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ABSTRACT 

 

The immune system is a target of arsenic toxicity.  Epidemiological data have shown that 

arsenic exposure is associated with characteristics of immunosuppression. Human B-

lymphoblastoid cell lines (LCL) were used as an in vitro model of immune cell targeting 

by arsenic to investigate the mechanism of arsenic-induced cytotoxicity, which could 

provided insight into the mechanism underlying arsenic-induced immunotoxicity leading 

to the immunosuppression observed in humans. In LCL arsenite-induced cytotoxicity was 

not associated with apoptosis, but associated with hallmarks of autophagy, a cell stress-

responsive process that facilitates the removal of cellular components through lysosome-

mediated degradation. At environmentally relevant concentrations, arsenite-induced 

toxicity resulted in a decrease in cell proliferation that was correlated with hallmarks of 

autophagy including expansion of acidic vesicles, global induction of lysosomal gene 

expression, increased flux of the autophagosome marker LC3-II, and increased enzymatic 

activity of the lysosomal hydrolase cathepsin D.  Investigation of the upstream cellular 

damage leading to the induction of autophagy revealed that arsenite induces proteotoxic 

damage leading to an accumulation of protein aggregates that may be targeted to the 

lysosome for degradation. In addition, global gene expression data showed an enrichment 

of ER stress responsive genes after arsenite exposure. Further evaluation of global gene 

expression data indicated that the global induction of lysosomal genes occurs before the 

activation of ER stress genes, suggesting that the induction of autophagy may occur 

before the generation of ER stress. To investigate the effect of arsenite-induced 
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proteotoxicity and autophagy on normal immune function, the ability of LCL to process 

and present exogenous antigens onto MHC class II molecules was evaluated.  Arsenite 

decreased antigen presentation of the exogenous antigen HSA. This decrease was 

associated with decreased lysosomal degradation of the model substrate DQ-Ova, 

suggesting that arsenite is disrupting lysosome-mediated degradation. In addition, 

arsenite exposure was associated with an increase in MHC class II protein aggregates, 

which could render them unavailable to bind peptide fragments. Through the 

identification that arsenite induces proteotoxicity and autophagy in LCL, it provides 

novel insight into the mechanisms of arsenic-induced immunotoxicity that could lead to a 

better understanding of the mechanisms underlying arsenic-induced immunosuppression 

observed in humans.  
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CHAPTER 1 

BACKGROUND, CENTRAL RESEARCH QUESTION AND SPECIFIC AIMS 

 

Portions of this chapter have been adapted from the following publication: 

Bolt AM and Klimecki WT. Autophagy in toxicology: self-consumption in times of 

stress and plenty. Journal of Applied Toxicology. 2012; Epub 2012 February 15. 

 

1.1. ARSENIC AND HUMAN EXPOSURE 

1.1.1. Sources of arsenic exposure: 

Inorganic arsenic is a metalloid found ubiquitously in the environment.  Arsenic is 

naturally occurring in bedrock and soil due to its presence in geological sources. 

Environmental contamination is also a product of anthropogenic sources.  Arsenic is a 

component in pesticides and herbicides used in agriculture.  In addition, arsenic is present 

from other industrial sources. Arsenic is used as an alloy, is a component in preservatives 

used to treat wood, and is found in paint. Arsenic is also present in the exhaust produced 

during the smelting process that extracts metals from ore and in fossil fuel combustion 

where it contaminates the air (USDHHS, 2000; ATSDR, 2007). Arsenic is a byproduct 

generated from industrial mining and smelting of other essential elements such as copper, 

iron and gold and is present in the mine tailings, where it pollutes surrounding soil, water, 

and air (Brown et al., 1999; Paktunc et al., 2003). Humans are exposed to arsenic through 

inhalation of contaminated air, or ingestion of contaminated water, soil, or food sources. 

Arsenic exists in both organic and inorganic forms in various environmental sources, but 
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the majority of epidemiological studies conducted have found associations between 

exposure to the inorganic forms of arsenic and toxicity in humans, so the inorganic 

species will be the focus of this section.  Arsenic trioxide (As2O3) is the most common 

form of arsenic found in the air. Both arsenate (AsO4
-3) and arsenite (AsO2) species are 

present in food, water and soil (ATSDR, 2007). The primary route of human exposure of 

inorganic arsenic is through ingestion of contaminated drinking water. Currently, the 

Environmental Protection Agency (EPA) acceptable drinking limit of arsenic in 

municipal water sources is 10 ppb (µg/L) in the United States (US), which was lowered 

from the previous acceptable limit of 50 ppb in 2001 (EPA, 2001).  The provisional 

guideline established by the World Health Organization (WHO) of the acceptable level of 

arsenic in drinking water is also 10 ppb (WHO, 1998), yet many countries have country 

specific regulations that exceed the recommended guidelines established by WHO (NRC, 

1999).  It is estimated that millions of people worldwide are exposed to elevated levels of 

arsenic through drinking contaminated water, making this a global health concern. 

Regions including Bangladesh, Thailand, Taiwan, China, India, Argentina, Chile, Mexico 

and portions of the US have reported arsenic concentrations exceeding 10 ppb in drinking 

water sources, which could pose a serious human health risk. In the US, sampling of 

water sources from counties in 49 states show that regions of the northeast and southwest 

have some of the highest concentrations of arsenic in their drinking water and individuals 

living in those regions could be at a high risk of developing arsenic-induced diseases 

(Figure 1.1).    
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Figure 1.1. Map displaying the mean arsenic concentration found in ground water in 
different counties around the United States. Map colors indicate the arsenic concentration 
that at least 25% of the samples exceeded in the region. A total of 31,000 wells and 
springs in 49 states were sampled for this study (USGS, 2007). 
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1.1.2. Biotransformation of arsenic: 

Arsenic in drinking water is present in the inorganic form as either the pentavalent 

(arsenate) or trivalent (arsenite) species. Arsenic is biotransformed in the liver through a 

series of reduction and methylation reactions to generate the metabolites 

monomethylarsonic acid (MMA(V)), monomethylarsonous acid (MMA(III)), 

dimethylarsinic acid (DMA(V)), and dimethylarsinous acid (DMA(III)) (Figure 1.2). In 

humans inorganic arsenic enters the body as either the arsenate or arsenite species. Once 

inside the body, arsenate is readily reduced to arsenite through a non-enzymatic reaction 

by intracellular glutathione or can be catalyzed by the enzyme arsenate reductase 

(Radabaugh and Aposhian, 2000). Arsenite is methylated to MMA(V) by arsenic 

methyltransferase, using S-adenosylmethionine (SAM) as the methyl donor group 

(Zakharyan et al., 1995). MMA(V) is reduced by MMA(V) reductase to MMA(III), a 

substrate for the secondary methlyation step by MMA(III) methyltransferase to form 

DMA(V) (Zakharyan and Aposhian, 1999). Finally, DMA(V) is reduced by DMA(V) 

reductase to form DMA(III) .  Inorganic arsenic as well as the methylated metabolites 

have been found to be excreted in the urine of arsenic exposed individuals (Steinmaus et 

al., 2006). The cytosolic enzyme arsenic (+3 oxidation state) methyltransferase (AS3MT) 

can catalyze the oxidative methylation reaction steps involved in the metabolism of 

inorganic arsenic and is considered to be the major enzyme involved in arsenic 

biotransformation (Zakharyan et al., 1995; Lin et al., 2002). In addition to AS3MT, 

glutathione S-transferase-omega 1 (GSTO1), also known as MMA reductase, can 

catalyze the reduction of MMA(V), DMA(V), and arsenate to the +3 metabolites 
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MMA(III), DMA(III), and arsenite (Zakharyan and Aposhian, 1999; Tanaka-Kagawa et 

al., 2003). Historically the metabolism of inorganic arsenic was believed to be a 

detoxification process, but further investigation has revealed that the biotransformation 

process actually produces toxic metabolites.  In Chang human hepatocytes, results from 

cytotoxicity assays have demonstrated the following order of toxicity: MMA(III) > 

arsenite > arsenate > MMA(V) = DMA(V) (Petrick et al., 2000).  MMA(III) was 

determined to be greater than 20 times more cytotoxic than arsenite.  In epidemiological 

studies, the proportion of MMA excreted in urine has been correlated with the prevalence 

of disease (Chen et al., 2003; Steinmaus et al., 2006).  In humans, MMA(III) and 

DMA(III) are highly unstable and are difficult to detect in urine samples. The proportion 

of MMA(V) excreted in urine is used as an indicator of the methylation efficiency of 

arsenic and serves as a predictor of susceptibility to arsenic-induced toxicity.        
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Figure 1.2. Biotransformation pathway of inorganic arsenic (Aposhian et al., 2004).   

 

1.1.3. Arsenic associated diseases: 

Chronic exposure to elevated levels of arsenic has been associated with the development 

of both cancerous and noncancerous diseases (Steinmaus et al., 2006; Ahsan et al., 2007; 

Banerjee et al., 2009). Arsenic is a known human carcinogen and is associated with an 

increased risk of cancers of the skin, bladder, kidney and lung (Tseng, 1977; Bates et al., 

1995; Hopenhayn-Rich et al., 1998; Ferreccio et al., 2000).  In addition to its 

carcinogenic effects, arsenic toxicity is also associated with other non-cancerous diseases. 

Skin lesions including keratosis, hypopigmentation, and hyperpigmentation are a 

common characteristic associated with arsenicosis (Guha Mazumder et al., 1998; Tondel 

et al., 1999).   
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In addition to dermatological effects, chronic arsenic exposure has been associated with 

diseases in other target organs. In peripheral nerve tissue arsenic induces a neuropathy 

characterized by paresthesias, impaired conduction velocity, limb pain and diminished or 

absent tendon reflexes (Mukherjee et al., 2003). In regions on the southwest coast of 

Taiwan there is an increased prevalence of chronic arsenicism due to the consumption of 

well water with high concentrations of arsenic (range 0.01 to 1.82 ppm) for more than 60 

years (Tseng, 1977). Individuals in this region have a high prevalence of blackfoot 

disease, a peripheral vascular disorder resulting in gangrene of the extremities, especially 

the feet (Tseng, 1977; Chen et al., 1988).  In addition, epidemiological studies have 

established an association between ingestion of inorganic arsenic and an increased risk of 

hypertension and cardiovascular diseases such as atherosclerosis, and increased mortality 

due to cardiovascular disease among individuals chronically exposed to arsenic (NRC, 

1999; NRC, 2001; Wang et al., 2002; Chen et al., 2007). Chronic ingestion of arsenic is 

also associated with respiratory problems including cough, bronchitis, asthma, shortness 

of breath, and chronic obstructive pulmonary diseases (Mazumder et al., 2000; Milton et 

al., 2003; Mazumder et al., 2005; Smith et al., 2006; Islam et al., 2007).  In the liver, 

arsenic exposure is associated with hepatomegaly, portal hypertension and portal fibrosis 

(Datta et al., 1979; Guha Mazumder et al., 1988). Several epidemiological studies of 

individuals from the blackfoot endemic regions of Taiwan have identified an association 

between arsenic exposure and an increased prevalence of diabetes (Tsai et al., 1999; 

Chen et al., 2007).  More recent epidemiological studies have confirmed the association 

between arsenic exposure and an increased prevalence of diabetes in other regions of the 
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world (Coronado-Gonzalez et al., 2007; Navas-Acien et al., 2008; Del Razo et al., 2011). 

In the hematological system, arsenite exposure has been shown to cause anemia, 

leucopenia, and thrombocytopenia (NRC, 1999). Additional epidemiological studies have 

provided evidence of immunosuppression among individuals chronically exposed to 

arsenic (Gonsebatt et al., 1992; Raqib et al., 2009). A detailed discussion of the 

immunosuppressive effects associated with arsenic toxicity follows.  

 

1.2. ARSENIC AND IMMUNOTOXICITY 

A growing body of epidemiological data from arsenic-exposed individuals as well as in 

vitro and in vivo data has demonstrated the immunosuppressive effects of arsenic and 

stresses the importance of investigating the immune system as a target of arsenic toxicity.     

 

1.2.1. Epidemiological evidence: 

Raqib et al. (2009) studied an arsenic-exposed population of pregnant women in rural 

Bangladesh, evaluating the effect of an in utero exposure to inorganic arsenic on immune 

parameters and morbidity of the infants as well as the exposed mothers.  Maternal urinary 

arsenic levels were negatively correlated with thymic size and positively correlated with 

the incidence of acute respiratory infections in the infants, while urinary arsenic levels 

were positively correlated with the number of days of fever and diarrhea during 

pregnancy in the exposed mothers (Raqib et al., 2009). The increased prevalence of 
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opportunistic infections in the infants and exposed mothers may be due to arsenic-

induced suppression of the immune system. In another study, peripheral blood 

mononuclear cells (PBMCs) isolated from children exposed to arsenic in their drinking 

water showed that increased urinary arsenic levels were associated with reduced 

proliferative response of lymphocytes after phytohemaglutinin (PHA) stimulation (Soto-

Pena et al., 2006).  In addition, elevated urinary arsenic levels were associated with a 

decreased proportion of CD4+ T-cells and decreased interleukin-2 (IL2) secretion levels.  

Yet another study showed that macrophages isolated from arsenic-exposed individuals 

presenting with arsenic-associated skin lesions had altered cell morphology, impaired 

phagocytic capacity, and decreased cell adhesion capacity compared to macrophages 

isolated from unexposed individuals (Banerjee et al., 2009). Biswas et al. (2008) 

investigated the effect of arsenic on T-cell proliferation and cytokine secretion. T-cells 

isolated from individuals exposed to arsenic, who were positive for skin lesions, had a 

decrease in concanavalin A induced T-cell proliferation in comparison to unexposed 

individuals (Biswas et al., 2008).  The decrease in T-cell proliferative response correlated 

with decreased secretion of cytokines (TNF-!, IFN-", IL2, IL10, IL5, and IL4) in 

exposed individuals. Taken together, these studies suggest that arsenic-induced toxicity is 

associated with characteristics of immunosuppression in humans.         
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1.2.2. In vitro evidence: 

Consistent with lymphocytes isolated from arsenic-exposed individuals, human 

lymphocytes exposed to environmentally relevant concentrations of arsenic (0.01, 0.1 and 

1 µM) in vitro displayed a dose-dependent inhibition in cell proliferation (Vega et al., 

2004). Other in vitro studies have demonstrated that arsenic induces a broad range of 

immunosuppressive effects. In murine lymphocytes, stimulated with PHA, arsenite 

exposure (1 and 10 µM) was associated with decreased IL2 mRNA expression, IL2 

secretion, T-cell activation, and T-cell proliferation (Conde et al., 2007). This is 

consistent with studies conducted in lymphocytes isolated from arsenic-exposed 

individuals and suggests that arsenite exposure leads to suppression of T-cell-mediated 

immune response.  In addition, in chicken splenocytes exposure to sodium arsenite (1 and 

10 mM) resulted in decreased splenocyte proliferation and phagocytic activity in a time 

dependent manner (Das et al., 2011). In human peripheral blood T-cells exposure to a 

range of arsenic trioxide (1 – 5 µM) concentrations induced apoptotic-mediated cell death 

that was induced through enhanced oxidative stress (Gupta et al., 2003). Human 

monocytes isolated from peripheral blood exposed to sodium arsenite (5 - 500 nM) had 

altered generation into macrophages (Sakurai et al., 2005). Arsenite induced cell death in 

cultures containing macrophage colony stimulating factor. In cultures stimulated with 

granulocyte-macrophage colony stimulating factor, macrophages survived the exposure 

but were morphologically, phenotypically, and functionally altered indicating that 

arsenite affects monocyte to macrophage differentiation. In addition, macrophages treated 

with arsenic trioxide (0.5 - 1 µM) had impaired phagocytosis and endocytosis and altered 
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cell adhesion, which again suggests that macrophages are targets of arsenite toxicity 

(Lemarie et al., 2006).  

 

1.2.3. In vivo evidence:  

AS3MT knockout C57BL/6 mice, chronically fed arsenic (100 or 150 ppm) in their diet 

had significantly smaller spleen size and reduced lymphoid areas in comparison to wild-

type controls, indicating that immune organs are targets of arsenic toxicity (Yokohira et 

al., 2010).  Thymocytes and splenocytes isolated from C57BL/6J mice, exposed to 

arsenate (0.5, 5, and 50 mg/L) for 8 and 12 weeks had a dose-dependent increase in the 

percentage of apoptotic cells in comparison to unexposed controls (Stepnik et al., 2005).  

Subsequent in vitro studies conducted from isolated thymocytes and splenocytes exposed 

to arsenate (6.7 - 2000 µM) for 24 hours showed a similar dose-dependent apoptotic 

response. Burchiel et al. (2009) evaluated immunotoxicity in C57BL/6N mice exposed to 

arsenic trioxide (50 µg/m3 and 1 mg/m3) by inhalation over a two-week duration 

(Burchiel et al., 2009).  Following the two-week exposure, greater than a 70% decrease in 

T-dependent antibody response was observed, despite the fact that there were no changes 

in spleen cell viability or B- and T-cell proliferative responses.  Subsequent studies 

demonstrated that spleen cells isolated from C57BL/6J mice exposed to arsenite (0.25 - 

10 µM) in vitro also had a decrease in T-dependent antibody response in a concentration-

dependent manner (Li et al., 2010).  Mice treated with arsenic trioxide (1 or 5 mg/kg/day) 

by intraperitoneal injection had increased survival of cardiac allografts alone or in 



!

!

#(!

combination with other immunosuppressive agents, which suggest that arsenic may be 

reducing rejection of transplants by suppressing the immune system (Yan et al., 2009; Xu 

et al., 2010).  Kozul et al. (2009) evaluated components of the innate immune response in 

C57BL/6J mice exposed to environmentally relevant concentrations of arsenite (10 and 

100 ppb) for 5 weeks, followed by a sub lethal dose of influenza A virus.  Arsenite-

exposed mice had increased morbidity and higher pulmonary influenza virus titers in 

comparison to unexposed mice, which suggests that arsenite exposure is compromising 

the immune system thereby making the mice more susceptible to infection (Kozul et al., 

2009).                 

Despite the evidence supporting the hypothesis that arsenic toxicity is associated with 

immunotoxicity in both epidemiological and experimental models, very little data about 

the molecular mechanism underlying arsenic-induced immunotoxicity has been defined, 

especially using human models.  It is important to elucidate the molecular mechanism 

underlying arsenic-induced immunotoxicity in order to better understand how arsenic is 

exerting its toxicological effects and to develop therapeutic strategies to treat and prevent 

arsenic-induced disease. 
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1.3. MOLECULAR MECHANISMS OF ARSENIC-INDUCED TOXICITY 

1.3.1. Binding to thiol groups: 

Trivalent arsenite is reactive with thiol-containing molecules such as glutathione or 

cysteine residues of cellular proteins in vitro (Scott et al., 1993; Delnomdedieu et al., 

1994). The direct binding of arsenite to critical thiol groups of proteins can potentially 

inhibit or alter cell signaling, or alternatively, disrupt protein folding, leading to toxicity 

(Kapahi et al., 2000; Ramadan et al., 2009; Zhou et al., 2011).  Arsenite has been shown 

to inhibit the transcription factor NF-kappaB (NFkB) and IkappaB kinase (IKK) through 

direct binding to Cys-179 in the activation loop of the IKK catalytic subunits, 

IKKalpha/beta (Kapahi et al., 2000). Three trivalent arsenical compounds, arsenite, 

MMA(III), and 4-(4-arsonophenyl-amino)-4-oxo-butanoate (PSAO), a water-soluble 

analog for several biologically active arsenicals, have been shown to tightly bind to 

cysteine-containing unfolded reduced cellular proteins in vitro and disrupt oxidative 

protein folding (Ramadan et al., 2009). 

 

1.3.2. Genotoxicity: 

Based on bacterial mutagenesis assays, inorganic arsenic is not mutagenic (Rossman et 

al., 1980), but research has determined that arsenite is capable of inducing genotoxic 

damage.  Arsenite can induce chromosomal aberrations, DNA-protein crosslinks, and 

sister chromatin exchanges in multiple in vitro models (Rossman et al., 1980; Jha et al., 
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1992; Wiencke and Yager, 1992; Rasmussen and Menzel, 1997). In vivo exposure of 

mice to arsenite resulted in a dose-dependent increase in micronucleated polychromatic 

erythrocytes (Deknudt et al., 1986).  Arsenite has also been shown to alter DNA repair 

mechanisms, which can indirectly lead to genotoxicity.  DNA excision repair of thymine 

dimers was inhibited in human fibroblasts after exposure to inorganic arsenic (Okui and 

Fujiwara, 1986). Arsenite and MMA(III) have been shown to inhibit the enzymatic 

activity of the DNA repair enzyme poly-ADP-ribose polymerase (PARP) by binding to 

vicinal sulfhydryl groups and displacing zinc in the zinc-finger binding domain of PARP 

disrupting DNA binding (Yager and Wiencke, 1997; Wnek et al., 2011).  

 

1.3.3. DNA methylation: 

Arsenic has been shown to alter DNA methylation patterns, which could alter gene 

expression.  In the human adenocarcinoma cell line A549, arsenite exposure resulted in 

hypermethylation of the promoter region of the tumor suppressor gene p53 (Mass and 

Wang, 1997). In the immortalized human urothelial cell line UROtsa, arsenical exposure 

resulted in global alterations in DNA methylation patterns in the promoter regions of 

genes involved in malignant transformation (Jensen et al., 2009).  Epidemiological 

studies have shown that chronic exposure to arsenic has been associated with dose-

dependent DNA hypermethylation in peripheral blood leukocytes isolated from arsenic 

exposed individuals in Bangladesh (Pilsner et al., 2007). This effect was associated with 

folate concentrations, which suggests that arsenic-induced modifications in DNA 
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methylation are dependent on methyl group availability. Arsenic exposure has also been 

associated with the specific hypermethylation of the promoter regions of two tumor 

suppressor genes, p53 and p16, measured in blood samples from arsenic exposed 

individuals (Chanda et al., 2006).  

 

1.3.4. Oxidative stress and generation of ROS: 

Oxidative stress occurs within a cell because of an accumulation of a group of free 

radicals known as reactive oxygen species (ROS) that can bind to cellular components 

including proteins, lipids and DNA to induce cellular damage such as lipid peroxidation, 

DNA damage, and protein modifications.  Arsenic has been shown to induce oxidative 

stress both in vitro and in vivo (Brown and Rush, 1984; Keyse and Tyrrell, 1989; Liu et 

al., 2001; Eblin et al., 2006). Eblin et al. (2006) evaluated ROS production after exposure 

to arsenite or MMA(III) in the urothelial cell line UROtsa. Exposure to either arsenite or 

MMA(III) increased cellular ROS concentrations in UROtsa cells and this increase was 

blocked when cells were preincubated with the ROS scavengers superoxide dismutase or 

catalase (Eblin et al., 2006). The arsenical-induced production of ROS in UROtsa was 

further associated with an increase in oxidative DNA damage, which establishes that 

arsenic-induced ROS production can lead to cellular DNA damage. Arsenic can produce 

ROS within the cell through multiple mechanisms. Arsenic has been shown to activate 

flavin enzymes such as nicotinamide adenine dinucleotide (phosphate)-oxidase 

(NAD(P)H) oxidases to increase superoxide production (Lynn et al., 2000; Qian et al., 
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2005). Arsenic has also been shown to induce mitochondrial damage leading to a decline 

of mitochondrial membrane potential, which could result in an uncontrolled release of 

ROS into the cell (Liu et al., 2005; Banerjee et al., 2008). In addition arsenic has been 

shown to elevate the production of H2O2 in mitochondria that can result in the production 

of hydroxyl radicals through the Fenton reaction (Samikkannu et al., 2003). 

 

1.3.5. Arsenic-induced cell death: 

A common cellular response observed in arsenic toxicology is the ability of arsenic to 

initiate apoptosis. The initiation of the programmed cell death response is dependent on 

cell type, concentration, and duration of exposure. Cellular pathways involved in the 

initiation of arsenite-induced apoptosis include generation of ROS, mitochondrial 

disruption, and mitogen-activated protein kinase (MAPK) and NF-kB signaling 

pathways.  Hossain et al. (2000) determined that in murine T-cells arsenite-induced (10 

µM sodium arsenite) apoptosis was characterized by DNA fragmentation, PARP 

cleavage, and caspase activation (Hossain et al., 2000). This arsenite-induced response in 

T-cells was initiated through activation of c-Jun amino-terminal kinase (JNK), p38, and 

superoxide production. In human cervical cancer cells, arsenic trioxide (2 µM) treatment 

induced apoptotic cell death through the generation of ROS and release of apoptosis-

inducing factor (AIF) from mitochondria, which was blocked when cells were co-

exposed with antioxidants (Kang et al., 2004). Subsequent studies identified that the 

ROS-mediated mitochondrial apoptosis induced by arsenic trioxide was regulated by 
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activation of both p38 MAPK and JNK pathways (Kang and Lee, 2008). Arsenite (1 - 2 

µM) has been shown to inhibit TNF!-induced NF-kB activation through inhibition of 

IKK leading to apoptosis in lymphoma cell lines (Mathas et al., 2003). In HL-60, an 

acute promyelocytic leukemia cell line, several groups have established the induction of 

apoptosis by arsenic through mechanism that may be initiated by ROS as well as direct 

arsenic-targeting of the mitochondrial permeability transition pore (Zhu et al., 1999; 

Sturlan et al., 2003). Despite research findings that have characterize arsenite-induced 

apoptosis in different experimental models, alternative cell stress-responsive pathways 

have also been associated with arsenite-induced cell death. Qian et al. (2007) determined 

that arsenic trioxide-induced (2 – 6 µM) cell death in multiple leukemia cell lines was 

characterized by hallmarks of apoptosis concurrently with hallmarks of an alternative cell 

stress-responsive pathway, autophagy (Qian et al., 2007). In human glioma cell lines, 

arsenic trioxide-induced (4 µM) cell death was associated with the induction of 

autophagy, not apoptosis (Kanzawa et al., 2005). The induction of autophagy was 

characterized by the presence of autophagic vacuoles in arsenic-exposed cells and 

increased microtubule-associated protein light chain 3B (LC3) protein. The observed 

presence of autophagic markers in arsenic-exposed cells as well as cells exposed to other 

xenobiotics has led to the investigation of what role autophagy plays in the cellular 

response against toxicant exposure. 
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1.4. AUTOPHAGY AND SIGNIFICANCE IN TOXICOLOGY 

Autophagy, of Greek derivation meaning self-eating, was first characterized by Christian 

de Duve nearly five decades ago. The term was coined to describe observations from 

electron microscopy studies that demonstrated novel single- or double-membrane 

vesicles containing parts of the cytoplasm, including organelles, in various degrees of 

disintegration (Clark, 1957; Ashford and Porter, 1962; De Duve and Wattiaux, 1966). 

Today, autophagy is recognized as a fundamental cellular process that orchestrates the 

constitutive degradation of proteins and organelles, as well as the removal of damaged 

cellular constituents through lysosomal degradation. The exponential increase in 

autophagy publications over roughly the past decade has contributed to a rapidly evolving 

understanding of autophagy as a pivotal cellular process that is necessary for constitutive 

protein turnover, embryonic development, neonatal survival, and cellular adaptation to 

environmental stress. Perturbation of autophagy can lead to malignant transformation and 

can enhance tumor survival under environmental stress (Liang et al., 1999; Liu et al., 

2010). Autophagy can be an adaptive response to cellular stress, including stress induced 

by xenobiotics or their intermediary effects (Lim et al., 2010; Shen et al., 2011). Under 

specific conditions autophagy may be capable of executing a type of programmed cell 

death. Several xenobiotics are well-characterized for their effect in inhibiting or in 

modulating autophagy. Taken together, the importance of autophagy in homeostasis, the 

close relationship between cell stress and autophagy, and the identification of diverse 

environmental stressors and xenobiotics that are capable of modulating autophagy, all 

underscore the importance of this cellular process to the field of toxicology.  
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1.4.1 The process of autophagy: 

The unifying feature of all types of autophagy is the delivery of cellular constituents to 

the lysosome where they are degraded. As illustrated in Figure 1.3, three substantially 

different mechanisms have been defined that can carry out this process: macroautophagy, 

chaperone-mediated autophagy, and microautophagy. The processes are not exclusive 

and may occur simultaneously.  
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Figure 1.3. Primary autophagic pathways in mammalian cells. Macroautophagy involves the sequestration of cytoplasmic 
components by the generation of a de-novo double membrane structure (phagophore) from within the cell to form an 
autophagosome.  The newly formed autophagosome then fuses with a lysosome, forming an autolysosome, where lysosomal 
hydrolases degrade the cellular components.  Microautophagy mediates the sequestration of cellular cargo, proteins and 
organelles through the invagination of the lysosomal membrane.  Once cellular components are localized in the lysosome, 
lysosomal hydrolases degrade the components.  Chaperone Mediated Autophagy (CMA) involves the specific targeting and 
shuttling of individual proteins to the lysosome for degradation.  Internalization of substrate proteins into the lysosome is 
mediated through coordinated interaction of chaperone proteins and the lysosomal receptor LAMP2a on the membrane of the 
lysosome.  
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Macroautophagy 

Macroautophagy is initiated through the formation of a de novo double membrane 

structure or phagophore from within the cell. The growing phagophore gradually 

surrounds cellular components and then fuses at its ends, forming a unique double-

membrane vesicle called an autophagosome (Mizushima et al., 2001). This sequestration 

of cellular components by the autophagosome can either be a non-selective process 

resulting in the engulfment of bulk cytoplasm, or alternatively can involve the selective 

targeting of specific cellular components for degradation (Nakagawa et al., 2004; 

Rodriguez-Enriquez et al., 2006). The autophagosome is shuttled to a lysosome, with 

which it fuses by merging its outer membrane with the lysosomal membrane, introducing 

a now single-membrane autophagosome into the lysosome. The newly formed combined 

organelle is referred to as an autolysosome. In the autolysosome, lysosomal hydrolases 

degrade the introduced cellular components, eventually resulting in a vacuole.  

Macroautophagy is an evolutionarily conserved process with much of the molecular 

characterization of pathways and pathway members resulting from studies of yeast (Barth 

and Thumm, 2001). To date over 30 genes involved in the execution and regulation of 

macroautophagy, referred to as autophagy-related genes (Atg), have been identified in 

yeast (Reviewed in Klionsky et al., 2003). Many mammalian homologues of the yeast 

Atg have been identified and several reviews have provided a detailed description of their 

role in the initiation, machinery, and regulation of the autophagic process (Yorimitsu and 
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Klionsky, 2005; Eskelinen, 2008; Kundu and Thompson, 2008; He and Klionsky, 2009; 

Kroemer et al., 2010).  

In mammalian systems the central inhibitor of macroautophagy is the nutrient sensing 

serine/threonine kinase, mammalian target of rapamycin (mTOR) (Reviewed in Pattingre 

et al., 2008). mTOR forms an inhibitory complex, mTORC1, with its substrate binding 

subunit, raptor, and the polypeptide Lst8/G!L (Kim et al., 2002; Kim et al., 2003). Under 

nutrient-rich conditions in eukaryotes, mTORC1 is activated through either the PI3K-

1/AKT or MAPK/Erk1/2 signaling pathways, to enable cell growth and to inhibit 

autophagy by negatively regulating the autophagy genes, Unc-51-like kinase 1 (ULK1) 

and -2 (ULK2) (yeast homolog, Atg1). Environmental stress conditions or exposure to 

certain xenobiotics (e.g. rapamycin) cause inhibition of the mTORC1 complex, resulting 

in downstream activation of ULKs. Activation of ULKs promotes recruitment of the 

focal adhesion kinase family-interacting protein of 200kD (FIP200) (yeast homolog, 

Atg17) and Atg13 to form the ULKs-Atg13-FIP200 initiation scaffold as well as 

recruitment of other Atg proteins to the phagophore assembly site (PAS) to initiate 

autophagosome formation. The nucleation and assembly of the initial phagophore 

membrane requires the class III phosphatidylinositol 3-kinase (PtdIns3K) complex, which 

is composed of PtdIns3K, vacuolar protein sorting 34 (Vps34), p150 (yeast homolog, 

Vps15), Barkor or mammalian Atg14 (mAtg14) (yeast homolog, Atg14), and Beclin 1 

(yeast homolog, Atg6/Vps30). In addition, two positive regulators of autophagy, 

activating molecule in beclin-1-regulated autophagy (Ambra1) and ultraviolet irradiation 
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resistance-associated gene (UVRAG), can associate with the PtdIns3K complex, driving 

autophagosome maturation (Fimia et al., 2007; Liang et al., 2008). The PtdIns3K 

complex along with other Atg proteins further recruits two interrelated ubiquitin-like 

conjugation systems Atg12-Atg5-Atg16 and Atg8-phosphatidylethanolamine (Atg8-PE) 

(mammalian homolog, LC3) to the phagophore, which play an integral role in regulating 

the membrane elongation and expansion of the forming autophagosome (Reviewed in He 

and Klionsky, 2009). Atg12 and Atg8 are considered ubiquitin-like proteins because they 

undergo a conjugation process in a similar manner as ubiquitin. Atg12 is activated by 

Atg7 (E1 activating enzyme), transferred to Atg10 (E2 conjugating enzyme) and attached 

to an internal lysine on the substrate protein Atg5. The Atg12-Atg5 conjugate further 

interacts with Atg16, which links the Atg12-Atg5-Atg16 complex into a tetramer and 

attaches it to the phagophore (Mizushima et al., 1999; Mizushima et al., 2003). In the 

Atg8 conjugation system, Atg8 is first processed by Atg4 to expose a C-terminal glycine 

residue. Atg8 is activated by the same E1 enzyme, Atg7, and then transferred to Atg3 (E2 

conjugating enzyme). Atg8 is conjugated to the target lipid PE, facilitated by the E3-like 

Atg12-Atg5 conjugate, and then attaches to both the inner and outer membranes of the 

phagophore (Hanada et al., 2007).  

