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Abstract  

Arsenic is a toxic metalloid that continues to contaminate the water and food sources of millions 

of people globally. Among the numerous health effects of arsenic exposure are urothelial toxicity 

and cancer. In recent years, small extracellular vesicles (SEVs) have been shown to be vital in 

intracellular communication and have been used in clinical studies as biomarkers of disease. The 

overall goal of this thesis is to understand the mechanisms of cell communication during arsenic 

exposure and to develop minimally invasive biomarkers for the toxic responses. The specific 

objectives are to: a) determine if SEVs released from arsenic exposed urothelial cells are 

responsible for mediating urothelial toxicity; and b) assess the application of urinary SEVs as 

novel biomarkers of arsenic exposure in an exposed population.  The hypothesis leading this 

research is that the biology and protein packaging profile of urothelial SEVs are altered 

following arsenic exposure because of the induction of cell stress signaling pathways.  I also 

hypothesize that urinary SEV proteins can be used as biomarkers of arsenic exposure because 

they are positively correlated with urinary arsenic concentrations in an exposed population. 

SVHUC1 human urothelial cells were dosed with sodium meta arsenite (1, 2, and 5 uM) for 48 

hours. T24 urothelial carcinoma cells were also grown in parallel to compare for carcinogenicity. 

A label-free quantitative proteomics approach was used to assess the differentially expressed 

proteins in the cell lysate and the SEVs extracted from the culture media to determine the 

mechanistic pathways involved and how well the protein profiles in SEVs correlate with those in 

the cell lysate.  SEVs were isolated from the archived urine samples of participants (n=36) 

enrolled in the Yellow Knife Health Effects Monitoring Program (YKHEMP) and two potential 

biomarkers, transforming growth factor beta receptor 1 (TGFBR1) and ribonuclease inhibitor 1 
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(RNH1), were measured by an enzyme linked immunosorbent assay (ELISA).  SEVs in all 

samples were successfully characterized based on their size (50-200 nm) and positive antibody 

array for eight protein markers indicating their endosomal biogenesis. The total number of SEVs 

was not shown to increase following arsenic exposure in the in vitro study.  However, the 

cancerous T24 cells had nearly four times higher numbers of SEVS compared to the non-

cancerous SVHUC1 cells. The changes in the protein profiles in SEVs released following arsenic 

dosage indicated activation of pathways important for cell survival, viability, and migration and 

inactivation of pathways related to cell death and necrosis which were also observed in the 

paired cell lysate samples. Comparison between paired SEV and cell lysate samples, however, 

indicated selective SEV packaging of proteins which may be for the purpose of intracellular 

communication. Comparative assessment of SEVs from T24 and arsenic exposed SVHUC1 cells 

showed similar activation of cancer related pathways including those responsible for malignant 

tumors and increased proliferation rates. From the in vitro study results, we identified 8 potential 

SEV biomarkers. Of which, TGFBR1 showed the most promising association, having been 

positively associated with both inorganic arsenic and cadmium concentrations in urine samples. 

This thesis showed that SEVs are important mediators of arsenic exposure in urothelial cells and 

highlighted the comparability of SEV and cell lysate analysis. Furthermore, TGFBR1 was 

identified as a promising biomarker of arsenic exposure for its positive association with 

increased arsenic both in vitro and in human biomonitoring analysis.  
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Chapter 1: Introduction  

Arsenic is a pervasive metalloid in water, soil, and air that is derived from both natural and 

anthropogenic sources (Hughes, 2002). Arsenic is listed by the World Health Organization 

(WHO) as the most significant drinking water contaminant globally, affecting an estimated 140 

million individuals across 50 countries (WHO, 2018). Chronic exposure to arsenic causes an 

array of adverse health effects that have been proven at a population level (Tchounwou, Centeno, 

& Patlolla, 2004). Included in these chronic effects is the increased risk of developing various 

cancers (Putila & Guo, 2011; Mendez et al, 2017; Tchounwou, Centeno, & Patlolla, 2004). 

Bladder cancer inparticular has been regarded as one of the most prevalant cancers linked to 

arsenic exposure (NTP, 2016). Urological tumors account for 25% of all human cancers, with 

90-95% of these tumors originating from the bladder (Burger et al., 2017). As both arsenic 

exposure and bladder cancer are globally prevalent issues, it is important to understand their 

relationship to one another and develop diagnostic tools to aid in early disease identification. 

 

In recent years, many novel approaches have emerged that have changed our understanding of 

carcinogenesis. Once such approach is the use of small extracellular vesicles (SEVs) as 

biomarkers of disease. SEVs are a type of extracellular vesicle (EV) that are critical for cell 

signalling and communication (Bowers, Hassanin, & Ramos, 2020). SEVs have been used to 

identify novel chemical induced disease mechanisms and have been proposed as an ideal vector 

for biomarker discovery (Harischandra et al., 2017; Bowers, Hassanin, & Ramos, 2020).  The 

study of SEVs is still novel to the field of toxicology, and the roles SEVs play in arsenic-induced 

bladder toxicity have never been assessed.  
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1.1. Arsenic  

1.1.1. Basic Chemistry 

Arsenic is the 33rd element on the periodic table and is classified as a heavy metalloid. Arsenic is 

part of the pnictogen group composed of nitrogen, phosphorus, antimony, and bismuth in the 

periodic table with properties in between that of true metals and non-metals. Arsenic has a 

greater oxidation potential than that of nitrogen and phosphorous enabling arsenic to exhibit +3 

and +5 oxidation states (Flora, 2015). With arsenic presenting similar electrochemical properties 

to phosphorus, it behaves similarly and is found in comparable compounds. Various 

physiochemical properties including oxidation and methylation rates and pH determine the 

overall species, mobility, and bioavailability of arsenic in a system (Jomova et al., 2011). 

Arsenic exists in inorganic and organic forms. Inorganic arsenicals are typically more toxic than 

their organic counterparts with trivalent arsenic (AsIII) being more toxic and 50-60 times more 

mobile than pentavalent arsenic (AsIV). Under reducing conditions trivalent arsenic is the 

predominant form and under oxidizing conditions pentavalent arsenic dominates (Flora, 2015). 

Of the inorganic compounds, sodium arsenite, arsenic trioxide, and arsenic trichloride are the 

most common trivalent species and arsenate, arsenic acid, and arsenic pentoxide are the most 

common pentavalent compounds (IARC, 2012). These inorganic compounds can complex with 

other minerals and are typically found in rock, soil, air, and water (Jomova et al., 2011). Organic 

arsenic forms include arsenosugars, arsenolipids, arsenocholine, and arsenobetaine which are 

typically found in fish and seafood products (IARC, 2012).   

1.1.2. Human Exposure 
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Sources and Routes of Exposure 

Arsenic can be mobilized in the environment by natural processes such as hydrothermal or 

geothermal activities, biological activities, and the weathering of rocks as well as through 

anthropogenic activities. Anthropogenic activities responsible for elevated environmental arsenic 

levels include mining, use of arsenical pesticides, and the combustion of fossil fuels (Flora, 

2015). The primary route of arsenic exposure for humans is through ingestion of contaminated 

food and water. Inorganic arsenic is typically highest in fruit juices and rice with organic arsenic 

found mainly in fish and shellfish (Health Canada, 2022). Concentrations of arsenic in surface 

freshwater is typically less than 10 𝜇g/L but has been documented to be as high as 5 mg/L in 

regions near anthropogenic sources (IARC, 2012). Bangladesh and India are known as the most 

arsenic-affected countries in the world in based on population exposure in drinking water. In 

Bangladesh alone an estimated 50 million people are at risk of exposure (Ahmad et al., 2018; 

Bagchi, 2007). As part of the Canadian Water Network initiative researchers searched 

government databases to quantify arsenic in drinking water across Canada. The results of this 

study found several hotspots across Canada with arsenic concentrations documented above the 

10 𝜇g/L government threshold in drinking water. These hotspots spanned from British Columbia 

to Newfoundland and were determined to generally be the result of natural, non-anthropogenic 

sources (McGuigan et al., 2010). Cumulatively, the daily intake of ingested arsenic ranges from 

20-300 𝜇g/day for the general population. Inhalation of arsenic accounts for a minor amount of 

total exposure with estimated daily intakes of 20-200 ng in rural areas, 400-600 ng in cities, 1 𝜇g 

for non-smokers living in polluted areas and up to 10 𝜇g for smokers (Howe et al., 2001). 

Inhalation as well as dermal exposure to arsenic is of particular concern in occupational 

exposures. Industries facing occupational exposure include any mining requiring the smelting of 
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non-ferrous metal, coal-fired power plants, pressure-treated woodwork, battery assembly, glass 

manufacturing, and the electronics industry. Carcinogen Exposure Canada (CAREX) researchers 

estimated that 25000 Canadians are regularly exposed to elevated arsenic levels in the workplace 

(IARC, 2012). 

 

Adsorption, Distribution, Metabolism and Excretion 

After adsorption via the lungs or gastrointestinal tract arsenic is widely distributed throughout 

the body by the blood. Most tissues can rapidly clear arsenic except for keratin-rich tissues such 

as hair, skin, and nails. In keratin-rich tissues arsenic complexes with keratin rich sulfhydryl 

groups and accumulates (Chen et al., 2013). Absorbed arsenic is primarily metabolized in the 

liver; the process of arsenic metabolism involves alternating steps of two-electron reductions and 

oxidative methylation. Oxidative methylation of arsenic requires S-adenosyl methionine (SAM) 

as a methyl donor and glutathione (GSH) as an essential cofactor (Figure 1.1) (Chen et al., 

2013). At this point, organic species have a low cellular permeability and are typically of low 

concern (Chung et al., 2014). Trivalent inorganic arsenic can cross most membranes via a simple 

diffusion mechanism and may also be taken up by aquaglyceroporins 7 and 9 and glucose 

transporter type 1 and 4 in mammals. Only a small proportion of pentavalent inorganic arsenic 

can cross cell membranes where it is then immediately reduced to trivalent inorganic arsenic. As 

pentavalent inorganic arsenic share similarities with phosphorous it can be taken up into cells via 

phosphate transporters (Rosen & Liu, 2009). The main route of arsenic excretion (70%) is 

through the kidneys into the urine with other possible excretion into the feces and sweat. 

