs of the PH2AX 

and 8OHdG staining at each time point are shown in Supplemental Fig. 7 and 

Supplemental Fig. 8 respectively.  

 

At 1h and 6h post UVR, As(III) significantly increased PH2AX and 8OHdG 

staining compared to UVR alone (Fig. 3, Supplemental Figs. 7&8). Knockdown of 

https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/oxidase
https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/ribose
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
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NOX1 or NOX2 by siRNA had little or no impact on UVR-induced DNA damage 

at the 1h and 6h time points; however, NOX1 and NOX2 silencing significantly 

decreased the As(III)-dependent retention of UVR-induced DNA damage (Fig. 3). 

As(III) plus UVR PH2AX staining was reduced 1.8-fold and 2.9-fold by NOX1 and 

NOX2 siRNA respectively compared to As(III) plus UVR Scr siRNA control at 6h 

post UVR (Fig. 3). Similarly, 8OHdG staining was reduced 1.3-fold and 2.1-fold 

by NOX1 and NOX2 siRNAs, respectively. The magnitude of difference between 

NOX2 and NOX1 was significant (PH2AX p=0.041 and 8OHdG p=0.002) with 

NOX2 having a larger effect on reduction of DNA damage retention. Knockdown 

of both NOX isoforms did not further reduce PH2AX DNA damage retention 

compared to NOX2 alone (p=0.596) and the pharmacological NOX inhibitor, 

apocynin, reduced levels of PH2AX at 6h post UVR with or without As(III). 

Collectively, the findings in human keratinocytes demonstrate that NOX2 plays a 

significant role in As(III)-induced ROS production, PARP-1 inhibition and DNA 

damage retention. 
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Fig. 3. NOX is a mechanism for the retention of UVR-induced DNA damage in As(III) 
exposed keratinocytes. HEKn cells were transfected with NOX1A or C, NOX2B or C, both 
NOX1A and NOX2B siRNAs or scrambled (Scr) as described in Materials and Methods, then 
treated with As(III) (1 μM) for 24 h, then exposed to UVR (UVR; 2 kJ/m2) to introduce DNA 
damage. Apocynin (5 μM; Apo) with and without the addition of As(III) was used as a positive 
control for NOX inhibition in non-transfected cells (panel B). Slides were fixed and stained for 
PH2AX (A&B) or 8OHdG (C&D) at 0 (no UVR), 1 and 6 h post UVR exposure; 6 h post UVR 
exposure is shown here and the other time points are shown in Supplemental Figs. 7 & 8. Images 
were collected and relative fluorescence analyzed as described in Materials and Methods. A&C) 
Representative images of PH2AX (A) and 8OHdG (C) staining at 6 h post UVR exposure. B&D) 
Graphs showing relative fluorescence intensity determined from a minimum of 150 cells per 
treatment group PH2AX (B) and 8OHdG (D). Results for NOX1A and NOX2B siRNAs are 
depicted by black bars and the alternate siRNAs (NOX1C, NOX2C) are depicted by the gray 
bars. *p < 0.05, **p < 0.01, ***p < 0.001 significantly different between no As(III) and plus As(III) 
siRNA matched groups; δp < 0.05, δδp < 0.01, δδδp < 0.001 significantly different from Scr and 
treatment matched groups; αp < 0.05, ααp < 0.01 significantly different from indicated groups; n ≥ 3. 
All graph values represent mean ± SEM. 
 

https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/oxidase
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/small-interfering-rna
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/apocynin
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3.4 Role of NOX2 in As(III)-induced inhibition of PARP-1 activity in vivo 

It has been demonstrated previously that inhibition of PARP-1 activity by As(III) 

results in the retention of UVR-induced DNA lesions in both cultured cells 

(Cooper et al., 2014, 2013; Ding et al., 2009, 2008; Hartwig et al., 2002; Hartwig 

and Schwerdtle, 2002; Qin et al., 2008a) and in vivo (Cooper et al., 2013). To 

further investigate the role of NOX2 in PARP inhibition and DNA damage 

retention, experiments were conducted using p91phox knockout mice (NOX2-/-). 

This animal model was chosen as NOX2 (p91phox) is the primary NOX isoform 

in mouse epidermis and human skin (Bedard and Krause, 2007; Rudolf et al., 

2018; Uhlen et al., 2015; Waghela et al., 2021) and there is evidence that As(III) 

can activate NOX2 leading to enhanced levels of ROS (Fig. 2C) (Chou et al., 

2004; Cooper et al., 2009; Lemarie et al., 2008; Lynn et al., 2000; Qian et al., 

2005; Zhang et al., 2015).  