Autophagy genes can be regulated at the transcriptional level in response to stress stimuli. 

For example, under nutrient starved conditions, gene expression of the autophagy gene 

Atg8/LC3 is rapidly induced in yeast and certain mammalian cells (Kirisako et al., 1999; 

Mizushima et al., 2004). However, the underlying transcriptional signaling that regulates 

autophagy gene expression is poorly understood. The transcription factor, FoxO3 
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(forkhead box transcription factor class O 3) induces the expression of multiple 

autophagy genes, including LC3B, GABA(A) receptor-associated protein like 1 

(GabarapL1), Atg12, Atg4B, Vps34, ULK2, Beclin 1, BCL2/ adenovirus E1B 19kDa 

interacting protein 3 (Bnip3), and Bnip3L in atrophied skeletal muscle cells (Mammucari 

et al., 2007; Zhao et al., 2008). In addition, signaling pathways that induce translational 

arrest such as the eukaryotic translation initiation factor 2-alpha kinase (eIF2")-mediated 

signaling pathway positively regulate autophagy. Phosphorylation of eIF2" at serine 51 

is essential for global translational arrest and selective translational induction of specific 

transcriptional activators such as GCN4, which stimulate transcription of starvation-

induced genes (Talloczy et al., 2002). Recently, transcription factor EB (TFEB), which 

regulates lysosome biogenesis, has also been identified as a master regulator of 

autophagy through the induction of both lysosomal and autophagy genes (Settembre et 

al., 2011).  

Macroautophagy can be a non-selective bulk degradation process or, conversely, can 

selectively target a particular organelle for degradation in order to regulate organelle 

number or maintain organelle quality control. Alternative terms describing 

macroautophagy have been coined to identify particular subtypes of macroautophagy that 

selectively target a particular superfluous or damaged organelle for degradation. For 

example, mitophagy is the selective removal of mitochondria from the cell by autophagic 

degradation (Lemasters, 2005). Mitophagy is critical for the removal of mitochondria 

from immature red blood cells in mammals during maturation (Kundu et al., 2008). In 
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addition, damaged mitochondria can be tagged for autophagic removal (Kim et al., 2007). 

Pexophagy is the selective removal of peroxisomes. In methylotrophic yeast species a 

shift in the main carbon source from glucose to methanol results in an increased 

proliferation of peroxisomes, which are removed through pexophagy once normal 

nutrient conditions are restored (Oku and Sakai, 2010). Additional examples of cargo-

specific autophagy include ribophagy (ribosomes) and xenophagy (intracellular 

pathogens) (Gutierrez et al., 2004; Kraft et al., 2008).     

 

Chaperone-mediated autophagy 

In contrast to macroautophagy, chaperone-mediated autophagy (CMA) is a selective 

process that targets individual proteins and directly shuttles them from the cytosol across 

the lysosomal membrane into the lysosomal lumen via specific receptors, leading to their 

degradation by lysosomal hydrolases. Unlike either macro or micro-autophagy, CMA has 

only been described in mammals. Currently the signal transduction pathways that 

regulate CMA remain elusive. Inhibition of p38 MAPK can partially prevent activation 

of CMA, implicating this pathway in the activation of CMA (Finn et al., 2005). In 

addition, protein levels of CMA components can regulate CMA activity. The quantity of 

lysosomal-associated membrane protein 2a (LAMP2a), the lysosomal membrane protein 

that interacts with CMA chaperones and internalizes CMA substrate proteins to the 

lysosome, directly correlates with CMA activity. Under nutrient-starved conditions, the 
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half-life of LAMP2a in mouse fibroblasts is increased, resulting in more LAMP2a protein 

in the lysosomal membrane and an elevation in CMA-mediated proteolytic activity 

(Cuervo and Dice, 2000). In addition, researchers have determined that, under conditions 

of starvation or oxidative stress, protein levels of the CMA chaperone, Hsc70, in the 

lysosome, as well as the number of Hsc70-positive lysosomes gradually increased with 

increased CMA activity (Chiang et al., 1989; Kiffin et al., 2004).  

CMA incorporates substrate selectivity and direct translocation of substrates across the 

lysosomal lumen, which distinguishes CMA from the other two autophagic processes. 

CMA substrate selectivity and direct shuttling to the lysosome allow for the selective 

removal of non-essential proteins for degradation to generate new pools of free amino 

acids required for protein synthesis during starvation.  This system also allows for the 

removal of specific, damaged or misfolded proteins during cellular stress without 

disturbing undamaged proteins or functionally critical proteins (Cuervo et al., 1995; 

Kiffin et al., 2004). CMA is also involved in specialized cellular functions such as the 

processing and major histocompatibility complex (MHC) - loading of endogenous and 

exogenous antigens during antigen presentation (Zhou et al., 2005).  

The CMA process centers around three components: chaperone proteins, receptor 

proteins and substrate proteins. The main chaperone protein is Hsc70, which is a 

constitutively expressed member of the heat shock protein 70 family of chaperones. 

Chaperone proteins are involved in the recognition and shuttling of individual proteins to 

the lysosome. In order for the chaperones to recognize proteins that are substrates of 
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CMA, the proteins must contain a specific motif homologous to the consensus amino acid 

sequence KFERQ (Cuervo et al., 1994; Salvador et al., 2000). During CMA, cytosolic-

Hsc70 interacts with the KFERQ motif in substrate proteins, after which the protein pair 

is shuttled to the lysosome.  The docking partner present on the lysosomal membrane is 

LAMP2a.  CMA substrate proteins directly bind to the short cytosolic tail of LAMP2a, 

which is considered the rate-limiting step in the CMA process (Majeski and Dice, 2004). 

The positively charged amino acid residues in the cytosolic tail of LAMP2a are important 

for this binding. Upon formation of the 3-protein complex, the substrate protein unfolds, 

LAMP2a forms a multimeric channel, and the substrate protein is translocated into the 

lysosomal lumen through that channel (Cuervo et al., 1994; Salvador et al., 2000).  Co-

chaperone proteins that interact with Hsc70 and facilitate substrate recognition and 

transport include heat shock protein 40 kD (Hsp40), heat shock protein 90 kD (Hsp90), 

and Hsp70-interacting protein (Hip) (Agarraberes and Dice, 2001). 

Antibodies raised against the CMA recognition motif KFERQ immunoprecipitate 

roughly one-third of cytosolic proteins in mammalian cells, suggesting that a substantial 

portion of the proteome can be degraded through CMA (Dice, 2007). Of the cellular 

proteins that contain the recognition motif, about 80% of the motifs are recognizable by 

KFERQ-specific antibodies without denaturing the protein, providing evidence that the 

motif is accessible under normal protein folding (Chiang and Dice, 1988). These proteins 

could represent a pool subject to starvation-induced CMA degradation. On the other 

hand, some substrate recognition motifs are only accessible after protein unfolding. This 

suggests a mechanism for the selective removal of improperly folded proteins by the 
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KFERQ becoming accessible to the chaperone proteins when the protein is misfolded, 

but not in the native folding state (Kiffin et al., 2004).  

 

Microautophagy 

Microautophagy is characterized by the direct sequestration of cellular components into 

the lysosome through invagination of the lysosomal membrane. The vesicle containing 

cytoplasmic contents is then pinched off into the lysosomal lumen and rapidly degraded 

by lysosomal hydrolyses (Ahlberg and Glaumann, 1985). The degradation of both 

organelles and proteins through microautophagy has been described in yeast (Yuan et al., 

1997). As opposed to macroautophagy where there is considerable homology in the Atg 

genes from yeast to humans, the mammalian homologues of the yeast genes unique to 

microautophagy have not yet been identified. The lack of molecular characterization of 

the microautophagy machinery in mammalian systems has limited our understanding of 

this process in higher organisms.  

These three types of autophagy share the common function of delivering both bulk, non-

selective cytosolic cargo, as well as cargo that has been specifically tagged for 

degradation, to the lysosome. Because of our limited understanding of microautophagy, 

the remainder of this section will focus on macroautophagy and chaperone-mediated 

autophagy as they relate to toxicology. 
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1.4.2. Cellular functions of autophagy: 

 

Figure 1.4. Cellular functions of autophagy 

 

Autophagy: A cell survival or cell death process 

Molecular and morphological evidence of autophagy is commonly observed in dead or 

dying cells.  In part, this has led to the classification of autophagy as an alternative 

programmed cell death mechanism (Bursch et al., 1996). There has been considerable 

debate over whether autophagy is actually a programmed cell death mechanism, or 

conversely, if the presence of autophagy markers in dead or dying cells is a remnant of 

failed cytoprotection (Reviewed in Debnath et al., 2005; Bursch et al., 2008). There are 
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many examples of xenobiotic-induced cellular death that are associated with 

characteristic markers of autophagy; including environmental toxicants such as arsenic as 

well as other xenobiotics including dexamethosone, histone deacetylase inhibitors, 

tamoxifen, arsenic trioxide, etoposide, and staurospaurine (Bursch et al., 1996; Shao et 

al., 2004; Shimizu et al., 2004; Kanzawa et al., 2005; Chai et al., 2007; Laane et al., 

2009; Zhao et al., 2010; Lee et al., 2011). Yet, deciphering the precise role autophagy 

plays in the cell death process has been challenging.  

There are, in fact, relatively few examples in which specific inhibition of autophagy 

through knockout or knockdown of essential autophagy-relevant genes fully inhibits cell 

death induced by specific stimuli. Shimizu et al. (2004) demonstrated that embryonic 

fibroblasts from Bax/Bak double knockout mice are resistant to apoptosis, but underwent 

non-apoptotic cell death after treatment with etoposide or staurospaurine. Morphological 

and molecular characterization identified that cell death was associated with autophagy. 

Inhibition of autophagy by knockout of autophagy genes Atg5 and Beclin 1 or chemical 

inhibition with 3-methyladenine (3MA) resulted in a reduction of cell death (Shimizu et 

al., 2004). In addition, autophagic cell death is required for the selective destruction of 

salivary gland cells during Drosophila development (Berry and Baehrecke, 2007). In this 

model, Atg loss-of-function genetic mutants were impaired in the developmentally 

programmed degradation of salivary gland cells. Instead, salivary gland cells were 

vacuolated and fragments of the cells persisted for up to 24 hours.  Further studies have 

established that the induction of autophagy leads to autophagic cell death of salivary 

gland cells in a caspase-independent manner. Autophagy has also been shown to be 
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required for the induction of necrotic cell death in C. elegans neuronal cells (Samara et 

al., 2008). Loss of the gene unc-51, the C. elegans ortholog of Atg1 involved in the 

induction of autophagosome formation, substantially suppressed necrotic cell death 

induced by a diverse set of genetic neurotoxic insults. Thus, in certain situations, 

autophagy can execute programmed cell death. These studies however, should be 

distinguished from studies that simply associate cell death with autophagy markers. 

More commonly, autophagy is considered a cytoprotective process. Recently, Shen et al. 

(2011) investigated whether autophagy is capable of mediating cell death in mammalian 

cells by performing a high-content screen of cytotoxic compounds from the National 

Cancer Institute (NCI) mechanistic library (Shen et al., 2011). Of the 59 cytotoxic 

compounds that robustly induced the formation of GFP-LC3 puncta (indicative of 

autophagy induction) that were enhanced by bafilomycin A1 (BafA1) exposure 

(confirming active autophagic flux through inactivation of lysosomal proteases), no 

compounds caused cell death that was inhibited by Atg7 knockdown.  The authors 

concluded that, in general, xenobiotic stress does not induce autophagy as a cell death 

mechanism.  

 

Autophagy and adaptation to nutrient deprivation 

Arguably the most well-understood function of the autophagic process is its role as an 

adaptive process to replenish the nutrient pools of the cell in response to conditions of 
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amino acid starvation or general nutrient deprivation. Nutrient-deprived cells must reduce 

the energy intensive process of new protein synthesis due to limited supply of amino 

acids and energy. Maintaining homeostasis under these conditions requires the cell to set 

a new balance between protein synthesis and protein degradation rates. Autophagy 

induction addresses this need through a reduction in new protein synthesis and an 

increase in protein degradation. Inhibition of protein translation and the induction of 

autophagy are coordinately regulated through eIF2"- and mTOR- mediated pathways 

(Harding et al., 2000; Hosokawa et al., 2009). Phosphorylation of eIF2" at serine 51 

down-regulates cap-dependent RNA translation leading to globally reduced protein 

synthesis and can also play a role in the induction of autophagy. In mammals there are 

four eIF2" kinases that respond to different stress stimuli: GCN2, PKR, HRI and PERK. 

GCN2 is activated under nutrient-deprived conditions through the binding to uncharged 

tRNAs that accumulate under amino acid-limited conditions to mediate translational 

control (Sood et al., 2000). eIF2" has also been shown to indirectly induce autophagy by 

phosphorylating eukaryotic elongation factor 2 (eEF-2) during nutrient deprivation (Py et 

al., 2009). Adenosine monophosphate (AMP)-activated protein kinase (AMPK) senses 

the energy status through monitoring the AMP:ATP ratio inside the cell. Under 

conditions of starvation or low energy (increasing AMP:ATP ratio), AMPK activates 

autophagy through the inhibition of mTOR, an event mediated by phosphorylation of the 

tuberous sclerosis complex 2 (TSC2) and the regulatory protein associated with mTOR, 

Raptor (Inoki et al., 2003; Gwinn et al., 2008). 
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The rapid induction of autophagic degradation of cellular organelles and proteins serves 

multiple objectives for the starved cell. First, degraded, superfluous organelles and 

proteins can contribute recycled components, including amino acids, to pathways that are 

critical for cell survival (Onodera and Ohsumi, 2005; Yang et al., 2006). Second, by 

targeting some mitochondria for degradation the cell can alter its overall metabolic state 

to become less energy consumptive (Egan et al., 2011). While macroautophagy is the 

principal autophagy pathway shown to mitigate starvation stress, CMA also plays a role 

in the degradation of specific proteins. During starvation macroautophagy is activated 

very rapidly, often within minutes. The advantages of this are evident, but because 

macroautophagy is not an entirely selective process, extended induction carries the risk of 

eventually destroying essential cellular components. The starvation-stressed cell can 

mitigate this risk by switching from macroautophagy to CMA, which facilitates targeting 

of non-essential proteins (proteins with natively-exposed motifs) for degradation to 

obtain amino acids required to maintain synthesis of essential proteins (Fuertes et al., 

2003; Massey et al., 2006).  

Onodera and Ohsumi (2005) investigated the role of autophagy in nutrient recycling and 

protein translation rates in wild type or Atg7-deficient strains of yeast (S. cerevisiae) 

under nitrogen starved conditions for up to 24 hours. Autophagy was strongly induced by 

nutrient starvation and was characterized by an increase in amino acid synthesis enzymes 

and vacuolar (analogous to lysosomal) enzymes in wild type cells, but not in Atg7-

deficient cells. However, global protein synthesis and total intracellular amino acid pools 

were significantly decreased in Atg7-deficient cells in comparison to wild type controls, 
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demonstrating that under nutrient deprived conditions, autophagy plays an important role 

in the recycling of cellular components in order to replenish depleted amino acid pools 

helping cells survive and maintain normal protein synthesis function (Onodera and 

Ohsumi, 2005).  

Autophagy also plays a role in maintaining nutrient homeostasis in mammalian systems. 

Amino acid-starvation of human HepG2 hepatocytes resulted in the induction of 

autophagy, characterized by extensive vacuolization, depletion of organelles, expansion 

of acidic vesicles, and accumulation of lipid droplets. The induction of autophagy was 

associated with a decline in global translation (reduced de novo protein synthesis, 

decrease in total protein content and dephosphorylation of p70 S6 kinase) after a 48-hour 

period (Martinet et al., 2006). In HeLa cells, deprivation of serum and amino acids 

caused an induction of autophagy (Boya et al., 2005). Knock down of autophagy genes in 

this model (Beclin 1, Atg5, Atg12, or Atg10) using RNA interference, or chemical 

inhibition of autophagy, resulted in increased apoptotic cell death of the nutrient deprived 

cells.  

 

Autophagy and adaptation to diverse environmental stressors 

Autophagy is also induced in response to diverse cellular stressors, including 

endoplasmic reticulum (ER) stress, oxidative stress, hypoxia, and DNA damage (Kiffin et 

al., 2004; Ogata et al., 2006; Abedin et al., 2007; Bellot et al., 2009). In this context, 
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autophagy serves as a cytoprotective mechanism, degrading damaged cellular proteins 

and organelles that can be toxic to the cell and thus restoring cellular homeostasis (Ogata 

et al., 2006). Both macroautophagy as well as CMA have been shown to function in the 

removal of damaged cellular components from the cell in response to environmental 

stress (Kiffin et al., 2004; Ogata et al., 2006).  

Endoplasmic reticulum stress 

ER stress due to the accumulation of misfolded proteins in the ER lumen activates the 

unfolded protein response (UPR). There are three major branches of the UPR, mediated 

by three ER-membrane associated “sensor” proteins: PKR-like eIF2" kinase (PERK), 

inositol-requiring enzyme-1 (IRE1), and activating transcription factor-6 (ATF6). 

Xenobiotics such as thapsigargin, cyclosporine, cadmium, and tunicamycin have all been 

shown experimentally to induce ER stress (Ogata et al., 2006; Pallet et al., 2008; Lim et 

al., 2010). Macroautophagy is induced in response to UPR activation, mediated through 

activation of one or more of the ER stress-sensing pathways (PERK, IRE1, and ATF6), 

or through an elevation in cytosolic calcium levels (Ogata et al., 2006; Hoyer-Hansen et 

al., 2007; Kouroku et al., 2007). Treatment of either yeast or mammalian cells with ER 

stress inducing agents, tunicamycin or dithiothreitol (DTT), effectively triggered the 

induction of autophagy (Ogata et al., 2006; Yorimitsu et al., 2006). The activation of 

autophagy in response to ER stress is crucial for the removal of misfolded proteins that 

could accumulate, inducing further ER stress and damage. An additional role of 

autophagy during ER stress is maintaining total cellular ER volume. In yeast, ER stress 
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leads to an expansion of the ER lumen in response to the transcriptional activation of the 

UPR (Bernales et al., 2006). The autophagic degradation of ER serves to normalize the 

volume of ER present in cells that have recovered from ER stress.  

Hypoxia  

Hypoxic (3.0% - 0.1% oxygen) or anoxic (<0.1% oxygen) conditions induce mitophagy 

through two distinct pathways. Enhanced mitophagy during hypoxia is an adaptive 

response, reducing the levels of ROS and protecting cell integrity (Rouschop et al., 

2009). Hypoxic conditions can rapidly induce autophagy through activation of hypoxia-

inducible factor 1 alpha (HIF-1"), a transcription factor that induces gene expression 

leading to rapid adaptation to reduced oxygen conditions. In mouse embryonic fibroblasts 

(MEF), selective removal of mitochondria through mitophagy is induced in response to 

hypoxic conditions via HIF-1" and downstream induction of Bnip3 (Zhang et al., 2008). 

Bnip3 competes with the autophagy protein Beclin 1 for binding to the anti-apoptotic 

protein B-cell CLL/lymphoma 2 (BCL2) and thus releases Beclin 1 for participation in 

mitophagy (Bellot et al., 2009).  

Autophagy is also capable of being activated during hypoxia or anoxia in a HIF-1"-

independent manner. Often anoxic conditions are accompanied by dramatic glucose and 

amino acid restriction, leading to autophagy induction during hypoxia/anoxia through the 

previously described mTOR/AMPK pathways (Papandreou et al., 2008; Mazure and 
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Pouyssegur, 2010). In addition, anoxic conditions can lead to ER stress, activating 

autophagy through up-regulation of the UPR (Koritzinsky et al., 2006).    

Oxidative stress 

Autophagy can also mitigate damage from oxidative stress. Mild oxidative damage 

induces partial protein unfolding and facilitates proteolytic degradation of damaged 

proteins (Grune et al., 1995; Grune et al., 1997). However, persistent or extensive 

oxidative damage can lead to protein aggregation when damaged proteins adopt 

conformations that expose previously “hidden” regions of hydrophobic amino acids. 

Aggregated proteins become less susceptible to proteolytic cleavage (Grune et al., 1997; 

Davies, 2001). CMA facilitates the selective removal of individual damaged proteins 

induced by oxidative stress without disrupting other non-damaged protein critical for 

normal cellular function (Cuervo et al., 1998; Kiffin et al., 2004). In addition, CMA 

activity increases in vitro in the presence of compounds that induce oxidative stress, 

further supporting the hypothesis that CMA is involved in the removal of oxidatively 

damaged proteins (Kiffin et al., 2004). Degradation of damaged proteins in the 

proteasome or via CMA is efficient only for monomeric proteins.  However, when the 

oxidative damage is extensive and protein aggregates form, macroautophagy is required 

to remove the protein aggregates and to prevent further damage to the cell.   

Mitochondria are both ROS producers and ROS targets, pointing to their central role in 

the oxidatively stressed cell (Hamanaka and Chandel, 2010). Autophagy removes 
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damaged mitochondria selectively (mitophagy) to reduce ROS levels and to maintain a 

functional mitochondrial pool under conditions of cellular stress (Kim et al., 2007).  

DNA damage     

Exogenous and endogenous chemical agents can induce DNA damage. The fate of a 

DNA-damaged cell can be influenced by autophagy (Abedin et al., 2007; Kang et al., 

2009). DNA-damaging agents camptothecin, etoposide, tomozolomide, p-anilioaniline, 

doxorubicin, and ionizing radiation have all been shown to induce autophagy (Abedin et 

al., 2007; Katayama et al., 2007; Elliott and Reiners, 2008; Rieber and Rieber, 2008; 

Munoz-Gamez et al., 2009). Yet, the role that autophagy serves in the response to DNA 

damage is still unclear. Autophagy delays apoptotic cell death induced by the DNA 

damaging agent camptothecin through activation of mitophagy (Abedin et al., 2007). In 

3T3 fibroblasts, doxorubicin-induced DNA-damage is associated with characteristics of 

autophagy, which are dependent on activation of the DNA repair enzyme PARP-1 

(Munoz-Gamez et al., 2009). Inhibition of autophagy resulted in increased doxorubicin-

induced cell death, suggesting that autophagy may function in conjunction with PARP-1 

in the DNA repair mechanism to prevent cell death. Autophagy induction is associated 

with the activation of another DNA damage sensor, ataxia telangiectasia mutated (ATM). 

ATM is a serine/threonine kinase that serves as a checkpoint-specific damage sensor that 

is activated in response to DNA damage. Upon DNA damage, transcription factor 

FOXO3a detaches from DNA to interact with ATM in the nucleus to promote DNA 

repair (Tsai et al., 2008). DNA damage-inducing agents, including ROS production and 
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the chemotherapy agent BO-1051, activate ATM and subsequently induce autophagy as a 

response to DNA damage (Alexander et al., 2010; Chen et al., 2011).  

Autophagy has also been shown to produce a cytoprotective adenosine triphosphate 

(ATP) surge as an adaptive response against DNA damage (Katayama et al., 2007). After 

exposure to DNA damaging agents etoposide or temozolomide in malignant glioma cell 

lines, the induction of autophagy was associated with a cytoprotective surge of ATP 

generated by oxidative phosphorylation, suggesting that autophagy may be enhancing 

catabolic metabolism and ATP levels, in order to maintain cell survival in the midst of 

DNA damage (Katayama et al., 2007).   

The tumor-suppressor protein p53 regulates a variety of cell response pathways including 

cell cycle arrest, apoptosis, and metabolism in response to genotoxic stress. Recent 

findings have demonstrated a bidirectional role of p53 in autophagy regulation. Under 

basal, non-stressed conditions, cytoplasmic p53 inhibits autophagy through an mTOR/ 

AMPK-dependent pathway (Tasdemir et al., 2008b). In p53-deficient conditions (p53 

knockout mutants or depletion of p53 protein levels), autophagy is restored and promotes 

cell survival (Tasdemir et al., 2008a). Inhibition of autophagic flux also induces p53-

dependent cell death (Zaidi et al., 2001; Maclean et al., 2008). Conversely, p53 has also 

been shown to transcriptionally activate autophagy through activation of several 

autophagy inducers including DRAM1 and Sestrin2 (Crighton et al., 2006; Budanov and 

Karin, 2008). One interpretation emerging from these studies is that cytoplasmic and 

nuclear p53 may have opposing effects on autophagy. 
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Interaction between autophagy and other stress-compensatory systems 

Autophagy pathways connect with other cytoprotective pathways, including the 

antioxidant response pathway regulated by the transcription factor, Nrf2 (nuclear factor, 

erythroid derived 2, like 2). The scaffold protein, p62, also known as sequestosome-1, is 

responsible for the selective sequestration of polyubiquitinated and other damaged 

cellular proteins and organelles into aggregates, targeting them to the lysosome for 

degradation via autophagy (Seibenhener et al., 2007). In autophagy-deficient cells p62 

accumulates due to a block in its autophagic degradation, allowing it to interact with 

other signaling molecules, including Keap1 from the Nrf2/Keap-1 complex (Komatsu et 

al., 2010; Lau et al., 2010). Accumulation of p62 sequesters Keap1 in the cytoplasm, 

blocking the Keap1-Nrf2 interaction. This causes Nrf2 stabilization and translocation into 

the nucleus, activating transcription of Nrf2 target genes. This provides an additional 

adaptive response to cellular stress when autophagy is defective or unable to meet the 

demands of stressed cells. 

NF-kB is a transcription factor that integrates a diverse array of stress signals including 

immune signals and autophagy. NF-kB is activated through the phosphorylation of the 

NF-kB inhibitor (IkB) by IKK (Beg et al., 1993). IKK is activated under diverse stress 

signals, including ROS, DNA damage, and activation of death receptors. NF-kB can 

directly activate autophagy through the induction of Beclin 1 expression by NF-kB 

family member p65/RelA (Copetti et al., 2009). IKK can also stimulate autophagy in an 

NF-kB-independent pathway through activation of the AMPK and JNK1 pathways 
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(Criollo et al., 2010). The interaction between the NF-kB and autophagy pathways 

illustrates that multiple compensatory pathways can act in concert in response to cellular 

stress.  

 

Protein quality control 

Principally, there are two protein degradation systems in eukaryotic cells: the 

ubiquitin/proteasome system (UPS) and the lysosomal system. The normal half-life of 

cellular proteins ranges widely, from minutes (e.g., the tumor suppressor p53) to days 

(e.g., myosin) (Martin et al., 1977; Kamijo et al., 1998). Virtually all nucleated cells have 

constitutive autophagic activity at low basal levels to perform the homeostatic function of 

protein turnover. Early studies defined two categories of proteins based on their 

degradation kinetics. Short-lived, rapidly degraded proteins were primarily degraded by 

the proteasome, whereas long-lived, slowly degraded proteins were degraded by the 

lysosome (Mortimore and Poso, 1987). In addition to the basal degradation of long-lived 

cellular proteins, autophagy has also been shown to be responsible for the constitutive 

degradation of aged or damaged proteins and organelles (Elmore et al., 2001; Fortun et 

al., 2003; Iwata et al., 2006). 

A theme repeated in this section is that autophagy can degrade damaged cellular 

components either by a bulk (non-selective) process or alternatively through a selective 

process targeting specific proteins and organelles for degradation. In order for a 
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misfolded protein to be degraded by macroautophagy the damaged protein must be 

tagged and shuttled to the phagophore for degradation. One such adaptor protein involved 

in the recognition and shuttling of misfolded or aggregated proteins is p62. When 

denatured or improperly folded proteins accumulate and exceed the cell’s degradation 

capacity, aggregates of these misfolded proteins can form (Klemes et al., 1981). Most 

aggregated proteins are decorated with ubiquitin, and p62 has both LC3-II-binding and 

ubiquitin-binding domains, allowing it to act as a scaffold between ubiquitinated proteins 

and LC3-II in the membrane of the forming autophagosome (Bjorkoy et al., 2005; Pankiv 

et al., 2007). Recruitment of polyubiquitinated proteins for autophagic degradation can 

also be mediated by histone deacetylase 6 (HDAC6). The role of HDAC6 in autophagic 

degradation of misfolded proteins is unclear, but there is evidence suggesting that 

HDAC6 activity on microtubules is involved in the fusion of the autophagosome with the 

lysosome (Ding and Yin, 2008). In vitro HDAC6 genetic knockdown studies have 

revealed that HDAC6 serves as a recruitment protein required for the autophagic 

degradation of aggregated proteins by recruiting actin-remodelling machinery to 

ubiquitinated protein aggregates, which facilitates the fusion of the autophagosome to the 

lysosome and subsequent clearance of the aggregated proteins (Lee et al., 2010).  

In addition to macroautophagy, CMA has also been shown to selectively degrade 

individual damaged cellular proteins. Exposed hydrophobic regions on damaged proteins 

present a danger to the cell because the hydrophobic regions can bind to normal proteins 

and disrupt essential protein-protein interactions (Sherman and Goldberg, 2001). 

Chaperone proteins involved in CMA can recognize specific misfolded proteins by 
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binding to exposed hydrophobic regions (which contain the consensus amino acid motif 

KFERQ) on the surface of the proteins and transferring those proteins to the CMA 

degradation system.  

 

Intracellular pathogen defense  

Autophagic machinery used to engulf and degrade cellular organelles and proteins can 

also be used for the selective delivery of microorganisms to the lysosome for degradation 

in a process termed xenophagy (Amano et al., 2006). Xenophagy can target extracellular 

bacteria that invade the cell (e.g., Group A Streptococcus) as well as true intracellular 

bacterial pathogens (e.g., Mycobacterium tuberculosis and Shigella flexneri) (Gutierrez et 

al., 2004; Nakagawa et al., 2004; Ogawa et al., 2005). In addition, xenophagy has also 

been shown to target newly synthesized virions during their exit from the nucleus through 

the cytoplasm (Talloczy et al., 2002). Outside of its direct role in pathogen elimination, 

xenophagy may also play a cytoprotective function through enhancing immune 

recognition of infected cells by the production of antigenic bacterial peptides (Paludan et 

al., 2005). Interestingly, several bacteria and viruses have the ability to co-opt 

components of the autophagic machinery to establish their own defense mechanism and 

provide a replicative niche that avoids destruction (Pizarro-Cerda et al., 1998; Dorn et al., 

2001).     
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Antigen processing and presentation 

Presentation of antigenic peptides by MHC class I and II molecules is an essential 

component of adaptive immunity. Autophagy plays a vital role in the generation of 

peptides and presentation of those peptides by MHC class molecules to epitope-specific T 

cells (Dorfel et al., 2005; Paludan et al., 2005; Zhou et al., 2005; Li et al., 2008). MHC 

class I molecules are limited to the recognition of endogenous antigens from viruses, 

tumors, or self-proteins for presentation to CD8+ T cells (Reviewed in Jensen, 2007). 

Autophagy has not been implicated in playing a role in classical MHC class I antigen 

presentation, but it has been implicated in regulating class I-mediated cross presentation 

of exogenous antigens. In class I-mediated cross presentation, antigen-presenting cells 

such as dendritic cells internalize and process extracellular antigens and display the 

resulting peptides on cell surface MHC class I molecules (Shen and Rock, 2006). 

Modulation (induction or inhibition) of autophagy in HEK 293T cells expressing a model 

antigen, ovalbumin (OVA), altered cross presentation in vitro (Li et al., 2008). The 

induction of autophagy enhanced the cross presentation of OVA to epitope-specific CD8 

+ T cells. Conversely, inhibition significantly reduced cross presentation. Autophagy has 

also been implicated in playing a role in MHC class II antigen processing and 

presentation. Induction of autophagy due to serum starvation in B-cells resulted in an 

increase in MHC class II associated peptides derived from intracellular proteins (Dengjel 

et al., 2005). CMA has also been identified as playing a role in the selective processing 

and MHC-loading of exogenous or endogenous antigens during antigen presentation. B-

cells with reduced levels of CMA proteins (LAMP2a or Hsc70) exhibit decreased 
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presentation of cytoplasmic epitopes on MHC class II molecules (Zhou et al., 2005). 

Conversely, an increase in cytoplasmic autoantigen presentation was observed upon over-

expression of LAMP2a or Hsc70. In addition, B-cells deficient in LAMP2 had impaired 

antigen presentation of exogenous antigens and peptides to CD4+ T cells (Crotzer et al., 

2010). Interestingly, class II presentation of peptides from endogenous proteins was 

detected in LAMP2 deficient cells, suggesting that LAMP2 levels may also affect the 

type of peptides displayed by MHC class II molecules.  