Approximately 50% of urinary arsenic is dimethylated, followed by 25% monomethylated, and 

25% as inorganic arsenic (Chen et al., 2013).  
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Figure 1.1. Molecular mechanisms of arsenic speciation. Adapted from Chen et al., 2013. 

Created with BioRender.com.  

 

1.1.3. Associated Health Effects 

The diverse toxic effects of arsenic result in several adverse health outcomes related to both 

acute and chronic exposure. Due to arsenics high affinity for thiol groups, keratin rich tissues 

such as the skin are a major target of toxicity. Dermal effects are a hallmark of arsenic poisoning 

and can include the development of skin lesions including hyperkeratosis and hyperpigmentation 

(Jomova et al., 2011). Arsenic can also affect the cardiovascular, renal, nervous, hepatic, 

endocrine and haematological systems resulting in a variety of disease outcomes. Some notable 

diseases commonly associated with arsenic exposure include blackfoot disease, diabetes mellitus, 
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peripheral neuropathy, kidney damage and the development of several cancers (Mohammed 

Abdul et al., 2015).  

 

Inorganic arsenic has been classified by the International Agency for Research on Cancer 

(IARC) as a group-1 carcinogen meaning it is carcinogenic to humans. IARC based this 

classification on epidemiological and mechanistic data supporting arsenic induced skin, lung, 

urinary bladder, kidney, liver, and prostate cancer in humans (IARC, 2004). Arsenic induced 

carcinogenesis results from chronic exposure to moderate to high levels of arsenic, often 

correlated with arsenic contaminated drinking water. Arsenic-induced Bowen’s disease 

(intraepithelial carcinoma) can appear after 10 years, whereas other skin cancers may take 20-30 

years to appear (Martinez et al., 2011). In a study of 442,570 individuals living in northern China 

it was found that lung, bladder, and kidney cancer mortality due to arsenic had long latency 

times. In this study increased risk of cancer mortalities manifested 40 years after exposure 

reduction (Smith et al., 2018).  

 

1.2. Arsenic and Bladder Cancer 

1.2.1. Epidemiological Evidence 

There is sufficient evidence across countries such as Bangladesh (Mostafa & Cherry, 2015), 

Taiwan (Chen et al., 2010), Chile (Steinmaus et al., 2013), Finland (Kurttio et al., 1999), 

Argentina (Bates et al., 2004) and the United States (Meliker et al., 2010) to support that arsenic 

exposure increases the risk of developing bladder cancer at chronic exposure concentrations 

greater than 100 𝜇g/L in drinking water. A dose response relationship between arsenic and 

bladder cancer risk has previously been reported (Chiou et al., 2001; Chu & Crawford-Brown, 
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2007; Shao et al., 2021). In a cohort of 8,102 people, the risk for developing transitional cell 

carcinoma at various exposure concentrations were calculated. This study found that the relative 

risk for developing transitional cell carcinoma were 1.5, 2.3, and 4.9 at concentrations of arsenic 

in drinking water of 10.1-50, 50.1-100, and >100 𝜇g/L, respectfully with risk being statistically 

significant in the 100 𝜇g/L group (Chiou et al., 2001). A retrospective study by Chen et al. 

(2010) found that urinary tract tumor malignancy increased with increasing concentration of 

arsenic in drinking water in a population out of Taiwan.  

 

Typically, low dose (<100-200 𝜇g/L in drinking water) arsenic exposure has not been correlated 

with increased cancer risk (Lamm et al., 2021). Epidemiological studies in areas with lower 

levels of arsenic such as Canada have typically not reported a significantly increased risk of 

arsenic related cancers (Baastrup et al., 2008; Bates et al., 2004; Mink et al., 2008; C. Steinmaus 

et al., 2003; Tsuji et al., 2014). A recent metanalysis aiming to identify the risk low level (<150 

𝜇g/L in drinking water) arsenic exposure poses to lung and bladder cancer found insufficient 

evidence to support cancer risk in the 2996 bladder cancer cases studied (Boffetta & Borron, 

2019). A review comparing US and Taiwan male datasets of arsenic and bladder cancer 

incidences showed similar regressions in the range of 3-60 𝜇g/L arsenic in drinking water, 

neither of which showed increased risk in the given low dose exposure range (Lamm et al., 

2021).  

 

1.2.2. Effect Modifiers 

There are many factors that modify the relationship between arsenic intake and bladder cancer 

risk; these include consumption of co-mutagenic compounds, individual methylation capabilities, 
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dietary nutrients, and other underlying conditions. Arsenic is not typically regarded as a mutagen 

on its own, but some evidence suggests that it may act as a co-mutagen when consumed by 

individuals who also smoke tobacco (Koutros et al., 2018). This co-mutagenesis can arise as 

arsenic interferes with DNA repair pathways that are crucial in repairing damage caused by 

tobacco carcinogens (Fischer et al., 2005; Hartwig et al., 2002; S. Shen et al., 2008). A handful 

of studies have not reported a significant correlation between smoking, arsenic, and bladder 

cancer risk, which may be due in part to the long latency period of bladder cancer (Koutros et al., 

2018; Tsuji et al., 2014). Decreased arsenic methylation capacity has been correlated to elevated 

cancer risk and greater toxicity in vitro (Chen et al., 2003; Huang et al., 2008; Yu et al., 2000). A 

meta-analysis of studies examining the factors affecting interhuman methylation variation 

concluded that smoking, drinking, and older age are all factors in reduced methylation 

capabilities. Furthermore, analysis revealed that men had a 0.36-fold lower secondary 

methylation index than women, implying sex may play a role in arsenic methylation as well (H. 

Shen et al., 2016). Folate is important in the one carbon metabolism for SAM synthesis, a key 

step in mammalian arsenic methylation (Hall & Gamble, 2012). Increased dietary folate is 

correlated with increased arsenic methylation and excretion of urinary dimethylated arsenic, 

decreased urinary monomethylated arsenic and inorganic arsenic (iAs) (Bozack et al., 2019). 

Several other dietary antioxidants, including zinc, methionine, and cysteine, when used with 

chelating agents can increase the mobilization and excretion of arsenic while decreasing 

oxidative stress (Patrick, 2003).  
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1.2.3. Mechanisms of Arsenic Induced Bladder Cancer 

According to the National Institute of Health, skin and bladder cancer are the most prevalent 

cancers associated with arsenic exposure, followed by cancer of the lungs, liver, kidney, 

digestive tract, lymphatic, and hematopoietic system (NTP, 2016). The inorganic trivalent form 

of arsenic has greater associated genotoxicity than its pentavalent counterpart, making it a more 

potent carcinogen (Singh et al., 2011). Unlike most carcinogens, arsenic does not conclusively 

cause cancer in animal models and thus in vitro experiments have been key to deciphering 

mechanisms of arsenic induced carcinogenicity (Tchounwou et al., 2004). The precise 

mechanism of arsenic induced bladder carcinogenesis remains unclear; however, research has 

shown that it likely spans genotoxic, co-mutagenic, cytotoxic pathways, and epigenetic 

modifications. Arsenic is well documented to induce the production of reactive oxygen species 

(ROS), leading to oxidative stress in mammalian cells. Besides direct production of ROS, arsenic 

exposure and methylation can result in the depletion of antioxidant stores, impairment of ROS-

savaging enzymes, and mitochondrial dysfunction, all resulting in elevated oxidative stress 

(Ming Tam et al., 2020).   

 

One proposed mechanism of arsenic induced carcinogenesis is the resulting genotoxicity of free 

radicals in cells and eventual DNA damage and mutations caused by these radicals. 

Naranmandura et al. (2011) found that acute exposure of human bladder cancer cells to inorganic 

and organic arsenic species induced reactive oxygen species (ROS) production and levels of 

glutathione were reduced by 60% following exposure to dimethylarsonous acid (DMAIII). 

Furthermore, the production of ROS was linked to DNA damage and impairment of tumor 
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protein 53 and 21 DNA repair proteins in human bladder cancer cells (Naranmandura et al., 

2011). Oxidative damage from arsenic has also been linked to chromosomal aberrations in both 

mammalian cell and epidemiological models (L. Liu et al., 2003; Moore et al., 2002). In a case 

study of 123 bladder cancer patients who had been exposed to arsenic through drinking water, 

the total number of chromosomal alterations was higher with elevated exposure levels and were 

associated with the severity of tumour stage and grade (Moore et al., 2002).  

 

Arsenic alone is a weak mutagen but may enhance the mutagenic properties of other chemicals 

including ultraviolet light, X-rays, diepoxybutane, and methylmethanesulfonate (Jha et al., 1992; 

Lee-Chen et al., 1993; Wiencke & Yager, 1992). Enhanced mutagenicity due to arsenic is related 

to the ability of arsenic to inhibit the repair of DNA lesions produced by other chemicals and 

ROS. Arsenic has been documented to affect both the expression and catalytic abilities of 

nucleotide excision repair and base excision repair pathways, leading to mutations and 

potentially cancer (Ming Tam et al., 2020).  