 

NOX2-/- mice and background controls (c57bl/6; CTRL) were chronically exposed 

to As(III) (5 mg/l) in their drinking water for 28 days then exposed to a single 

dose of UVR (approximately 1.1 MED) to induce DNA damage. Lysates from 

UVR exposed dorsal epidermis were prepared and protein was analyzed for 

PARP activity. As observed in cultured keratinocytes, PARP activity was 

significantly increased at 1 and 6 h post UVR exposure in both the control (Fig. 

4A) and NOX2-/- animals (Fig. 4B). The UVR-induced PARP activity was 

decreased in the presence of As(III) in control mice. In contrast, NOX2 knockout 

prevented the As(III)-mediated reduction of PARP activity at 6h post UVR 
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exposure and As(III) transiently increased PARP activity at 1 h post UVR as 

compared to UVR alone. These findings indicate that As(III) inhibition of UVR-

induced PARP activity at the later time point was abrogated in the NOX2-/- 

epidermis. 

 

Fig. 4. NOX2 knockout blocks As(III)-dependent inhibition of UVR-stimulated PARP activity 
in vivo. Control (A) and NOX2−/− (B) animals were treated as described in Materials and Methods 
with the following treatment groups; untreated (NT), As(III) only (As), UVR at 1 h (1 UVR) and 6 h 
(6 UVR) post exposure; As(III) plus 1 h post UVR (As +1 UVR) and As(III) plus 6 h post UVR (As 
+6 UVR). Samples were analyzed for PARP activity in triplicate as described in Materials and 
Methods. ***p < 0.001 significantly different between indicated groups; δδδp < 0.001 significantly 
different from untreated control group; n = 4. There are significant differences (p < 0.001) between 
the control and the NOX2−/− animals in the As(III) plus UVR at both 1 and 6 h post UVR exposure. 
All graph values represent mean ± SEM. 
 

3.5 Role of NOX2 in the retention of DNA damage induced by As(III) and 

UVR in vivo 

https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/ribose
https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
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Based on evidence for an integral role of NOX in As(III)-dependent inhibition of 

PARP activity, we further investigated the consequences of As(III)-stimulated 

NOX activity on DNA damage retention in vivo. Immunohistochemical staining 

was performed on dorsal epidermis sections from NOX2-/- and control mice to 

determine relative amounts of DNA damage marker PH2AX present at 0, 1 and 6 

h post UVR exposure. Representative images of the PH2AX 

immunohistochemical staining with HALO analysis are shown in Fig. 5A 

(untreated and 6 h post UVR) and Supplemental Fig. 9A-D (As(III) only and 1 h 

post UVR). Control and NOX2-/- mice showed positive staining at 6 h post UVR. 

The NOX2-/- mice in the 6 h UVR plus As(III) group exhibited a significant 

decrease in total positive cells as compared to UVR alone, while the control mice 

showed a significant increase in positive staining (Fig. 5B). A significant increase 

in the percentage of total positive nuclei in both control and NOX2-/- mouse 

strains was observed at 1 h post UVR exposure with a small but significant 

increase with the combined exposure of UVR and As(III) (Supplemental Fig. 9E).  

 

An in-depth analysis of PH2AX staining intensity profiles was performed. Animals 

that were not exposed to UVR or As(III) displayed little positive staining and there 

were no differences detected between the control and NOX2-/- mice (Fig. 5C). 

PH2AX staining for low (1+) and higher intensity (2+ and 3+) DNA damage was 

increased with UVR exposure alone in both mouse strains at 6 h post exposure 

(Fig. 5D). A small, but significant decrease in PH2AX staining was detected in 

the NOX2-/- mice when compared to control for the low intensity (1+) nuclei but 
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no differences were noted for the higher intensity (2+ and 3+) nuclei. This 

suggests that NOX2 alone has limited impact on UVR-induced DNA damage 

(Fig. 5D).  