 

Autophagy in response to xenobiotic exposure 

Xenobiotic stress can induce autophagy 

Cellular damage (ER stress, oxidative stress, or DNA damage) induced by xenobiotics 

can result in the induction of autophagy as a cytoprotective mechanism to facilitate cell 

recovery and return to homeostasis. One significant group of environmental toxicants that 

have been shown to induce autophagy are metals including cadmium, chromium, and 

arsenic, which activate autophagy through a variety of mechanisms including the 

generation of ER stress and oxidative stress. Human CD34++ hematopoietic progenitor 

cells exposed to 10 µM hexavalent chromium or cadmium showed substantial cell loss 

(Di Gioacchino et al., 2008). Surviving cells were positive for autophagosomes and 

autolysosomes, and had extensive organelle damage, suggesting that the induction of 

autophagy may have been compensatory to metal-induced damage. Autophagy induction 
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is being studied as a potential biomarker of toxic metal exposure in blood cells (Di 

Gioacchino et al., 2008). Arsenic exposure was associated with cellular characteristics of 

autophagy in the immortalized human uroepithelial cell line SV-HUC-1 (Chai et al., 

2007). SV-HUC-1 cells, exposed to arsenic demonstrated an increase in autophagosomes 

detected by electron microscopy and a dose-dependent increase in protein levels of the 

autophagy regulator Beclin 1. In rat proximal convoluted tubule cells, cadmium exposure 

resulted in the induction of ER stress, which triggered cell proliferation and autophagy as 

an adaptive response against toxicity (Chargui et al., 2011). Ovarian cancer cell lines 

exposed to increasing concentrations of arsenic trioxide displayed characteristics of 

autophagy in response to oxidative damage (Smith et al., 2010). In that model, arsenic 

trioxide-induced autophagy conferred protection against cellular damage through a 

Beclin 1-independent pathway. 

The importance of autophagy in toxicology is not confined to metal xenobiotics. The 

induction of autophagy in response to diverse anti-neoplastic compounds and DNA 

damaging agents was described in previous sections.  

Autophagy can confer xenobiotic resistance 

Autophagy induction in response to cellular stress induced by xenobiotic exposure can 

serve as a resistance mechanism to enable the cell to recover. Human lung epithelial 

fibroblasts (WI38) exposed to cadmium responded to ER stress through activation of the 

PERK arm of the UPR (Lim et al., 2010). A resistant WI38 cell line (RWI38) was 
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generated by culturing WI38 cells in media with increasing concentrations of cadmium 

for six months, selecting for viable cells (Oh et al., 2009). RWI38 cells exposed to 

cadmium did not demonstrate ER stress or mitochondrial apoptosis, and were 4-fold 

more resistant to cadmium toxicity in comparison to the parent cell line. Cadmium 

exposure in RWI38 was associated with the induction of autophagy. This induction was 

demonstrated by an increase in Atg5 and LC3-II protein, and formation of a GFP-LC3 

punctate fluorescence pattern.  

Treatment of human renal epithelial cells with the immunosuppressive drug cyclosporine 

for 24 hours induced ER stress and the subsequent induction of autophagy (Pallet et al., 

2008). Inhibition of autophagy through siRNA gene silencing of the autophagy gene, 

Beclin 1, significantly increased tubular cell death, indicating that autophagy induction is 

a novel resistance mechanism against ER stress induced tubular damage. 

Rat hepatocytes can induce autophagy as a protective mechanism to minimize 

hepatotoxicity due to acetaminophen (APAP) overdose (Ni et al., 2011). Pharmacological 

inhibition of autophagy further exacerbated APAP-induced hepatotoxicity, implicating 

autophagy as an in vivo xenobiotic stress-compensatory mechanism. The induction of 

autophagy, likely activated through the generation of ROS and possible inhibition of 

mTOR, eliminated damaged mitochondria preventing further damage from occurring. 

This suggests that the induction of autophagy could be a novel therapeutic approach to 

preventing APAP-induced liver damage.  
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Xenobiotics can perturb or modulate autophagy 

Xenobiotics can modulate the autophagy process, providing an opportunity to manipulate 

autophagy in order to achieve better therapeutic efficacy or conversely, to reduce toxicity 

and disease progression (Table 1.1). Treatment of cells with the mTOR inhibitor, 

rapamycin, is an established experimental method used to induce macroautophagy. 

However, due to the lack of specificity the clinical implications of rapamycin treatment 

are limited (Ravikumar et al., 2004). Other mechanisms that regulate autophagy, 

independent of mTOR inhibition, have been reported using other xenobiotics. Calcium 

channel blockers, including verapamil and nimodipine, induce autophagy through the 

reduction of intracytosolic calcium levels (Williams et al., 2008). Lithium induces 

autophagy through the inhibition of inositol monophosphatase, which results in the 

reduction of myo-inositol-1,4,5-triphosphate (IP3) levels (Sarkar et al., 2005). 

Clomipramine, an FDA-approved tricyclic antidepressant, and its active metabolite, 

desmethylclomiramine (DCMI), modulate autophagic flux (Rossi et al., 2009). Treatment 

with DCMI caused a significant increase in LC3-II protein levels and GFP-LC3 puncta. 

The study revealed that the increase of autophagosome markers actually resulted from 

blocked degradation of autophagic cargo or inhibition of autophagic flux. These findings 

highlight an important caveat in the interpretation of an increase in autophagic structures 

and proteins as conclusive evidence of autophagy induction. Interestingly, DCMI-

mediated inhibition of autophagic flux increased the cytotoxic effects of several 

chemotherapeutic agents, making it a promising candidate for use in conjunction with 
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other chemotherapy agents to increase the efficacy of treatment. In the high-content 

screen of cytotoxic agents from the NCI panel, 26% of the chemicals that induced GFP-

LC3 puncta failed to stimulate autophagic flux, suggesting that they actually block 

autophagy (Shen et al., 2011). Further investigation into these chemicals revealed that 

they all disrupted the microtubular network, which may disrupt the fusion of the 

autophagosome with the lysosome.  

Several xenobiotics have a long history of experimental use in autophagy research 

because of their ability to modulate autophagy. 3MA and wortmannin are PI3K (class I 

and III) inhibitors that block autophagic sequestration of damaged cellular components 

(Petiot et al., 2000). Other inhibitory compounds block post-sequestration steps. Vinca 

alkaloids, including vinblastine and other microtubule damaging agents, block fusion of 

the autophagosome to the autolysosome (Kovacs et al., 1982). Alternatively, some 

compounds modulate autophagy by elevating lysosome pH. These include BafA1, which 

is a vacuolar-type H+-ATPase inhibitor, and chloroquine, a lysosomotropic weak base 

amine. Both alter lysosomal hydrolase activity and block fusion of the autophagosome to 

the lysosome (Yamamoto et al., 1998; Boya et al., 2005).   
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Table 1.1. Autophagy Modulators 

Xenobiotic Mechanism of Action Effect on Autophagy References 

3-Methyladenine PI3K Inhibitor Inhibita Petiot et al. 2000 

Wortmannin PI3K Inhibitor Inhibita Petiot et al. 2000 

Vinblastine Damages microtubules Inhibitb Kovacs et al. 1982 

Chloroquine Weak base amine, alters lysosome 
pH Inhibitb,c Boya et al. 2005 

Bafilomycin A1 Inhibition of vacuolar-type H(+)-
ATPase channel, alters lysosome pH Inhibitb,c Yamamoto et al. 1998 

Rapamycin mTOR Inhibitor Induce  Ravikumar et al. 2004 

Verapamil and Nimodipine Calcium Channel Blocker Induced Williams et al. 2008 

Lithium Inhibition of IMPase, Reduction in 
IP3 

Induce Sarkar et al. 2005 

a block formation of autophagosome, b block fusion of autophagosome with lysosome, c alter lysosome hydrolase activity,  
d reduction of cytosolic Ca+2 

Abbreviations: PI3K, phosphoinositide-3-kinase; mTOR, mammalian target of rapamycin; IMPase, inositol monophosphatase; 
IP3, myo-inositol-1,4,5-triphosphate 
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1.5. DESCRIPTION OF THE HUMAN B-LYMPHOBLASTOID CELL LINE IN 

VITRO MODEL  

The in vitro model selected to investigate arsenic-induced immunotoxicity is human B-

lymphoblastoid cell lines (LCL), which are generated by transforming resting human B-

lymphocytes, isolated from peripheral blood, into actively proliferating lymphoblastoid 

cell lines through infection with Epstein-Barr virus (EBV) (Nilsson, 1992).  The ability of 

EBV to immortalize B-lymphocytes in vitro was discovered over 40 years ago (Pope et 

al., 1968; Henderson et al., 1977). The interaction between the virus and the cell is 

characterized as ‘latent’ because the majority of the cells in the LCL produce no 

detectible virus.  However, all cells contain viral DNA and express viral proteins.  The 

size of the EBV genome is 170 Kb and is maintained as a multicopy episome inside of 

the cell (Sugden and Mark, 1977; Sugden et al., 1979).  Virus-driven proliferation of 

lymphoblastoid cells is characterized by the expression of at least eleven viral genes.  Six 

Epstein Barr Nuclear Antigens (EBNAs) (EBNA1, EBNA2, EBNA3A, EBNA3B, 

EBNA3C, and EBNA-LP), along with three membrane proteins (LMP1, LMP2A, and 

LMP2B), and two short RNAs (EBER1 and EBER2) (Farrell, 1995).  Of these genes, six 

(EBNA1, EBNA2, EBNA3A, EBNA3C, EBNA-LP, and LMP1) have all been directly 

implicated to playing a role in the immortalization process (Kaye et al., 1993; Tomkinson 

et al., 1993; Roth et al., 1994; Kempkes et al., 1995).  Even though historically LCL 

were believed to be immortal and have the capacity for infinite growth, recent studies 

have determined that the majority of LCL actually have a finite growth span and undergo 

cellular senescence and terminate their lifespan by shortening of telomeres (Kataoka et 
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al., 1997; Tahara et al., 1997; Sugimoto et al., 1999a; Sugimoto et al., 1999b).  LCL are 

non-malignant and have a diploid karyotype (Nilsson, 1992).  In comparison to quiescent 

precursor B-lymphocytes, LCL have an enlarged appearance due to the increased 

cytoplasmic volume required to support the high rates of RNA and protein synthesis 

(Kieff, 1996).  LCL have a phenotype corresponding to activated B-cells characterized by 

the ability to proliferation, present antigens, and produce antibodies (Sugden and Mark, 

1977; Issekutz et al., 1982; Viallat and Kourilsky, 1982). CD40 is a transmembrane 

glycoprotein receptor of the tumor necrosis factor receptors superfamily involved in the 

activation of B-cells to regulate innate and adaptive immunity. In vitro studies have 

demonstrated that activation of CD40 by its endogenous ligand CD154 induces B-cell 

proliferation, particularly in the presence of IL4 (Armitage et al., 1992; Maliszewski et 

al., 1993). The Epstein-Barr viral protein LMP1 acts as a constitutively active mimic of 

CD40 (Lam and Sugden, 2003; Wu et al., 2005). LMP1 constitutive activation of CD40 

signaling pathways may play a role in the dysregulated signaling and sustained B-cell 

activation caused by EBV infection. LCL are an ideal model to use for the investigation 

of arsenite-induced immunotoxicity because they are commercially available from 

different individuals, which gives the ability to investigate individual variation in 

response and look at a population-wide effect in vitro.  In addition, LCL are activated B-

cells so it is possible to investigate the effect of arsenite on different immune responses 

including cell proliferation and antigen-presentation. 
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Figure 1.5. Light microscopy image of human B-lymphoblastoid cells. Image taken of 
LCL GM18564 on the Olympus Ix71 inverted light microscope (Olympus, Center 
Valley, PA) and acquired with a 40x objective lens.  
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1.6 CENTRAL RESEARCH QUESTION AND SPECIFIC AIMS 

The objective of this dissertation was to utilize LCL as an in vitro model to investigate 

the mechanisms of arsenic-induced immunotoxicity.  By characterizing the mechanism of 

arsenite-induced cytotoxicity in the LCL model, knowledge gained will lead to a better 

understanding of the molecular targets of arsenic within the cell and provide information 

about the cellular processes that arsenic disrupts. This molecular information could 

provide insight into the mechanisms underlying arsenic-induced immunotoxicity and lead 

to an understanding of the mechanisms driving arsenic-induced immunosuppression 

observed in humans. 

Central Research Question:  

Do the mechanisms of arsenite-induced cytotoxicity in LCL offer insight into 

arsenic-induced immunotoxicity? 
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Figure 1.6. Central research question and specific aims 

 

In order to investigate this research question, four specific aims have been developed. 

1. Characterize the molecular mechanism of arsenite-induced cytotoxicity in 

the LCL model. Rationale: The mechanism of arsenite-induced cytotoxicity has 

not been defined in the LCL model. Characterization of the mechanism of 

arsenite-induced cytotoxicity could provide knowledge about the cellular process 

and molecules that are targets of arsenic-induced toxicity. This information could 

provide insight into the molecular mechanisms of arsenite-induced 
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immunotoxicity and could lead to a better understanding of the mechanism that 

underlies arsenic-induced immunosuppression in humans.  The objective of this 

aim was to determine the mechanism of arsenite-induced cytotoxicity in the LCL 

model using a moderately cytotoxic concentration of arsenite.  

 

2. Characterize the mechanism of arsenite-induced toxicity at an 

environmentally relevant concentration of arsenite. Rationale: Based on the 

initial characterization of the molecular mechanism of arsenite-induced 

cytotoxicity in the LCL model in aim 1, the objective of this aim was to 

characterize that mechanism of arsenite-induced toxicity at an environmentally 

relevant concentration of arsenic. This was important because in order to translate 

the in vitro mechanistic studies to human populations exposed to arsenic, 

evaluating the mechanism of arsenite toxicity at a relevant arsenite concentration 

was necessary.  

 

3. Determine the upstream cellular processes that are altered, leading to the 

initiation of arsenite-induced toxicity in the LCL model. Rationale: To further 

investigate the molecular effects of arsenite in this in vitro model of immune cell 

targeting by arsenic, determining the upstream altered or damaged cellular 

processes that lead to the initiation of arsenite-induced toxicity could offer insight 

into the cellular processes altered by arsenite and identify novel molecular targets. 
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Once the molecular mechanism of toxicity was characterized at both cytotoxic 

and environmentally relevant concentrations of arsenite in the LCL model, the 

objective of this aim was to determine the upstream altered or damaged cellular 

processes that led to the initiation of the toxicity mechanism.  

 

4. Investigate the functional consequence of arsenite-induced toxicity on normal 

immune function. Rationale: The objective of the final aim was to take the 

knowledge obtained from the previous three aims on the mechanisms that 

underlie arsenite-induced toxicity and determine how those changes affect normal 

immune function in the LCL model. This could provide insight into the 

mechanisms driving arsenic-induced immunosuppression in humans and help to 

better understand arsenic-induced disease.   
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CHAPTER 2 

AUTOPHAGY IS THE PRIMARY PROCESS ASSOCIATED WITH ARSENITE-

INDUCED CYTOTOXICITY IN HUMAN LYMPHOBLASTOID CELL LINES 

 
This chapter has been adapted from the following publication: 

Bolt AM, Bryd RM, Klimecki WT. Autophagy is the predominant process induced by 

arsenite in human lymphoblastoid cell lines. Toxicology and Applied Pharmacology. 

2010; 244:366-373. Epub 2010 February 11. 

 
 

2.1. INTRODUCTION 

Interest in arsenic-associated immunotoxicity in exposed human populations led to the 

study of LCL as an in vitro model system of normal human lymphocytes, an established 

arsenic target.  While LCL have been studied for many years as models of arsenic 

toxicity, the specific mechanism or mechanisms of arsenic cytotoxicity in LCL have not 

yet been defined. Understanding the processes that underlie this cytotoxicity is key to 

understanding arsenic-induced immunopathology at the organism level. The focus of this 

study was to characterize the cellular processes of arsenite-induced cytotoxicity in the 

LCL model. Knowledge gained about the mechanism of arsenite-induced cytotoxicity in 

the LCL model could provide mechanistic insight into the mechanisms that underlie 

arsenic-induced immunosuppression in humans. Given the established data to 

demonstrate that arsenic has been shown to induce apoptosis in many other experimental 

models and at a variety of concentrations we hypothesized that arsenite-induced 

cytotoxicity would be mediated through apoptosis in the LCL model.  
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2.2. METHODS 

Reagents:   Sodium arsenite (dissolved in MilliQ H2O) and the proteasome inhibitor, 

epoxomicin (dissolved in dimethyl sulfoxide (DMSO)) were purchased from Sigma 

Aldrich (St. Louis, MO).  The pan caspase inhibitor, quinolyl-valyl-O-methylaspartyl- [-

2,6-difluorophenoxy]- methyl ketone (QVD) (dissolved in DMSO) was purchased from 

R&D Systems (Minneapolis, MN). The autophagy inhibitor, BafA1 was purchased from 

Enzo Life Sciences (Plymouth Meeting, PA). 

Cell Culture and Exposure Conditions:    The human EBV immortalized LCL 

GM18564, derived from a healthy female, was purchased from Coriell Cell Repositories 

(Camden, NJ).  Cultures were maintained in RPMI media supplemented with L-

glutamine, 15% fetal bovine serum (FBS) and 1% antibiotic-antimycotic (ABAM) 

solution (Invitrogen, Carlsbad, CA).  Cells were grown in T-25 culture flasks and the 

cultures were maintained between the cell concentrations of 350,000-2,000,000 cells/ml 

at 5% CO2 and 37 °C. Cell cultures were seeded to 350,000-500,000 cells/ml of media 

and dosed with sodium arsenite, epoxomicin, or BafA1 for the indicated exposure 

duration. Cells were harvested by centrifugation and subsequently processed and 

analyzed by particular methods mentioned below.  

Cytotoxicity Assay:    Cells were exposed to sodium arsenite for 96 hours and cell 

viability was analyzed using the Annexin V-FITC Apoptosis Detection Kit (Sigma 

Aldrich, St. Louis, MO) and flow cytometry following manufacturer’s protocol.  This 

assay uses fluorescein-labeled annexin-V (AV) to label phosphatidylserine and 
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propidium iodide (PI) to label genomic DNA.  Samples were analyzed using a LSR II 

Flow Cytometer (BD Biosciences, Sparks, MD).  AV fluorescence was collected through 

the 525/50 bandpass filter and PI fluorescence was collected through the 660/20 bandpass 

filter.  Data were analyzed using FacsDiva software (BD Biosciences, Sparks, MD), with 

fluorescence values plotted as dot plots comparing the level of AV fluorescence versus 

the level of PI fluorescence per cell in each sample.  Quadrants were established in the 

dot plots based on the location of the live cell (AV-negative, PI-negative) cluster in 

control sample.  Live cells for subsequent treatment groups for a given experiment were 

then defined as cells occurring in this lower-left quadrant in dot plots.  To calculate 

arsenite-induced cytotoxicity, the percentage (of all cells measured) of live cells at each 

exposure condition was divided by the percentage of live cells in the vehicle control 

group for that experiment, with this ratio expressed as percent cell survival.  

Effect of caspase inhibition on arsenite and epoxomicin cytotoxicity:   Cells were 

exposed to arsenite (6 µM for 96 hours) or the apoptosis-inducing proteasome inhibitor 

epoxomicin (1 µM for 6 hours) alone, or with a pre-treatment of the pan-caspase 

inhibitor, QVD (10 µM for 1 hour prior to arsenic or epoxomicin exposure, continuing 

throughout exposure).  Cells were then harvested and stained with AV/PI dyes and 

analyzed by flow cytometry as described above.  To determine the extent to which QVD 

inhibited cell death in either the epoxomicin or sodium arsenite exposed cells, the percent 

of non-live cells (defined as all cells measured outside of the live quadrant) in the QVD 

pre-treatment group was divided by the percent of non-live cells in the group without 



!

!

#"!

QVD pre-treatment (perturbant alone).  The resulting ratio was expressed as a percent.  

Separate calculations were made for epoxomicin-exposed and arsenite-exposed samples. 

Western Blot for PARP:   Cell pellets were lysed in RIPA #1 lysis buffer (5 M NaCl, 

0.5 M Na2HPO4, 0.5 M NaH2PO4, 0.25 M EDTA, 10% Sodium Deoxycholate, 20% 

NP40, 10% SDS, and protease inhibitors); samples were then sonicated and centrifuged.  

Supernatant was isolated and stored at -20 °C until use.  Protein concentrations were 

determined using the Coomassie Protein Assay Kit (Thermo Scientific, Rockford, IL) and 

Ultraviolet Spectroscopy.  Equal amounts of whole cell lysates were subjected to SDS-

polyacrylamide gel (8% acrylamide) electrophoresis, transferred to nitrocellulose 

membrane, and immunoblotted with antibodies.  The following antibodies were used: 

rabbit anti-PARP antibody, 1:1500 (Cell Signaling Technologies, Beverly, MA); mouse 

anti-actin antibody, 1:1500 (Millipore, Billerica, MA); goat anti-rabbit IgG-HRP 

antibody, 1:5000 (Santa Cruz Biotechnology, Santa Cruz, CA); and rabbit anti-mouse 

IgG, HRP, F(ab’)2 antibody, 1:8000 (Millipore, Billerica, MA).   The membrane was 

visualized by chemiluminescence detection (Thermo Scientific, Rockford, IL) and 

autoradiography. 

Western Blot for LC3:  Vehicle control and arsenite exposed cells were harvested 

with or without co-treatment with 100 nM BafA1 for the last 8 and 4 hours of the 

exposure duration. Cell pellets were lysed in 1x Sample Buffer (50 mM Tris-HCl, 2% 

Sodium Deoxycholate, 10% glycerol, 100 mM DL-Dithiothreitol, and 0.1% 

Bromophenol blue); samples were sonicated and heated to 90 °C for 5 minutes. Cell 
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lysates were stored at -20 °C until use.  Equal amounts of whole cell lysates were 

subjected to SDS-polyacrylamide gel (10% acrylamide (actin) and 12% acrylamide 

(LC3)) electrophoresis, transferred to nitrocellulose membranes, and immunoblotted with 

antibodies. The following antibodies were used: mouse anti-LC3 antibody, 1:200 (Nano 

Tools, San Diego, CA); mouse anti-actin antibody, 1:8000 (Millipore, Billerica, MA); 

and rabbit anti-mouse IgG, HRP, F(ab’)2 antibody, 1:8000 (LC3) and 1:20000 (actin) 

(Millipore, Billerica, MA).  The membranes were visualized by chemiluminescence 

detection (Thermo Scientific, Rockford, IL) and autoradiography. 

Electron Microscopy:   Cells (5 x 106) were harvested following exposure to 

sodium arsenite (6 µM for 96 hours) or vehicle control.  Cells were fixed in 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer, postfixed in 1% osmium tetroxide, washed 

and pelleted.  Cells were then stained in 4% aqueous uranyl acetate, dehydrated with 

ethanol infiltrated with Spurr’s Resin, and allowed to polymerize overnight at 60 °C.  

Silver-gold sections (70-100 nm) were cut, mounted on 150 mesh copper grids, and 

stained with 2% lead acetate for 3 minutes.  Sections were examined using a FEI (Philips) 

CM12 Transmission Electron Microscope (TEM) operated at 80 kv and images collected 

on an Optronics Macrofire AMT 542 digital camera. 

Lysotracker Red Staining:   Cells (1 x 106) were harvested, centrifuged, and 

resuspended in 20 nM Lysotracker Red dye (LRD) (Invitrogen, Carlsbad, CA) and 

incubated at 37 °C for 30 minutes.  Cells were washed once in 1x phosphate buffered 

saline (PBS) (Invitrogen, Carlsbad, CA) and resuspended in 500 µl 1x PBS to a final cell 
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concentration of 2 x 106 cells/ml.  Samples were analyzed by flow cytometry on a LSR II 

Flow Cytometer (BD Biosciences, Sparks, MD).  Fluorescence of LRD was collected 

through the 610/20 nm bandpass filter.  Data were analyzed using FacsDiva (BD 

Biosciences, Sparks, MD) and FlowJo (Tree Star, Inc. Ashland, OR) software. In order to 

measure the effect of the autophagy inhibitor BafA1 on LRD fluorescence, 100 nM 

BafA1 was added to arsenite-exposed cells for the last 4 hours of the exposure duration. 

The co-exposed cells were harvested and analyzed in the same way as the single-

exposure samples mentioned above. 

Fluorescence Microscopy:   Cells (1 x 106) were harvested after exposure to 6 µM 

sodium arsenite for 96 hours, centrifuged and stained with LRD as described in previous 

section.   After the incubation period, cells were centrifuged, washed once in 1x PBS and 

resuspended in 500 µl 1x PBS.  PBS-suspended, stained cells were placed on glass slides 

and examined using a Bio-Rad MRC 1024 confocal system (Hercules, CA), which is 

mounted on an Olympus BX50 fluorescence microscope (Center Valley, PA).  An argon 

laser was excited to 568 nm and LRD fluorescence was collected using a 585 long pass 

filter.  All images were taken with a 60x objective lens with oil immersion using Laser 

Sharp 2000 software (Bio-Rad, Hercules, CA). 

Statistical analysis:   Comparisons of LCL18564 under control and treated conditions 

were evaluated by unpaired Student’s t-tests using GraphPad software. 
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2.3. RESULTS 

2.3.1. LCL biotransformation of arsenite 

In epidemiological studies the primary form of arsenic that has been associated with 

toxicity and disease in humans is inorganic arsenic. In addition research has also shown 

that the trivalent species are more toxic that the pentavalent species. In order to evaluate 

the mechanism of inorganic trivalent arsenic-induced cytotoxicity in the LCL model, 

sodium arsenite was used. It is unclear if LCL have the capacity to biotransform arsenite 

into various metabolites, so an analysis of arsenic speciation was performed to 

characterize the composition of arsenic species present in the LCL culture. GM18564 

cells were exposed to 1 µM sodium arsenite (75 ppb) for 24 hours. Culture media and 

cells were harvested to analyze the concentration of each arsenical species (As(III), 

DMA(V), MMA(V) and As(V)) using high performance liquid chromatography and 

inductively coupled plasma mass spectroscopy (HPLC ICP-MS) analysis. After the 24 

hour exposure 89% of the arsenic present in the media and cellular fractions remained as 

the As(III) species, with a small fraction (11%) existing as the As(V) species. There was 

no detectible level of either MMA(V) or DMA(V) present in the media or the cellular 

fraction. These data indicated that the primary species of arsenic present in the LCL 

culture is As(III) and LCL do not have the capacity to biotransform arsenite.  

2.3.2. Cytotoxicity assay   

A two-color fluorescence cytotoxicity assay that labels externalized phosphatidylserine 

with FITC-tagged annexin-V (AV) and cell membrane-permeable cells with propidium 
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iodide (PI) was used to evaluate cytotoxicity.  Cells undergoing canonical apoptosis 

display high AV fluorescence due to externalized phosphatidylserine, and low PI 

fluorescence reflecting an intact plasma membrane that excludes PI from entering the 

cell.  Cells with compromised plasma membrane structure display high PI fluorescence.  

Thus, high PI fluorescence is not specific for a particular cell death pathway. 

2.3.3. Evaluation of apoptosis in LCL cytotoxicity from arsenite  

Based on a 96-hour cytotoxicity dose-response analysis of arsenite in LCL GM18564 

(Figure 2.1), an arsenite exposure level of 6 µM was selected for subsequent studies.  

This concentration resulted in an average cell survival of 38% (S.D. = 9.7%), an 

intermediate level of cytotoxicity allowing an investigation of the underlying pathways.  

This cytotoxicity evolved gradually, with average survival of 81% at 24 hours, 65% at 48 

hours, and 55% at 72 hours. 
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Figure 2.1.  Cytotoxicity analysis of LCL 18564 exposed to increasing concentrations of 
sodium arsenite for 96 hours.  Cells were stained with AV/PI and analyzed by flow 
cytometry.  The data were normalized to the percent of live cells versus control for each 
concentration of arsenite. Data represents the mean + S.D. from three separate 
experiments.   

 

When LCL 18564 cells were exposed to 6 µM arsenite for 96 hours the predominant 

population of AV-positive cells also stained positively for PI, suggesting that apoptosis is 

not induced by arsenite under these conditions (Figure 2.2A).  To ensure that execution of 

apoptosis did not occur at earlier time points, similar cytotoxicity experiments using 

arsenite exposure durations of 6, 12, 24, 48 and 72 hours (Figure 2.3) were performed. As 
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with the 96-hour exposure, these time points failed to demonstrate the emergence of a 

high AV, low PI population, supporting the conclusion that 6 µM arsenite does not 

induce apoptosis in this LCL. In order to verify that LCL18564 is indeed capable of 

apoptosis, the AV/PI assay was used to evaluate cells exposed to epoxomicin, a 

proteasome inhibitor reported to induce apoptosis (Calle et al., 1999; Concannon et al., 

2007).  The presence of a large population of apoptotic cells (Figure 2.2B) was in 

contrast to the arsenite-exposed cells shown in Figure 2.2A, indicating that LCL18564 

has an intact apoptotic pathway that is not activated by cytotoxic concentrations of 

arsenite.  
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Figure 2.2.  Representative (three independent experiments) AV/PI dot plots of arsenite 
and epoxomicin exposed LCL 18564.   A) Cells were cultured with or without 6 µM 
sodium arsenite for 96 hours; B) Cells were cultured with or without 1 µM epoxomicin 
for 6 hours. Cells were stained with AV/PI and analyzed by flow cytometry. The 
percentage of cells located in each quadrant is indicated in the dot plots. 
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Figure 2.3.  Representative AV/PI dot plots from the time course analysis of arsenite-
induced cytotoxicity in LCL 18564.  Cells were cultured with 6 µM sodium arsenite and 
samples were collected at 0, 6, 12, 24, 48, and 72 hours.  Cells were stained with AV/PI 
and analyzed by flow cytometry. The percentage of cells located in each quadrant is 
indicated in the dot plots.      

 

To corroborate the data suggesting that apoptosis is not activated by arsenite exposure, 

the effect of an apoptosis inhibitor was tested.  LCL18564 cells were exposed to arsenite 

or epoxomicin under similar conditions as in the previous experiments, however with or 

without pretreatment with 10 µM QVD, a pan-caspase inhibitor (Figure 2.4). In the face 

of ongoing apoptosis, QVD pre-treatment will have the effect of increasing the number of 
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cells in the live quadrant (low AV, low PI) and reducing the cell number in the remaining 

quadrants.  As expected, QVD pre-treatment of epoxomicin-treated cells reduced the 

fraction of cells in the three non-live quadrants by 80%, from 100% of the cell total (set 

as the sum of cells in the three non-live quadrants in the epoxomicin only group) to 20% 

of the cell total (Figure 2.4).  This block in epoxomicin-induced cell death was 

statistically significant.  In contrast, no such significant redistribution of cell fluorescence 

after QVD pre-treatment was observed in arsenite-exposed cells (Figure 2.4), supporting 

the existence of non-apoptotic processes induced by arsenite.  The contrasting effects of 

QVD on arsenite-exposed and epoxomicin-exposed cells were also evaluated using a 

complementary marker of apoptosis, namely the cleavage of PARP from its native state 

of 116 kDa to a cleaved fragment of 89 kDa (Figure 2.5).  Consistent with previous 

experiments, arsenite exposure was not associated with PARP cleavage, while 

epoxomicin exposure resulted in PARP cleavage, in a QVD-reversible manner. 
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Figure 2.4.  The effect of QVD pretreatment on epoxomicin- and arsenite-induced 
cytotoxicity.  A) Summary graph of the effect of QVD pretreatment on the cytotoxicity of 
epoxomicin  (Epox, 1 µM for 6 hours) or arsenite (As, 6 µM for 96 hours) exposed LCL 
18564.  The graph represents the mean percent cell death  + S.D. from three independent 
experiments.  * unpaired t-test P = &,&&(.  B) Representative flow cytometry AV/PI dot 
plots for the four exposure groups. The percentage of cells in each quadrant is indicated 
in the dot plots. 
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Figure 2.5.  Western blot analysis of PARP cleavage in epoxomicin- and arsenite-
exposed LCL 18564.  Lanes: 1) epoxomicin vehicle control (DMSO); 2) epoxomicin 
exposed cells (1 µM, 6 hours); 3) pretreatment with QVD (50 µM, 1 hour), then treated 
with epoxomicin  (1 µM, 6 hours); 4) arsenite vehicle control (media); 5) arsenite 
exposed cells (6 µM, 96 hours). Full length PARP is the 116 kDa band and cleaved 
PARP is the 89 kDa band, !-actin served as loading control for this experiment. 