 

Additionally, arsenic has been observed to interfere with cell cycle regulation, promoting cell 

proliferation, and decreased cell death which in turn enables the propagation of damaged DNA 

and mutations. Hyperproliferation of the bladder uroepithelium was demonstrated in mice 

exposed to 0.01% sodium meta arsenite through drinking water for 4 weeks. In the same study 

arsenic induced cell proliferation was reported to be correlated with the activation of the mitogen 

activated protein kinase pathway leading to the expression of activator protein-1-associated 

genes involved in cell proliferation (Luster & Simeonova, 2004).  
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Lastly, arsenic may promote carcinogenesis via the induction epigenetic modifications leading to 

the silencing of tumour suppressor genes or activation of oncogenes. Arsenic induced epigenetic 

modification include changes in DNA methylation, histone modification, and changes in miRNA 

expression (Meakin et al., 2017). In a study of 351 bladder tumours from individuals with 

elevated arsenic exposure, researchers determined that hypermethylation of Ras associated 

domain family 1 and serine protease 3 promoters was corelated with higher exposure and was 

related to tumour grade (Marsit et al., 2006). As stated, many mechanisms have been implicated 

in arsenic induced carcinogenesis. However, none of the listed mechanisms are specific to the 

bladder and few are fully understood, leaving gaps in our understanding of how chronic arsenic 

exposure can lead to the development of bladder cancer in epidemiological studies.  

 

1.3. Biomarkers 

Biomarkers are defined by cellular, analytical, biochemical, or molecular measurements from 

biological media that may be used to determine biological responses, adverse health effects or 

the presence of a chemical in the body (EPA, 2022). Biomarkers of exposure are used to indicate 

the internal dose of chemicals and their metabolites inside the body (Nordberg, 2010). Common 

matrices used to assess levels of arsenic exposure include measuring inorganic and methylated 

metabolites in urine, toenail clippings, hair, and blood. These biomarkers provide good indicators 

of exposure levels and can be used to predict adverse health effects based upon safety thresholds 

(National Research Council, 1999). Alternatively, biomarkers of effect are those indicators that 

are specific to adverse exposure effects including injury and disease biomarkers. Biomarkers of 

effect are valuable for determining the health outcomes of exposure and mitigating early signs of 

biological distress (Nordberg, 2010). Advancements in omics techniques are making biomarkers 
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of effect increasingly easier to discover using non-targeted approaches. These biomarkers are 

often molecules that reflect a change in chemical processes or may be key indicators of pathways 

of disease. An ideal biomarker is one that is (a) easily obtained in a minimally invasive manner, 

(b) highly indicative of pathological or physiological effects, (c) sensitive and specific, and (d) 

cost effective (Campion et al., 2013).  

 

Urine provides an ideal source of biomarkers as it is readily expelled and easily obtained in high 

sample volumes. Furthermore, urine is rich in cells and vesicles derived from the urinary tract 

including the kidneys, ureter, bladder, and urethra as urine passes directly by the transitional 

epithelium, shedding vesicles and debris into the urine for excretion. Urinary biomarkers of 

chemical exposure have been widely studied and will be examined further in this thesis.  

 

1.4. Small Extracellular Vesicles (SEVs) 

Since their discovery in 1983 (Harding & Stahl, 1983; Pan & Johnstone, 1983), SEVs have 

gained the interest of many researchers due to their complex roles in physiology and disease, 

namely through transmission of intracellular signals. They are abundant in bodily fluids and 

released by potentially every cell type, making them easily accessible and ideal for candidate 

biomarker discovery (Bowers et al., 2020). SEVs (commonly termed “exosomes”) are a subset of 

extracellular vesicles (EVs) that are of endosomal origin. Alongside SEVs, other extracellular 

vesicles secreted by cells include plasma membrane derived “ectosomes” 

(microparticles/microvesicles) (30-100 nm) and apoptotic bodies (50-500 nm). The main 

difference between EV subtypes are their respective modes of biogenesis (X. Li et al., 2019). 

Since SEVs are similar in size and density to other secreted EVs, some scientists argue that EVs 
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should only be classified as small (< 200 nm) or large/medium (> 200 nm) rather than by modes 

of biogenesis (Théry et al., 2018). SEVs are commonly identified in studies by their unique 

protein and lipid composition, which are reminiscent of their endosomal origin. Widely accepted 

exosomal markers include tetraspanins (CD9, CD81, and CD63), proteins related to biogenesis 

(TGS 101 and Alix), heat shock proteins, membrane transport, and fusion protein such as 

annexins (Li et al., 2019). SEVs may carry proteins, lipids, metabolites, DNAs (single-stranded, 

double-stranded, and multicopy single-stranded), and RNAs (messenger, long noncoding, and 

micro), all of which can be taken up by recipient cells (Soung et al., 2017).   

 

1.4.1. Biogenesis  

SEVs are produced by the endosomal pathway. The endosomal pathway is one of the many ways 

in which cells communicate, regulate, and interact with their environment. Endocytosis is at the 

center of the endosomal pathway, and it is the process by which cells may internalize various 

molecules as well as surface proteins. Internalized macromolecules and proteins may be 

degraded by lysosomes, recycled back into the plasma membrane, or sent across polar cells in a 

process known as transcytosis. Endocytosis regulates key components of human health and 

disease and may alter glucose levels, stomach acidification, cell homeostasis, cell-cell and cell-

matrix interactions and cell adhesion (Elkkin, Lakoduk, & Schmid, 2017).  

 

SEV biogenesis is one of the many facets of the endosomal pathway and is outlined in Figure 

1.2. Briefly, SEVs are generated from late endosomes, formed by the inward budding of the 

multivesicular body (MVB) membrane. Intraluminal vesicles (ILVs) are formed following 

invagination of the late endosomal membrane within the larger MVBs. During invagination, 
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cytosolic components may be engulfed in the ILVs and various surface proteins will get 

incorporated into the invaginating membranes. SEVs constitute those ILVs released into the 

extracellular space by exocytosis upon fusion with the plasma membrane (Y. Zhang et al., 2019). 

Various endogenous molecules as well as extrinsic factors, including microbial, viral, and non-

viral infections (Crenshaw et al., 2018; Jones et al., 2018) can modulate the biogenesis pathway. 

The endosomal sorting complex proteins (ESCRTs) are those most widely attributed to SEV 

biogenesis. ESCRT-0 facilitates cargo aggregation, subsequent transfer and recruitment of 

ESCRT-I, ESCRT-II, and ESCRT-III to the endosomal membrane. ESCRT-I and II facilitate the 

budding of the endosomal membrane, and ESCRT-III facilitates membrane invagination and 

formation of ILVs. ESCRT components TSG101 and ALIX are examples of commonly 

employed SEV biomarkers. ILVs may also be formed through ESCRT-independent mechanisms 

involving key tetraspanins (CD9, CD63, CD81), small integral membrane proteins and lipids 

(Jadli et al., 2020).  



 15 

 
Figure 1.2. Biogenesis, secretion, and uptake of small extracellular vesicles (SEVs) by cells. 

Created with BioRender.com.   

1.4.2. SEV Cargo Packaging 

Many different mechanisms have been implicated in SEV packaging. Preferential packaging of 

certain RNA into SEVs suggests that packaging is not random, but rather specific mechanisms 

exist to shuttle select RNA into SEVs. RNA Y-box protein 1 has been implicated in the 

packaging of select non-coding RNA (Shurtleff et al., 2017) and miRNA (Shurtleff et al., 2016) 

into SEVs. Heterogenous nuclear ribonucleoprotein A2B1 can recognize specific miRNA 

sequence motifs and has also been associated with SEV packaging (Villarroya-Beltri et al., 

2013). Precise mechanisms associated with exosomal DNA packaging are not yet known, but 

treatment with topoisomerase-I inhibitors (Kitai et al., 2017) and epidermal growth factor 



 16 

receptor (Montermini et al., 2015) have been shown to increase DNA packaging. Various 

ESCRT proteins including TSG101 and EAP45 are important in packaging ubiquitinated 

proteins and lipids into ILVs (Piper & Katzmann, 2007). Altered protein packaging was 

observed in mammalian cells depleted of four key ESCRT proteins, suggesting that ESCRT-

dependent mechanisms fill a specific niche of protein cargo packaging into ILVs (Stuffers et al., 

2009). The tetraspanin CD63 is also important in ESCRT-independent packaging of cargo into 

SEVs with other proteins such as syntenin and heparanase stimulating this process (Stoorvogel, 

2015).  

 

1.4.3. Biological Role of SEVs 

Upon discovery, SEVs were thought to be just another way the cell excretes junk. It was only in 

past decades that the true function and relevance of SEVs have been explored (Rokad et al., 

2019). SEVs are crucial for intercellular communication - transporting proteins, lipids, and RNA 

between cells (Harischandra et al., 2017). SEVs can be taken up by neighbouring cells to provide 

autocrine and paracrine signalling or may travel further distances and play a role in endocrine 

signalling pathways (Zhang & Grizzle, 2014). The involvement of SEVs in cell-to-cell 

communication was first discovered by Dr. Graca Raposo who in 1996 showed that SEVs 

containing major histocompatibility complex class II molecules are released by B 

lymphoblastoid cells, inducing an antigen specific, major histocompatibility complex class II 

restricted T cell response (Raposo et al., 1996).  

 

Possibly, the main area of SEV application is their use as disease biomarkers and therapeutic 

delivery agents. Unlike many therapeutic agents, SEVs can cross the blood brain barrier making 
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them an exciting alternative to traditional drug delivery systems (Iazifar et al., 2016). 

Furthermore, SEVs can be harvested from potentially any bodily sera and remain stable 

following isolation. After isolation, different extraction procedures may be implemented to study 

the protein and messenger RNA content of the SEVs. Traditionally, miRNA has been near 

impossible to quantify in most sera as they are highly unstable but SEVs appear to protect 

miRNA allowing for detection (Li et al., 2019). In recent years SEVs have been extensively 

studied for their roles in cancer progression brought about through oncogenic transformation, 

chemotherapeutic resistance, and increased cell survival (Bowers et al., 2020).  