 

However, As(III) exposure altered the UVR DNA damage response in NOX2-/- 

mice when compared to control mice. Exposure to As(III) significantly increased 

the higher intensity (2+ and 3+) DNA damage at 6 h post UVR exposure in the 

control mice (gray bars; p = 0.017) in contrast to no significant response 

observed for the NOX2-/- mice (black bars; p = 0.579) (Fig. 5D&E). NOX2-/- mice 

in the As(III) treatment group displayed a significant decrease in low intensity 

(1+) and high intensity (2+ and 3+) DNA damage compared to control mice at 6 h 

post UVR (Fig. 5E). This decreased intensity of the DNA damage profile 

observed at the 6 h time point was also evident in the UVR plus As(III) exposed 

NOX2-/- mice at 1 h post exposure as compared to control mice (Supplemental 

Fig. 9H). PH2AX staining was analyzed according to sex in the NOX2-/- group. 

There were no significant sex differences observed except an increase in low 

intensity positive nuclei within the males of the As(III) plus 6 h post UVR as 

compared to the females (Supplemental Fig. 10). These data provide evidence 

for the involvement of NOX2 in As(III)-dependent retention of UVR-induced DNA 

damage. 
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Fig. 5. NOX2 knockout reduces the retention and severity of UVR-induced DNA damage in 
As (III) treated mice. Control C57Bl/6 and NOX2−/− mice treated and tissues collected as 
described in the Materials and Methods. The treatment groups shown are defined as follows: 
untreated (NT), UVR at 6 h (6 UVR) post exposure; As(III) plus 6 h post UVR (As +6UVR). DNA 
damage was assessed in 10 μm sections using immunohistochemical techniques against the 
strand break marker, PH2AX, followed by slide scanning and HALO analysis. HALO annotation 
identifies intensity of positive cells with 0+ in blue, 1+ in yellow, 2+ in orange, and 3+ in red. A) 
Representative images from the indicated treatment groups showing DAB and HALO annotated 
sections side by side. B) The percentage of PH2AX positively stained nuclei for each treatment 
group from both control (gray bars) and NOX2−/− (black bars). C-E) In depth analysis of staining 
intensity profiles for control (gray bars) and NOX2−/− (black bars) animals, showing percent 
positive cells in the low positive (1+) compared to the more intensely stained nuclei (2+ and 3+) 
combined. C) Untreated, D) 6 h post UVR, E) As (III) plus UVR 6 h post exposure. Representative 
tissue sections prepared from animals from all treatment groups and both time points and stained 
for PH2AX are shown in Supplemental Fig. 9. *p < 0.05, ***p < 0.001 significantly different 
between treatment matched animal strains; δp < 0.05 significantly different between indicated 
groups of the same strain; n ≥ 5 mice per treatment group. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
 

4.0 DISCUSSION  

https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
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UVR exposure contributes to approximately 90% of nonmelanoma skin cancers 

by inducing DNA damage through direct and indirect means (Kim and He, 2014). 

Highly mutagenic helix distorting DNA lesions such as cyclobutane pyrimidine 

dimers and pyrimidine (6-4) pyrimidone photoproducts are predominantly 

generated by exposure to UVB and can lead to replication stress and DNA 

double-strand breaks if not repaired correctly (Cadet and Douki, 2018; Yajima et 

al., 2009). UVR-induced ROS can arise through multiple mechanisms including 

direct interactions with cellular components or photosensitizers and activation of 

NOX enzymes (de Jager et al., 2017; Fagerberg et al., 2014; Glady et al., 2018; 

Raad et al., 2017; Rudolf et al., 2018; Valencia and Kochevar, 2008) that lead to 

DNA oxidation and strand breaks (Cadet and Douki, 2018; Cooper et al., 2009; 

Glady et al., 2018; Raad et al., 2017; Ray Chaudhuri and Nussenzweig, 2017; 

Rudolf et al., 2018; Valencia and Kochevar, 2008; Waghela et al., 2021). This 

study presents evidence that NOX activity is also a key factor in arsenic-

dependent inhibition of PARP-1 activity and retention of UVR-induced DNA 

damage. 

 

Arsenic disrupts select zinc finger protein targets leading to the inhibition of DNA 

repair, retention of DNA damage and enhanced carcinogenesis (Fig. 6) (Hudson 

et al., 2016; Rossman et al., 2004; Tam et al., 2020; Zhou et al., 2021, 2015). 