 

2.3.4. Evaluation of autophagy in LCL cytotoxicity from arsenite   

Based on the three independent markers used to evaluate apoptosis as a potential 

molecular mechanism of arsenite-induced cytotoxicity in the LCL model, the initial 

hypothesis was found to be incorrect. Since microscopic cellular morphology represents a 

key discriminate of different cell death pathways, transmission electron microscopy 

(TEM) was used to evaluate LCL18564 (Figure 2.6).  A key difference between 

microscopic morphology in arsenite-exposed and control cells was the existence of 

increased numbers of membrane-bound vesicles in arsenite-exposed cells (black arrows, 

Figures 2.6B, 2.6C).  These vesicles appeared to contain cell structures that were at 
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various stages of degradation, characteristic of cells undergoing autophagy.  Co-

localizing vesicular structures, consistent with an autophagosomal cluster, were also 

evident (Figure 2.6B, 2.6C) (Calle et al., 1999).  Noteworthy is a mitochondrion in an 

apparently damaged condition with incomplete cristae (open arrow, Figure 2.6C), which 

appears to be partially surrounded by a double-membrane structure, suggestive of early 

engulfment during formation of nascent autophagosomes.  Arsenite exposure also 

increased the presence of cells containing late-stage autophagic vacuoles. (Figure 2.6D). 
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Figure 2.6.  Transmission electron micrographs of arsenite exposed LCL 18564. A) 
Control cells, 5600X magnification, B) LCL treated with 6 µM sodium arsenite for 96 
hours, 5600X magnification. Black arrows indicate examples of autophagosomes, C) 
25000X magnification image of boxed area from image B. Black arrows indicate 
examples of autophagosomes. Open arrow indicates a damaged mitochondrion partially 
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enveloped by a double-membrane structure, D) LCL treated with 6 µM sodium arsenite 
for 96 hours, 5600X magnification. 

 

Because the formation of autolysosomes, containing acidic hydrolases, increases the total 

volume of membrane-bound acidic compartments within cells undergoing autophagy, 

acidophilic fluorescent dyes that label these compartments are commonly used as 

markers of autophagy.  One such dye, Lysotracker Red (LRD), was used to monitor the 

acidic compartments in LCL18564 following arsenite exposure (Figure 2.7A).  Flow 

cytometry analysis of cells exposed to 6 µM arsenite for 96 hours demonstrated a four-

fold increase in fluorescence, indicating an expansion of the acidic compartments of the 

cells. Experiments aimed at inhibiting autophagy used BafA1, a specific inhibitor of 

vacuolar proton ATPase, a protein essential for maintenance of internal acidity in 

autolysosomes (Yoshimori et al., 1991).  The BafA1-induced de-acidification of 

lysosomes inhibits their fusion to autophagosomes, in turn inhibiting autophagy 

(Yamamoto et al., 1998).  Cells that had been exposed to 6 µM arsenite for 96 hours were 

exposed to BafA1 or vehicle control for 4 hours and then stained with LRD.  As 

expected, BafA1 exposure reduced LRD fluorescence, further confirming that the 

arsenic-induced, enhanced LRD fluorescence is due to an expansion of lysosomes.  

Efforts to determine the effect of BafA1 on arsenite-induced cytotoxicity were 

unsuccessful because 96-hour exposures to BafA1 at concentrations that inhibit 

autophagy are extremely cytotoxic to LCL (Figure 2.8).  To confirm that the LRD 

fluorescence measured by flow cytometry was distributed in a punctate pattern consistent 
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with autolysosomal vesicles, arsenite-exposed, LRD-stained LCL were examined by 

fluorescence microscopy (Figure 2.7B), and found the staining pattern to be consistent 

with the punctate distribution of autolysosomes. 

 

 

 

Figure 2.7. Change in LRD fluorescence after exposure to arsenite. A) Flow cytometry 
histograms of LRD-stained LCL 18564 after exposure to vehicle control (gray histogram) 
or 6 µM sodium arsenite (thick black histogram) for 96 hours, or arsenite for 96 hours 
followed by BafA1 for 4 hours (thin black histogram). B) Fluorescence micrograph of 
LRD-stained, arsenite-exposed cells. Image acquired with a 60X objective lens. 
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Figure 2.8.  AV/PI dot plots of BafA1 cytotoxicity in LCL 18564.  18564 cells were 
cultured with or without 30 nM BafA1 for 96 hours. Cells were stained with AV/PI and 
analyzed by flow cytometry. The percentage of cells in each quadrant is indicated in the 
dot plots.   

 

To corroborate data suggesting that arsenite induces autophagy in LCL, levels of LC3 

were measured using western immunoblot analysis (Figure 2.9).  LC3 is cleaved by the 

gene Atg4 to form LC3-I, which is distributed throughout the cytoplasm.  During 

autophagy, LC3-I is cleaved and conjugated to phosphatidylethanolamine, producing 

LC3-II, a lipophilic protein that localizes to the membranes of autophagosomes and 

autolysosomes.  For this reason LC3-II is a specific marker for the quantity of 

autophagosomes and autolysosomes (Rubinsztein et al., 2009).  Figure 2.9 shows that 

LCL exposed to arsenite (alone) have a higher level of LC3-II protein than do control 

cells, consistent with an expansion of autophagosomes and autolysosomes.  LC3-II exists 

on both the luminal and the cytosolic surfaces of autophagosomes.  Luminal LC3-II is 

degraded in the autolysosome, while LC3-II on the cytosolic surface can be delipidated 
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and recycled.  Because of this, analysis of LC3-II levels at a single point in time reflects 

the balance of synthesis of LC3-II and its degradation, complicating the interpretation of 

the differences in expression measured at a single time-point.  Insight into the flux of 

LC3-II can be gained by blocking its degradation using BafA1.  In addition to evaluating 

single time-point levels of LC3, time-dependent flux of LC3 using 4- and 8-hour 

exposures to BafA1 were evaluated.  Inhibition of autolysosomal degradation by BafA1 

resulted in a similar accumulation of LC3-II in control and arsenite exposed cells. This 

suggests that the increase in steady-state levels of LC3-II is not only due to an induction 

of autophagy, but also a block in the degradation of LC3-II in the lysosome, indicating 

that lysosome-mediated degradation may not be fully functional at this cytotoxic 

concentration of arsenite.
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Figure 2.9.  Western blot analysis of LC3 expression in LCL 18564 in the absence (lanes 
1, 2, 3) or presence (lanes 4, 5, 6) of 6 µM sodium arsenite for 96 hours, ending with 100 
nM BafA1 exposure for 0 (lanes 1, 4), 4 (lanes 2, 5) or 8 hours (lanes 3, 6). 

 

2.4. DISCUSSION 

The data presented here strongly suggest that in human B-lymphoblastoid cells 

autophagy is a key component in the cytotoxicity resulting from arsenite exposure.  

Microscopic cellular morphology revealed an increase in both early and late-stage 

autophagic structures in arsenite-exposed LCL.  Flow cytometry and fluorescence 

microscopy using an acidophilic dye documented a significant expansion of acidic 

vesicular structures following arsenite exposure.  Concurrent with these changes, 

arsenite-exposed LCL had increased levels of LC3-II, a specific marker for autophagic 

vesicles. This arsenite-induced accumulation of autophagosomes and autolysosomes in 
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LCL 18564 appears to be a general phenomenon, as evidenced by the observed presence 

of autophagic structures by TEM and increased LRD fluorescence by flow cytometry in 

three other human LCL exposed to arsenite at concentrations ranging from 0.75 µM to 6 

µM (data not shown). 

In contrast to reports describing trivalent arsenic cytotoxicity in many other cell types, 

arsenite cytotoxicity in LCL does not proceed through apoptosis as measured by cellular 

morphology, phosphatidylserine externalization, PARP cleavage, or by functional 

blockage of apoptosis by caspase inhibition.  Importantly, LCL 18564 cells were capable 

of executing apoptosis under different perturbation (epoxomicin).  

Yet a third possible pathway of cell death that should be considered is necrotic cell death.  

While experiments specifically targeting an evaluation of necrosis were not conducted, 

the lack of cytoplasmic swelling in electron microscopy analysis, and the maintenance of 

lysosomal integrity seen in fluorescence microscopy using LRD argue against necrosis as 

the primary cytotoxic pathway. 

While relatively few reports describe the induction of autophagy by trivalent arsenic, this 

effect of arsenic seems plausible. Using selected, model proteins and three chemical 

forms of arsenic, Ramadan et al. (2009) demonstrated that arsenic compounds are capable 

of inhibiting oxidative protein folding, a process that occurs in the physiologic maturation 

of proteins within the ER (Ramadan et al., 2009).  Using a combined proteomic and 

genomic approach, Zhang et al. (2009) concluded that arsenic trioxide exposure in K562 

(myeloid leukemia) cells promoted development of the UPR, a stress response triggered 
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by detection of failed oxidative protein folding in the ER (Zhang et al., 2009).  Coupled 

with the suggestion from these studies that arsenic can induce the UPR, are studies that 

establish the UPR as a process that can lead to the induction of autophagy (Rouschop and 

Wouters, 2009; Szegezdi et al., 2009).  Taken together, the possibility that arsenic 

induces autophagy is mechanistically reasonable.  In fact, some evidence currently exists 

to support this effect of trivalent arsenic in cell culture models of urothelium, 

glioblastoma and mononuclear leukocytes (Qian et al., 2007; Aoki et al., 2008; Huang et 

al., 2009). 

More challenging, however, is understanding the functional context and consequences of 

arsenic-associated autophagy.  Unlike the singular death-focused context of apoptosis, 

autophagy can occur within different contexts that include constitutive function, 

inducible function, cell survival, cell death, oncogenesis and anti-oncogenesis.  In the 

case of a low-level UPR, the induction of autophagy appears to be a compensation 

mechanism that can accelerate protein disposal and return the cell to homeostasis.  

However, there are also examples in which experimental up-regulation of autophagy 

appears to result in cell death that can be blocked by the silencing of autophagy pathway 

members (Pattingre et al., 2005).  Nevertheless, a clear consensus supporting autophagy 

as a cell death pathway has not emerged, and even the idea of considering autophagy as a 

cell death pathway is currently debated in the literature (Kroemer and Levine, 2008). 

While there was a clear arsenite-induced expansion of autophagosomes and 

autolysosomes in LCL, it was not possible to determine whether autophagy in this 
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scenario was compensatory or a primary cell death mechanism.  This was complicated by 

the inability to inhibit autophagy over the entire course of the arsenite exposures due to 

the cytotoxicity of BafA1 exposures lasting longer than 8 hours. This cytotoxicity 

appears to be common to compounds that de-acidify lysosomes, as a similar level of 

cytotoxicity in LCL exposed to chloroquine at 50 µM for 96 hours was observed (data 

not shown).  One possible explanation for the cytotoxicity of autophagy inhibitors is that 

LCL have a constitutive level of autophagy that is required for survival (Lee and Sugden, 

2008).  Studies evaluating LC3-II expression after arsenite exposure support this idea.  

Inhibition of autophagy-mediated degradation of LC3-II by BafA1 in control LCL 

resulted in a substantial increase in LC3-II, suggesting that autophagy is constitutively 

active in LCL.  If this constitutive autophagy is required for LCL survival, then extended 

exposure to autophagy inhibitors would be expected to be cytotoxic, an effect that was 

observed in LCL.  Interesting in this context is the data suggesting that arsenite may also 

be inhibiting autophagic degradation. Arsenite treatment (no BafA1) elevated LC3-II 

levels, however the rate of LC3-II accumulation when BafA1 blocked degradation was 

similar regardless of arsenite exposure. This suggests that while arsenite exposure may be 

expanding the number of autolysosomes, protein degradation within them is inhibited. 

This can be concluded because the higher levels of LC3-II observed in arsenite-only 

exposed cells would have resulted in higher LC3-II levels when degradation was blocked 

by BafA1 if degradation rates were identical in control and arsenite-exposed cells.  Since 

LC3-I is not degraded by autophagy, there was no expectation that BafA1 treatment 

would modulate LC3-I levels and this was confirmed in the western blot.  Arsenite 
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exposure moderately elevated LC3-I levels, possibly reflecting increased LC3 gene 

expression associated with autophagy, or alternatively increased delipidation and 

recycling of LC3-II from the outer autolysosomal membrane resulting from arsenite-

induced inhibition of the normal progression of autophagic degradation and removal of 

the autolysosomes. Thus, it is possible that arsenite cytotoxicity in LCL may be due to 

the inhibition of autophagic degradation, although further experimentation is needed to 

establish this. 

There is an intriguing overlap in the disease spectra associated with defects in autophagy 

and with diseases associated with arsenic exposure, including neurodegeneration, 

atherosclerosis, skin pigmentation changes, diabetes, and cancer (Martinet and De Meyer, 

2008; Apel et al., 2009; Hartley et al., 2009; Lee, 2009; Marks, 2009; Rahman et al., 

2009; States et al., 2009).  Autophagy plays a prominent role in the human immune 

system, including the processing of internalized microbes and loading of MHC-II.  

Establishing that arsenite perturbs autophagy in LCL offers an additional mechanism by 

which arsenic exposure could result in immunosuppression.  The observation that arsenite 

exposure results in the induction of a relatively novel cell damage-related pathway opens 

new possibilities in the area of arsenic toxicology, not the least of which is a new set of 

potential biological targets that may explain at least part of the arsenic story.  

 

 

 



!

!

%%!

Conclusions 

1. Autophagy is the predominant process associated with arsenite-induced 

cytotoxicity in LCL 18564. 

2. Cytotoxic concentrations of arsenite fail to execute apoptosis. 

3. LCL 18564 is capable of executing canonical apoptosis.  

4. Arsenite-induced toxicity decreases lysosome-mediated degradation of LC3-

II, suggesting that the autophagy process is not functioning efficiently. 
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CHAPTER 3 

AUTOPHAGY, CHARACERIZED BY LYSOSOMAL EXPANSION AND 

COORDINATED INDUCTION OF LYSOSOMAL GENES IS EVIDENT AT AN 

ENVIRONMENTALLY RELEVANT CONCENTRATION OF ARSENITE AND IS 

ASSOCIATED WITH INHIBITION OF CELL PROLIFERATION IN HUMAN 

LYMPHOBLASTOID CELL LINES. 

 

This chapter has been adapted from the following publication: 

Bolt AM, Douglas RM, Klimecki WT. Arsenite exposure in human lymphoblastoid cell 

lines induces autophagy and coordinated induction of lysosomal genes. Toxicology 

Letters. 2010; 199:153-159. Epub 2010 September 9. 

 
3.1. INTRODUCTION 

In LCL, arsenite-induced cytotoxicity is closely associated with the induction of 

autophagy, a process by which specific proteins, organelles and bulk cytoplasm are 

delivered to lysosomes for degradation (Chapter 2).  In this experimental model of 

immune cell targeting by arsenic, cytotoxic concentrations of arsenic induced cell death 

that was not associated with apoptosis, but was characterized by hallmarks of autophagy 

that included increased protein levels of LC3-II, as well as an increased number of 

autophagic vesicles and lysosomes measured by electron microscopy and flow cytometry.  

Because this study was aimed at understanding the cellular mechanisms associated with 

arsenic-induced cell death in immune cells, a relatively high concentration (6 µM) and 

short exposure duration (96 hours) was used.  In light of the importance of autophagy as a 

basic cellular process, as well as its specific importance to antigen-presenting cells in the 

immune system (also modeled by LCL) the objective of this chapter was to determine 
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if a lower, more environmentally relevant concentration of inorganic arsenic used 

for a longer exposure duration was also associated with autophagy in LCL.  

 

3.2. METHODS 

Reagents: Sodium arsenite (dissolved in MilliQ H20) was purchased from Sigma 

Aldrich (St. Louis, MO).   

Cell Culture and Exposure Conditions: LCL: GM18502, GM18504, GM18505, 

GM18507, GM18508, GM18526, GM18532, GM18547, GM18550, GM18558, 

GM18561, GM18562, GM18563, GM18564, GM18570, GM18572, GM18577, 

GM18593, GM18603, GM18637, GM18853, GM18856, GM18858, GM18870, 

GM18912, GM19171, GM19203, GM19207, GM19209 and GM19210 were purchased 

from Coriell Cell Repository (Camden, NJ).  Cultures were maintained in RPMI media 

supplemented with L-glutamine, 15% FBS and 1% ABAM (Invitrogen, Carlsbad, CA).  

Cells were grown in culture flasks and cultures were maintained between the cell 

concentrations of 350,000-2,000,000 cells/ml at 5 % CO2 and 37 °C.  Cell cultures were 

seeded to 350,000-500,000 cells/ml in supplemented media and dosed with sodium 

arsenite at the indicated concentration and exposure duration.  Cells were harvested by 

centrifugation and subsequently processed and analyzed by particular methods mentioned 

below.  

Monitoring Changes in Cell Proliferation over a 2-week Arsenite Exposure:   Cell 

proliferation in 30 LCL was monitored throughout a two-week exposure to 0.75 µM 
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sodium arsenite. For each growth period (average 5 days), a total cell count for each cell 

line with and without exposure to sodium arsenite was determined by the number of 

viable cells (trypan blue negative) per milliliter, multiplied by the total volume of each 

culture. Cell population doubling time was determined with the following equation:  Dt = 

((total days of growth (D)) x Log2 / Log (# of cells Time D / # of cells Time 0)) x 24.  The 

population doubling times for each cell line with and without arsenite exposure over the 

two-week exposure were averaged separately. A change in doubling time was determined 

by calculating the following ratio (average doubling time for the arsenite-exposed 

sample/ average doubling time for the control sample) for each cell line. The 30 cell lines 

were ranked based on the degree to which arsenite altered cell proliferation as an 

indicator of cell line sensitivity to arsenite-induced toxicity.  

Cell Proliferation and Viability Calculations:   A subset of 7 LCL were chosen from 

the original screen of 30 LCL and evaluated over an 8-day time course. Cell proliferation 

and viability were monitored by counting the number of viable cells using trypan blue 

exclusion on the Vi-Cell Series Cell Viability Analyzer (Beckman Coulter Inc., Brea, 

CA).  Briefly, each of the 7 LCL was cultured for 8-days with or without exposure to 

0.75 µM sodium arsenite.  Total number of viable cells per sample was determined by the 

number of viable cells (trypan blue negative) per milliliter multiplied by the total volume 

of cells in each culture.  Percent viability for each sample was calculated by the number 

of trypan blue negative cells divided by the total number of cells (trypan blue positive 

and negative cells), number was represented as a percent.  Cell population doubling time 

was determined with the following equation:  Dt = ((total days of growth (D)) x Log2 / 
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Log (# of cells Time D / # of cells Time 0)) x 24.  Mean doubling time and standard error 

of the mean (S.E.M.) for each sample was calculated from three independent 

experiments.  Mean doubling time ratio was calculated for each cell line based on the 

mean doubling time for the 8-day arsenite exposed sample divided by the mean doubling 

time for the control sample to determine the degree to which arsenic altered cell 

proliferation.  Statistical analysis: T-test (unpaired) comparisons were performed to 

compare the mean doubling time and percent trypan blue negative cells values between 

control and 8-day arsenite exposed samples separately for each cell line at a significance 

threshold of P < 0.05 using Microsoft Excel, MAC 2008 (Redmond, WA).   

Cell Cycle Analysis:  Cells were harvested with or without exposure to 0.75 µM sodium 

arsenite for 8 days. Cells were washed once in 1x PBS, fixed in 70% ethanol and stored 

at -20 °C until ready to analyze.  On the day of analysis, fixed samples were centrifuged 

at 2000 rpm for 15 minutes, resuspended in cold 1x PBS and a 1/20 dilution of 10mg/ml 

RNAse A and 1/40 dilution of 1.6 mg/ml propidium iodine (PI) were added to each 

sample. Samples were incubated at 37 °C for 30 minutes. Samples were analyzed by flow 

cytometry on the FACScan flow cytometer (BD Biosciences, Sparks, MD). PI 

fluorescence was collected through the 585/42 nm detector and data were analyzed using 

ModFit LT 3.2 Software (Verity Software House, Topsham ME).  The percentage of cells 

in the G1, G2/M and S phases of the cell cycle were calculated based on PI fluorescence 

values and compared between the control and arsenite exposed samples for each cell line. 
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Lysotracker Red Staining: Cells (1 x 106) were harvested on day 8 under control or 

0.75 µM sodium arsenite exposure conditions. Cells were centrifuged, resuspended in 20 

nM LRD (Invitrogen, Carlsbad, CA), and incubated at 37 °C for 30 minutes.  Cells were 

washed once in 1x PBS and resuspended in 500 µl 1x PBS to a final cell concentration of 

2 x 106 cells/ml.  Samples were analyzed by flow cytometry on a LSR II Flow Cytometer 

(BD Biosciences, Sparks, MD).  Fluorescence of LRD was collected through the 610/20 

nm bandpass filter.  Data were analyzed using FacsDiva (BD Biosciences, Sparks, MD) 

software.  Mean relative fluorescence units (RFU) and S.E.M. for LRD fluorescence were 

calculated for each sample from three independent experiments.  LRD ratios were 

calculated by dividing the mean RFU for the 8-day arsenite exposed sample by the mean 

RFU for the control sample for each cell line.  Statistical Analysis: T-test (unpaired) 

comparisons were performed to compare the mean RFU of LRD between control and 8-

day arsenite exposed samples for each cell line separately at a significance threshold of P 

< 0.05 using Microsoft Excel, MAC 2008 (Redmond, WA).  To determine if arsenite-

induced inhibition of cell proliferation was correlated with either cytotoxicity or LRD 

fluorescence, Spearman’s correlation analyses were performed, comparing doubling time 

ratios to either cytotoxicity (percentage of trypan blue positive cells) or LRD ratios at a 

significance cutoff of P < 0.05 using PASW Statistics version 18.0 (SPSS/IBM, Chicago, 

Illinois, USA). 

RNA Isolation: Cells (5 x 106) were harvested by centrifugation after exposure to 

0.75 µM sodium arsenite for 0, 1, 2, 4, 6, or 8 days.  RNA was isolated from each sample 

using the RNeasy Mini Kit (Qiagen, Valencia, CA).  On-column DNase digestion was 
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performed using the RNase-Free DNase Set (Qiagen, Valencia, CA).  RNA was 

quantified with the Nanodrop 1000 spectrometer at an absorbance of 260 nm (Nanodrop 

Products, Wilmington, DE). 

Microarray Gene Expression Analysis: RNA quality was evaluated using 

A260/A280 ratio (> 2.0) and RNA 6000 Nano Chips in the Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA).  Gene expression profiles were generated using 

the Affymetrix GeneChip Human Gene 1.0 ST oligonucleotide arrays according to 

manufacturer’s protocol (Affymetrix, Santa Clara, CA), which simultaneously measures 

expression of 28,869 genes across the entire genome.  Affymetrix CEL files were 

imported into GeneSpring GX v.11.0 (Agilent Technologies, Santa Clara, CA) analysis 

software.  Data were normalized using robust multichip analysis (RMA).   

Statistical Analysis: To specifically identify gene expression changes regulated by 

arsenite exposure that occurred in genes whose products are localized to the lysosome the 

Gene Ontology (GO) category, lysosome (GO:0005764) from AmiGO gene ontology 

(Ashburner et al., 2000), was used.  The GO lysosome gene list was imported into 

GeneSpring GX and 224 (lysosomal genes) of the total 940 annotated gene products from 

this category were present on the Affymetrix array platform.   

This filtered 224 gene list was used as the input for statistical testing of gene expression 

differences between days of arsenite exposure.  Gene expression differences between 

days of arsenite exposure (0, 1, 2, 4, 6, 8) were evaluated using a one-way ANOVA 

analysis with a false discovery rate (FDR) threshold of 0.05 as implemented in 
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GeneSpring GX v. 11.0.  Tukey’s post-hoc test was used to evaluate pair-wise 

comparisons of treatment days for genes with significant expression differences.  

To compare the proportion of up- and down-regulated lysosomal genes to the proportion 

of up- and down-regulated genes in the unfiltered (by functional ontology) genome, a 

similar one-way ANOVA (FDR < 0.05) analysis was performed to detect differences in 

expression between days of arsenite exposure on all genes with expression levels greater 

than the 20th percentile. 

Transcription factor EB (TFEB) (alone) gene expression was analyzed for differences 

between days of arsenite treatment using a one-way ANOVA analysis with Tukey’s post 

hoc test, at a significance threshold of P < 0.05. 

Real-Time PCR Validation of Microarray Data: To validate microarray gene 

expression data mRNA expression was measured by real-time polymerase chain reaction 

(RT-PCR) for the lysosomal genes, TFEB, lysosomal-associated membrane protein 2 

(LAMP2) and lysosomal-associated membrane protein 3 (LAMP3).  TaqMan primer-

probe sets for TFEB, LAMP2, LAMP3, and the constitutively expressed gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were obtained from Applied 

Biosystems Inc. (Foster City, CA).  RT-PCR was performed using TaqMan One-Step 

RT-PCR Master Mix and the Applied Biosystems 7900 RT-PCR System (Applied 

Biosystems Inc., Foster City, CA) following manufacture’s protocol. mRNA expression 

levels were analyzed from control and day 8 arsenite-exposed RNA samples (same 

samples used for the microarrays) from each of the 7 cell lines.  Each reaction was 
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performed in quadruplicate.  TFEB, LAMP2, and LAMP3 values were normalized to the 

GAPDH value for each sample.  Mean fold change in gene expression was calculated for 

each gene by comparing the expression from the arsenite sample versus the control 

sample (fold change 1.0) for each cell line using the ""CT method.  

Cathepsin D Activity Assay:  Cathepsin D activity levels were measured using the 

Cathepsin D Activity Assay Kit (Bio Vision, Mountain View, CA) following 

manufacture’s protocol.  Briefly, cells (1 x 106) were harvested from control and 8-day 

arsenite (0.75 µM) exposed samples and lysed with 200 µl lysis buffer. 25 µl of cell 

lysate from each sample was added to a 384 well plate along with reaction buffer and 

substrate and incubated at 37 °C for 2 hours.  Fluorescence was measured using a 

SpectraMax microplate spectrofluorometer and SoftMax Pro software (Molecular 

Devices, Sunnyvale, CA) at an excitation/emission of ex: 320 nm/ em: 460 nm.  Each 

sample was analyzed in triplicate and the mean RFU and S.E.M. were calculated for each 

sample.  Statistical Analysis: To determine if differences in cathepsin D activity levels 

between control and arsenite-exposed cells were statistically significant, T-test (unpaired) 

comparisons between control and 8-day arsenite-exposed LCL were performed separately 

for each cell line at a significance threshold of P < 0.05 using PASW Statistics version 

18.0 (SPSS/IBM, Chicago, Illinois, USA).    

Measurement of Cellular Reactive Oxygen Species Levels:   To quantify the level 

of ROS generated after arsenite exposure, cells were stained with the fluorescent dye 

2’,7’-dichlorodihydro-fluorescein diacetate (DCF) (Invitrogen, Carlsbad, CA). LCL were 
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exposed with or without 0.75 µM sodium arsenite for 96 hours.  At the end of the 

exposure period, cells (1 x 106) were harvested from each sample, centrifuged, 

resuspended in 10 µM DCF (diluted in 1x PBS) and incubated at 37 °C for 30 minutes.  

Cells were washed once in 1x PBS and resuspended in 500 µl 1x PBS to a final cell 

concentration of 2 x 106 cells/ml.  Samples were analyzed by flow cytometry on a LSR II 

Flow Cytometer (BD Biosciences, Sparks, MD). DCF fluorescence was collected through 

the 525/50 nm bandpass filter.  Data were analyzed using FacsDiva (BD Biosciences, 

Sparks, MD) software. RFU and S.E.M. of DCF fluorescence were calculated for each 

sample based on the data histogram plot. Statistical analysis was not performed on these 

data because the data were generated from only one flow experiment. 

Measurement of Cellular Glutathione Levels: To quantify the level of total 

(reduced + oxidized) intracellular glutathione after arsenite exposure, cell lysates were 

analyzed using a colorimetric based kit, Glutathione Assay Kit (Sigma Aldrich, St. Louis, 

MO) following the manufactures protocol. Briefly, cells were harvested by 

centrifugation, washed in 1x PBS, and resuspended in 1x PBS to a cell density of 1 x 108 

cells/ml.  Samples were deproteinized with a 5% 5-Sulfosalicylic acid solution, 

centrifuged to remove precipitated proteins, and assayed for glutathione.  The 

concentration of total glutathione per sample was determined by measuring the reduction 

of 5,5’-dithiobis(2-nitrobenzoic acid) into 5-thio-2-nitrobenzoic acid, a yellow product 

that can be quantified spectrophotometrically at an absorbance of 414 nm. Data were 

collected at 1-minute intervals for a total of 5 minutes using the Multiskan MS plate 

reader (MTX Lab Systems, Vienna, VA). Total nmoles of intracellular glutathione in 
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each unknown sample was calculated using the following equation: 

(("A414/min(sample)x dil)/("A414/min(1 nmole) x vol), where ("A414/min(sample) = the 

slope of the line calculated from the data points from the time course for the sample (after 

subtracting background), ("A414/min(1 nmole) = slope of the line calculated from the 

standard curve for 1 nmole of total glutathione,  dil = dilution factor of original sample, 

and vol= volume of sample in the reaction in milliliters. Total nmols of glutathione was 

normalized to milligrams (mg) of total protein per sample.  Mean nmols of total 

glutathione/mg total protein and S.E.M. were calculated for each sample based on data 

from three independent replicates. Statistical Analysis: To determine if differences in 

total cellular glutathione levels between control and arsenite-exposed cells were 

statistically significant, T-test (unpaired) comparisons between control and 8-day 

arsenite-exposed LCL were performed separately for each cell line at a significance 

threshold of P < 0.05 using Microsoft Excel, MAC 2008 (Redmond, WA).   

 

3.3. RESULTS 

3.3.1. The effect of arsenite exposure on LCL proliferation 

Thirty LCL cultures were analyzed to determine the effect of sodium arsenite on cell 

proliferation. Based on preliminary experiments, an arsenite exposure level of 0.75 µM 

(about 56 ppb) was chosen. This exposure level produced minimal LCL cell death, is an 

arsenic concentration that is commonly encountered in drinking water, and is within the 

arsenic concentration range measured in human blood from arsenic-exposed individuals 
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(Hall et al., 2006).  Each LCL was grown under either control conditions or exposure to 

0.75 µM arsenite for two weeks. When comparing the change in doubling time after 

arsenite exposure a ratio of the average doubling time of an LCL after arsenite exposure 

(+As) was divided by the average doubling time of the same LCL in the unexposed, 

control sample (-As).  After the two-week exposure, all 30 LCL had an increase in 

population doubling time, or stated another way, arsenite slowed cell proliferation, 

although there was interindividual variation in the degree to which arsenite affected cell 

growth (Figure 3.1). Some LCL were resistant to arsenite-induced inhibition of cell 

proliferation, which resulted in a small change in doubling time over the course of the 

two-week exposure. For example, LCL GM18504 had a small increase in doubling time 

over the two-week exposure duration, from 49 hours (control) to 54 hours (arsenite-

exposed), which resulted in a +As/-As ratio of 1.1. Conversely, LCL GM18853 had a 

large increase in doubling time from 51 hours to 140 hours over the course of the two-

week exposure, which resulted in a large +As/-As ratio (2.8). After determining the +As/-

As ratio for each LCL, the 30 LCL were ranked (from largest to smallest +As/-As ratio) 

based on sensitivity to arsenite-induced inhibition of cell proliferation. 
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Figure 3.1.  Evaluation of cell population doubling time after a two-week arsenite 
exposure (0.75 µM) in 30 LCL. LCL were cultured under control or arsenite-exposed 
conditions for two weeks. Average cell population doubling time was determined for 
each cell line with or without arsenite. The ratio of the average doubling time of an LCL 
after arsenite exposure (+As) divided by the average doubling time for the same LCL 
under control conditions (-As) was calculated to rank the LCL based on sensitivity to 
arsenite-induced inhibition of cell proliferation.  
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3.3.2. Interindividual variation in arsenite-induced inhibition of cell proliferation and 

cytotoxicity 

Based on the initial characterization of 30 LCL, a subset of cell lines was selected to 

investigate further. Seven LCL, GM18504, GM18564, GM18532, GM19209, GM18561, 

GM18853 and GM18550, represented the most sensitive and the most resistant LCL from 

the original screen. The arsenite exposure duration was also shortened from two-weeks to 

8-days, which was the shortest time frame that still allowed for the detection of 

interindividual variation in arsenite-induced inhibition between the different LCL. The 

control LCL cultures derived from the seven different human donors exhibited population 

doubling times ranging from 49.4 hours to 64.1 hours (Table 3.1). Exposure to 0.75 µM 

arsenite for 8-days slowed cell proliferation in all seven lines, and there was individual 

variability in the severity of this effect, which was consistent with the results from the 

original screen.  The most sensitive LCL, 18853, sustained an increased doubling time of 

2.3-fold compared to control, from 57 hours to 134 hours, while the most resistant LCL, 

18564 sustained a doubling time increase of only 1.1 fold, from 49 hours to 56 hours. The 

reduction in population doubling rate was not accompanied by substantial increases in 

cell death as determined by trypan blue exclusion (Figure 3.2).  While arsenite exposure 

resulted in decreased LCL viability (increased percent of trypan blue positive cells) that 

was statistically significant in four of the seven LCL, the magnitude of arsenite-induced 

cell death was not large.  Transforming the raw trypan blue-negative LCL percentages 

shown in Figure 3.2 into viability in arsenite-exposed cultures as a percent of control 

cultures, arsenite exposure resulted in percent of control viability that ranged from 91% 
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to 99%.  The degree of arsenite-induced cytotoxicity among the seven LCL was 

positively correlated to the degree of proliferative inhibition (Spearman’s r = 0.873, P = 

0.01). 