 

1.4.4. Isolation and Characterization 

With interest growing in SEV research many different techniques have emerged to isolate SEVs. 

The most popular of these techniques include differential ultracentrifugation (dUC), sized based 

isolation, immunoaffinity capture, SEV precipitation, and microfluidics-based procedures. 

Despite new techniques emerging, dUC is still considered the gold standard in SEV isolation. 

Approximately 56% of published SEV studies utilize ultracentrifugation-based isolation 

methods, making it the most popular and well-defined procedure used today (Li et al., 2017). 

Risha et al. (2020) found that dUC provided the highest yield of SEV proteins analyzed by nano 

liquid chromatography-mass spectrometry (nano-LC-MS) given SEV size specificity over 

ultrafiltration and precipitation-based techniques. Alvarez et al. (2012) also compared isolation 

methods and found that ultracentrifugation-based techniques produced the highest protein SEV 

yield without implementing filtration or sucrose cushions. dUC involves several successive 

rounds of centrifugation to gradually sediment smaller from larger particles and was the isolation 

technique implemented in the present study. SEVs may be pelleted at forces at or greater than 
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100,000 g with previous lower force steps key to preventing co-pelleting of SEVs with other 

cells and large EVs (Li et al., 2017). Following pelleting at 100,000 g a final wash step in 

phosphate buffer saline (PBS) at 100,000 g is applied to remove any remaining free 

contaminating proteins and increase the purity of the final SEV pellet (Livshits et al., 2015).  

 

Minimal information for studies of extracellular vesicles (MISEV) provides a series of reporting 

guidelines produced by leading scientist in the field of EV research. To adequately characterize 

the size distribution, morphology, and concentration of vesicles, the MISEV2018 recommends 

the use of two different techniques. Techniques allowing for the visualization of single vesicle 

morphology include electron microscopy, atomic force microscopy and super-resolution 

microscope. Other techniques, including nanoparticle tracking analysis (NTA), resistive pulse 

sensing or flow cytometry, may be implemented to determine vesicle size distribution and 

concentration (Théry et al., 2018).  

 

1.5. Bladder-cancer derived SEVs 

1.5.1. Invasion and Metastasis 

SEVs derived from bladder cancer (BC) cells play a key role in cancer metastasis. Franzen et al. 

(2016) found that SEVs derived from two muscle-invasive bladder cancer cell lines induced 

early epithelial-to-mesenchymal transitional changes in primary urothelial cells treated for 4-6 

hours. Additionally, urine SEVs isolated from BC patients enhance migration in primary 

urothelial cells (Franzen et al., 2016). SEVs may also have a role in establishing a pre-metastatic 

niche even after the surgical and chemotherapeutic intervention to remove tumours. Hiltbrunner 
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et al. (2020) reported that urinary SEVs derived from patients who had complete removal of 

macroscopic bladder tumours still housed malignant metabolic phenotypes, proposing the 

potential for cancer relapse and a reason for the high reoccurrence rates of BC.  Understanding 

the mechanisms of BC metastasis is crucial for therapeutic intervention and controlling relapse.  

SEVs derived from high-grade BC cells (grade III and IV) can also promote the invasiveness of 

low-grade BC cells (grade II) as shown in a transwell assay. The same study also determined that 

high grade BC cell SEVs promoted angiogenesis and migration in human umbilical vein 

endothelial cells following 4-hour incubation (Beckham et al., 2014b). Yoshida et al. (2019) also 

found that SEVs derived from high-grade BC cells significantly increased invasive and 

proliferative properties of low-grade BC cells mediated by PI3K/AKT and FAK pathway 

upregulation.  

 

1.5.2. SEV Bladder Cancer Biomarkers 

SEVs have been widely explored for their application in the early identification of bladder 

cancer. Wang et al. (2020) published a review of the current proposed SEV biomarkers of 

bladder cancer. The review highlighted six studies that proposed a combined total of 16 bladder 

cancer-specific biomarkers found in both urine and cell media. Included in these biomarkers 

were TPP1, TMPRSS2, FOLR1, RALB, RAB35, TACSTD2, mucin-1, CEACAM-5, EPS8L2, 

moesin, TALDO1, EDIL-3, VIM, HDGF, CK2, and ANXA2. Moreover, five additional SEV 

purified proteins related to cancer were identified from HT1376 bladder cancer cells (Y. Wang et 

al., 2020). Welton et al., (2010) successfully verified soluble (hnRNPK and 𝛽-catenin) and 

membrane-associated (galectin-3, basigin, and CD73) proteins from HT1376 cells using western 

blot and flow cytometry techniques. In another study examining proteins in urine, nine other 
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proteins were found to be differentially expressed in the SEVs of bladder cancer patients 

(Smalley et al., 2008). A full list of SEV-derived proteins associated with bladder cancer is 

presented in Table 1.1 which is adapted from the review conducted by Wang et al. (2020). 
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Table 1.1. Summary of studies examining SEV biomarkers of bladder cancer using a proteomics approach.  

BCa: Bladder Cancer; dUC: differential ultracentrifugation; UC/F: Ultracentrifugation/filtration; MICB: Muscle invasive bladder cancer; iTRAQ: 

Isobaric tags for relative and absolute quantification. Bolded proteins are those that were validated by a second targeted method.

Candidate 

Biomarker(s) 

Sample(s)  Isolation 

Method 

Proteomics 

Method 

Results Reference 

TPP1, TMPRSS2, 

FOLR1, RALB, 

RAB35 

Urine/ureter: histologically downstaged BCa 

(n = 9)  

 

dUC/F Label-free 1094 proteins identified; 40 significantly 

overexpressed in bladder urine; FOLR1 was 

validated by western blot.  

(Hiltbrunner 

et al., 2020) 

TACSTD2  Urine:  

Discovery- BCa (n = 13), control (n = 9) 

Verification - BCa (n = 28), control (n = 12)  

Validation- BCa (n=140), control (n=81)  

dUC Dimethyl-

labeling 

2,964 proteins identified; 24 were differentially 

expressed; TACSTD2 was validated by ELISA. 

Chen et al., 

2012 

mucin-1, CEACAM-5, 

EPS8L2, moesin 

Urine: Bca (n = 10), controls (n = 10) dUC Label-free 1,222 proteins identified; 56 proteins significantly 

increased in Bca; 4 validated by western blot. 

Lee et al., 

2018 

 ANXA7, S100A4, 

HEXB, SND1, and 

TALDO1 

Urine: BCa (n=6), control (n=6)  

Cell media: MIBC (n = 51), normal 

urothelium (n = 79), and non-MIBC (n = 71) 

dUC Label-free 719 proteins identified; 5 proteins significantly 

upregulated in MIBC and non-MIBC; TALDO1 

validated by immunohistology chemistry in 

bladder tissues. 

Silvers, 

Miyamoto, 

Messing, 

George, & 

Lee, 2017 

EDIL-3 Cell media: T24, TCC-SUP, and SVHUC1  

Urine: BCa (n=12), controls (n=12)  
dUC/F Label-free 453 proteins identified; EDIL-3 validated in BCa 

patient urine by western blot. 

Beckham et 

al., 2014 

VIM, HDGF, CK2, 

ANXA2 

Cell media: isogenic metastatic BCa lines 

(SLT4 and FL3) and nonmetastatic cell line 

(T24)  

dUC iTRAQ >1000 and >500 proteins identified in membrane 

and lumen fractions of exosome, respectively. 

Jeppesen et 

al., 2014 

Nras, EPS8L1, 

EPS8L2, Mucin 4, EH 

Domain-containing 

Protein 4GsGTP, RAI3, 

resistin and G3BP 

Urine: BCa (n=4), controls (n=5) dUC Label-free 170 proteins identified with a spectral count >2. 9 

were differentially expressed, 8 proteins were 

increased in Bca group while 1 was decreased 

(G3BP); EPS8L2 and Mucin 4 were validated by 

SDS-PAGE (n=2)  

Smalley, 

Sheman, 

Nelson, & 

Theodorescu, 

2008 

Galectin-3, basigin, 

CD73, hnRNPK, 𝜷-

catenin 

Cell media: BCa lines HT1376, HT1197, 

RT4, RT112, and T24. Main analysis was 

conducted using HT1376 cells.  

Urine: BCa (n=3); controls (n=4) 

dUC Label-free 353 proteins identified; 72 proteins novel to 

exosomes; Validation of 18 proteins by western 

blot. Only proteins related to BCa are reported.  

Welton et al., 

2010 
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1.6. Proteomics in SEV Research  

Proteomics has become a facet of SEV exploratory research, with mass spectrometry being a 

foundational technique for the identification and characterization of SEV protein cargo. SEV 

proteomics has been used to study numerous diseases, including neurodegenerative, pulmonary, 

urological, and cardiovascular diseases, along with an array of cancers. A typical mass 

spectrometry-based proteomics workflow includes the isolation of SEVs from a biological fluid, 

extraction of SEV proteins using a detergent or non-detergent lysis buffer, and the separation of 

proteins and digestion prior to loading in the mass spectrometer. Proteomics is a particularly 

useful tool for non-targeted biomarker discovery as it enables the study of thousands of proteins 

simultaneously, providing information regarding the pathways and processes up and 

downregulated during disease (Mallia et al., 2020). A study employing label-free quantitative 

proteomics coupled with a novel machine learning method determined that four SEV proteins 

(ANXA5, VGF nerve growth factor inducible, glycoprotein MGA, and alpha-1 antichymotrypsin 

protein) could identify Alzheimer’s Disease with 88% accuracy (Muraoka et al., 2020). 