PARP-1 is a direct molecular target of arsenic and vital in the remediation of a 

variety of DNA lesions including UVR generated bulky DNA adducts, oxidized 

bases and DNA strand breaks by recruiting and retaining essential DNA repair 
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factors (Fig. 6.1) (Cadet and Douki, 2018; King et al., 2012; Pascal, 2018; Ray 

Chaudhuri and Nussenzweig, 2017; Reynolds et al., 2015; Wang et al., 2019). 

Indeed, PARP-1 knockout in mice results in enhanced sensitivity to DNA 

damaging agents, increased genomic instability and a higher incidence of cancer 

(Ko and Ren, 2012). As(III) inhibits the activity of PARP-1, decreasing its 

recruitment to chromatin and UVR stimulated PARylation resulting in the 

retention of UVR-induced DNA lesions (Cooper et al., 2014, 2013; Ding et al., 

2017; Zhou et al., 2021). As(III) can selectively bind to the PARP-1 DBD causing 

the displacement of zinc and increasing the susceptibility of the zinc coordinating 

cysteine residues to oxidative damage (Cooper et al., 2013; Wang et al., 2013; 

Zhou et al., 2015, 2011) (Fig. 6.2). As(III) binding capability alone is not sufficient 

to inhibit PARP activity because antioxidants such as ascorbic acid and catalase 

or inhibition of NOX significantly rescue PARP-1 activity in As(III) treated 

keratinocytes (Cooper et al., 2013; Wang et al., 2013; Zhou et al., 2015, 2011). 

Similarly, ROS generation by As(III) alone is not sufficient to disrupt modified 

PARP-1 DBD or other DNA repair zinc finger domains lacking the cysteine 

requirements for As(III) binding (Zhou et al., 2015, 2011). The evidence that 

As(III)-stimulated ROS is an important facet of PARP-1 inhibition prompted our 

studies to delineate NOX contributions to As(III) effects on UVR DNA damage 

repair.   
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Fig. 6. Schematic representation of the contribution of NOX2 to As(III)-induced PARP-1 
inhibition and DNA damage retention. 1) DNA lesions generated from exposure 
to UVR stimulates PARP-1 activity and the recruitment of DNA repair factors. 2) As(III) binds the 
PARP-1 DNA binding domain (DBD) increasing the susceptibility of the cysteine residues to 
oxidative damage. 3) Exposure to As(III) stimulates NOX2 activity leading to ROS production and 
subsequent damage to DNA and redox sensitive proteins. 4) NOX2 dependent PARP-1 oxidation 
and inhibition by As(III) results in the retention of UVR-induced DNA damage and can thereby 
contribute to increased mutagenesis and the development of cancer. 
 

There is considerable evidence that NOX activity is induced by As(III) leading to 

enhanced production of ROS (Fig. 6.3) (Cooper et al., 2009; Zhang et al., 2015) 

and NOX activation contributes to zinc loss and DBD oxidation of exogenously 

expressed PARP-1 (Fig. 6.4) (Zhou et al., 2015). Our current work in human 

https://www-sciencedirect-com.libproxy.unm.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-radiation
https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www-sciencedirect-com.libproxy.unm.edu/topics/earth-and-planetary-sciences/mutagenesis
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keratinocytes and mouse skin demonstrates the importance of NOX in As(III)-

dependent retention of UVR-induced DNA damage. Pharmacologic inhibition of 

As(III)-induced NOX activity blocked the rapid and sustained production of ROS 

(Fig. 1A, Supplemental Fig. 2), the oxidation (Fig. 1B&C) and inhibition (Fig. 1D) 

of endogenous PARP-1 and reduced the retention of DNA damage as detected 

by PH2AX (Fig. 3B). Knockdown of NOX1 or NOX2 by siRNA revealed that the 

consequences of NOX2 knockdown were greater than NOX1 for inhibition of 

As(III) stimulated ROS production (Fig. 2C), inhibition of PARP activity (Fig. 2E) 

and retention of DNA damage markers PH2AX and 8OHdG (Fig. 3). The most 

frequently detected oxidative DNA lesion is 8OHdG and deficits in repair can lead 

to G:C to T:A mutations (Nishigori et al., 2004). PH2AX is increased in UVR 

exposed cells and is a biomarker of DNA strand breaks and replication stress 

(Barnes et al., 2010; Cadet and Douki, 2018; Cleaver, 2011; Yajima et al., 2009). 