 
 
Table 3.1. LCL population doubling time over 8-days under control conditions or 
exposed to arsenite (0.75 µM).  Values shown are mean (S.E.M.) doubling time in hours. !

Cell Line 
Control (-As) 
Doubling Time 

 Arsenite (+As) 
Doubling Time 

+As/-As Doubling 
Time Ratio 

564 49.4 (0.5) 55.7 (0.2)** 1.1 
      
853 57.1 (0.9) 133.5 (14.3)* 2.3 
      
550 62.6 (1.0) 137.1 (13.3)* 2.2 
      
209 64.1 (1.6) 100.0 (4.6)* 1.6 
      
504 60.2 (0.8) 76.3 (2.7)* 1.3 
      
561 53.6 (1.0) 86.3 (1.8)** 1.6 
      
532 50.1 (0.1) 67.5 (0.9)** 1.3 

     * represents P < 0.05, ** represents P < 0.001 
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Figure 3.2. Changes in cell viability after an 8-day arsenite exposure. 7 LCL were 
exposed to 0.75 µM arsenite for 8 days and cell viability was calculated by cell counts 
based on trypan blue exclusion.  The percentage of trypan blue negative cells (viable) 
was calculated in each cell line under control or 8-day arsenite exposed conditions.  The 
graph represents the mean percentage of trypan blue negative cells and error bars 
represent S.E.M. from three independent experiments.  * represents P < 0.05 
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3.3.3. Arsenite-induced inhibition of cell proliferation does not alter cell cycle 

distribution 

Since arsenite inhibited cell proliferation in the LCL model, it was important to determine 

if arsenite induced cell cycle arrest at a particular phase of the cell cycle. A flow 

cytometry based cell cycle analysis using propidium iodide was performed. Three LCL 

were selected (2 sensitive and 1 resistant), cultured under either control or exposure to 

arsenite (0.75 µM) for 8-days and the percentages of cells in each phase of the cell cycle 

(G1, G2/M, and S) were determined. The proportion of cells present in each phase of the 

cell cycle remained constant despite noted changes in the rate of cell proliferation. 

Notably, both LCL 18853 and 18550 had greater than a 2-fold increase in population 

doubling time over the 8-day exposure duration, but no corresponding shift in the cell 

cycle distribution was observed (Table 3.2). This suggests that arsenite is not specifically 

targeting cells at a particular phase in the cell cycle, but blocks cells from progressing 

through the cell cycle irrespective of the current phase of the cell cycle. 
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Table 3.2. Cell cycle analysis after arsenite exposure. The percentages of cells in each phase of the cell cycle (G1, G2/M, and 
S) for three LCL under either control conditions (-As) or exposed to 0.75 µM sodium arsenite (+As) for 8-days. 

Cell Line % G1 % G2/M % S G2/G1 Ratio 

853 (-As) 82.3 4.6 13.2 2.0 

853 (+As) 83.6 6.0 10.4 2.0 

564 (-As) 77.3 7.2 15.6 2.0 

564 (+As) 70.8 10.0 19.2 2.0 

550 (-As) 79.0 6.2 14.8 2.0 

550 (+As) 67.4 15.3 17.3 2.0 
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3.3.4. Arsenite exposure results in the expansion of acidic vesicles consistent with 

autophagy 

Increased fluorescence of the acidic vesicle-accumulating dye LRD in arsenite-exposed 

LCL is concurrent with cardinal markers of autophagy (Chapter 2).  The seven LCL were 

assayed using LRD following culture for 8-days under control conditions or exposure to 

arsenite (0.75 µM).  In each LCL (Table 3.3), arsenite exposure resulted in an increased 

level of LRD fluorescence, ranging from a 1.3-fold increase to a 2.2-fold increase.  

Similar to its effect on cytotoxicity, the extent to which arsenite induced the expansion of 

the vesicular acidic compartments varied among the LCL.  Interestingly, there was also a 

positive correlation between fold-increase in LRD fluorescence and the proliferative 

inhibition induced by arsenic (Spearman’s r = 0.80, P = 0.03). 

 

Table 3.3.  Lysotracker red dye fluorescence following 8-days under control conditions 
or exposed to arsenite (0.75 µM).  Values shown are mean (S.E.M.) fluorescence units.   

Cell Line 
Control (C) LRD 
Fluorescence 

+Arsenite (As) LRD 
Fluorescence As/C Ratio 

564 1429.0 (38.2) 1806.3 (1.8)* 1.3 
      
853 1150.0 (111.4) 2546.0 (108.2)* 2.2 
      
550 1436.3 (68.9) 2445.0 (211.6)* 1.7 
      
209 1596.0 (15.7) 2424.0 (38.6)** 1.5 
      
504 1666.7 (85.3) 2412.0 (69.6)* 1.4 
      
561 1334.7 (43.2) 2845.0 (78.3)** 2.1 
      
532 1225.7 (98.4) 2032.0 (97.9)* 1.7 

       * represents P < 0.05, ** represents P < 0.001 
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3.3.5. Arsenite exposure reduces intracellular ROS levels 

A mechanisms by which arsenite has been shown to induce cellular damage is through 

the generation of ROS (Eblin et al., 2006; Ruiz-Ramos et al., 2009).  In order to 

determine if an environmentally relevant, non-cytotoxic concentration of arsenite resulted 

in an increase in intracellular levels of ROS in LCL, cells were stained with the 

fluorescent dye 2’,7’-dichlorodihydro-fluorescein diacetate (DCF) and changes in DCF 

fluorescence were quantified by flow cytometry. ROS levels were measured after 

exposure to 0.75 µM sodium arsenite for 96 hours, which corresponded with the initiation 

of proliferative inhibition and expansion of acidic vesicles observed in the LCL model 

during the 8-day time course. After the 96-hour exposure, ROS levels decreased in three 

out of the four LCL investigated, ranging from 30% to 50% (Figure 3.3). This response 

was not true for LCL 18853, which had an increase in the level of ROS after arsenite 

exposure (Figure 3.3).  In addition to the measurement of intracellular ROS, intracellular 

levels of total glutathione (reduced + oxidized) were measured to evaluate the balance of 

redox homeostasis inside of the cell. After the 96-hour arsenite exposure, total 

intracellular glutathione concentrations were elevated in all four LCL (Figure 3.4). From 

this assay it was not possible to determine individual quantities of reduced versus 

oxidized glutathione, which do serve different roles in the cell, but a uniform response 

existed. In LCL, arsenite decreased intracellular ROS and increased intracellular 

glutathione, which could indicate that arsenite is activating the antioxidant response 

pathway increasing total cellular concentrations of glutathione and reducing ROS levels. 
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Figure 3.3. The effect of arsenite exposure on ROS generation. LCL (2 sensitive and 2 
resistant) were cultured with or without exposure to 0.75 µM sodium arsenite for 96 
hours. Cells were harvested and stained with DCF. DCF fluorescence was analyzed by 
flow cytometry. Graph represents the mean RFU of DCF. Error bars represent the S.E.M. 
based on the DCF fluorescence histogram plots. Statistical analysis was not performed 
because data were generated from one flow experiment. 
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Figure 3.4. The effect of arsenite exposure on total intracellular glutathione levels.  LCL 
(2 sensitive and 2 resistant) were cultured with or without exposure to 0.75 µM sodium 
arsenite for 96 hours. Cells were harvested and cell lysates were analyzed for total 
glutathione (reduced + oxidized) concentrations using a colometric based assay. 
Concentration of total glutathione was normalized to total milligrams of protein for each 
sample. Graph represents the mean concentration of total glutathione and error bars are 
the S.E.M. from three independent experiments. * represent P < 0.05 from student t-test  

 

 

3.3.6. Gene expression analysis 

The LRD data suggested that lysosomes, or their derivative autophagic structures, 

autolysosomes, were increased in size, number or both after 8 days of arsenite exposure 

in LCL.  In order for this expansion of lysosomes to be sustained over 8 days it seemed 

likely that the expression of genes with products localized to the lysosome (for 



!

!

"&"!

convenience, hereafter called “lysosomal genes”) would be up-regulated to support this 

process.  In order to test this hypothesis a genome-wide microarray analysis of gene 

expression was performed in each LCL and gene expression was measured at 0, 1, 2, 4, 6, 

and 8 days of arsenite (0.75 µM) exposure.  Using all genes from all species assigned to 

the “lysosome” gene ontology category (940 genes) the whole gene list was screened for 

the subset of those 940 genes present on the Affymetrix Human Gene 1.0 ST array, 

producing a list of 224 lysosomal genes for which gene expression was measured.  An 

analysis was performed to test whether the expression of these genes was altered by 

arsenic exposure using a one-way ANOVA analysis and Tukey’s post-hoc test, with a 

false discovery rate (FDR) threshold set at 0.05.  ANOVA analysis identified 40 

statistically significantly disregulated genes. Tukey’s post hoc testing of pairs of 

conditions revealed that 38 of the 40 genes were significantly differentially expressed 

between day 0 (control) LCL and one or more time-points during arsenite exposure 

(Table 3.4).  There was a strong bias toward arsenite causing induction of these genes 

compared to repression.  Comparing day 0 to day 8 expression, 95% of the 40 significant 

genes were up-regulated.  This strong bias toward up-regulation was specific to the 

lysosomal genes.  In comparison to the lysosomal genes, one-way ANOVA analysis of 

all genes (above the 20th percentile in expression) for gene expression differences 

between days at a 5% FDR threshold produced 2367 significant genes, of which only 

32% were up-regulated (data not shown).   
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Table 3.4. Statistically (FDR < 0.05) significant lysosomal genes, differentially 
expressed between day 0 and each day of arsenite exposure (days 1-8) based on Tukey’s 
post-hoc tests.  Black cells indicate that a particular gene is significant on that day in 
comparison to day 0.  

Corrected 
p-value 

Gene 
Symbol Gene Description Day 

1 
Day 
2 

Day 
4 

Day 
6 

Day 
8 

0.009 LAMP3 lysosomal-associated membrane protein 3         

0.000 ASAH1 N-acylsphingosine amidohydrolase (acid ceramidase) 1         

0.000 TRIP10 thyroid hormone receptor interactor 10          

0.000 TPP1 tripeptidyl peptidase I          

0.001 GM2A GM2 ganglioside activator         

0.000 SLC15A4 solute carrier family 15, member 4         

0.002 ADA adenosine deaminase         

0.000 CTSA cathepsin A           

0.000 NPC2 Niemann-Pick disease, type C2         

0.027 IDS iduronate 2-sulfatase (Hunter syndrome)         

0.000 CLCN7 chloride channel 7          

0.003 GNS glucosamine (N-acetyl)-6-sulfatase (Sanfilippo disease IIID)         

0.014 SLC17A5 solute carrier family 17 (anion/sugar transporter), member 5         

0.027 IGF2R insulin-like growth factor 2 receptor         

0.000 SRGN serglycin          
0.010 IDS|LOC7

27913 
iduronate 2-sulfatase (Hunter syndrome) | similar to iduronate 2-
sulfatase (Hunter syndrome)         

0.032 PLEKHF1 
pleckstrin homology domain containing, family F (with FYVE 
domain) member 1        

0.008 
IL4I1|NUP
62 interleukin 4 induced 1 | nucleoporin 62kDa         

0.000 LAMP1 lysosomal-associated membrane protein 1           

0.014 CTSD cathepsin D        

0.001 CTSS cathepsin S         

0.011 ARL8B ADP-ribosylation factor-like 8B        
0.030 IFI30|PIK3

R2 
interferon, gamma-inducible protein 30 | phosphoinositide-3-kinase, 
regulatory subunit 2 (beta) 

 
 

      

0.003 LAMP2 lysosomal-associated membrane protein 2         

0.033 CD63         

0.001 HEXA hexosaminidase A (alpha polypeptide)          

0.001 VPS11 vacuolar protein sorting 11 homolog (S. cerevisiae)         

0.005 NEU1 sialidase 1 (lysosomal sialidase)        

0.013 ARL8A ADP-ribosylation factor-like 8A        

0.010 VPS18 vacuolar protein sorting 18 homolog (S. cerevisiae)        

0.001 SGSH N-sulfoglucosamine sulfohydrolase (sulfamidase)         

0.005 LITAF lipopolysaccharide-induced TNF factor       

0.030 LAPTM5 lysosomal associated multispanning membrane protein 5        

0.003 FNBP1 formin binding protein 1         

0.000 CHID1 chitinase domain containing 1       

0.033 USP6 ubiquitin specific peptidase 6 (Tre-2 oncogene)       

0.008 AP3M1 adaptor-related protein complex 3, mu 1 subunit       

0.007 MAN2B1 mannosidase, alpha, class 2B, member 1        
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The fact that a substantial fraction of lysosomal genes was induced by arsenite suggested 

that a master regulator of gene expression could be involved.  One such gene has been 

described, TFEB, which trans-activates gene expression in target genes containing the 

CLEAR cis-acting element, a characteristic of many lysosomal genes (Sardiello et al., 

2009). The effect of arsenite on TFEB expression was evaluated using the microarray 

data.  In every LCL, TFEB expression was induced by arsenite exposure.  Temporally, 

the increase in TFEB expression (Figure 3.5) paralleled the increase in lysosomal gene 

induction, with a small increase on days 1 and 2, and a larger, statistically significant 

increase in expression on days 4 through 8. 
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Figure 3.5. TFEB RNA measurements over the 8-day arsenite exposure.  Graph 
represents the normalized, log2-transformed intensity values for TFEB gene expression 
measured by microarray in the seven different LCL throughout the 8-day time course.  
Data points represent mean value, error bars represent (+/-) S.E.M. * represents P < 0.05 
** represents P < 0.001 vs. day 0 based on Post Hoc tests from ANOVA analysis 

 

3.3.7. Real-Time PCR validation of microarray data 

To ensure that the microarray data was not systematically inaccurate in defining the 

global induction of lysosomal genes, two genes with a low level induction (TFEB and 

lysosome associated membrane protein 2 (LAMP2)) and one gene with a high level of 

induction (lysosome associated membrane protein 3  (LAMP3)) measured by microarray 

were chosen, and gene expression was quantified by RT-PCR in the same RNA samples 

in which microarray analysis was performed, comparing control to 8-day arsenite-
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exposed LCL.  Microarray analysis of LAMP3 demonstrated robust induction from 

arsenite exposure, with fold-changes ranging from 1.3 – 4.9 for the 7 LCL (Table 3.5).  In 

one LCL, RT-PCR failed to confirm LAMP3 induction, measuring no change in gene 

expression between arsenite-exposed and control LCL.  Not surprisingly this involved the 

LCL with the lowest fold-change measured by microarray (1.3 fold).  TFEB and LAMP2 

demonstrated a less robust induction from arsenite exposure in the microarray study, with 

fold change ranging from 1.1 – 1.6 (Table 3.5).  In 3 of 7 LCL the induction of LAMP2 

measured by microarray was not confirmed, however the RT-PCR expression levels were 

not in stark disagreement with microarray measurements, with RT-PCR fold changes in 

those 3 non-concordant LCL ranging from 0.9 – 1.0, compared to microarray-based fold 

changes in those LCL ranging from 1.3 – 1.4.  RT-PCR analysis of TFEB mRNA levels 

confirmed day 8 induction in 6 of 7 LCL. Taken together no evidence was found to 

suggest that the global gene induction of lysosomal genes suggested by microarray was a 

systematic artifact of the technology. 
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Table 3.5. Control versus Day 8 gene expression validation by RT-PCR of lysosomal genes TFEB, LAMP2, and LAMP3. 

 TFEB LAMP2 LAMP3 

Cell Line 
Fold ! As/C 
Array 

Fold ! As/C 
RTPCR 

Fold ! As/C 
Array 

Fold ! As/C 
RTPCR 

Fold ! As/C 
Array 

Fold ! As/C 
RTPCR 

564 1.5 1.0 1.3 0.9 4.9 5.2 

561 1.4 1.6 1.4 1.0 4.0 7.6 

853 1.3 1.4 1.5 1.4 2.7 6.3 

550 1.3 1.1 1.1 0.9 1.3 1.0 

209 1.4 1.4 1.4 1.3 1.7 1.8 

532 1.6 1.3 1.3 1.4 2.4 2.7 

504 1.5 1.1 1.6 1.1 2.4 2.2 
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3.3.8. Functional correlate of lysosomal gene expression 

In the microarray data comparing control LCL to day 8 arsenite-exposed LCL (Table 

3.4), mRNA for the lysosomal protease cathepsin D was statistically significantly (P = 

0.014) elevated 1.4 fold by arsenite exposure.  In order to evaluate the functional 

correlate of this, cathepsin D activity was evaluated using a fluorescence-based 

proteolytic activity assay specific for this protease.  Cathepsin D activity was determined 

for each of the 7 LCL under control and 8-day arsenite exposed conditions.  Following 

the arsenite exposure cathepsin D activity increased in all 7 LCL, with mean fluorescence 

fold-increase ranging from 1.2 – 2.4 fold (Figure 3.6).  This arsenite-induced activity 

increase was consistent with the average 1.4-fold level of induction of cathepsin D 

mRNA measured by microarray analysis.  
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Figure 3.6.  Change in cathepsin D enzymatic activity levels after arsenite exposure.  7 
LCL were exposed to 0.75 µM arsenite for 8 days and enzymatic activity of cathepsin D 
was quantified using a multi-well plate fluorescence based assay at an 
excitation/emission of ex:320 nm/em:460 nm.  The graph represents the mean RFU per 1 
x 106 cells, error bars represent S.E.M. from 3 replicate measurements for each cell line 
under control and 8-day arsenite exposure conditions. * represents P < 0.05 vs. Control 
(day 0) and ** represents P < 0.001 vs. Control (day 0) 

 

3.4. DISCUSSION 

Several epidemiological studies have identified adverse effects on the immune system as 

a consequence of inorganic arsenic exposure in human populations.  These studies are 

corroborated by in vitro and ex vivo analyses of human leukocytes that collectively 
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implicate altered cytokine production, impaired phagocytosis, blunted antibody response, 

and impaired proliferative response resulting from arsenic exposure (Soto-Pena et al., 

2006; Biswas et al., 2008; Banerjee et al., 2009).  Notwithstanding these studies no clear 

mechanism of action has emerged to explain how environmental arsenic exposure brings 

about these effects.  In this study several key features of the response of LCL from seven 

individuals to inorganic arsenic exposure have been established and provide new 

information to the mechanistic explanation of arsenic immunotoxicity. 

Exposure to 0.75 µM arsenite increases population doubling time in LCL in a manner 

that is not explained by frank cell death.  In the two most sensitive LCL, population 

doubling time following 8 days of arsenite exposure was greater than 200% of controls, 

however viable (trypan blue negative) cell percentages were reduced by only 6.2% and 

9.0% (from 94.5% to 88.3% for LCL 550 and from 96.8% to 87.8% in LCL 853).  Thus 

while some loss of cells from the population due to cell death probably contributed to the 

observed increase in population doubling time, it is likely that arsenite exposure resulted 

in altered kinetics of passage through the cell cycle.  This is an interesting feature of the 

LCL model as it mirrors the inhibition of leukocyte proliferation observed in primary 

human cells (Soto-Pena et al., 2006; Biswas et al., 2008). 

Based on the cell cycle analysis, arsenite inhibits cell proliferation without changing the 

overall distribution of cells within each phase of the cell cycle. This could suggest that 

arsenite-induced proliferative inhibition does not target cells at a particular phase in the 

cell cycle, but has a more general effect on cell proliferation by halting cell-transit at all 

steps in the cell cycle. Interestingly, LMP1 is an Epstein-Barr virus oncogene that is 
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necessary for the maintenance of cell proliferation in LCL by partially mimicking CD40 

signaling (Gires et al., 1997). LMP1 has the paradoxical role of both inhibiting and 

stimulating cell growth based on expression. In multiple LCL, elevated levels of LMP1 

inhibited cell proliferation (Kaykas and Sugden, 2000). LMP1 mediated inhibition of cell 

growth was not mediated by apoptosis but rather cytostasis and occurred at all phases in 

the cell cycle, which is similar to the effect that is observed in arsenite-induced cell-

growth arrest.  

Two processes that were differentially impacted by arsenite exposure in the 7 LCL were 

significantly correlated with the differential inhibition of cell proliferation between the 

LCL.  The extent of arsenite-induced cell death, while not of great magnitude, was 

correlated with the extent of proliferative inhibition. Thus the LCL that sustained the 

greatest proliferative inhibition from arsenite tended to have the most arsenite-induced 

cell death.  One explanation of this is that a central process may be responsible for both 

effects, and that cell death may be an end stage of a process that initially slows transit 

through the cell cycle.  In a similar way, the extent of lysosomal expansion, a marker of 

autophagy, is correlated with the proliferative inhibition amongst the LCL such that the 

LCL with the greatest arsenite-induced proliferative inhibition had the greatest lysosomal 

expansion.  It is interesting in this regard that the induction of autophagy has been 

reported to be associated with both growth arrest as well as cell death (Komata et al., 

2004; Pattingre et al., 2005). More detailed mechanistic studies will be necessary to 

determine whether autophagy is functioning as an effector pathway for these toxic 

effects, or alternatively as a stress-compensatory pathway attempting to restore 
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homeostasis to the arsenite-exposed LCL.  Nevertheless, the prospect that the extent of 

autophagy induction may be a biomarker for individual susceptibility to arsenite is 

exciting. 

Based on initial evaluation, arsenite-induced proliferative inhibition and the induction of 

autophagy are not due to the generation of ROS. Arsenite exposure resulted in a decrease 

in ROS levels and a corresponding increase in intracellular concentrations of total 

glutathione, which could suggest that arsenite is activating the antioxidant response to 

maintain cellular redox homeostasis. In this analysis two sensitive and two resistant cell 

lines were selected. There was no relationship between intracellular concentrations of 

ROS or glutathione and cell line sensitivity to arsenite-induced toxicity, which further 

indicates that the generation of ROS or intracellular concentrations of glutathione do not 

influence sensitivity to arsenite-induced toxicity in LCL.  

A novel characteristic of the arsenite-induced acidic vesicle expansion reported here is 

the globally increased mRNA levels of lysosomal genes that could be coordinated by 

arsenite-induced expression of TFEB, a master regulator of lysosomal gene expression.  

While we did not examine the cytoplasmic to nuclear translocation of TFEB required for 

its trans-activating activity, the global induction that we observed is similar to that 

reported by Sardiello et al. in TFEB-overexpressing cells (Sardiello et al., 2009).  In that 

report, the authors provided evidence that the TFEB-mediated induction of lysosomal 

gene expression may be triggered by accumulation of degradation-targeted molecules in 

lysosomes.  That possibility is particularly interesting in the context of arsenic 

toxicology, given work establishing that trivalent arsenic exposure is capable of protein 
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damage, and of eliciting the unfolded protein response, processes that would be expected 

to present damaged proteins to the lysosome for degradation (Ramadan et al., 2009; Binet 

et al., 2010).  TFEB has also been recently identified to not only regulate lysosome gene 

expression, but also regulate many genes involved in the induction of autophagy 

(Settembre et al., 2011). TFEB was activated in nutrient deprived cells and coordinated 

the induction of autophagy genes including p62, LC3 and UVRAG. This induction in 

TFEB expression was also associated with other autophagy markers including increased 

LC3-II protein expression and the expansion of acidic vesicles measured by LRD 

fluorescence. 

To our knowledge this is the first report of arsenic exposure modulating the regulation of 

genes encoding lysosomal constituents.  The lysosome, historically considered a dead end 

for damaged cellular constituents is emerging as a critical player in maintaining cellular 

homeostasis.  Its pivotal role in autophagy links the lysosome to regulating levels of key 

cellular signaling proteins and to carcinogenic transformation (Mathew et al., 2009; 

Komatsu et al., 2010).  In antigen presenting cells such as LCL, autolysosomes play a 

key role in antigen processing and subsequent loading onto MHC molecules (Munz, 

2010).  Within this rapidly evolving understanding of the lysosome’s function, its novel 

role as an arsenic target offers new paths in which to pursue mechanistic explanations of 

arsenic immunotoxicology. 
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Conclusions: 

1. Environmentally relevant, non-cytotoxic concentration of arsenite induces 

proliferative inhibition in LCL. 

2. Proliferative inhibition in LCL is correlated with the expansion of acidic 

vesicles, a hallmark of autophagy. 

3. Arsenite-induced expansion of acidic vesicles in LCL is associated with a 

global induction of lysosomal genes and an increase in the expression of a 

master regulator of lysosome biogenesis and autophagy genes, transcription 

factor EB (TFEB). 

4. Arsenite reduces intracellular levels of ROS and increases intracellular 

concentrations of total glutathione, which could suggest activation of the 

antioxidant response pathway. 

5.  Arsenite increases the enzymatic activity of the lysosomal hydrolase 

cathepsin D. 
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CHAPTER 4 

ARSENITE-INDUCED AUTOPHAGY IS ASSOCIATED WITH PROTEOTOXICITY, 

CHARACTERIZED BY ACCUMULATION OF AGGREGATED PROTEINS AND 

GENERATION OF ER STRESS IN HUMAN LYMPHOBLASTOID CELL LINES 

 
4.1. INTRODUCTION: 

Autophagy is a cell stress-responsive process that is induced in response to various stress 

stimuli to initiate the degradation of cellular components in order to remove damaged 

cellular components to prevent further injury, to provide a pool of free amino acids to 

synthesize new protein, and to help the cell to return to homeostasis and preserve energy. 

As mentioned in Chapter 1 there is a diverse set of stress stimuli that have been shown to 

induce autophagy including amino acid starvation, oxidative stress, ER stress and protein 

misfolding, DNA damage, hypoxia, and pathogen infection.      

In LCL, a cellular model used to investigate arsenite-induced targeting of the immune 

system, arsenite toxicity is associated with the presence of autophagy markers including 

the presence of autophagic vesicles (autophagosomes and autolysosomes) measured by 

TEM and flow cytometry; increased protein levels of the autophagosome marker LC3-II; 

induction of lysosomal gene expression, regulated by the transcription factor TFEB; and 

increased enzymatic activity of the lysosome hydrolase cathepsin D (Chapter 2 and 3). 

Despite this association between arsenite-induced toxicity and the induction of 

autophagy, the upstream cellular damage responsible for autophagy induction is not 

known. In Chapter 3 it was identified that arsenite reduces intracellular levels of ROS and 
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increases cellular concentrations of total gluthathione, which could indicate that the 

antioxidant response pathway is activated after arsenite exposure. Based on these data, it 

does not seem likely that the generation of ROS and oxidative stress is a potential 

underlying mechanism of cellular damage inducing the autophagy process in the LCL 

model. Conversely, arsenite has been shown to bind to protein thiol groups, disrupting 

normal oxidative protein folding and cellular function (Kapahi et al., 2000; Ramadan et 

al., 2009). In addition, arsenite has also been shown to activate the UPR in response to 

cellular damage (Zhang et al., 2009). Given these observations and the knowledge that 

protein misfolding, ER stress, and activation of the UPR have been shown to induce 

autophagy, we hypothesized that arsenite-induced autophagy is a consequence of 

proteotoxicity. 

The ER is a cellular organelle that is responsible for the correct folding of nascent 

cellular proteins before being transported to other cellular compartments or the cell 

surface. Generation of ER stress occurs due to proteotoxic damage that leads to an 

accumulation of unfolded or misfolded proteins in the ER, which overloads the folding 

capacity of the organelle. ER stress activates a signaling cascade known as the UPR as an 

adaptive response to cellular damage. In mammalian cells there are three major branches 

of the UPR, mediated by three ER-membrane associated ‘sensor’ proteins: PERK, IRE1 

and ATF6 (Figure 4.1). All three branches work collectively to activate genes involved in 

both pro-survival and pro-apoptotic pathways to initiate the correct folding of misfolded 

proteins, increase ER-associated degradation (ERAD) to eliminate damaged proteins, or 
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activate apoptotic pathways when the damage is too severe and the cell can not 

compensate. 

PERK activation leads to phosphorylation of the ! subunit of eIF2!, which results in 

inhibition of new protein synthesis. Phosphorylated eIF2! selectively initiates the 

translation of the transcription factor, activating transcription factor 4 (ATF4), which 

translocates into the nucleus and induces the transcription of the downstream target gene 

DNA-damage-inducible transcript 3 (DDIT3/CHOP) (Harding et al., 2000). IRE1 splices 

X-box binding protein 1 (XBP1) mRNA into mature mRNA. The spliced XBP1 message 

is translated into protein, translocates into the nucleus and activates transcription of ER 

molecular chaperones including glucose-regulated protein 78kDa (Grp78/BiP) and ER-

associated degradation related genes like ER degradation enhancer, mannosidase alpha-

like 1 (EDEM) (Lee et al., 2003). ATF6 is cleaved by site 1 and site 2 proteases (S1P and 

S2P) in the golgi apparatus. The cleaved ATF6 fragment translocates into the nucleus to 

activate transcription of stress response genes such as Grp78/BiP (Haze et al., 1999).  
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Figure 4.1. ER stress-sensing branches of the Unfolded Protein Response. An 
accumulation of misfolded proteins in the ER lumen results in the activation of three ER 
stress sensing proteins PERK, IRE1, and ATF6 that work collectively to initiate signaling 
cascades involved in both cell survival and cell death. XBP1u = unspliced XBP1 mRNA, 
XBP1s = spliced mature XBP1 mRNA.  

 

An accumulation of unfolded or misfolded proteins can be toxic to the cell. In addition, 

persistent ER stress has been shown to lead to cell death (Rao et al., 2004). The cell has 

defense mechanisms in place to degrade misfolded or unfolded cellular proteins to 

prevent further damage. Recently, autophagy has been identified as an adaptive response 

that is activated under conditions of ER stress and activation of the UPR (Ogata et al., 

2006). The autophagic machinery sequesters misfolded proteins and transports them to 

the lysosome to be degraded.  An accumulation of unfolded proteins can result in the 
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formation of protein aggregates to protect the cell from further damage by covering 

exposed hydrophobic regions on the unfolded proteins to prevent those exposed regions 

from binding to other cellular proteins or organelles within the cell.  Protein aggregates 

are shuttled to the lysosome using the autophagic machinery where lysosomal hydrolases 

degrade the aggregates (Figure 4.2). p62/SQSTM1 is a scaffold protein that binds to 

aggregated proteins and shuttles them to the autophagosome (Pankiv et al., 2007). p62 

anchors the aggregated proteins to LC3-II on the inner membrane of the autophagosome. 

The autophagic removal of misfolded and aggregated proteins facilitates the degradation 

of these damaged cellular proteins, allowing the cell to restore homeostasis. The objective 

of this study was to determine if arsenite-induced autophagy was associated with 

proteotoxic damage in LCL. 
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Figure 4.2. The sequestration and degradation of protein aggregates utilizing the 
autophagic machinery. An accumulation of unfolded proteins results in the formation of 
protein aggregates containing the scaffold protein p62. Protein aggregates are transported 
to the forming autophagosome where p62 binds to LC3-II docked on the inner membrane 
anchoring the aggregate inside. The autophagosome fuses with a lysosome to form an 
autolysosome where lysosomal hydrolases degrade the aggregates. 

 

 

4.2. METHODS: 

Reagents:  Sodium arsenite (dissolved in MilliQ H2O) was purchased from Sigma 

Aldrich (St. Louis, MO). The autophagy inhibitor, BafA1 was purchased from Enzo Life 

Sciences (Plymouth Meeting, PA). 
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 Cell Culture and Exposure Conditions: LCL Priess was a gift from Dr. Janice Blum 

(Department of Microbiology and Immunology, Indiana University School of Medicine). 

Priess cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM) 

supplemented with 10% FBS and 1% Penicillin/ Streptomycin (Penn/Strep). Cells were 

cultured in culture flasks and maintained between the cell concentrations of 200,000-

1,000,000 cells/ml at 5% CO2 and 37 °C. Cells were seeded to 200,000 cells/ml in 

supplemented media and maintained under either control conditions or exposed to 1.5 

µM sodium arsenite for 8 days. In order to measure the effect of arsenite exposure on cell 

proliferation, total cell counts were calculated using the Scepter Automatic Cell Counter 

(Millipore, Billerica, MA). Cell population doubling time was calculated from total cell 

counts using the following equation:  Dt = ((total days of growth (D)) x Log2 / Log (# of 

cells Time D / # of cells Time 0)) x 24.  Mean doubling time +/- S.D. was calculated for 

each sample from 6 independent replicates. Statistical analysis: T-test (unpaired) 

comparison was performed for the mean doubling time between control and 8-day 

arsenite-exposed Priess samples at a significance threshold of P < 0.05 using Microsoft 

Excel, MAC 2008 (Redmond, WA).  