Furthermore, it was found that elevated levels of ANAX5 were associated with the stage of 

disease severity and progression (Muraoka et al., 2020). Sundar et al. (2019) conducted a pilot 

study analyzing the plasma SEV proteome of smokers and individuals with chronic obstructive 

pulmonary disease and found several novel proteins including FN1, apolipoprotein D, and 

clusterin differentially enriched in their study groups. They concluded that SEVs were a rich 

source of novel biomarkers for the prognostic, diagnostic and therapeutic investigation of 

chronic obstructive pulmonary disease and the contribution of cigarette smoke exposure (Sundar 

et al., 2019). Proteomic investigation of urine SEVs collected from patients with renal cell 

carcinoma led to the development of a 10-protein panel that could accurately and reproducibly 
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differentiate renal cell carcinoma from control individuals (Raimondo et al., 2014). 

Ceruloplasmin and podocalyxin-like protein 1 were upregulated in renal cell carcinoma and 

showed high diagnostic potentials with area under the curve (AUC) values of 1. Proteins 

upregulated in renal cell carcinoma including dickkopf WNT signalling pathway inhibitor 4 

(AUC = 0.979), matrix metallopeptidase 9 (AUC = 0.938), and extracellular matrix 

metallopeptidase inducer (AUC = 0.879) also had high diagnostic potential (Raimondo et al., 

2014).  

 

1.7. Rational and Research Objectives  

Although arsenic is a legacy compound that we have been researching the effects of for decades, 

it is still regarded as the most significant chemical contaminant in drinking water sources 

globally (World Health Organization, 2018). Depending on geographical location, water sources, 

and proximity to industrial practices such as gold mining individuals may be at an elevated risk 

of the numerous adverse effects of arsenic exposure, including bladder cancer. For these groups, 

it is pivotal that their health and exposure is closely monitored in as minimally invasive a way as 

possible. An emerging technique in health monitoring and exposure science has been the study 

of SEVs. To determine the application of SEVs as biomarkers, it is important to first decipher the 

effect arsenic has on SEVs and the potential roles SEVs play during exposure. As discussed 

previously, SEVs are critical mediators in the tumour microenvironment and in the promotion of 

carcinogenesis (Franzen et al., 2016; Hiltbrunner et al., 2020; Beckham et al., 2014; Yoshida et 

al., 2019). The effect of arsenic exposure on SEV response has only been measured in a handful 

of studies all of which examined either bronchial epithelial, prostate, liver, or embryonic stem 

cell exposure with no studies detailing the response on any organs of the urinary tract (Bain et 
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al., 2016; Chen et al., 2017; Dai et al., 2018, 2019; Li et al., 2021; Ngalame et al., 2018; Xu et 

al., 2015). As urothelial cells line the urethra, bladder, ureters, and renal pelvis and as 95% of all 

bladder cancers begin in the uroepithelium, it is critical to decipher the SEV response in 

urothelial cells following arsenic exposure (Burger et al., 2017). This novel investigation can 

help lay the foundation for the study of SEVs in toxicology and provide insight into the still 

widely elusive mechanisms underlying arsenic induced bladder cancer.  

 

Considering this gap of research, my master’s thesis project sought to determine if SEVs are 

responsible for mediating toxic response signaling during arsenic exposure and if SEVs can be 

used as early biomarkers of urothelial injury. To address this question, it is vital to understand 

both the biological changes that occur in SEVs during arsenic exposure and the applications of 

SEVs as biomarkers for human health risk assessment. Specifically, I hypothesize first that the 

biology and protein packaging profile of urothelial SEVs are altered following arsenic exposure 

because of the induction of cell stress signaling pathways.  I also hypothesize that urinary SEV 

proteins can be used as biomarkers of arsenic exposure because they are positively correlated 

with urinary arsenic concentrations in an exposed population.  

To test these hypotheses, this thesis has the following specific objectives:  

1. Characterize the effect of arsenic exposure on the number of total SEVs released to 

determine if cells respond by increasing intracellular signaling.  

2. Assess the pattern of protein expression in SEVs released by arsenic-exposed cells to 

investigate whether they are core proteins involved in cancer-related pathways.   
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3. Investigate the changes in intracellular proteomics following arsenic exposure to 

determine how the packaged protein profiles differ between the SEVs and their parent 

cells.  

4. Measure the SEV derived biomarkers identified in the in vitro study in the urine samples 

collected from an arsenic-exposed population and investigate the correlation with urinary 

arsenic concentrations to establish their applicability as novel biomarkers. 

 

Objectives 1 and 2 are presented in Chapter 2.  Objective 3 is presented in Chapter 3, and 

Objective 4 is presented in Chapter 4. 
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2.1. Introduction  

In recent years, small extracellular vesicles (SEVs) have been shown to be vital in intracellular 

communication and have been used in clinical studies as biomarkers of disease (Harischandra et 

al., 2017). Despite the importance of SEVs in cell signalling and the tumour microenvironment 

there are very few toxicology studies examining their role during chemical exposure. Of these 

studies, seven have examined the response of SEVs during arsenic exposure. Cumulatively it 

was found that SEVs released from cells following arsenic exposure are responsible for 

promoting a cancer-like phenotype, cell proliferation and can induce pro-inflammatory 

properties in recipient cells (Bain et al., 2016; Chen et al., 2017; Dai et al., 2018, 2019a; Li et al., 

2021; Ngalame et al., 2018; Xu et al., 2015). Following chronic arsenic exposure Dai et al. 

(2018) found that human liver cells released circRNA_100284 in SEVs, which promoted 

malignant transformation of cells, accelerating the cell cycle, and promoting proliferation in 

healthy liver cells exposed to the SEVs. Similarly, Ngalame et al. (2018) found that the SEVs of 

arsenic transformed prostate epithelial cells are enriched with pro-oncogenic factors capable of 

recruiting stem cells to a cancer-like phenotype. Enhanced cell growth following exposure to 

SEVs derived from arsenic exposed cells was also noted in two other studies examining human 

liver and bronchial epithelial cells (Dai et al., 2019a; Xu et al., 2015). Furthermore, SEVs of 

arsenic transformed liver cells were found to transfer miR-55 to healthy cells, where miR-55 was 

then able to initiate immune responses (Chen et al., 2017). Overall, from the cited literature it is 

apparent that SEVs serve a variety of roles during arsenic exposure, but this relationship has only 

been assessed in a small number of cell types. The exact mechanisms by which arsenic may 

induce bladder cancer remain to be fully deciphered and the role SEVs play in cell signalling 

during exposure has never been assessed. SEVs may present a missing link in our understanding 
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of early response signalling that given chronic exposure can lead to the development of bladder 

cancer. With evidence that SEVs play a role in the adverse effects of arsenic exposure, and with 

the global need for early indicators of arsenic induced urological changes, we investigated 

whether arsenic could change the biology of SEVs released by exposed urothelial cells. To do 

this, we evaluated the proteomic changes in SEVs released from urothelial cells following a 

range of arsenic exposures as well as assessing the changes in size, concentration, and 

functionality of the SEVs released.  

 

2.2. Methods 

2.2.1. Cell Selection and Culturing  

Urothelial cells were selected for analysis as urothelial carcinomas, also known as transitional 

cell carcinomas (TCC), account for approximately 90% of all bladder cancers (Welton et al., 

2010). SVHUC1 human urothelial cells are derived from healthy ureter tissue from an 11 year 

old male that was immortalized with SV40 virus. SVHUC1 urothelial cells (ATCC® CRL-

9520™) were selected for study as they have previously been used in the analysis of arsenic 

toxicity (Jou et al., 2019; X. Liu et al., 2012; Q. Zhou et al., 2018) and produced quantifiable 

numbers of SEVs (Yang et al., 2021; H. Zheng et al., 2021). In addition, T24 urothelial 

carcinoma cells (ATCC® HTB-4™) were selected as a positive control for carcinogenicity to 

compare the effects of arsenic exposure to. T24 cells were established from a high grade invasive 

81 year old female bladder cancer patient and their SEV release and cargo have been widely 

studied (Jou et al., 2019; F. Lin et al., 2020; Whitehead et al., 2015). SVHUC1 cells were 

maintained in Kaighan’s modification of Ham’s F-12 medium (ATCC® 30-2004™) and T24 
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cells were maintained in McCoy’s 5a medium modified (ATCC® 30-2007™). Both medias were 

supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich, F1051). Cells were grown in 175 

cm3 tissue culture treated flasks (Montreal Biotech, MBI709001C) and were incubated at 37℃ 

with 5% CO2. Cell media was changed every 3-4 days.  

 

2.2.2. Arsenic Exposure 

2.2.2.1. Cytotoxicity Testing  

To determine the optimal arsenic exposure concentrations that resulted in low cell death, 

cytotoxicity tests were conducted. Three separate passages of SVHUC1 cells were exposed to 

different concentrations of sodium arsenite (Sigma-Aldrich, S7400-100G) (400, 200, 100, 80, 40, 

20, 10, 8, 4, 2, 1, 0.5 𝜇𝑀) for 48 hours. Cytotoxicity was assessed in four technical replicates of 

each concentration and 8 technical replicates of each SVHUC1 control. Cell viability was then 

assessed by incubating for another two hours with CellTiter 96® AQueous One Solution Cell 

Proliferation Assay and detecting absorbance at 490nm on the Cytation3 Cell Imaging 

Multimode Reader. The absorbance values for all four replicates were averaged and the 

background absorbance from the control wells were subtracted. The cell viability was then 

plotted as a percent of the control against the log concentration of arsenic in Rstudio using drc 

and ggplot packages and the dose response curves for each passage were fitted following a 

goodness of fit test with multiple models.  