Elevated and sustained levels of PH2AX and 8OHdG are indicative of genomic 

instability and associated with carcinogenesis (Bonner et al., 2008; Nishigori et 

al., 2004). The cell based and in vivo findings indicate that NOX2 is significantly 

responsible for the As(III)-dependent actions leading to enhanced DNA damage 

retention, which can promote carcinogenesis.    

 

NOX1 and NOX2 are the predominant isoforms expressed in the skin and are the 

major UVR-inducible NOX isoforms in keratinocytes (Fagerberg et al., 2014; 

Glady et al., 2018; Raad et al., 2017; Rudolf et al., 2018; Valencia and Kochevar, 

2008). Neither NOX1 nor NOX2 knockdown modulated the UVR-dependent 



193 
 

generation of 8OHdG at 1h or 6h post-exposure (Fig. 3C&D, Supplemental Fig. 

8). In contrast, the knockdown (Fig. 3A&B, Supplemental Fig. 7) or knockout (Fig. 

5A,B&D, Supplemental Fig. 9) of NOX2 modestly decreased the levels of UVR 

induced PH2AX at 6 h post UVR, suggesting involvement of NOX2 in UVR-

induced PH2AX retention in vitro and in vivo. Other studies reported that NOX1 

inhibition or knockdown reduced UVB-induced DNA damage as measured by 

PH2AX or cyclobutane pyrimidine dimers (Glady et al., 2018; Raad et al., 2017; 

Rudolf et al., 2018). The difference between studies may be due to type of UVR 

(A, B or solar simulated) or the timing in measuring DNA-damage post-UVR 

exposure. Though there is much to uncover regarding the role of NOX enzymes 

in UVR induced DNA damage, our previous studies and current findings clearly 

demonstrate the importance of NOX activity in As(III) dependent inhibition of 

DNA repair and retention of DNA damage.     

 

There are several lines of support to account for the observation that NOX2 plays 

a preferential role in the As(III) responses reported in this study. As(III) 

upregulates p22phox, a subunit common to NOX1 and NOX2 that is necessary 

for the regulation of NOX activation (Chou et al., 2004; Cooper et al., 2009; Lynn 

et al., 2000). Furthermore, As(III) selectively enhances the activity of NOX2 by 

upregulating the expression of the NOX2 specific subunits p91phox, p47phox, 

p67phox, p40phox and Rac2 (Chou et al., 2004); increasing the phosphorylation 

of p47phox and p67phox (Cooper et al., 2009; Lemarie et al., 2008; Qian et al., 

2005); and inducing membrane translocation of p47phox and p67phox (Lemarie 
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et al., 2008; Qian et al., 2005). Collectively, these findings suggest a differential 

impact of As(III) on NOX2 activity and the in vivo studies in NOX2-/- mice 

confirmed the importance of NOX2 in As(III) inhibition of PARP activity and the 

retention and severity of UVR-induced DNA damage in As(III) exposed mice 

(Figs. 4&5).  

 

Altogether, our findings provide evidence linking As(III)-induced PARP-1 

oxidation and inhibition to the stimulation of NOX with both in vitro and in vivo 

models. UVR activation of NOX and enhanced ROS generation contributes to 

pathological consequences such as photoaging and the development of 

squamous cell carcinoma (Rudolf et al., 2018). Our findings demonstrate an 

additional role for NOX in mechanisms underlying arsenic co-carcinogenesis. 

The greater influence of NOX2 knockdown on the As(III)-induced effects on 

PARP activity and retention of UVR-induced DNA damage may be due to the 

higher expression of NOX2 in the skin and the inducibility of NOX2 by As(III) 

(Chou et al., 2004; Cooper et al., 2009; Lemarie et al., 2008; Qian et al., 2005). 

As PARP-1 plays a vital role in the initiation of DNA repair pathways upon 

exposure to UVR, inhibition of its activities through As(III) stimulated NOX activity 

may promote mutagenesis and the development of cancer (Cadet and Douki, 

2018; King et al., 2012; Ko and Ren, 2012; Pascal, 2018; Ray Chaudhuri and 

Nussenzweig, 2017; Reynolds et al., 2015; Wang et al., 2019). Many DNA repair 

proteins beyond PARP-1 are sensitive to oxidative stress (Alnajjar and Sweasy, 

2019) and contain domains conducive to As(III) binding and disruption (Tam et 
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al., 2020; Zhou et al., 2021). Therefore, PARP-1 provides an example of what 

could be a broader impact of As(III)-induced NOX activity on DNA repair function 

and carcinogenesis.   
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