Lysotracker Red Staining:   Control and arsenite exposed cells (1 x 106) were harvested 

by centrifugation, resuspended in 20 nM Lysotracker Red dye (LRD) (Invitrogen, 

Carlsbad, CA), and incubated at 37 °C for 30 minutes.  Cells were washed with 1x PBS 

and resuspended in 500 µl 1x PBS to a final cell concentration of 2 x 106 cells/ml.  

Samples were analyzed by flow cytometry on a LSR II Flow Cytometer (BD Biosciences, 

Sparks, MD).  Fluorescence of LRD was collected through the 610/20 nm bandpass filter.  
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Data were analyzed using FacsDiva (BD Biosciences, Sparks, MD) software. Mean 

relative fluorescence of LRD +/- the S.D. was calculated for each sample from 6 

independent replicates. Statistical analysis: T-test (unpaired) comparison was performed 

for the mean LRD fluorescence between control and 8-day arsenite-exposed Priess 

samples at a significance threshold of P < 0.05 using Microsoft Excel, MAC 2008 

(Redmond, WA).  

Western Blot for LC3:  Vehicle control and arsenite (8-days, 1.5 µM) exposed cells 

were harvested with or without co-treatment with 100 nM BafA1 for the last 8 or 4 hours 

of the exposure duration. Cell pellets were lysed in 1x SDS sample buffer, sonicated, and 

heated to 90 °C for 5 minutes.  Cell lysates were stored at -20 °C until use.  Equal 

amounts of whole cell lysates were subjected to SDS-polyacrylamide gel (12%) 

electrophoresis, transferred to nitrocellulose membrane, and immunoblotted with 

antibodies. The following antibodies were used: mouse anti-LC3 antibody, 1:250 (Nano 

Tools, San Diego, CA); mouse anti-tubulin antibody, 1:1000 (Sigma Aldrich, St. Louis, 

MO); goat anti-rabbit or anti-mouse IgG – HRP secondary antibodies (Santa Cruz 

Biotechnologies, Santa Cruz, CA). Membranes were visualized by chemiluminescence 

detection (Thermo Scientific, Rockford, IL) and imaged using the GeneGnome5 imager 

(Syngene, Frederick, MD). 

RNA Isolation: LCL: GM18564, GM18504, GM18550, GM18532, GM19209, 

GM18561 and GM18853 cells were cultured in RPMI media supplemented with L-

glutamine, 15% FBS and 1% ABAM solution (Invitrogen, Carlsbad, CA).  Cells were 



!

!

")#!

grown in culture flasks and maintained between the cell concentrations of 350,000-

2,000,000 cells/ml at 5 % CO2 and 37 °C.  Cell cultures were seeded to 350,000-500,000 

cells/ml in supplemented media and dosed with sodium arsenite at the indicated 

concentration and exposure duration.  5 x 106 cells from each cell line were harvested by 

centrifugation after exposure to 0.75 µM sodium arsenite for 0, 1, 2, 4, 6, or 8 days.  

RNA was isolated from each sample using the RNeasy Mini Kit (Qiagen, Valencia, CA).  

On column DNase digestion was performed using the RNase-Free DNase Set (Qiagen, 

Valencia, CA).  RNA was quantified with the Nanodrop 1000 spectrometer at an 

absorbance of 260 nm (Nanodrop Products, Wilmington, DE). 

Microarray Gene Expression Analysis: RNA quality was evaluated using 

A260/A280 ratio (> 2.0) and RNA 6000 Nano Chips in the Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA).  The expression profiles were generated using 

the Affymetrix GeneChip Human Gene 1.0 ST oligonucleotide arrays according to 

manufacturer’s protocol (Affymetrix, Santa Clara, CA), which simultaneously measures 

expression of 28,869 genes across the entire genome.  Affymetrix CEL files were 

imported into BRB-Array Tools, version 4.2 software package 

(http://linus.nci.nih.gov/BRB-ArrayTools.html).    

Microarray Statistical Analysis:  Statistical analyses were performed using BRB-

ArrayTools developed by Dr. Richard Simon and the BRB-ArrayTool development team. 

An ER stress gene list was generated based on a microarray analysis obtained from the 

following reference, Endoplasmic reticulum stress causes EBV lytic replication (Taylor 
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et al., 2011). Researchers exposed two LCL to a 50 µM pulse (3 or 6 hours) of the known 

ER stress inducer thapsigargin (TG) and isolated RNA directly after the TG pulse (3 

hours) or either 24, or 72 hours post TG pulse. The gene list was a compiling of genes 

modulated by TG, which were either; sustained throughout the entire duration (3, 24, and 

72 hours), only modulated early (only 3 hours), or only modulated late (only 24 and 72 

hours). A total of 282 genes were included in the gene list, which represented the gene 

expression profile after ER stress in LCL. The lysosomal gene list described in Chapter 3 

was also used in these analyses to compare lysosomal and ER stress gene expression over 

the course of the 8-day exposure duration. A total of 224 lysosomal genes originally from 

the Lysosome Gene Ontology Category were used in these analyses. 

Gene Set Expression Comparison Analysis: The ER stress gene list was used to evaluate 

if the arsenite-induced gene expression profile was overrepresented with genes also 

changed by the known ER stress inducer, TG. In order to compare the two gene 

expression profiles, the ER stress gene list was imported into BRB Array Tools. A gene 

set expression comparison analysis was performed to identify if the ER stress gene list 

was statistically overrepresented of the genes globally modulated by arsenite in 

comparison to alternative gene lists of 282 genes generated randomly from probes present 

on the microarray. The analysis compared the genome-wide gene expression for all the 

day 0 samples versus all the day 8 arsenite-exposed samples at a significance threshold of 

0.05. Samples were paired based on cell line for the analysis.  Output of the analysis 

displayed the results for the statistical analysis to determine if the ER stress gene list was 

overrepresented and an individual fold change (day 8 divided by day 0) in gene 
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expression and p-value for each individual gene on the gene list. A comparable gene set 

expression comparison analysis was performed with the lysosomal gene list described in 

Chapter 3. This analysis was performed identically to the previous analysis with a 

significance threshold of 0.05 and analyzed gene expression data for day 0 and day 8 

arsenite-exposed samples. 

ANOVA Analysis: To evaluate the gene expression of the ER stress or lysosomal genes in 

the 7 LCL throughout the 8-day time course, independent ANOVA analyses were 

performed for each gene list. The genome-wide gene expression data were filtered for 

each gene list to only analyze the genes included in the gene lists for each analysis. An 

ANOVA for fixed effect model was performed based on the factor “time” at a FDR = 0.1 

and a Tukey’s Post Hoc test = 0.1. The number of significant genes modulated between 

day 0 and each of the days of arsenite exposure (day 1-8) were quantified and compared 

between the lysosomal and ER stress gene lists based on Post Hoc test results. The 

number of genes on each day of arsenite exposure was represented as a percentage of the 

total number of genes modulated by arsenite from the ANOVA analysis. 

Filter Trap Assay:   To evaluate the composition of cellular protein aggregates, 

cell lysates containing the insoluble cellular material after cell lysis with RIPA buffer 

were vacuum-aspirated through a 0.2 µm pore size nitrocellulose membrane to 

preferentially retain aggregated proteins as previously described (Myeku and Figueiredo-

Pereira, 2011). Briefly, Priess cells were cultured under either control conditions or 

exposure to 1.5 µM sodium arsenite for 8 days. Equal number of cells (8 x 106) were 
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harvested and lysed in RIPA buffer. Samples were centrifuged at 19,000 x g for 1 hour at 

4 °C. Cell pellets containing the insoluble material were removed and placed into new 

centrifuge tubes. Cell pellets were treated with DNAse I (in DNAse buffer) for 1 hour at 

37 °C. Reactions were terminated by the addition of EDTA buffer containing a final 

concentration of 2% SDS. Cell lysates were diluted 1:6 in MilliQ H2O. 100 µl of each 

sample was trapped by filtration through a pre-wet Trans-Blot nitrocellulose membrane 

0.2 µm, adapted to a 96-well dot blot apparatus (Bio-Rad, Hercules, CA) as previously 

described (Wanker et al., 1999). Membranes were stained with ponceau red stain to 

ensure equal protein loading. To evaluate protein aggregates, the membranes were 

analyzed with the following antibodies: anti-p62 (1:1000; MBL-BION, Des Plaines, IL), 

anti-LC3 (1:1000; Cell Signaling Technologies, Beverly, MA), anti-tubulin (1:1000; 

Sigma Aldrich, St Louis, MO) and goat anti-rabbit or anti-mouse IgG - HRP (Santa Cruz 

Biotechnologies, Santa Cruz, CA). Membranes were visualized by chemiluminescence 

detection (Thermo Scientific, Rockford, IL) and imaged using the GeneGnome5 imager 

(Syngene, Frederick, MD). Each experiment was performed in triplicate. Densitometry 

was determined for each dot using GeneTools analysis software (Syngene, Frederick, 

MD). Mean densitometry +/- S.D. was reported for each sample. Statistical analysis: T-

test (unpaired) comparisons were performed for the mean densitometry between control 

and 8-day arsenite exposed samples for each protein analyzed at a significance threshold 

of P < 0.05 using Microsoft Excel, MAC 2008 (Redmond, WA).   
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4.3. RESULTS:  

4.3.1. Arsenite-induced proliferative inhibition is associated with hallmarks of autophagy 

Previous work demonstrated in multiple LCL that arsenite-induced proliferative 

inhibition is correlated with the induction of autophagy (expansion of acidic vesicles) 

(Chapter 3).  To investigate the mechanism of upstream cellular damage activating the 

autophagy process in LCL, the role of proteotoxicty was evaluated as a potential 

mechanism. The LCL, Priess was exposed to 1.5 µM arsenite for 8 days and cell 

proliferation and acidic vesicle formation were evaluated. An arsenite concentration of 

1.5 µM was chosen because it is an environmentally relevant concentration and is 

associated with the induction of autophagy markers in Priess. After the 8-day exposure, 

cell population doubling time increased by 25 hours from a mean doubling time of 50 

hours to 75 hours (Figure 4.3A). This was a comparable degree of proliferative inhibition 

as previously observed in other LCL (Chapter 3). Also consistent with previous results, 

the decrease in cell proliferation was associated with the induction of autophagy markers. 

After the 8-day exposure, arsenite-exposed cells had an expansion of acidic vesicles as 

detected by flow cytometry (Figure 4.3B). The mean LRD fluorescence increased 2.6-

fold from 500 RFU to 1300 RFU, indicating that there is an accumulation of acidic 

vesicles (autolysosomes or lysosomes) after arsenite exposure. Arsenite-exposed cells 

also had increased protein levels of the autophagosome marker LC3-II (Figure 4.3C).  

Arsenite induced steady state protein levels of both LC3-I and LC3-II, which could 

suggest that overall protein levels of LC3 are elevated. In addition, arsenite increased 
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LC3-II flux or rate of accumulation in the autophagosome (measured by co-exposure 

with BafA1), which is indicative of an induction of autophagy (Figure 4.3C). 
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Figure 4.3. Arsenite-induced proliferative inhibition and induction of autophagy markers 
in LCL. Priess cells were cultured in control media or media supplemented with 1.5 µM 
sodium arsenite for 8 days. A) Doubling time was calculated by total cell counts. Graph 
represents the mean doubling time in hours +/- the S.D. from 6 independent replicates. B) 
Mean LRD fluorescence was determined by flow cytometry. Graph represents the mean 
RFU of LRD fluorescence +/- the S.D.  from 6 independent replicates. C) LC3 
immunoblot, whole cell lysates were prepared from control and arsenite exposed cells 
exposed to BafA1 for 0, 4, or 8 hours. The levels of LC3 were compared between control 
and arsenite exposed samples. Tubulin (Tub) was used as a loading control. * represents a 
P-value of < 0.0001 from student t-test
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4.3.2. Arsenite-induced gene expression profile is enriched with ER stress genes 

Previously, global gene expression data were evaluated in 7 LCL exposed to 0.75 µM 

sodium arsenite throughout an 8-day exposure (Chapter 3). In that study, arsenite-induced 

autophagy was associated with a global induction of lysosomal genes. To evaluate the 

role of proteotoxicity in arsenite-induced autophagy, the time course gene expression data 

were evaluated for evidence of gene expression changes that would indicate that ER 

stress and the UPR are activated. The arsenite-induced gene expression profile was 

compared to a gene list of literature validated genes with expression in two LCL that 

were modulated by the known ER stress inducer, thapsigargin (Taylor et al., 2011). This 

gene list contained 282 genes, and served as a gene expression profile of ER stress 

induction in LCL. Gene expression data from the 7 different LCL on day 8 versus day 0 

of arsenite exposure were compared in this analysis.  Using a gene set expression 

comparison analysis (Xu et al., 2008), the ER stress gene expression profile was a 

significantly overrepresented gene set (P < 0.00001) in comparison to randomly assigned 

lists of 282 gene probes present on the microarray. Out of the 282 genes on the gene list, 

123 probe sets, corresponding to 119 unique genes were significantly changed (up- or 

down-regulated) on day 8 in comparison to day 0 in the arsenite data set (Table 4.1, 

APPENDIX A). Not only was there a significant change in gene expression, the direction 

of the change (up- or down-regulated) was also consistent for many of the genes.  85% of 

the genes from the reference gene list were up-regulated after TG exposure. Of the 123 

probes that were significantly altered after arsenite exposure 64% were up-regulated. 

When comparing the fraction of the genes that were significantly up-regulated after 
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arsenite exposure, 96% (76 out of 79) were also up-regulated in the reference TG data set 

(Figure 4.4). A fraction of the genes were down-regulated (43 genes) after arsenite 

exposure, and 21 of those genes were also down-regulated in the TG data set. These data 

indicate that the arsenite-induced gene expression profile in LCL is significantly 

overrepresented with genes also modulated by a classical ER stress inducting agent, TG 

and provided evidence to suggest that arsenite-induced cellular damage is associated with 

the generation of ER stress and activation of the UPR. Further research from our 

laboratory has also confirmed that at day 8, arsenite exposure activates all three arms of 

the UPR (PERK, IRE1 and ATF6) at the protein level (Data not shown), which further 

supports the hypothesis that arsenite-induced autophagy is associated with the induction 

of ER stress in the LCL model.  
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Figure 4.4. Venn diagrams comparing the list of ER stress genes significantly up- or 
down-regulated after thapsigargin and arsenite exposure. TG = Thapsigargin, As = 
Arsenite (D0 vs. D8).  

 

 

In order to determine if the generation of ER stress occurs upstream of the induction of 

autophagy in the LCL model, the ER stress gene expression changes were compared to 

lysosomal gene expression changes throughout the 8-day time course. A gene set 

expression comparison analysis was performed on the lysosomal gene list described in 

Chapter 3. The lysosomal gene list was also statistically overrepresented of the genes 

modulated by arsenite (P < 0.00001) when analyzing global gene expression between day 

0 and day 8 arsenite-exposed samples. Out of the 224 lysosomal genes included in this 

analysis, 93 probe sets were significantly modulated on day 8 in comparison to day 0 in 

the arsenite data set. Of the 93 significant probe sets, 77% were up-regulated after the 8-

day arsenite exposure. This was consistent with the original analysis performed, which 
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found that after the 8-day arsenite-exposure there was a global induction of lysosomal 

genes. Based on these analyses at day 8, there is an enrichment of both ER stress 

responsive and lysosomal genes, suggesting that both autophagy and ER stress are 

induced after the 8-day arsenite exposure. 

To achieve a better idea of the temporal order of the gene expression changes throughout 

the 8-day time course an ANOVA analysis was performed on the ER stress gene list and 

the lysosomal gene list independently. The significance threshold was relaxed to a FDR = 

0.1 and a pairwise comparison p-value = 0.1 to not miss any modulated genes in either 

gene list in these analyses. For the ER stress responsive gene list, 55 probe sets were 

significant, which corresponds to 20% of the genes from the original list. For the 

lysosomal gene list, 60 probe sets were significant, which corresponds to 27% of the 

genes from the original list. When evaluating at what time throughout the 8-day time 

course these gene expression changes were occurring the number of significant lysosomal 

and ER stress genes were quantified based on ANOVA Post Hoc tests. We found that 

lysosomal gene expression changes occurred before ER stress responsive gene expression 

changes (Figure 4.5). 13% of the significant lysosomal genes were modulated on day 1, 

22% on day 2, and 65% on day 4. This global induction remained sustain for the duration 

of the exposure. In contrast, there were minimal significant ER stress gene expression 

changes that occured on days 1 and 2, instead the activation of ER stress genes occurred 

on day 4 (60%) and the number of significant genes continued to increase until day 8 

(75%). This was surprising because the initial hypothesis was that proteotoxic damage 

and ER stress lead to the induction of autophagy in the LCL model. These data would 
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suggest the opposite; that the induction of lysosomal genes and the expansion of acidic 

vesicles occur before the generation of ER stress.      

 

 

Figure 4.5. The percentage of significant lysosomal or ER stress genes modulated on 
each day of arsenite exposure in comparison to day 0 based on the ANOVA Post Hoc 
tests.  

 

4.3.3. Arsenite exposure induces protein aggregation  

A consequence of an accumulation of misfolded or damaged cellular proteins is the 

formation of protein aggregates that sequester misfolded proteins and facilitate their 



!

!

"*)!

degradation. In order to determine if arsenite induces protein aggregate formation, cell 

lysates containing the insoluble cellular material were vacuum-aspirated through a 0.2 

µm nitrocellulose membrane preferentially retaining aggregated proteins. The aggregate-

retaining membranes were analyzed for quantities of the scaffold protein p62, the 

autophagy marker LC3 and tubulin. There was an increase in both p62- and LC3-bound 

aggregates after arsenite exposure (Figure 4.6.A and 4.6.B). The quantity of tubulin 

present in aggregates was not changed after arsenite exposure. An increase in p62 and 

LC3 in protein aggregates could indicate that those aggregates may be tagged to the 

lysosome for degradation. These data further support the hypothesis that arsenite-induced 

cellular damage is associated with proteotoxic damage leading to an accumulation of 

misfolded or damaged proteins and the formation of protein aggregates that may be 

cleared through lysosome-mediated degradation.   
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Figure 4.6. Evaluation of protein aggregates after arsenite exposure. Priess cells were 
maintained in either control media or media supplemented with 1.5 µM sodium arsenite 
for 8 days. A) To detect protein aggregates, cell lysates containing the insoluble cellular 
material were vacuum-aspirated through a 0.2 µm pore-size membrane, using a dot-blot 
apparatus to retain aggregates. Membranes were analyzed using the following antibodies: 
anti-p62, anti-LC3, and anti-tubulin. Figure shows a representative dot blot for each 
antibody, p62, LC3, and tubulin (Tub). B) Densitometry from the dot blot images in part 
A. Graph represents the mean densitometry +/- S.D. from three independent experiments. 
* represents a P-value < 0.05 from a student t-test 

 

4.4. DISSCUSSION: 

In this study, arsenite-induced proliferative inhibition and induction of autophagy are 

associated with evidence of proteotoxicity in LCL. Genome-wide gene expression data 

showed that on day 8 there was an enrichment of ER stress genes. The gene expression 

profile of arsenite-exposed LCL was significantly overrepresented with genes also 

modulated by the known ER stress inducer, TG.  These data indicate that arsenite-
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induced gene expression changes mimic gene expression changes occurring during the 

induction of classical ER stress and provide evidence that arsenite-induced toxicity is 

associated with activation of ER stress in this model. Further investigation at the protein 

level also supports this hypothesis. Based on immunoblot analyses, the 8-day arsenite 

exposure activated all three branches of the UPR (Data not shown). There was also an 

enrichment of lysosomal genes on day 8, which validated the previous gene expression 

analysis demonstrating that arsenite-toxicity is associated with a global induction of 

lysosomal gene expression. These data indicate that both the generation of ER stress and 

the expansion of acidic vesicles (induction of autophagy) are occurring after arsenite 

exposure in the LCL model. Interestingly, when evaluating the temporal order of gene 

expression changes occurring throughout the 8-day time course, the induction of 

lysosomal genes preceded the activation of ER stress genes. This was surprising because 

the original hypothesis was that proteotoxicity leading to the generation of ER stress 

results in the induction of autophagy in the LCL model. The transcription data would 

suggest the opposite, that first arsenite induces lysosomal gene expression leading to an 

expansion of acidic vesicles that causes activation of ER stress genes, indicating a 

generation of ER stress in the LCL model. In both yeast and mammalian cells, treatment 

with ER stress inducing agents results in the formation of autophagic vesicles, indicative 

of an induction of autophagy (Ogata et al., 2006; Yorimitsu et al., 2006; Ding et al., 

2007; Kouroku et al., 2007). The induction of autophagy in response to ER stress is a 

compensatory mechanism to eliminate misfolded or damaged cellular proteins to prevent 

further ER stress and cellular damage.  In SK-N-SK neuroblastoma cells, treatment with 
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ER stress inducing agents resulted in the presence of autophagosomes containing 

increased levels of LC3-II (Ogata et al., 2006). Further studies revealed that chemical 

inhibition of autophagy through treatment with 3MA resulted in an increase in ER stress-

mediated cell death, suggesting that the induction of autophagy is a protective mechanism 

to eliminate damaged cellular components and prevent cell death. In the colon cancer cell 

line HCT116 and the prostrate cancer cell line DU145, treatment with ER stress inducing 

agents resulted in an increase in the number of autophagic vacuoles and an increase in 

LC3 II punctate staining pattern in treated cells (Ding et al., 2007). Inhibition of 

autophagy by treatment with an autophagy inhibitor or knockdown of autophagy related 

genes, resulted in an increase in the quantity of ubiquitin-conjugated aggregates and 

protein present, and an increase in apoptotic cell death, which suggests that the induction 

of autophagy is important for the removal of ubiquitin-conjugated proteins and 

aggregates from the cell and reduces ER stress-mediated cell death. Despite the fact that 

traditionally ER stress has been shown to lead to an induction of autophagy, in the LCL 

model we do not have sufficient evidence to support this hypothesis after arsenite 

exposure. One potential explanation for the generation of ER stress occurring 

downstream of the induction of autophagy is that arsenite-induced protein damage could 

lead to inefficient removal of damaged cellular components within the cell. If removal of 

damaged or misfolded proteins is reduced or inhibited this could lead to an accumulation 

of damaged or misfolded cellular proteins within the cell or in the ER lumen and lead to 

the generation of ER stress. In canine kidney cells, researchers blocked proteasomal 

degradation by treating cells with multiple chemical proteasome inhibitors and 
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determined that proteasome inhibition led to an induction of mRNA encoding both ER 

chaperone and heat-shock proteins (Bush et al., 1997). This suggests that inhibition of 

degradation pathways required for the removal of damaged or misfolded proteins can 

lead to an accumulation of misfolded or unfolded proteins inside of the cell and affect the 

transcription of ER luminal chaperones, which are included on the ER stress gene list. 

Further investigation of the time course of molecular events, especially early time points 

(days 0 – 3) could lend insight into how proteotoxicity, ER stress and autophagy are 

associated with arsenite-induced toxicity in the LCL model.   

In addition to arsenite-induced activation of ER stress and UPR pathways at the 

transcriptional and translational level, further evidence to support the hypothesis of 

arsenite-induced proteotoxic damage was identified by evaluating protein aggregation. 

After arsenite exposure there was an increase in p62 and LC3 protein-containing 

aggregates. Protein aggregates occur as a protective mechanism to sequester misfolded 

proteins and facilitate their degradation using the autophagic machinery (Bjorkoy et al., 

2005). The scaffold protein p62 can bind to ubiquitin-conjugated aggregates and transport 

them to the forming autophagosome, where p62 also binds to LC3-II on the inner 

membrane of the autophagosome to anchor the aggregated proteins to the autophagic 

structure. These data suggest that arsenite is increasing the amount of protein aggregates 

present that contain p62 and LC3, which indicates that those aggregates may be targeted 

to the lysosome for degradation. Another possibility for the increase in p62 and LC3 

found in protein aggregates is that arsenite may be inhibiting lysosome-mediated 

degradation of those aggregates. In human neuroblastoma SK-N-SH cells, autophagy 
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inhibition resulted in an increased quantity of p62 and LC3-II in protein aggregates 

(Myeku and Figueiredo-Pereira, 2011). This could suggest that the reason for the 

accumulation of protein aggregates after arsenite exposure is that there is not efficient 

degradation of the damaged and misfolded proteins so accumulation of aggregates 

occurs.    

 Both activation of ER stress responsive genes and the induction of protein aggregates 

after arsenite exposure provide evidence of proteotoxic damage in LCL, yet the particular 

classes or groups of cellular proteins targeted by arsenite are unknown. Arsenite can 

directly bind to thiol groups in cellular proteins to alter protein folding (Ramadan et al., 

2009). One explanation for the generation of proteotoxic damage is through the direct 

binding of arsenite to cellular proteins, which could cause protein misfolding or damage.  

Another possibility is that arsenite might be altering the degradation of misfolded 

proteins, which could result in an accumulation of misfolded or damaged proteins within 

the cell. Arsenite has been shown to cause an accumulation of high molecular weight 

ubiquitin-conjugated proteins in HEK 293 cells as well as rabbit renal-cortical slices 

(Kirkpatrick et al., 2003). Arsenite could be compromising proteasome-mediated 

degradation, which would result in an accumulation of damaged or misfolded proteins 

inside of the cell and generate proteotoxic damage.  

Arsenite-induced autophagy in the LCL model is associated with proteotoxic damage 

characterized by an accumulation of misfolded and damaged proteins resulting in protein 

aggregation the generation of ER stress. It is not known if this proteotoxic damage targets 

specific cellular proteins or is a more generalized effect such as altering protein 
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degradation pathways. Further proteomic analyses are needed to determine what types of 

proteins are targeted by arsenite-induced damage. This is one of the first reports to 

identify the generation of ER stress and the accumulation of misfolded and damaged 

proteins leading to protein aggregation in arsenite-exposed cells. This could provide 

insight into the mechanism underlying arsenite-induced changes in the autophagy process 

and further highlights the importance of properly functioning lysosomal degradation in 

maintaining protein quality control and preventing arsenic-induced damage.   

 

 

Conclusions: 

1. Arsenite-induced autophagy is associated with proteotoxic damage. 

2. Arsenite-induced proliferative inhibition and induction of autophagy are 

associated with enrichment of ER stress genes. 

3. The induction of lysosomal genes precedes the activation of ER stress genes. 

4. Arsenite exposure is associated with an increase in the quantity of protein 

aggregates containing p62 and LC3, which indicates that those aggregates 

may be targeted to the lysosome for degradation. 
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CHAPTER 5 

ARSENITE EXPOSURE ALTERS ANTIGEN PROCESSING AND/OR 

PRESENTATION ONTO MHC CLASS II RECEPTORS, DISRUPTING B-CELL 

ANTIGEN PRESENTATION IN HUMAN LYMPHOBLASTOID CELL LINES 

 

5.1. INTRODUCTION: 

The objective of this dissertation was to use the LCL model to ask mechanistic questions 

about arsenic-induced cytotoxicity in immune cells that could provide insight into the 

mechanisms that underlie arsenic-induced immunotoxicity contributing to the 

immunosuppression observed in humans. In LCL, at environmentally relevant 

concentrations, arsenite-induced toxicity is characterized by hallmarks of autophagy 

including expansion of acidic vesicles, increased protein levels of the autophagosome 

marker LC3-II, global induction of lysosomal gene expression, and increased lysosomal 

hydrolase enzymatic activity (Chapter 3 and 4). The expansion of acidic vesicles is 

correlated with decreased LCL cell proliferation, suggesting that these processes are not 

independent (Chapter 3). Based on subsequent studies, the upstream cellular damage 

triggering an induction of autophagy in LCL is associated with proteotoxic damage 

leading to an accumulation of protein aggregates that may be targeted to the lysosome for 

degradation (Chapter 4). At cytotoxic concentrations, arsenite-induced cell death is also 

associated with the presence of autophagic vesicles, but further evaluation of LC3-II flux 

indicates that lysosome-mediated degradation is reduced (Chapter 2). In addition, the 

induction of autophagy also leads to a generation of ER stress, which could suggest that 
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there is an accumulation of misfolded and damaged cellular protein within the cell. These 

data suggest that arsenite-induced targeting of the autophagy process may be leading to 

an accumulation of damaged cellular components in the lysosome, altering lysosome 

function. The aim of this study was to determine what effect these cellular changes had 

on normal B-cell function. The ability of B-cells to process and present exogenous 

antigens on MHC class II molecules was evaluated because of the known importance of 

lysosomal processing of antigen during antigen presentation.  

In B-cell-mediated antigen presentation of exogenous antigens, B-cells can directly 

recognize antigens through interaction of surface receptors (B-cell receptors (BCR)) with 

free antigens or epitopes on the surface of foreign molecules (e.g. cells, bacteria, or 

viruses). Antigens are internalized into the cell through receptor-mediated endocytosis 

and transported to the lysosome to be proteolytically degraded into peptides. Peptides are 

loaded onto MHC class II molecules and presented on the cell surface. Surface receptors 

on CD4+ T-cells (TCR) cannot recognize whole antigens, but recognize small peptide 

fragments that are embedded in B-cell MHC class II surface receptors.  

MHC class II molecules are composed of !- and "-chains that are synthesized and 

assembled in the ER. The !-, "-chains form dimers and associate with the chaperone 

protein invariant chain (Ii), which facilitates the exit of the class II molecule out of the 

ER and its movement through the golgi apparatus to the endosome/lysosome where the 

receptor will be loaded with peptides. Ii also prevents the premature binding of peptides 

in the binding pocket of the receptor. Once MHC class II molecules reach the 
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endosome/lysosome, Ii is degraded by acidic proteases and Ii fragments are released from 

the ligand-binding groove on the receptor to permit binding of peptide fragments.     

Recently, the autophagy process has been identified to play a role in antigen presentation. 

Changes (induction or inhibition) in the rate of autophagy have resulted in subsequent 

changes in antigen presentation. Treatment of macrophages and B-cells with the 

autophagy inhibitor 3MA inhibited the presentation of an endogenously synthesized 

model antigen onto MHC class II molecules (Brazil et al., 1997). In B-cells, the induction 

of autophagy by serum starvation resulted in an increase in MHC class II peptides 

derived from intracellular proteins (Dengjel et al., 2005). In addition, B-cells deficient in 

the lysosomal membrane receptor LAMP2, required for chaperone-mediated autophagy, 

had altered antigen presentation of exogenous antigens and peptides to CD4+ T-cells 

(Crotzer et al., 2010). 

Taken together, that arsenite alters the autophagy process and lysosome-mediated 

degradation in LCL, and that these processes are required for normal MHC class II-

mediated antigen presentation, it seemed to be logical to ask whether this process was 

perturbed by arsenic. We hypothesized that arsenite-induced proteotoxicity and 

autophagy may impair antigen presentation through MHC class II.  
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5.2. METHODS: 

Reagents:  Sodium arsenite (dissolved in MilliQ H2O) and human serum albumin 

(HSA) (dissolved in MilliQ H2O) were purchased from Sigma Aldrich (St. Louis, MO). 

The fluorescent dye, DQ Ovalbumin (DQ-Ova) was purchased from Invitrogen 

(Carlsbad, CA).  

Cell Culture and Exposure Conditions:  Human B lymphoblastoid cell lines 

Priess and Priess/GAD were a gift from by Dr. Janice Blum (Department of 

Microbiology and Immunology, Indiana University School of Medicine). Priess/GAD 

cells were generated by retroviral transduction of Priess cells for constitutive expression 

of human glutamic acid decarboxylase (GAD).  Selection of GAD positive cells was 

achieved by maintaining cells in the selection agent G148. Priess and Priess/GAD cells 

were cultured in IMDM media supplemented with 10% FBS and 1% Penn/Strep. Cells 

were cultured in culture flasks and maintained between the cell concentrations of 

200,000-1,000,000 cells/ml at 5% CO2 and 37 °C. Cells were seeded to 200,000 cells/ml 

in supplemented media and maintained under either control conditions or exposure to 1.5 

µM sodium arsenite for two weeks. The T-cell hybridoma cell line 17.9 is specific for the 

HSA64-76 epitope of HSA (Pathak et al., 2000). T-cell hybridoma 17.9 was generated in 

DR4(DR"1*0401) transgenic mice and cultured in RPMI-1640 supplemented with 10% 

FBS, 0.1% "-mercaptoethanol, and 1% Penn/Strep.  

Antigen Presentation Assay:  To measure the effect of arsenite on MHC class II 

presentation of exogenous antigens in LCL, Priess or Priess/GAD cells were exposed to 
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1.5 µM sodium arsenite for two-weeks. On the evening of day 13 of the 14-day exposure, 

control and arsenite-exposed cells were incubated with either 20 µM of full-length HSA 

antigen or 10 µM of HSA64-76 peptide overnight. Treated LCL were washed and fixed in 

0.5% paraformaldehyde (10 minutes, 25 °C). Samples were shipped overnight on ice to 

Dr. Blum’s laboratory where T-cell Stimulation assays were performed. For the T-cell 

Stimulation assays, 2 x 106 fixed LCL were added to peptide-specific T-cells (T-cell 

hybridoma 17.9) and incubated for 24 hours at 37°C. T-cell proliferation was measured 

using a HT-2 bioassay measuring tritiated [3H] thymidine incorporation as described 

previously (Li et al., 2002).  All assays were performed in triplicate and the relative mean 

tritiated thymidine incorporation and the S.D. were expressed as c.p.m. Statistical 

analysis: T-test (unpaired) comparisons were performed to compare the mean tritiated 

thymidine incorporation between antigen-exposed control and arsenic-exposed cells at a 

significance threshold of P < 0.05 using GraphPad software.   