2.2.2.2. Experimental Exposure 

To reduce exposure variability between biological replicates primary (100,000 𝜇𝑀) and 

secondary (1,000 𝜇𝑀) stocks of sodium arsenite were made and kept for up to 6 and 3 months, 

respectfully. Primary stock was made by dissolving sodium arsenite in milliQ with 0.5% 
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hydrochloric acid (Fluka Analytical, 84415-500ML). The secondary stock was a dilution of the 

primary stock made in milliQ. The secondary stock was used to spike media prior to cell 

exposure. Flasks of SVHUC1 cells were exposed to 0, 1, 2, or 5 𝜇𝑀 sodium arsenite in EV 

depleted media for 48 hours. Exposures were repeated for three different biological replicates 

each with two 175cm3 flask per treatment. A 2 mL sample of exposure media was kept at each 

exposure (n = 12) for quantification of arsenic content and speciation. All stock solutions and 

exposure media samples were stored at 4℃ in falcon tubes wrapped in tinfoil and double sealed 

in Ziplock bags to minimize oxidation.  

2.2.2.3. Arsenic Speciation Measurement by ICP-MS 

To report on the actual concentration of arsenic in each spiked media sample, cell media arsenic 

concentrations were analyzed using inductively coupled plasma mass spectrometry (ICP-MS) 

(770x ICP-MS, Agilent Technologies, Mississauga, ON). For arsenic speciation (AsIII, AsV, 

MMA, DMA, and arsenobetaine (AsB)), samples were diluted in 10 m𝑀 ammonium phosphate 

dibasic (Sigma, 37998-100G) prepared in milli-Q water and pH adjusted to 8.25 with ammonium 

hydroxide solution 28% (Sigma, 338818-100 mL). Arsenic species were measured with an 

Agilent 1200 Infinity Liquid Chromatography (LC) coupled to an Agilent 7700x ICP-MS 

(Agilent Technologies, Mississauga, ON). The limit of detection (LOD) for arsenic species was 

0.005 𝜇𝑔/𝐿 and concentrations under the LOD were replaced with half the LOD (Cheung et al., 

2020).   

 

2.2.3. SEV Isolation 

Once cells reached 50-60% confluence, flasks were washed three times with PBS and incubated 

for 48 hours in EV free media containing the desired exposure of sodium arsenite. To prevent 
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background EV contamination from fetal bovine serum, EV free media was produced by diluting 

fetal bovine serum to 25% in media (McCoy’s 5A or F-12) and ultra-centrifuging at 100,000 g 

for 21 hours (SW28 Ti rotor, Beckman Coulter). EV depleted fetal bovine serum in media was 

then filtered through 0.22 𝜇𝑀 sterile filters (Millipore, SLFG025LS) prior to use.  

2.2.3.1. Cell Media Differential Ultracentrifugation (dUC)  

Following 48-hour incubation, vesicle enriched media (30 mL) was harvested from flasks. Cells 

were washed once in 5 mL PBS which was then added to the media collections to ensure 

collection of all surface bound EVs. Media was centrifuged at 300 g for 10 minutes, then at 

2,000 g for 20 minutes (SW2150, Heraeus Sepatech) prior to storage at -80C in 50 mL 

polypropylene conical centrifuge tubes (FroggaBio, TB50-25) for later SEV isolation. Vesicle 

enriched media was stored for a maximum of one month before being thawed overnight at 4℃ 

and subjected to differential centrifugation (dUC) (Figure 2.1). Previous 2,000 g centrifugation 

was repeated for 20 minutes, and pellets were discarded. The following centrifugation was 

carried out in a Beckman Coulter Optima XL-100K Ultracentrifuge at 4℃. The supernatant was 

centrifuged at 16,500 g for 30 minutes. Pellets were discarded and the supernatant was 

centrifuged at 100,000 g for 2 hours (SW28 Ti rotor, Beckman Coulter) to pellet SEVs. The SEV 

pellet was resuspended in 2.5 mL cold PBS following the 100,000 g spin. Resuspended SEVs 

from the two technical replicates within each biological replicate were then composited for the 

final wash spin. The collected SEVs were washed at 100,000 g for 1 hour (SWFF Ti rotor, 

Beckman Coulter) and resuspended in 120 𝜇𝐿 cold PBS for SEV analysis.  
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Figure 2.1. Method of differential ultracentrifugation for cell media SEV isolation. Created with 

BioRender.com. 

2.2.4. Cell Counting 

Cells were harvested and counted following each exposure to later quantify the number of SEVs 

released per cell in different treatment groups. Cells were digested in 0.25% trypsin-

ethylenediaminetetraacetic acid (Gibco, 25200-056), and resuspended in 10 mL media for cell 

counting. A 10 𝜇𝐿 aliquot of cell suspension was then taken and mixed with 10 𝜇𝐿 trypan blue 

stain (Gibco, 15250-061) for dead cell staining. Alive and dead cells were then counted manually 

using a hemocytometer and the average of all four squares was used to report the total cells in 

each experimental flask.  

 

2.2.5. SEV Characterization  

2.2.5.1. Nanoparticle Tracking Analysis  

Nanoparticle tracking analysis was used to characterize the size and number of SEVs produced 

from each treatment. 2:1000 dilutions of samples in PBS were run through the ZetaView 

nanoparticle microscope PMS-110 (Particle Matrix) for determination of SEV concentration and 
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size distribution. For analysis the size detection range was set from 10-500 nm and the minimum 

brightness was set to 15. 102 nm polystyrene beads (Microtrac, 900383) were used to focus the 

instrument and sample size distribution was detected at 85 and 40 camera shutter speeds.   

2.2.5.2. Micro Bicinchoninic Acid Assay (microBCA) 

A Micro BCA Protein Assay Kit (Bio Basics SK3061) was used to measure the total protein 

content of SEV samples. 8 𝜇𝐿 of sample (unknown, bovine serum albumin (BSA) standard or 

PBS) was added to 2 𝜇𝐿 of radioimmunoprecipitation assay (RIPA) buffer (ThermoFischer 

Scientific, 89900) with dissolved Pierce protease inhibitor mini tablet (ThermoFischer Scientific, 

A32953) and sonicated three times at 3-minute intervals with intermediate incubation on ice for 

SEV membrane lysis (Lässer et al., 2012). The samples were then incubated at 60 ℃ for 1 hour. 

2 𝜇𝐿 of sample was then added to Nanodrop 2000 Spectrophotometer (ThermoFischer Scientific, 

ND-2000) and absorbance was read at a wavelength of 560 nm. PBS was used as the reference 

buffer and BSA was used to produce the standard curves required for protein content 

determination. A new standard curve was constructed for each batch of samples analyzed. All 

samples were analyzed in triplicates and the average protein concentration was reported.  

2.2.5.3. Exo-check Antibody Array 

Exo-check antibody arrays (Systems Bioscience, EXORAY200B-4) were used to confirm the 

origin of SEV populations by detecting eight known SEV markers (CD63, CD81, ALIX, 

FLOT1, EpCam, ICAM1, ANXA5, and TSG101). Additionally, GM130 cis-Golgi marker was 

analyzed to determine the extent of cellular contamination in SEV samples. Briefly, 50 𝜇𝑔 of 

SEV proteins from T24 and SVHUC1 SEVs were extracted and quantified using the previous 

microBC method before being loaded onto gel membranes. Antibody staining was conducted in 

accordance to manufacture instructions (System Biosciences, 2021). Advansta WesternBright 
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Sirius HRP Substrate (Advansta, K12043-C20) was used to develop the blots. Imaging was done 

on the UVP ChemStudio PLUS Imaging System, Analytik Jena, with CCD camera and 

automatic exposure. 

 

2.2.6. SEV Cell Proliferation Assay 

To determine if SEVs from cancer or arsenic exposed cells mediate cell proliferation, untreated 

SVHUC1 cells were exposed to SEVs for 48 hours. Three passages of SVHUC1 cells were 

plated on 96 well plates and incubated overnight to adhere. Cells were then treated with either 2 

𝜇𝐿 of PBS, SEVs isolated from untreated SVHUC1 cells, 5 𝜇𝑀 treated SVHUC1 cells, or T24 

cells. Cells were then incubated for 48 hours. Four technical replicates of each treatment and 

eight technical replicates of the PBS control were run. Cell proliferation was then assessed using 

the same methods as the previously conducted cytotoxicity testing. Data were uploaded into R 

studio and a two-sided students T-Test was run to determine significance between the SEV 

treatments and the PBS control.  

 

2.2.7. In-solution Digestion  

For proteomic analysis 100 𝜇𝐿 of each SEV sample was lysed in solubilization buffer containing 

8 M urea, 100 mM HEPES, 10% glycerol, 1uM dithiothreitol, and 0.5% n-dodecyl 𝛽-D-

maltoside. 4 𝜇𝐿 of TCEP was added to reduce samples which were then incubated at 25℃ for 45 

minutes on a 400 RPM shaker. Samples were then alkylated by adding 4 𝜇𝐿 iodoacetamide and 

incubating again at 25℃ for 50 minutes on a 400 RPM shaker covered with tinfoil. Lastly, 

proteins were digested by adding 1.5 𝜇𝐿 of 0.3 𝜇𝑔/𝜇𝐿 trypsin/LysC solution (Trypsin/LyC 
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Protease mix, ThermoFischer Scientific A41007) to each sample and incubating at 25℃ for 24 

hours on a 400 RPM shaker. 1.5 𝜇𝐿 of formic acid was then added to each sample to quench 

trypsin and tubes were vortexed at 10,000 g for 30 seconds. Samples were desalted using C18 

TopTip (Glygen Corp, TT2C18) columns as per manufactures instructions. Columns were 

washed three times with 70% acetonitrile in 0.1% formic acid (ThermoFischer Scientific, 85174) 

and another three times with water in 0.1% formic acid (Fischer Scientific, LS1181). 100 𝜇𝐿 of 

sample was then slowly added to each column using a syringe. Columns containing sample were 

then washed three times with water in 0.1% formic acid. Columns were then transferred to a 

clean microfuge tube and 50 𝜇𝐿 of 70% acetonitrile in 0.1% formic acid was added to each 

column to elute bound peptides. This process was repeated three times to ensure all peptides 

were eluted. Microfuge tubes containing peptides were then transferred to a SpeedVac centrifuge 

and run for 2 hours to evaporate remaining acetonitrile solvent. Samples were then ready for 

analysis by Nano-LC-MS/MS. 

 

2.2.8. Nano-LC-MS/MS 

Prepared samples were analyzed by an Orbitrap Fusion Mass Spectrometer (Thermo Fischer 

Scientific) coupled to a Ultimate3000 RLSCnano System (Dionex, Thermo Fischer Scientific). 

Peptides were separated on a packed column (Polymicro Technology) measuring 15 cm x 70 𝜇m 

ID, LunaC18(2), 3𝜇m, 100 Å (Phenomenex) using a water/acetonitrile/0.1% formic acid 

gradient. Samples were loaded onto the packed column at a flow rate of 0.30 𝜇l/min for 105 

minutes. For the first 7 minutes peptides were separated using 2% acetonitrile, followed by 70 

minutes of a linear gradient from 3 to 38% acetonitrile and 3 minutes from 38-98% acetonitrile, 

and lastly a 10-minute wash at 2% acetonitrile. Eluted peptides were then sprayed into a mass 
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spectrometer using positive electrospray ionization at a spray voltage of 2.1 kV and an ion source 

temperature of 250℃. A resolution of 60 000 was used to obtain full-scan MS spectra and 

precursor ions were filtered based upon monoisotopic precursor selection, dynamic exclusion (30 

s with a ± 10 s ppm window), and charge state (+2 to +7). Automatic gain control setting was set 

to 1 x 104 for MS/MS and 5 x 105 for Fourier transform MS. Collision-induced dissociation was 

used to perform fragmentation in the linear ion trap. Finally, precursors were fragmented with a 

normalized collision energy of 35% using a 2 m/z isolation window.  

 

2.2.9. Data Processing and Statistical Analysis  

Mass spectrometry raw files were analyzed in MaxQuant for protein identification. Peptides 

were searched against the UniProt FASTA Human Proteome Database using the integrated 

Andromeda search engine (Cox et al., 2011). Trypsin protease was set as the type of digestion 

enzymes used, allowing a maximum of 2 missed cleavage sites. Carbamidomethyl was set as a 

fixed modification and oxidation and N-terminal acetylation were set as variable modifications. 

Proteins had a first search peptide tolerance of 20 ppm and a main search peptide tolerance of 10 

ppm. A reverse sequence database integrated into MaxQuant was used to determine the false 

discovery rate (FDR). FDR was set to 1% for peptides with a minimum of 7 amino acids for 

identification. A contaminants database provided by the Andromeda search engine was used to 

label and later filter out common contaminants. Label-free protein quantification (LFQ) values 

were obtained using only unique peptides for analysis. Subsequent data analysis was conducted 

using LFQ intensities.  
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2.2.10. Bioinformatics Analysis  

The protein group file from the MaxQuant output was uploaded to R studio (Version 1.4.1103 © 

2009-2021 “Wax Begonia”) for bioinformatics. All differential expression analysis was 

completed using the Bioconductor package DEP 1.17.0 and visualizations were rendered with 

the ggplot2 package (Smits, 2021). Proteins that matched the contaminates database, were the 

result of reverse identifications, or were only identified by site were filtered out. Next, proteins 

were filtered based upon valid values with proteins present in two of three replicates in at least 

one sample group included in analysis. All remaining proteins were normalized by variance 

stabilizing normalization to reduce protein samples variance nondependent from their mean 

intensities and scale samples using parametric transformations and maximum likelihood 

estimations (Välikangas et al., 2018). Multiple imputation techniques including no imputation, 

manual imputation, minimum probability imputation, quantile regression imputation of left 

centered data, and k-nearest neighbor imputation were tested to determine which imputation 

technique best fit the data based upon missing values, intensity distributions, and differentially 

expressed protein before and after imputation. Following imputation, differentially expressed 

proteins were determined based upon a log-fold change of at least 1.5 and an FDR adjusted p-

value of 0.05. Gene identifiers, log-fold change, and p-values of all identified proteins were then 

uploaded to the Qiagen Ingenuity Pathway Analysis (IPA) software for identification of enriched 

pathways and biological processes. The resulting IPA canonical pathway analysis data was 

visualized in R studio using the ggplot2 package. 
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2.2.11 Enzyme Linked Immunosorbent Assay Biomarker Validation  
 

Following proteomic investigation and biomarker selection of Transforming Growth Factor Beta 

Receptor 1 (TGFBR1) and Ribonuclease Inhibitor 1 (RNH1), cell exposures were repeated to 

harvest another set of SEV samples for biomarker validation. SEV samples were analyzed for 

TGFBR1(Antibodies-online, ABIN6970804) and RNH1 (ExpressBio, XPEH1611) using 

Sandwich Enzyme Linked Immunosorbent Assay (ELISA) kits. Prior to analysis SEV samples 

were mixed with 10% NP-40 buffer (ThermoFischer Scientific, FN0021) and sonicated three 

times at 3-minute intervals with intermediate incubation on ice for SEV membrane lysis as 

outlined by Lässer et al., 2012. Preliminarily experiments were conducted to optimize SEV lysis 

and protein extraction using various concentrations of NP-40 buffer. Samples were analyzed 

according to the manufacturer’s instructions and absorbance was read at a wavelength of 450 nm 

using a Biotek Cytation 3 imaging reader (BioTek Instrument, Inc.). The lower limit of detection 

of each kit was 31.25 pg/mL and 0.313 pg/mL for TGFBR1 and RNH1, respectfully. All effect 

biomarker concentration were converted to 𝜇𝑔/𝐿 for analysis. CurveExpert Professional Version 

2.7.3 was used to plot the standard curves of both RNH1 and TGFBR1 as per manufactures 

recommendations. All possible linear and non-linear regressions were run and the model 

providing the highest R2 value was selected for each standard curve.  

2.2.11.1 Statistical Analysis  

 

Statistical analysis was performed using R studio (Version 1.4.1103 © 2009-2021 “Wax 

Begonia”). Association between effect (TGFBR1 and RNH1) and exposure biomarkers were 

assessed using Welch’s t-test. For statistical significance, 𝛼 < 0.05 was used. Box plot analysis 

was used to assess the differences in effect biomarker expression in SEV samples.  
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2.3. Results  

2.3.1. Cytotoxicity Tests 

The 48-hour cytotoxicity data were similar between all three biological replicates indicating high 

reproducibility and similar sensitivity between cells of different passages (Figure 2.2). A five-

parameter log logistic model best fit the data for each passage and the resulting average effective 

concentration for reducing cell viability by 5, 10, 20, and 50 percent were determined to be 3.2, 

4.3, 6.3, and 14.6 𝜇𝑀 respectfully. Cell proliferation began to decrease at concentrations above 2 

𝜇𝑀 NaAsO2. Based on this data, concentrations of 1, 2 and 5 𝜇𝑀 were selected for cell dosing in 

proteomics experiments as these concentrations showed little to no cytotoxicity given acute 

exposure.  

 

Figure 2.2. MTS viability assay of SVHUC-1 urothelial cells exposed to sodium (meta) arsenic 

(NaAsO2) for 48 hours fitted to a five-parameter log logistics model (biological replicates (n=3), 

technical replicates (n=4)) with the red line indicating 50% cell viability.  
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2.3.2. Measured Arsenic Exposure Concentrations 

The measured concentrations of arsenic determined by ICP-MS were close to the expected 

concentrations based upon initial dilutions (Table 2.1). Less than 6% of arsenic at all 

concentrations had undergone oxidation to arsenate, meaning that at least 94% of cell exposure 

was to arsenite.  

Table 2.1. Measured exposure concentrations of inorganic arsenic in cell media samples.  

 

Exposure 

Group 

Expected Arsenite 

Concentration (ug/L) 

Measured Concentration (ug/L) 

Arsenite (AsIII) Arsenate (AsV) 

Control 0.00 0.093 ± 0.132 0.113 ± 0.007 

1 𝝁𝑴 NaAsO2 75.00 67.586 ± 9.764 3.952 ± 0.524 

2 𝝁𝑴 NaAsO2 150.00 125.408 ± 10.940 6.971 ± 0.100 

5 𝝁𝑴 NaAsO2 375.00 304.900 ± 14.424 14.851 ± 0.959 

 

2.3.3. Nanoparticle Tracking Analysis  

Based on an average of three biological replicates T24 SEVs had a median diameter of 110 nm 

and SVHUC1 SEVs had a median diameter of 90 nm (Figure 2.3 (A)). As the size definition of 

SEVs is between 50-200 nm the EVs harvested from both cell types fit the definition of SEVs 

(Théry et al., 2018). The mean concentration of SEVs ranged between 1.0 x 109 to 7.1 x 109 

particles per mL. The concentration of SEVs released per cell was not significantly increased 

following exposure but was nearly 4 folds higher when comparing T24 SEV concentration to the 

SVHUC1 control concentration (Figure 2.3 (B)).   
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Figure 2.3. Nanoparticle tracking analysis results of SEV size and concentration characterization 

(A) and SEV concentration standardized to the number of cells in each condition (B) (n=3 

biological replicates).  

 

2.3.4. Exo-check Antibody Array 

The results from the Exo-check antibody array analysis can be compared between SEV samples 

to determine the relative abundance of endosomal proteins but cannot be compared within each 

blot. Different amounts of protein antibody were used to prepare blots and thus the band intensity 

between proteins of a given blot is not relevant. Both blots showed the identification of the two 

positive control bands and no sign of a blank band (Figure 2.4). Both blots also showed evidence 

of cellular contamination indicated by the presence of Golgi matrix protein 130 (GM130). 