MHC II Immunoblot:  Cellular protein concentrations of MHC class II were analyzed 

from whole cell lysates of control and two-week arsenite exposed Priess cells. Cells (8 x 

106) were harvested and lysed with 1x SDS buffer (50 mM Tris-Cl, 2% SDS, 10% 

glycerol, 100 mM DTT). Total protein concentrations were quantified using the Quant-iT 

protein quantification kit (Invitrogen, Carlsbad, CA) following manufactures protocol. 

Equal quantities of total protein were subjected to SDS-polyacrylamide gel (12% 

acrylamide) electrophoresis, transferred to nitrocellulose membrane, and immunoblotted 

with antibodies.  The following antibodies were used: DA6.147, anti-HLA-DR ! chain of 

MHC class II antibody, a gift from Dr. Janice Blum; mouse anti-! tubulin antibody, 
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1:1000 (Sigma Aldrich, St Louis, MO); rabbit anti-mouse IgG, HRP, F(ab’)2 antibody, 

1:5000 (Millipore, Billerica, MA).   The membrane was visualized by 

chemiluminescence detection (Thermo Scientific, Rockford, IL) and autoradiography. 

Surface MHC II Immunofluorescence:  In order to quantify the amount of 

MHC class II present on the cell surface, cells were stained by immunofluorescence and 

analyzed by flow cytometry. Priess cells were cultured under control conditions or 

exposed to 1.5 µM sodium arsenite for two-weeks. After the two-week exposure, 3 x 106 

cells from control and arsenite exposed cultures were harvested, washed in 1x PBS and 

blocked in 1% BSA + 0.1% sodium azide for 10 minutes at room temperature.  Samples 

were incubated with primary antibody for 1 hour on ice, washed 1x with 2 ml PBS, 

incubated with a 0.5 µg dilution of fluorescently-conjugated secondary antibody for 30 

minutes on ice, washed 1x with 2 ml PBS, and fixed in 1% paraformaldehyde. The 

following antibodies were used: primary antibody L243, against MHC class II DR!" 

dimer and primary antibody NN4 (L243 isotype control) were a gift from Dr. Janice 

Blum, secondary antibody goat - anti mouse IgG1 F(ab’)2 - FITC (Santa Cruz 

Biotechnologies, Santa Cruz, CA). Fluorescence was detected by flow cytometry using a 

LSR II Flow Cytometer (BD Biosciences, Sparks, MD). FITC fluorescence was collected 

through the 525/50 bandpass filter. Data were analyzed using FacsDiva software (BD 

Biosciences, Sparks, MD). RFU +/- S.D. of MHC class II was calculated for each sample 

from two independent replicates.  
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Lysosome Hydrolase Activity Assay:  Priess cells were cultured with or without 

exposure to 1.5 µM sodium arsenite for two weeks. After the two-week exposure, cells 

were incubated with 10 µg/ml of the fluorescent dye DQ Ovalbumin (DQ-Ova), which is 

a self-quenched conjugate of ovalbumin that exhibits bright green fluorescence upon 

proteolytic degradation.  Cells were incubated at 37 °C and harvested after different 

durations of continuous DQ-Ova exposure, 0, 2, 4, 8, 24, and 48 hours. DQ-Ova 

fluorescence was detected by flow cytometry using a LSR II Flow Cytometer (BD 

Biosciences, Sparks, MD). DQ-Ova fluorescence was collected through the 525/50 

bandpass filter. Data were analyzed using FacsDiva software (BD Biosciences, Sparks, 

MD). Mean RFU of DQ-Ova fluorescence was determined based on data histogram of 

each sample and control and arsenite treated samples were compared at each time point. 

Mean DQ-Ova fluorescence at each time point was normalized to background 

fluorescence for either the control or arsenite-exposed sample at time 0.  Statistical 

analysis was not performed because the data were generated from one flow cytometry 

experiment.  

 

5.3. RESULTS:  

5.3.1. Arsenite reduces MHC class II-mediated antigen presentation 

In order to determine if arsenite-induced proteotoxicity and autophagy alter MHC class 

II-mediated antigen presentation, Priess cells were exposed to 1.5 µM sodium arsenite for 

two weeks then incubated with full-length human serum albumin (HSA) antigen 
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overnight. Antigen-primed Priess cells were incubated with the T-cell hybridoma line 

17.9 and T-cell stimulation was quantified. T-cells incubated with antigen-primed 

arsenite-exposed Priess cells had a 30% reduction in T-cell stimulation from 107,000 

c.p.m to 71,000 c.p.m. (Figure 5.1).  

This experiment was replicated using another LCL, Priess/GAD and a 50% reduction in 

T-cell stimulation was observed from 17,000 to 8,000 c.p.m., which was consistent with 

the data previously observed in Priess (Figure 5.2).  Interestingly, when arsenite-exposed 

Priess/GAD cells were incubated with HSA peptide, which does not require lysosomal 

processing, there was no difference in T-cell stimulation.  This could suggest that the 

loading of HSA peptides onto MHC class II molecules is not altered, but alternatively, 

the processing of full-length antigen into peptides is what is disrupted. 
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Figure 5.1. T-cell stimulation in response to antigen-primed Priess cells under control or 
arsenite-exposed conditions.  Priess cells were cultured under control conditions or 
exposure to 1.5 µM sodium arsenite for two weeks. Cells were then incubated with full-
length HSA antigen and incubated with the T-cell hybridoma 17.9. T-cell stimulation was 
measured by T-cell proliferation (tritiated thymidine incorporation). The graph shows the 
mean tritiated thymidine incorporation +/- the S.D. measured in c.p.m. from three 
replicates. * represents P < 0.001 from an unpaired student t-test 
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Figure 5.2. T-cell stimulation in response to antigen-primed Priess/GAD cells under 
control or arsenite-exposed conditions.  Priess/GAD cells were cultured under control 
conditions or exposure to 1.5 µM sodium arsenite for two weeks. Priess/GAD cells were 
then incubated with either full-length HSA antigen or HSA peptide, then incubated with 
the T-cell hybridoma 17.9. T-cell stimulation was measured by T-cell proliferation. The 
graph shows the mean tritiated thymidine incorporation +/- the S.D. measured in c.p.m. 
from three replicates. Student t-test for mean c.p.m. between HSA incubated control 
versus arsenite-exposed Priess/GAD, P = 0.06. 

 

5.3.2. Arsenite does not alter total or surface protein levels of MHC class II  

To determine if the arsenite-induced reduction in antigen presentation was due to 

differences in total or surface protein levels of MHC class II, the amount of total cellular 

protein was quantified by immunoblot analysis and the amount of surface protein was 
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quantified by immunofluorescence staining and flow cytometry. After the two-week 

arsenite exposure total cellular protein levels of MHC class II were slightly elevated 

(Figure 5.3). Flow cytometric analysis indicated that the amount of MHC class II located 

on the cell surface was also slightly elevated after arsenite exposure (Figure 5.4). These 

observations are consistent with the data demonstrating that arsenite-exposed LCL 

incubated with HSA peptide were able to successfully stimulate T-cells, which would 

require the presence of functioning MHC class II molecules on the cell surface. Taken 

together, these data indicate that arsenite exposure does not alter the quantity of MHC 

class II molecules either on the surface or within the cell that could be available to bind 

antigenic peptides.  
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Figure 5.3. The effect of arsenite exposure on total intracellular MHC class II protein 
levels. Priess cells were cultured under control conditions or exposure to 1.5 µM sodium 
arsenite for two weeks. Cells were harvested and cell lysates were analyzed for total 
MHC class II protein by immunoblot analysis. Image is a representative blot of MHC 
class II protein levels in control = C or arsenite = As exposed cells, protein levels of 
tubulin were used as a normalizing control. 



!

!

"$'!

 

 

Figure 5.4. The effect of arsenite exposure on surface MHC class II protein levels. Priess 
cells were cultured under either control conditions or exposure to 1.5 µM sodium arsenite 
for two weeks. Surface MHC class II protein levels were measured by 
immunofluorescence and flow cytometry. Graph represents the mean MHC class II 
fluorescence +/- the S.D. from two independent replicates. 

 

 

5.3.3. Arsenite decreases the efficiency of lysosome-mediated degradation 

Based on previous experiments in LCL, throughout an 8-day exposure to 0.75 µM 

sodium arsenite, mRNA levels of multiple lysosomal hydrolases are increased in a time 

dependent manner (Chapter 3). In addition, at the end of the 8-day exposure, enzymatic 

activity of one of the hydrolases, cathepsin D was elevated in multiple LCL (Chapter 3). 
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In order to determine if arsenite was affecting the ability for lysosome hydrolases to 

degrade proteins targeted to the lysosome for degradation, a model substrate of lysosome-

targeted degradation, ovalbumin, which is conjugated with the fluorescent dye BODIPY 

(DQ-Ova) was monitored. Undegraded DQ-Ova has minimal background fluorescence 

because the fluorescent dye is quenched, due to the three dimensional structure of the 

molecule. As DQ-Ova is degraded the fluorescent dye is no longer quenched and an 

increase in cellular fluorescence occurs.  

DQ-Ova degradation was monitored over the course of 48 hours in control and arsenite 

exposed (2 weeks, 1.5 µM) Priess cells by flow cytometry. In the control cells, DQ-Ova 

degradation increased in a time-dependent manner over the course of the 48 hours period. 

This was observed by an increase in cellular fluorescence, with the peak fluorescence 

occurring at 24 hours (Figure 5.5). However, DQ-Ova degradation was reduced in 

arsenite-exposed cells. DQ-Ova fluorescence did increase in a time-dependent manner in 

the arsenite-exposed samples, but the total amount of DQ-Ova fluorescence was reduced 

at every time point in comparison to control. This suggests that arsenite exposure is 

altering the efficiency of lysosome degradation. One possible interpretation of these data 

is that the arsenite-induced proteotoxicity and autophagy is overloading the lysosome to 

undegraded substrates altering lysosomal function.  
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Figure 5.5. The effect of arsenite on lysosome-mediated degradation of the model 
substrate, DQ-Ova. The rate of DQ-Ova degradation was measured by flow cytometry in 
control or arsenite (2 weeks, 1.5 µM) exposed Priess cells continuously exposed to DQ-
Ova over the course of 48 hours. Graph represent the mean DQ-Ova fluorescence at 2, 4, 
8, 24, and 48 hours after the addition of DQ-Ova substrate in control = C or arsenite = As 
exposed cells. Each time point was normalized to background fluorescence at time 0 in 
control and arsenite-exposed samples. Statistical analysis was not performed because data 
were generated from one flow cytometry experiment. 

 

5.3.4. Arsenite induces protein aggregation of MHC class II molecules 

In LCL, arsenite-induced autophagy was associated with the generation of ER stress and 

an increased quantity of protein aggregates that contained p62 and LC3 (Chapter 4). The 
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amount of MHC class II present in those protein aggregates was also analyzed. After the 

8-day arsenite exposure, the quantity of MHC class II present in protein aggregates 

increased (Figure 5.6). These data were surprising but are consistent with the observed 

decrease in antigen presentation in arsenite-exposed LCL. Accumulation of MHC class II 

molecules within the cell could cause the molecules to aggregate, rendering them 

unavailable to load peptides and present them on the cell surface. Arsenite-induced 

aggregation of MHC class II molecules is a novel finding and should be further 

investigated in the context of arsenite-mediated inhibition of antigen presentation. 
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Figure 5.6. Evaluation of MHC class II protein aggregates after arsenite exposure. Priess 
cells were maintained in either control media or media supplemented with 1.5 µM 
sodium arsenite for 8 days. To detect protein aggregates, cell lysates containing the 
insoluble cellular material were vacuum-aspirated through a 0.2 µM pore-size membrane, 
using a dot-blot apparatus to retain large aggregates. Membranes were probed with MHC 
class II antibody, DA6.147, to detect the amount of MHC class II present in the 
aggregates. Detailed methods are located in the methods section of Chapter 4. Figure 
shows a representative MHC class II dot blot from three independent replicates for 
control = C and arsenite-exposed = As samples. Student t-test for mean densitometry and 
S.D. from the three independent replicates, P < 0.05.  

 

5.4. DISCUSSION:  

In LCL, arsenite has been shown to induce the autophagy process.  At low concentrations 

(0.75 or 1.5 µM) arsenite exposure results in an expansion of acidic vesicles, increased 

flux of the autophagosome marker LC3-II, increased lysosomal gene expression, and 

increased enzymatic activity of the lysosome hydrolase, cathepsin D (Chapters 3 and 4). 

Interestingly, at a higher more cytotoxic concentration of arsenite (6 µM), arsenite 

exposure still results in an expansion of acidic vesicles, but analysis of LC3-II flux 

suggests that the noted increase in LC3-II is not only due to an induction of autophagy, 

but also an inhibition in lysosomal degradation (Chapter 2). Arsenite-induced autophagy 

is also associated with proteotoxicity that leads to the generation of ER stress and 
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activation of the UPR, a critical stress response pathway activated in response to ER 

stress generated through an accumulation of unfolded proteins in the ER (Kozutsumi et 

al., 1988) (Chapter 4). Along with the activation of ER stress and UPR responsive genes 

at both the mRNA and protein level, there was an observed accumulation of aggregated 

proteins after arsenite exposure, which could indicate that the lysosome is congested with 

unfolded and aggregated proteins that need to be degraded. 

In light of what is currently known about arsenite-induced changes in the autophagy 

process and lysosome-mediated degradation, the objective of this study was to investigate 

if arsenite exposure altered antigen presentation in LCL. LCL exposed to an 

environmentally relevant concentration of arsenite (1.5 µM) for two weeks had a 

reduction in HSA antigen presentation. This was concluded by an observed decrease in 

T-cell stimulation in response to arsenite-exposed LCL primed with antigen in 

comparison to unexposed LCL primed with antigen. Interestingly, there was no 

difference in T-cell stimulation in response to LCL incubated with HSA peptide, which 

does not require intracellular processing or proteolytic degradation. This suggests that 

arsenite is somehow altering the processing of HSA antigen into peptides or the loading 

of peptides onto MHC class II molecules in LCL. There are several potential mechanisms 

by which arsenite could be affecting the processing or loading of cellular antigens. First, 

arsenite could be decreasing the efficiency of lysosome-mediated degradation of 

antigens, which would result in a decrease in the number of peptides present.  This 

hypothesis is supported by additional data from this study. In arsenite-exposed LCL, the 

efficiency of lysosome-mediated degradation of DQ-Ova was decreased at all time points 
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analyzed.  One explanation for these observations is that lysosomal hydrolases are 

inhibited by arsenite. Based on previous studies, this conclusion is unlikely. In LCL, 

arsenite-induced autophagy was associated with increased mRNA levels of multiple 

hydrolases and increased enzymatic activity of cathepsin D, which would suggest that 

hydrolase activity in the lysosome is not reduced after arsenite exposure (Chapter 3). 

Another potential explanation is that the lysosomes are congested with substrates 

(misfolded, damaged, or aggregated proteins) that in turn reduce overall efficiency of 

lysosomal degradation. Arsenite-induced autophagy is associated with an accumulation 

of protein aggregates that are potential substrates of lysosome-mediated degradation. The 

expansion of acidic vesicles and accumulation of damaged and aggregated proteins 

observed in arsenite-exposed LCL could be a compensatory mechanism initiated to 

overcome the accumulation of substrates in the lysosome.  

A second mechanism by which arsenite may be acting is by increasing the diversity of 

peptides presented on MHC class II molecules, which would change the peptide 

repertoire on the cell surface. Dengjel et al. (2005) evaluated the peptide repertoire 

present on the cell surface by proteomic analysis in B-cells after autophagy was induced 

by serum starvation. When autophagy was induced, there was a change in the peptide 

diversity on the cell surface. There was an increased quantity of peptides from 

intracellular and lysosome-derived proteins in contrast to membrane or secreted proteins 

(Dengjel et al., 2005). The quantity and diversity of proteins within the lysosome may be 

increased after arsenite exposure in LCL, which could alter the types of peptides 

generated and presented on MHC class II molecules. 
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The third potential mechanism is that arsenite could be altering the availability and 

turnover of MHC class II molecules, which would alter the quantity and diversity of 

peptides on the cell surface. In arsenite-exposed LCL, the quantity of MHC class II 

molecules either within the cell or on the cell surface was not altered, but it is not known 

if arsenite is changing the availability or half-life of MHC class II molecules that could 

affect peptide binding. In this study, arsenite induced the quantity of MHC class II 

protein aggregates. The ramifications of this effect are not known, but would likely alter 

the availability of those MHC class II molecules from binding peptide fragments.  Further 

research should investigate the relationship between MHC class II protein aggregation 

and changes in the peptide repertoire present on surface MHC class molecules, which 

might explain the decrease in antigen presentation observed in arsenite-exposed LCL.  

In this study it was determined that arsenite-induced proteotoxicity and autophagy are 

associated with impaired antigen presentation of HSA in the LCL model. Interestingly, 

another research group has found that a different arsenical compound, gallium arsenide, 

also exerts a similar effect on antigen processing in an in vitro model. Murine B-cells 

exposed to gallium arsenide had impaired processing of soluble protein antigens that 

resulted in inhibited T-cell stimulation, but could successfully present peptides that did 

not require processing (Gondre-Lewis et al., 2003). Further evaluation revealed that 

proteolytic activity of cathepsins B and L were diminished in arsenide exposed cells and 

there was an increase in Ii fragments, due to defective degradation. They concluded that 

arsenide induced-immunosuppression was due to diminished thiol proteolytic activity, 

which lead to impaired antigen processing and invariant chain degradation.   
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Further investigation of how arsenic-induced proteotoxicity and autophagy plays a role in 

the inhibition of antigen presentation could offer mechanistic insight into arsenic-

associated immunosuppression and provide a novel mechanism by which toxicants can 

induce immunotoxicity. 

 

 

Conclusions 

1. Arsenite reduces MHC class II-mediated presentation of HSA antigen. 

2. The quantities of MHC class II molecules within the cell or on the cell surface 

are not altered by arsenite. 

3. Lysosomal-mediated degradation of a model substrate is decreased in 

arsenite-exposed cells. 

4. Arsenite induces MHC class II-containing protein aggregates. 
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CHAPTER 6 

OVERALL CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

 

6.1. OVERALL CONCLUSIONS: 

Exposure to elevated concentrations of arsenic in the environment is a global health 

concern and is associated with extensive morbidity and mortality. Several reports clearly 

show that the immune system is a target of arsenic-induced toxicity. Epidemiological 

studies have shown that exposure to elevated levels of arsenic, primarily through 

contaminated drinking water, are associated with characteristics of immunosuppression 

including delayed proliferative response of peripheral lymphocytes to a mitogenic-

stimulus, decreased T-cell cytokine secretion, and increased prevalence of opportunistic 

infections (Gonsebatt et al., 1992; Biswas et al., 2008; Raqib et al., 2009). Despite the 

epidemiological as well as the in vitro and in vivo data to support arsenic-induced 

immunosuppression, a molecular mechanism has not been established. In this 

dissertation, using a cellular model of immune cell targeting of arsenic, the molecular 

mechanism of arsenite-induced cytotoxicity was evaluated in order to provide insight into 

the molecular mechanisms of arsenite-induced immunotoxicity that could be contributing 

to the immunosuppression that is observed in humans.  
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6.1.1. Arsenite-induced cell death is not associated with the induction of apoptosis, but is 

associated with hallmarks of autophagy 

At cytotoxic concentrations (6 µM, 96 hours), arsenite-induced cytotoxicity was not 

associated with hallmarks of apoptosis, but conversely was associated with hallmarks of 

autophagy (Chapter 2). Visual evaluation of cell morphology by TEM revealed the 

presence of autophagic structures (autophagosomes and autolysosomes) within arsenite-

exposed cells. In addition there was an accumulation of acidic vesicles, as measured by 

LRD fluorescence. Cell lysates prepared from arsenite-exposed cells showed increased 

steady-state protein levels of the autophagosome marker LC3-II. However, after 

evaluation of the autophagic flux of LC3-II, the increase in steady-state protein levels 

was, at least in part, due to an inhibition in the degradation of LC3-II in addition to an 

increase in the flux of LC3-II to the autophagosome. This suggests that at higher, more 

cytotoxic concentrations, arsenite decreases lysosome-mediated degradation and could be 

inhibiting the degradation of proteins that are substrates for lysosomal degradation. An 

inhibition in lysosome-mediated degradation could also be inhibiting the breakdown of 

mature autophagic vacuoles, contributing to the observed accumulation of acidic vesicles 

in arsenite-exposed cells. The presence of autophagic markers in arsenite-exposed cells 

does not indicate that the autophagy process contributes to the mechanism of arsenite-

induced cell death. Autophagic markers could also be present in dead or dying cells 

because cytoprotective functions (removal of damaged cellular components) of the 

autophagic process failed and this led to cell death.  It was not possible to determine the 

role of autophagy in cell survival because it was not possible to chemically inhibit 
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autophagy throughout the entire 96-hour exposure duration without extensive cell death. 

Further experiments would need to be designed in order to definitively determine what 

role autophagy is playing in the cell survival process. 

 

6.1.2. At environmentally relevant concentrations, arsenite-induced toxicity is associated 

with the induction of autophagy 

At environmentally relevant concentrations of arsenite (0.75 or 1.5 µM), an 8-day 

exposure resulted in inhibition of cell proliferation in LCL, which coincided with the 

expansion of acidic vesicles (lysosomes and autolysosomes), a hallmark of autophagy 

(Chapters 3 and 4). The accumulation of acidic vesicles was gradual, beginning after day 

4 (> 96 hours) and slowly increased over the duration of the arsenite exposure. 

Interestingly, the rate of acidic vacuole accumulation throughout the arsenite exposure 

was quite slow in comparison to other classical inducers of autophagy. For example, 

under amino acid starvation, induction of autophagy as measured by the expansion of 

acidic vesicles or increased conversion of LC3-I to LC3-II, occurred in a matter of hours 

instead of days (Munafo and Colombo, 2001; Mizushima et al., 2004; Settembre et al., 

2011). One explanation for this slow accumulation is that arsenite-induced cellular 

damage might not be as severe as other classical inducers of autophagy so it takes longer 

to induce sufficient cellular damage to activate the autophagy process. Another 

explanation is that arsenite might not only be inducing autophagy, but also may be 
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inhibiting the breakdown of mature autolysosomes, which could result in a gradual 

accumulation of acidic vesicles.   

In addition to the expansion of acidic vesicles, other positive markers of autophagy 

induction were evident after arsenite exposure. There was a global induction in lysosomal 

gene expression, which accompanied the expansion of acidic vesicles. The global 

induction of lysosomal genes was also associated with the up-regulation of the 

transcription factor TFEB. Activation of TFEB has been shown to regulate the expression 

of many genes involved in lysosome biogenesis and autophagy (Settembre et al., 2011). 

Based on the current studies, it is not known if arsenite exposure initiates the 

translocation of TFEB into the nucleus, which is required for activation, but based on the 

microarray data analysis, arsenite induced multiple downstream target genes of TFEB. In 

addition to the up-regulation of lysosomal genes at the transcriptional level there was an 

increase in the enzymatic activity of one of the lysosomal hydrolases, cathepsin D 

(Chapter 3). Arsenite exposure was also associated with an increase in the flux of the 

autophagosome marker LC3-II, which is indicative of an induction of autophagy 

(Chapters 4).  

 

6.1.3. Arsenite induced proliferative inhibition is correlated with the induction of 

autophagy 

Arsenite-induced immunotoxicity, specifically inhibition of cell proliferation, was 

correlated with the expansion of acidic vesicles (Chapter 3). The LCL that had the 
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greatest proliferative inhibition also had the largest expansion of acidic vesicles, which 

suggests that these two processes may not be independent. There are several cell 

signaling pathways that regulate cell proliferation and autophagy which arsenite could be 

targeting. The serine/threonine protein kinase mTOR is a known central regulator of cell 

growth and proliferation as well as the autophagy process. mTOR mediates cell cycle 

progression and cell growth through the downstream effector molecules 70-kDa 

ribosomal protein S6 kinase 1 (S6K1) and the eukaryotic translation initiation factor 4E 

(eIF4E), which act in parallel to control mRNA translation (Fingar et al., 2004). 

Inhibition of mTOR results in the inhibition of proliferation and the induction of the 

autophagy process as summarized in Chapter 1. Indeed, inhibition of mTOR through 

rapamycin treatment resulted in G1-phase arrest in mammalian lymphocytes and yeast 

cells; in other cell types, rapamycin treatment did not result in full cycle-cell arrest, but 

alternately delayed cell cycle progression (Reviewed in Abraham and Wiederrecht, 

1996). While, the role of mTOR in arsenite-induced autophagy and proliferative 

inhibition in the LCL model is not known, other research groups have determined that 

arsenic interacts with the mTOR pathway. In yeast, arsenic trioxide inhibited the mTOR 

complex TORC1 (Hosiner et al., 2009). Rapid inhibition of TORC1 was demonstrated in 

vivo through the dephosphorylation and inactivation of its downstream effector, the yeast 

S6K1 homolog Sch9 and reduction in the transcription of ribosome biogenesis genes. In 

leukemic cells, arsenic trioxide-induced apoptosis and growth suppressive effects were 

regulated through the Akt/mTOR pathway (Altman et al., 2008). Akt was phosphorylated 

in an arsenic trioxide-dependent manner and regulated the downstream activation of 



!

!

"%$!

S6K1. To elucidate the functional role of the Akt/mTOR pathway in arsenic trioxide-

induced apoptosis, researches evaluated MEF derived from double knockout Akt1 and 

Akt2 mice and double knockout S6K1 and S6K2 mice. Arsenic-induced apoptosis and 

growth suppression were enhanced in both Akt1/Akt2 and S6K1/S6K2 knockout cells, 

which suggests that the sequential activation of Akt, mTOR, and S6K in leukemic cells is 

regulated through a negative feedback mechanism to suppress the apoptotic pathway. In 

addition, inhibition of mTOR by rapamycin treatment enhanced arsenic trioxide-induced 

effects in primary hematopoietic progenitor cells from acute leukemia patients. Given the 

evidence that arsenic targets this pathway, it is possible that in LCL inhibition of cell 

proliferation and the induction of autophagy are mediated through the inhibition of 

mTOR.  

Another pathway unique to EBV transformed LCL is a cell proliferation pathway 

regulated by the EBV oncogene LMP1. LMP1 is a membrane-spanning protein, which 

contains a long cytoplasmic domain that can bind to cellular proteins such as TNF 

receptor-associated factors (TRAFs), Janus kinase 3 (JAK3), and TNFRSF1A-associated 

via death domain (TRADD) to activate signaling through the transcription factors NFkB, 

Ap-1, and Stat-1 (Mosialos et al., 1995; Devergne et al., 1996; Kieser et al., 1997; 

Sandberg et al., 1997; Gires et al., 1999). This signaling pathway partially mimics the 

signaling scheme for the CD40 receptor, which also regulates cell proliferation in B-cells 

(Uchida et al., 1999). LMP1 can regulate cell proliferation and the autophagy process in a 

dose-dependent manner in LCL (Lee and Sugden, 2008). High cellular levels of LMP1 

induced cytostasis and cells primarily contained late autophagic structures 
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(autolysosomes). Alternatively, low cellular levels of LMP1 induced cell proliferation 

and cells primarily contained autophagosomes. Based on experiments from our 

laboratory, in LCL, arsenite-induced autophagy is associated with increased LMP1 

protein levels (Data not shown). Exploring the potential role of LMP1 in arsenite-induced 

toxicity in LCL might be an interesting direction to pursue in the future.   

 

6.1.4. Arsenite-induced autophagy is associated with proteotoxicity leading to the 

accumulation of protein aggregates and the generation of ER stress  

In order to elucidate the molecular mechanism of the upstream cellular damage that 

activates autophagy in the arsenite-induced model, proteotoxicity was evaluated as a 

potential mechanism. The arsenite-induced gene expression profile was enriched with 

genes also modulated by the known ER stress inducing agent thapsigargin (Chapter 4). In 

addition, further experiments from our laboratory demonstrated that arsenite activates all 

three arms of the UPR, providing further evidence that arsenite-induced autophagy is 

associated with the generation of ER stress in the LCL model. Interestingly, when 

evaluating the time course of gene expression changes throughout the 8-day exposure, the 

activation of ER stress responsive genes occurred after the induction of lysosomal genes, 

which suggests that the generation of ER stress occurs after the induction of autophagy in 

LCL. One potential explanation is that the generation of ER stress occurs because of a 

decrease in the degradation of damaged and misfolded proteins within the cell, which 

causes an accumulation of cellular proteins in the cytosol. In addition to the evidence 
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indicating that ER stress and the UPR are activated at the transcriptional and translational 

level after arsenite-exposure, additional data to suggest arsenite-induced proteotoxicity 

existed. Arsenite-induced toxicity was associated with the presence of protein aggregates 

containing increased levels of p62 and LC3. This suggests that upon arsenite exposure 

there is an accumulation of misfolded or damaged cellular proteins leading to an increase 

in the number of protein aggregates that may be transported to the lysosome for 

degradation. The induction of autophagy would compensate for the accumulation of 

aggregated proteins by facilitating their degradation. An increase in the quantity of p62 

and LC3 in protein aggregates after arsenite exposure could also indicate that lysosomal 

degradation is inhibited as this could also result in an accumulation of protein aggregates 

in the cell. The mechanism of arsenite-induced proteotoxic damage remains unknown. 

Arsenite could be targeting specific cellular proteins through the direct binding of 

arsenite to protein thiol groups thereby altering protein folding. Arsenite could also be 

inducing global nonspecific proteotoxic damage through an indirect mechanism such as 

targeting protein degradation of misfolded or damaged proteins in the cell. Further 

proteomic experiments could provide insight into what types of proteins are targets of 

arsenite-induced damage, ultimately contributing to the induction of the autophagy 

process and proteotoxic damage in the LCL model.  
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6.1.5.  Arsenite disrupts lysosomal processing of exogenous antigens, altering MHC class 

II-mediated antigen presentation in LCL 

In B-cells, the internal processing of cellular antigens into peptides during MHC class II-

mediated antigen presentation requires the lysosomal degradation of cellular antigens. In 

addition, changes in the autophagy process (induction or inhibition) have been shown to 

alter MHC class II-mediated antigen presentation. Since arsenite induces proteotoxic 

damage, which may be targeted to the lysosome for degradation, and the autophagy 

process in LCL, the effect of arsenite on the processing and presentation of exogenous 

antigens in the LCL model was evaluated. When incubated with full-length HSA antigen, 

LCL exposed to arsenite for two weeks failed to stimulate antigen specific T-cells to the 

same extent as unexposed LCL. Interestingly, arsenite-exposed LCL incubated with HSA 

peptide did not show any difference in T-cell stimulation, which suggests that arsenite is 

altering the internal processing of antigens or the loading of generated peptides onto 

MHC class II molecules inside of the lysosome. Arsenite exposure led to a decreased 

efficiency in the degradation of DQ-Ova, a model lysosomal substrate, in comparison to 

unexposed cells when evaluated over a 48-hour period. This suggests that arsenite 

exposure reduces the efficiency of lysosome-mediated degradation, which might explain 

the decrease in HSA antigen presentation. Arsenite also increased the quantity of protein 

aggregates containing MHC class II protein. Aggregation of MHC class II molecules 

would make them unavailable to load peptide fragments and present them on the cell 

surface, which provides an additional mechanism by which arsenite could be affecting 

antigen presentation in the LCL model. Further experiments should be designed to 
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determine the efficiency of HSA processing into peptides during arsenite exposure, the 

proteomic composition of peptides on the surface of arsenite-exposed LCL, and the 

availability of MHC class II molecules to load peptides within exposed cells to determine 

the molecular mechanism underlying arsenite-induced inhibition of antigen presentation.       

 

6.1.6.  Arsenite reduces the efficiency of lysosome-mediated degradation 

Data included in this dissertation provides evidence that arsenite reduces the efficiency of 

lysosome-mediated degradation, which could lead to an accumulation of undegraded 

substrates within of the lysosome and alter autophagy function.  After arsenite exposure 

there was an accumulation of p62- and LC3-containing protein aggregates (Chapter 4). 

p62 is degraded in the lysosome and also facilitates the transport of damaged cellular 

proteins to the lysosome for degradation. An accumulation of p62 protein and p62 bound 

aggregates occurs in cells with defective autophagy (Bjorkoy et al., 2005; Komatsu et al., 

2007; Myeku and Figueiredo-Pereira, 2011). This could indicate that the accumulation of 

p62-containing protein aggregates after arsenite exposure is due to a reduction in 

lysosome-mediated degradation. The arsenite-induced gene expression data also suggests 

that the generation of ER stress occurs downstream of the induction of autophagy. One 

potential reason for this effect is that the degradation processes responsible for the 

removal of damaged cellular proteins are less efficient. The generation of ER stress could 

be occuring in response to an accumulation of damaged cellular proteins within the cell 

because of inhibited lysosome-mediated degradation. In addition, lysosomal-mediated 
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degradation of the lysosomal substrate DQ-Ova was also reduced after arsenite exposure 

(Chapter 5). At cytotoxic concentrations, monitoring of the autophagic flux of LC3-II by 

co-exposure with BafA1 also demonstrated that lysosome-mediated degradation of LC3-

II was reduced (Chapter 2). Taken together, these data suggest that degradation of 

lysosomal substrates is reduced after arsenite exposure. One potential explanation is that 

arsenite-induced proteotoxicity may be resulting in an accumulation or overload of 

damage proteins within the lysosome, which is exceeding the capacity of the lysosome to 

degrade those substrates, resulting in a decrease in the degradation capacity of the 

organelle.  

 

6.1.7. Proposed model of arsenite-induced immunotoxicity in LCL 

Based on the data investigating the molecular mechanism of arsenite-induced cytotoxicity 

in LCL the following model is proposed (Figure 6.1). In LCL, arsenite exposure leads to 

protein misfolding and damage. An accumulation of misfolded and damaged cellular 

proteins can lead to an induction in autophagy, characterized by the global induction of 

lysosomal genes and expansion of acidic vesicles, that will function to remove the 

damaged cellular components from the cell by lysosome-mediated degradation.  Protein 

aggregates form to sequester misfolded proteins and those aggregates can be transported 

to the lysosome for degradation using the autophagic machinery. The induction of 

autophagy is correlated with an inhibition of cell proliferation. Protein aggregates and 

other damaged cellular components are shuttled to the lysosome for degradation. The 
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lysosomes become overloaded with substrates, which slow down the rate of degradation. 

The overloading of lysosomes with damaged cellular components could also lead to an 

accumulation of damaged cellular proteins inside of the cell causing a generation of ER 

stress. ER stress has been shown to lead to an inhibition of cell proliferation in other 

experimental models and could be contributing to the inhibition of cell proliferation 

observed after arsenite exposure (Outinen et al., 1999). The decrease in lysosomal-

mediated degradation leads to a decrease in lysosomal processing of exogenous antigens 

resulting in a decrease in antigen presentation.  
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Figure 6.1. Proposed mechanism of arsenite-induced immunotoxicity in LCL. Arsenite 
toxicity leads to protein misfolding and damage, which results in the induction of 
autophagy to facilitate the degradation of damaged cellular components. Misfolded and 
damaged cellular proteins can form protein aggregates that may be transported to the 
lysosome for degradation using the autophagic machinery. The induction of autophagy is 
associated with an inhibition in cell proliferation and an increase in the amount of 
damaged cellular components being shuttled to the lysosome for degradation. The 
lysosomes become overloaded with substrates resulting in a decrease in the efficiency of 
lysosomal degradation and an accumulation of misfolded and unfolded proteins within 
the cell leading to the generation of ER stress. ER stress has also been shown to result in 
an inhibition of cell proliferation. Inhibition of lysosome-mediated degradation could 
lead to a decrease in exogenous antigen processing into peptides leading to a decrease in 
antigen presentation.   
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6.1.8. Significance  

Identifying lysosome-mediated degradation and the autophagy process as novel cellular 

targets of arsenite in the LCL model can provide insight into the molecular mechanisms 

underlying arsenite-induced immunotoxicity. In LCL, two immune functions, cell 

proliferation and antigen presentation, were inhibited after arsenite exposure and were 

associated with changes in lysosome-mediated degradation and the autophagy process. 

Ex vivo and in vitro studies evaluating blood lymphocytes have demonstrated that arsenic 

decreases lymphocyte proliferation. In the LCL model, this effect was also observed after 

arsenite exposure and was significantly correlated with the induction of autophagy. 

Arsenite-induced targeting of the autophagy process through protein damage may also be 

regulating this response in humans. An inhibition of cell proliferation of B-cells could 

affect their ability to clonally expand, which is required to generate pools of antigen 

specific B-cells for antibody production. Also, if T-cell proliferation is affected this could 

result in a decrease in the T-cell-mediated immune response involved in both the innate 

and adaptive immune systems. In addition, arsenite-induced inhibition of antigen 

presentation was also due to mechanistic changes in the autophagy process and lysosome-

mediated degradation. Interestingly, in in vivo experiments, suppression in T-cell 

dependent antibody response, reduced rejection of cardiac allographs, and increased 

susceptibility to influenza infection and higher pulmonary influenza virus titers observed 

after arsenic exposure could all result at least in part from a decrease in antigen 

presentation, which would lead to suppression of the T-cell mediated immune response. 

Further evaluation of how arsenic affects the autophagy process and lysosome-mediated 
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degradation could provide important insight into the mechanisms underlying arsenic-

induced immunosuppression in humans.  

Based on additional experiments from our laboratory, we do not believe that arsenite-

induced autophagy is unique to the LCL model. The presence of autophagy markers after 

arsenite exposure has been evaluated by changes in LRD fluorescence or LC3 

immunoblot analysis in other cell lines from different target tissues. We have confirmed 

the presence of autophagy markers after arsenite exposure in the glioblastoma cell line 

T98G, the urothelial cell line UROtsa, the T-cell leukemia cell line Jurkat, MEF, and 

HEK 293 Ta cells. In addition, other research groups have found evidence of autophagy 

markers present after arsenite exposure in other cell lines including the human 

uroepithelial cell line SV-HUC-1, the leukemia cell line HL60, and the malignant glioma 

cell line U118-MG (Chai et al., 2007; Yang et al., 2008; Chiu et al., 2011). This indicates 

that arsenite-induced changes in the autophagy process are a more general phenomenon 

and provides a novel pathway to investigate when evaluating arsenic-induced toxicity. 

 In addition to immunotoxicity, disregulation of the autophagy process has been 

associated with other diseases including cancer, neurodegeneration, heart disease, and 

liver disease and therefore this pathway could provide mechanistic insight into other 

arsenite-associated diseases. Genes involved in the autophagy process could also be novel 

molecular targets for therapeutic intervention to increase the efficacy of arsenite-induced 

toxicity in the use of arsenite as a treatment, or alternatively, could be targeted to prevent 

damage and disease.  
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6.2. FUTURE RESEARCH DIRECTIONS: 

Based on the previously described model detailing what is currently known about the 

relationship between arsenite-induced immunotoxicity and the autophagy process, it 

provides many new research directions to pursue.  

 

6.2.1. Determine how autophagy inhibition would affect immunotoxicity  

Historically, autophagy has been considered an adaptive response to facilitate the 

removal of damaged cellular components to restore homeostasis. But, under certain 

situations, autophagy has also been identified to initiate cell death. Since it was not 

possible to chemically inhibit the autophagy process for extended periods of time without 

extensive cell death, establishing what role autophagy plays in arsenite-induced 

immunotoxicity was not possible. One way to tackle this question is through the 

manipulation of certain autophagy-related genes to determine the significance of this 

process in immunotoxicity. A logical first candidate would be TFEB since it is a master 

regulator of many other autophagy genes.  Knockdown of TFEB expression through the 

use of shRNA could inhibit autophagy activity in LCL and give insight into what role 

autophagy plays in the ability of the cell to handle cellular damage and stress. In addition 

to TFEB, other potential candidate genes include genes required for the formation of 

autophagosomes such as Atg5, Atg12, and Atg7. Once again, knockdown in the 

expression of these genes could inhibit autophagy function and help to identify what role 

autophagy is serving in the cell. Another approach would be to use cell lines or animal 
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models with genetic knockout of particular autophagy genes to once again address how 

autophagy contributes to arsenite-induced immunotoxicity. 

 

6.2.2. Investigate the time course of molecular events leading to arsenite-induced 

immunotoxicity 

Based on the current model we know that arsenite induces proteotoxicity, characterized 

by the accumulation of protein aggregates and the generation of ER stress, and autophagy 

in response to toxicity in the LCL model. The gene expression data suggests that the 

induction of lysosomal genes precedes the activation of ER stress genes. This would 

suggest that the induction of autophagy occurs before the generation of ER stress in the 

LCL model. A more detailed evaluation of the time course of molecular events, 

especially at the earlier time points (days 1-3) could provide insight into the 

chronological order of events leading to the induction of immunotoxicity in the LCL 

model. 

 

6.2.3. Investigate the cell signaling pathways that could co-regulate the induction of 

autophagy and inhibition of cell proliferation in the LCL model 

In the LCL model there was individual variation in the extent to which arsenite induced 

autophagy (expansion of acidic vesicles) and inhibited cell proliferation (Chapter 3). 

Interestingly, there was a correlation between these two traits. The cell lines that had the 
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largest inhibition of cell proliferation also had the largest expansion of acidic vesicles, 

which suggests that these two processes are not independent. In the previous section, 

several potential cellular pathways were highlighted that could be regulating both of these 

traits in LCL, namely the Akt/mTOR- and the LMP1-mediated pathways. The next step 

is to evaluate these potential cell-signaling pathways to determine if they play a role in 

the arsenite-induced effects observed in the LCL model. Evaluation of protein quantity 

and activity of different pathway members in response to arsenite exposure would help 

determine if arsenite is directly acting at any step in either pathway. Genetic or chemical 

manipulation of particular pathway members would also lend insight into the significance 

of these pathways in the arsenite-induced LCL model. In addition, study of the mTOR 

pathway, considered the classical signaling pathway involved in the initiation of 

macroautophagy, would also provide insight into the cell signaling pathways controlling 

the induction of autophagy in response to arsenite exposure.  

 

6.2.4. Determine if arsenite-induced alterations in the autophagy process are correlated 

with immunotoxicity in rodent or human  

In the studies detailed in this dissertation an association between changes in the 

autophagy process and two immunotoxic traits, inhibition of cell proliferation and 

decreased exogenous antigen presentation onto MHC class II molecules were established 

in LCL. The next step is to determine if these associations also exist in in vivo models 

and humans exposed to arsenic. Evaluation of peripheral blood cells isolated from 
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arsenic-exposed rodents or humans could be used to determine if autophagy markers are 

also evident in whole organism systems and if changes in the autophagy process are 

associated with immunotoxicity. Markers of autophagy, such as expansion of acidic 

vesicles or evaluation of autophagic flux of LC3-II could be identified as informative 

biomarkers of arsenic toxicity and investigation of these processes could also highlight 

novel molecular targets for therapeutic intervention. In addition, this would further 

validate that the autophagy process is important in the mechanisms contributing to 

arsenite-induced immunosuppression in humans.  

 

6.2.5. Investigate why the addition of eGFP sensitizes LCL to arsenite-induced toxicity 

While investigating the molecular mechanism of the upstream cellular damage that was 

responsible for the induction of autophagy in the LCL model, a Priess cell line was 

generated by lentiviral transduction to stably express eGFP (GFP-LCL) (Detailed 

methods in APPENDIX A). GFP-LCL cells were exposed to arsenite for 8 days and cell 

proliferation and acidic vesicle formation were evaluated. Interestingly after the 8-day 

exposure, GFP-LCL cells had a significantly larger inhibition in cell proliferation and 

expansion of acidic vesicles in comparison to non-transduced LCL (Figure 6.2). This 

suggests that the addition of eGFP sensitizes the LCL to arsenite-induced toxicity. An 

interesting characteristic of eGFP is that it is an aggregate prone protein and is also 

known to accumulate in the lysosome (Katayama et al., 2008). Given that arsenite is 

known to induce protein aggregates that may be targeted to the lysosome for degradation 
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(Chapter 4), the fact that the overexpression of an aggregate prone protein sensitizes the 

cells to arsenite-induced toxicity is intriguing and should be investigated further. These 

data are difficult to interpret because an alternative stable cell line that overexpresses 

another protein was not available to use for comparison to rule out that the transduction 

process contributed to the enhanced sensitivity that was observed. However, based on 

preliminary studies we do not believe that the transduction process was a factor because 

we did create another stable cell line by lentiviral transduction that expressed a scramble 

shRNA construct that did not sensitize the LCL to arsenite. Further evaluation of the role 

of eGFP overexpression in enhanced sensitivity to arsenite-induced toxicity could lend 

insight into how protein aggregation plays a role in the molecular mechanism of arsenite 

toxicity.   
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Figure 6.2. The effect of eGFP expression on cell sensitivity to arsenite-induced toxicity 
in LCL. An eGFP stably expressed Priess cell line was generated by lentiviral 
transduction. Priess (LCL) and eGFP Priess (GFP-LCL) cells were maintained in control 
media or media supplemented with 1.5 µM sodium arsenite for 8 days. A) To determine 
the difference in cell population doubling time after arsenite exposure in LCL and GFP-
LCL, the change in doubling time was calculated separately for each cell line based on 
total cell counts after the 8-day exposure. The graph represents the mean difference in 
doubling time after arsenite exposure, error bars are the S.E.M. from 6 independent 
experiments. B) To determine the difference in mean LRD fluorescence after arsenite 
exposure in LCL and GFP-LCL, the change in mean LRD fluorescence was determined 
separately for each cell line based on mean LRD fluorescence values after the 8-day 
exposure. The graph represents the mean difference in LRD fluorescence after arsenite 
exposure, error bars are the S.E.M from 6 independent experiments. * represents a P -
value < 0.05 from a student t-test 

 

6.2.6. Investigate the molecular mechanism underlying arsenite-induced inhibition of 

exogenous antigen presentation onto MHC class II molecules 

The discovery of an association between arsenite-induced changes in the autophagy 

process and inhibition of antigen presentation of exogenous antigens in LCL is a novel 
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mechanism, providing further mechanistic insight into how arsenic may be contributing 

to immunosuppression in humans. The arsenite-associated inhibition of antigen 

presentation was associated with decreased lysosomal degradation of the model 

lysosomal substrate DQ-Ova, which suggests that arsenite is altering the efficiency of 

lysosome-mediated degradation. In addition to evaluating DQ-Ova degradation, Ii is a 

chaperone protein that facilitates the correct folding of MHC class II !" dimers and 

transportation of those class II molecules to cellular compartments that are rich in antigen 

peptides. Ii also functions to protect the antigen-binding pocket of MHC class II 

molecules until peptides are ready to be loaded to prevent premature binding. Protein 

levels of Ii are an indirect way to monitor MHC class II stability and function. Total 

intracellular protein concentrations of Ii were quantified by immunoblot analysis 

(Detailed methods in APPENDIX A). After the two-week arsenite exposure Ii protein 

levels increased almost 2 fold (1.8) (Figure 6.3).  An increase in Ii protein could be 

indicative of a decrease in protein degradation since Ii is proteolytically degraded in the 

lysosome. This was a first experiment, but the increase in Ii protein levels, suggesting a 

decrease in Ii degradation is consistent with the DQ-Ova data. Further studies should be 

designed to determine what effect increased Ii protein has on reduced antigen 

presentation. Researchers have identified that Ii can affect the half-life of MHC class II 

molecules. Cells that expressed intermediate to high levels of Ii had an increased half-life 

of MHC class II molecules, which accumulated in slowly maturing endosomes 

(Landsverk et al., 2011). They hypothesized that this alternative retention of MHC class 

II molecules in endocytic compartments could enhance the rate, quantity and diversity of 
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MHC II antigen presentation. In addition mice that were deficient in the lysosome 

proteinase cathepsin S had altered degradation of Ii. An increase in Ii peptides in 

cathepsin S deficient mice were associated with variations in the presentation of peptides 

on surface MHC class II molecules (Nakagawa et al., 1999). 

 

 

  

Figure 6.3. The effect of arsenite exposure on invariant chain protein levels.  Priess cells 
were cultured under control conditions or exposure to 1.5 µM sodium arsenite for two 
weeks. Cells were harvested and cell lysates were analyzed for total invariant chain 
protein by immunoblot analysis. Image is an immunoblot of invariant chain protein in 
control = C or arsenite = As exposed cells, protein levels of tubulin were used as a 
normalizing control. Graph shows densitometry calculations from immunoblot analysis. 
Results generated from one exploratory experiment. 
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In addition, arsenite also increased the quantity of MHC class II protein aggregates 

perhaps rendering the class II molecules inaccessible to bind to antigenic peptides that 

need to be presented on the cell surface. Evaluation of MHC class II availability within 

arsenite-exposed cells would help to determine if arsenite is also limiting the quantity of 

functional MHC class II molecules that are available to load peptides and present them on 

the cell surface. Determining the efficiency of lysosome-mediated degradation after 

arsenite exposure would help determine if arsenite is inhibiting the breakdown of 

antigens into peptides. In addition proteomic evaluation of peptide diversity on the cell 

surface of arsenite exposed cells would determine if the peptide composition changes 

after arsenite exposure and how those changes affect antigen presentation.   



!

!

#(+!

APPENDIX A 

Table 4.1. List of significant probe sets from ER stress gene list that are modulated by 
arsenite. Comparison of gene expression data between day 0 and day 8 samples from 
arsenite data set. Significance Threshold < 0.05 

Gene 
Number Probe set Gene symbol Description p-value 

Mean Intensity 

Ratio (D8/D0) 

1 7933084 NAMPT 
nicotinamide 

phosphoribosyltransfera
se 

3.10E-06 1.67 

2 8142120 NAMPT 
nicotinamide 

phosphoribosyltransfera
se 

3.60E-06 1.64 

3 8096116 AGPAT9 
1-acylglycerol-3-

phosphate O-
acyltransferase 9 

5.70E-06 2.78 

4 8154100 VLDLR very low density 
lipoprotein receptor 7.10E-06 2.44 

5 8147661 SPAG1 sperm associated 
antigen 1 1.96E-05 1.52 

6 7909332 CD55 

CD55 molecule, decay 
accelerating factor for 
complement (Cromer 

blood group) 

2.69E-05 2.13 

7 8149749 TNFRSF10D 

tumor necrosis factor 
receptor superfamily, 

member 10d, decoy with 
truncated death domain 

2.77E-05 1.69 

8 8081890 PLA1A phospholipase A1 
member A 2.88E-05 2.00 

9 8036207 NFKBID 

nuclear factor of kappa 
light polypeptide gene 

enhancer in B-cells 
inhibitor, delta 

3.25E-05 1.96 
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10 8113914 FNIP1 folliculin interacting 
protein 1 3.55E-05 1.54 

11 7912145 TNFRSF9 
tumor necrosis factor 
receptor superfamily, 

member 9 
4.70E-05 2.78 

12 7980891 TC2N tandem C2 domains, 
nuclear 7.48E-05 3.03 

13 8120719 CD109 CD109 molecule 0.0001038 1.59 

14 8135514 IFRD1 
interferon-related 

developmental regulator 
1 

0.000135 1.41 

15 8030557 ATF5 activating transcription 
factor 5 0.0001396 1.67 

16 7989037 CCPG1 cell cycle progression 1 0.0001465 1.64 

17 7985493 TM6SF1 transmembrane 6 
superfamily member 1 0.0001676 2.50 

18 7973101 RNASE6 ribonuclease, RNase A 
family, k6 0.0001772 0.57 

19 8104912 SKP2 
S-phase kinase-

associated protein 2 
(p45) 

0.0001788 0.65 

20 8016745 SPAG9 sperm associated 
antigen 9 0.000184 1.49 

21 8107706 LMNB1 lamin B1 0.00019 0.55 

22 7919168 PDE4DIP phosphodiesterase 4D 
interacting protein 0.000221 1.32 

23 8006602 CCL4 chemokine (C-C motif) 
ligand 4 0.0002226 2.44 

24 8158671 ASS1 argininosuccinate 
synthase 1 0.0002397 1.41 
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25 7965979 ALDH1L2 
aldehyde 

dehydrogenase 1 family, 
member L2 

0.0002799 1.79 

26 8005765 WSB1 WD repeat and SOCS 
box-containing 1 0.0002975 1.47 

27 8146550 SDCBP syndecan binding 
protein (syntenin) 0.0003235 1.64 

28 8057744 STAT1 
signal transducer and 

activator of transcription 
1, 91kDa 

0.0004086 1.45 

29 8049471 CXCR7 chemokine (C-X-C motif) 
receptor 7 0.0004697 1.69 

30 8151871 CCNE2 cyclin E2 0.0005542 0.49 

31 7958455 UNG uracil-DNA glycosylase 0.0005803 0.75 

32 7968563 RFC3 replication factor C 
(activator 1) 3, 38kDa 0.0006072 0.66 

33 7977409 CRIP1 cysteine-rich protein 1 
(intestinal) 0.0006201 1.43 

34 7934442 SYNPO2L synaptopodin 2-like 0.0006397 1.32 

35 8127094 GSTA4 glutathione S-
transferase alpha 4 0.0007008 0.78 

36 8023766 RTTN rotatin 0.0008887 1.41 

37 8043981 IL1R2 interleukin 1 receptor, 
type II 0.0009897 1.69 

38 7956426 INHBE inhibin, beta E 0.0010066 1.67 

39 7902290 CTH 
cystathionase 

(cystathionine gamma-
lyase) 

0.0010527 1.72 

40 7948667 AHNAK AHNAK nucleoprotein 0.0010689 1.64 
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41 8146357 MCM4 
minichromosome 

maintenance complex 
component 4 

0.0011162 0.66 

42 7920123 S100A10 S100 calcium binding 
protein A10 0.0011507 0.53 

43 8089314 IFT57 
intraflagellar transport 

57 homolog 
(Chlamydomonas) 

0.0012211 0.59 

44 8027947 ZBTB32 zinc finger and BTB 
domain containing 32 0.0013485 1.72 

45 8151074 PDE7A phosphodiesterase 7A 0.0013894 0.62 

46 8081316 TFG TRK-fused gene 0.0014757 1.22 

47 7945803 CARS cysteinyl-tRNA 
synthetase 0.0016461 1.33 

48 8029076 CEACAM21 
carcinoembryonic 

antigen-related cell 
adhesion molecule 21 

0.0019047 0.72 

49 7957737 TMPO thymopoietin 0.0020851 0.69 

50 8149720 EGR3 early growth response 3 0.002217 1.47 

51 8052654 PELI1 pellino homolog 1 
(Drosophila) 0.0022569 1.25 

52 8082788 CDV3 CDV3 homolog (mouse) 0.0024356 0.83 

53 8140752 ABCB4 
ATP-binding cassette, 

sub-family B 
(MDR/TAP), member 4 

0.0024929 1.41 

54 8073007 MAFF 

v-maf 
musculoaponeurotic 

fibrosarcoma oncogene 
homolog F (avian) 

0.0026429 1.54 
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55 8163525 POLE3 
polymerase (DNA 

directed), epsilon 3 (p17 
subunit) 

0.0026721 0.80 

56 7940717 SLC3A2 

solute carrier family 3 
(activators of dibasic 

and neutral amino acid 
transport), member 2 

0.0028683 1.45 

57 8156848 NR4A3 
nuclear receptor 

subfamily 4, group A, 
member 3 

0.0029645 1.75 

58 7914791 SFPQ splicing factor 
proline/glutamine-rich 0.0030652 0.73 

59 8174496 AMMECR1 

Alport syndrome, mental 
retardation, midface 

hypoplasia and 
elliptocytosis 

chromosomal region 
gene 1 

0.0033491 0.80 

60 8162276 NFIL3 nuclear factor, 
interleukin 3 regulated 0.0037542 0.65 

61 8107133 PAM 
peptidylglycine alpha-

amidating 
monooxygenase 

0.0039168 1.37 

62 8070102 GART 

phosphoribosylglycinami
de formyltransferase, 

phosphoribosylglycinami
de synthetase, 

phosphoribosylaminoimi
dazole synthetase 

0.0040552 0.78 

63 8013272 CCDC144A coiled-coil domain 
containing 144A 0.0043126 0.81 

64 8096959 ANK2 ankyrin 2, neuronal 0.0046094 1.32 

65 8145570 ESCO2 
establishment of 

cohesion 1 homolog 2 
(S. cerevisiae) 

0.0046321 0.68 

66 8036136 TMEM149 transmembrane protein 
149 0.0046507 1.41 
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67 8062971 DBNDD2 
dysbindin (dystrobrevin 

binding protein 1) 
domain containing 2 

0.0047023 1.43 

68 8178676 NEU1 sialidase 1 (lysosomal 
sialidase) 0.0052474 1.30 

69 7916609 JUN jun proto-oncogene 0.0054539 1.41 

70 8161242 EXOSC3 exosome component 3 0.0054908 0.70 

71 7931810 KLF6 Kruppel-like factor 6 0.005537 1.30 

72 7983828 TEX9 testis expressed 9 0.0058648 0.66 

73 8020068 ANKRD12 ankyrin repeat domain 
12 0.005874 1.30 

74 7905329 MLLT11 

myeloid/lymphoid or 
mixed-lineage leukemia 

(trithorax homolog, 
Drosophila); 

translocated to, 11 

0.0059099 1.47 

75 8180359 PDE4DIP phosphodiesterase 4D 
interacting protein 0.0061137 0.74 

76 8041048 FOSL2 FOS-like antigen 2 0.0066433 1.33 

77 7904137 HIPK1 
homeodomain 

interacting protein 
kinase 1 

0.0068004 1.22 

78 8123181 IGF2R insulin-like growth factor 
2 receptor 0.0071864 1.52 

79 8147777 CTHRC1 collagen triple helix 
repeat containing 1 0.0072338 1.19 

80 8125139 NEU1 sialidase 1 (lysosomal 
sialidase) 0.0073827 1.28 

81 8179851 NEU1 sialidase 1 (lysosomal 
sialidase) 0.0073827 1.28 
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82 8089112 FILIP1L filamin A interacting 
protein 1-like 0.0074558 1.19 

83 8155673 PIP5K1B 
phosphatidylinositol-4-
phosphate 5-kinase, 

type I, beta 
0.0082064 0.74 

84 7981290 WARS tryptophanyl-tRNA 
synthetase 0.0089756 1.43 

85 8149399 LONRF1 
LON peptidase N-

terminal domain and ring 
finger 1 

0.0098727 1.18 

86 7907156 XCL1 chemokine (C motif) 
ligand 1 0.01003 0.68 

87 8020090 TWSG1 twisted gastrulation 
homolog 1 (Drosophila) 0.0101642 1.33 

88 7995362 GPT2 
glutamic pyruvate 

transaminase (alanine 
aminotransferase) 2 

0.0106571 0.84 

89 7961230 CSDA cold shock domain 
protein A 0.0112506 1.30 

90 8041206 LBH 
limb bud and heart 

development homolog 
(mouse) 

0.0120753 0.82 

91 8081135 CDV3 CDV3 homolog (mouse) 0.0124966 0.86 

92 8054580 BUB1 
budding uninhibited by 

benzimidazoles 1 
homolog (yeast) 

0.0126033 0.72 

93 7904361 FAM46C family with sequence 
similarity 46, member C 0.0136441 0.46 

94 8005204 CCDC144A coiled-coil domain 
containing 144A 0.0146202 0.82 

95 7916112 RAB3B RAB3B, member RAS 
oncogene family 0.0158462 1.15 
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96 7965359 ATP2B1 
ATPase, Ca++ 

transporting, plasma 
membrane 1 

0.0162194 0.82 

97 8112615 ENC1 
ectodermal-neural 

cortex 1 (with BTB-like 
domain) 

0.0174194 0.81 

98 7956470 MBD6 methyl-CpG binding 
domain protein 6 0.0175056 0.86 

99 7987869 TMEM87A transmembrane protein 
87A 0.0193928 1.22 

100 7902822 PKN2 protein kinase N2 0.0198626 1.18 

101 8141107 SLC25A13 solute carrier family 25, 
member 13 (citrin) 0.0204893 1.15 

102 8011884 NLRP1 NLR family, pyrin 
domain containing 1 0.0225946 1.19 

103 7921259 FCRL4 Fc receptor-like 4 0.023467 0.66 

104 8016841 TMEM100 transmembrane protein 
100 0.0236698 1.12 

105 7974316 FRMD6 FERM domain 
containing 6 0.0237102 0.74 

106 7914764 ZMYM6 zinc finger, MYM-type 6 0.0246594 1.12 

107 8064351 CSNK2A1 casein kinase 2, alpha 1 
polypeptide 0.0248911 1.14 

108 8060344 TRIB3 tribbles homolog 3 
(Drosophila) 0.0250749 1.30 

109 8034565 DNASE2 deoxyribonuclease II, 
lysosomal 0.0259642 1.19 

110 8180348 XCL1 chemokine (C motif) 
ligand 1 0.0298255 0.52 

111 7974066 PNN pinin, desmosome 
associated protein 0.0298456 0.85 

112 8029693 FOSB 
FBJ murine 

osteosarcoma viral 
oncogene homolog B 

0.0305033 1.30 
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113 7932160 FAM107B family with sequence 
similarity 107, member B 0.031453 0.72 

114 8014316 CCL5 chemokine (C-C motif) 
ligand 5 0.032597 1.37 

115 7922162 SLC19A2 
solute carrier family 19 
(thiamine transporter), 

member 2 
0.0326716 0.80 

116 8053231 LOXL3 lysyl oxidase-like 3 0.032689 0.87 

117 8095680 IL8 interleukin 8 0.0343905 1.47 

118 8042211 B3GNT2 

UDP-GlcNAc:betaGal 
beta-1,3-N-

acetylglucosaminyltransf
erase 2 

0.0373619 1.18 

119 8169419 ALG13 
asparagine-linked 
glycosylation 13 

homolog (S. cerevisiae) 
0.0379845 1.16 

120 7953418 LAG3 lymphocyte-activation 
gene 3 0.0386604 1.19 

121 8143154 DGKI diacylglycerol kinase, 
iota 0.0418942 1.22 

122 7923798 NUCKS1 
nuclear casein kinase 
and cyclin-dependent 

kinase substrate 1 
0.0431385 0.86 

123 7919095 NOTCH2 notch 2 0.0489337 0.67 

!
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METHODS SECTION FOR EXPLORATORY STUDIES DESCRIBED IN THE 

FUTURE WORK SECTION OF CHAPTER 6 

Lentiviral Transduction of eGFP:  Priess cells were transduced with a green 

fluorescent protein (GFP)-like protein (eGFP) by lentiviral infection (GeneCopoeia, 

Rockville, MD) following manufactures protocol. Briefly, eGFP plasmid DNA (2.5 µg) 

(GeneCopoeia, Rockville, MD) was packaged into viral particles through transfection 

into the packaging cell line 293 Ta, maintained in Dulbecco’s modified eagle medium 

(DMEM) supplemented with 10% FBS and 1% ABAM. 48 hours post transfection, viral 

particles were harvested by centrifugation of media at 1700 rpm for 10 minutes. Media 

were filtered through a 0.45 µm pore size filter, aliquoted into tubes and stored at -80 °C 

until use. 200,000 Priess cells were plated into each well of a 24-well plate. eGFP viral 

particle supernatant with polybrene was added to each well, incubated overnight at 37 °C 

at 5% CO2. The next day, viral supernatant was replaced with fresh media with polybrene 

and cells were incubated for an additional 48 hours. 72 hours post transduction, the 

percentage of cells that were eGFP positive was determined by flow cytometry. To select 

for eGFP positive cells, cultures were maintained in growth media containing 0.75 µg/ml 

puromycin until a stable cell line (GFP-LCL) was generated.   

Statistical Analysis for eGFP Data:  The calculation of cell population doubling 

time and acidic vesicle formation by LRD fluorescence after arsenite exposure in GFP-

LCL were determined as described previously in Chapter 4. To analyze the difference in 

doubling time after arsenite exposure in Priess compared to GFP-LCL, the change in 
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doubling time after arsenite was calculated for each cell line. A t-test (unpaired) 

comparison was performed for the arsenite-induced change in doubling time between 

Priess and GFP-LCL at a significance threshold of P < 0.05 using Microsoft Excel, MAC 

2008 (Redmond, WA). To analyze the difference in LRD fluorescence after arsenite 

exposure in Priess compared to GFP-LCL, the change in LRD fluorescence was 

calculated for each cell line. T-test (unpaired) comparison was performed for the change 

in LRD fluorescence after arsenite between Priess and GFP-LCL at a significance 

threshold of P < 0.05 using Microsoft Excel, MAC 2008 (Redmond, WA). 

 

Invariant Chain Immunoblot:  Priess cells were cultured with or without exposure 

to 1.5 µM sodium arsenite for two weeks. After the two-week exposure, equal number of 

cells were harvested and lysed in 1x SDS buffer. Equal volumes of cell lysates were 

subjected to SDS-polyacrylamide gel (10% acrylamide) electrophoresis, transferred to 

nitrocellulose membrane, and immunoblotted with antibodies.  The following antibodies 

were used: Invariant chain, mAb PIN 1.1, a gift from Dr. Janice Blum; anti-! tubulin 

antibody, 1:1000 (Sigma Aldrich, St Louis, MO); secondary antibodies conjugated to 

horse-radish peroxidase. The membrane was visualized by chemiluminescence detection 

(Thermo Scientific, Rockford, IL) and imaged using the GeneGnome5 imager (Syngene, 

Frederick, MD). Densitometry was calculated from immunoblot image using ImageJ 

software.  
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