Overall, T24 SEVs showed higher amounts of most endosomal proteins including Flotillin-1 

(FLOT1), Intercellular adhesion molecule 1 (ICAM), cluster of differentiation 81 (CD81), tumor 

susceptibility gene 101 (TSG101), and Annexin A5 (ANXA5). ALG-2-interacting protein X 

(ALIX) was the only protein marker to show higher abundance in SVHUC1 SEVs with epithelial 

cellular adhesion molecule (EpCAM) and cluster of differentiation 63 (CD63) showing low 

abundance in both SEV blots.  

A B 
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Figure 2.4. Exo-check array analysis of SVHUC1 SEVs (A) and T24 SEVs (B) for 8 endosomal 

proteins (CD63, EpCAM, ANXA5, TSG101, FLOT1, ICAM, ALIX, and CD81) and one cell 

contamination protein (GM130).  

 

2.3.5. Protein Concentration  

For the BCA analysis all standard curves had R2 values greater than 0.995 and the average 

protein concentration and standard deviation is listed in (Table 2.2). Overall, SEVs had low 

protein abundances with relatively high variance between the samples collected. Due to the low 

protein abundance the entirety of each sample was used for mass spectrometry loading.  

Table 2.2. micro-BCA analysis of the total protein concentration in cell SEV samples.  

Sample Average protein in SEVs (𝝁g/ul) 

T24 0.0381 ± 0.0174 

SVHUC1- Control 0.0179 ± 0.0102 

SVHUC1- 1 𝝁𝑴 NaAsO2 0.0194 ± 0.0085 

SVHUC1- 2 𝝁𝑴 NaAsO2 0.0112 ± 0.0050 

SVHUC1- 5 𝝁𝑴 NaAsO2 0.0408 ± 0.0211 
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2.3.6. SEV Proteomics  

2.3.6.1. Protein Identification 

A total of 2679 protein identifications were made in MaxQuant and were uploaded to R studio 

for further filtering. 2443 proteins remained following filtering based upon the contaminants 

database, reverse identification, and proteins only identified by sites. Following filtering based 

on proteins present in at least 2 out of 3 replicates in at least one condition 1408 proteins 

remained for variance stabilizing normalization. From the missing values distribution (Appendix 

Figure 2.1) it is apparent that proteins were missing not at random (MNAR) and that there is a 

left shift in the missing values (Appendix Figure 2.2). Therefore, values needed to be imputated 

by a left censored imputation method such as quantile regression imputation of left-censored 

data, minimum probability, or manual imputation. Minimum probability imputation was selected 

as the differential protein expression pattern was similar between all possible left-censored 

imputation methods. Principal component analysis (PCA) of the top 500 variable proteins 

(Figure 2.5) displayed clear grouping of the highest exposure groups (5 𝜇𝑀) and the T24 SEV 

proteins with similar protein expression in the control, 1 𝜇𝑀, and 2 𝜇𝑀 exposure groups. From 

this analysis it showed that 44.2% of the variance was attributed to PC1, which is closely 

associated with cell type, and 12.4% was attributed to PC2, which is associated with arsenic 

exposure.  
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Figure 2.5. Unsupervised principal component analysis of the top 500 variable proteins in SEV 

samples. SV0 = control group, SV1 = 1𝜇𝑀 NaAsO2 group, SV2 = 2𝜇𝑀 NaAsO2 group, SV5 = 

5𝜇𝑀 NaAsO2 group, T24 = T24 group.  

2.3.6.2. Statistical Analysis 

Differential expression was assessed based upon significance (adjusted p-value <0.05) and fold 

change (FC>1.5 or FC<-1.5) which resulted in the identification of 109 differentially expressed 

proteins (DEPs). The heat map of the DEPs (Figure 2.6) corroborated the results of the PCA, 

showing clear grouping of T24 SEV proteins and of SEV proteins in 5 𝜇𝑀 arsenite exposure 

group. From the heatmap there is also clear grouping of the control with similar expression in the 

1 𝜇𝑀 and 2 𝜇𝑀 exposure groups. Volcano plots displayed DEPs in each condition compared to 

the control with the most when comparing T24 SEV proteins (74) followed by the 5 𝜇𝑀 arsenic 

exposure (34), 2 𝜇𝑀 arsenic exposure (5), and 1 𝜇𝑀 arsenic exposure (4) (Figure 2.7 A-D). A 

full list of the up and downregulated DEPs is available in the Appendix Table 2.1 and 2.2.  
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Figure 2.6. Heatmap of the 109 differentially expressed proteins (LFC >1.5, p-value < 0.05) in 

SEV samples with hierarchal clustering of condition replicates and proteins. SV0 = control 

group, SV1 = 1𝜇𝑀 NaAsO2 group, SV2 = 2𝜇𝑀 NaAsO2 group, SV5 = 5𝜇𝑀 NaAsO2 group, T24 

= T24 group. 
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Figure 2.7. Volcano plot detailing the differentially expressed proteins (LFC >1.5, p-value < 

0.05) following 1 𝜇𝑀 arsenic exposure (A), 2 𝜇𝑀 arsenic exposure (B), 5 𝜇𝑀 arsenic exposure 

(C), and T24 SEVs (D) compared to the SVHUC1 SEV control group.  
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2.3.6.3. Pathway Analysis of Identified Proteins 

Despite the proteins differentially expressed in T24 urothelial carcinoma SEVs and SEVs 

collected following arsenic exposure not being the same we wanted to determine if there were 

similar pathways being up and downregulated in each condition. IPA was used to visualize 

enriched pathways and biological processes within the 5 𝜇𝑚 exposure and T24 experimental 

groups. Pathway analysis could not be conducted for the 1 and 2 𝜇𝑚 groups as there were not 

enough proteins differentially expressed. The top pathways and functional annotations were 

plotted for each group using the R studio ggplot package and the graphical summaries were 

extracted directly from the IPA platform.  

Canonical Pathway Analysis 

Canonical pathway analysis was conducted in the Ingenuity Knowledge Base and returned three 

measures of association (1) a p-value of the Fischer’s exact test, (2) a ratio of the number of 

differentially expressed genes in our sample that matched with the pathway divided by the total 

number of genes in that pathway, and (3) z-score. Z-score indicates the predicted pathway 

activation (z-score >0) or inactivation (z-score <0). The higher the ratio, the greater the 

association of genes in our sample to the Ingenuity Knowledge Base. Additionally, the count 

refers to the total number of differentially expressed genes in our sample that belong to a given 

pathway. Since z-score could only be determined for a limited number of canonical pathways the 

present analysis is based on p-value significantly expressed pathways (p-value < 0.05). The 

resulting canonical pathway analysis can be found in Figure 2.8 for arsenic exposure SEVs and 

Figure 2.9 for T24 SEVs. In SEVs derived from the 5 𝜇𝑚 exposure there was an upregulation of 

10 proteasomal subunit proteins (PSMA1, PSMA2, PSMA3, PSMA4, PSMA5, PSMA7, 

PSMB1, PSMB2, PSMB3, and PSMB5), which resulted in the enrichment of canonical pathways 
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involved in protein ubiquitination and degradation; FAT10 signaling pathway, BAG2 signaling 

pathway, inhibition of AU-rich elements-mediated messenger RNA degradation pathway, 

Huntington’s disease signaling, and protein ubiquitination pathway. Other enriched pathways of 

note include those related to wound healing and fibrosis signaling. The differentially expressed 

proteins related to these pathways include extracellular matrix (ECM) and scaffold proteins 

including collagen proteins (COL5A1 and COL6A1), fibronectin (FN1), laminin proteins 

(LAMA3 and LAMC2), and transforming growth factor beta receptor 1 (TGFBR1). Lastly, the 

cancer related pathways associated with arsenic exposed SEV proteins included molecular 

mechanisms of cancer and colorectal cancer metastasis signaling. The proteins associated with 

cancer pathways include guanine nucleotide-binding protein G subunit alpha-1 and 11 (GNAI1 

and GNA11), integrin subunit alpha 2b (ITGA2B), LDL receptor related protein 1 (LRP1), and 

TGFBR1. The main conical pathways enriched in T24 SEVs included those responsible for 

cancer metastasis and cancer cell signaling. The proteins associated with these pathways were 

typical biomarkers of cancer including integrin proteins (ITGA6, ITGB4, ITGB5, and ITGB6) 

and Kirsten rat sarcoma viral proteins (KRAS and RRAS2). Sertoli cell-sertoli cell junction 

signaling was the pathway with the greatest number of matching proteins including members of 

the claudin family of proteins (CDH1, CLDN11, CLDN4, and CLDN7).   
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Figure 2.8. Canonical pathway analysis of the top 15 pathways significantly (p-value < 0.05) 

associated with 5𝜇m arsenic exposure SEVs.  

 

Figure 2.9. Canonical pathway analysis of the top 15 pathways significantly (p-value < 0.05) 

associated with T24 SEVs.  
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Disease and Functional Annotations  

Next, the disease and functional annotations of the DEPs were analyzed. The z-score as well as 

the log p-value for each annotation was determined in IPA and plotted to see which functions 

were up and downregulated. IPA’s z-score is used to indicate a predicted inhibition (z-score < 0) 

or activation (z-score > 0) of a disease or function. Typically, a z-score > 2 or < -2 and a p-value 

< 0.05 (i.e., -log10 >1.3) reflects significant activation or inhibition (St-Pierre et al., 2013). Here 

we show all the functional annotations with z-scores > 2, all of which have p-values < 0.05. The 

resulting disease and functional annotations can be found in Figure 2.10 for arsenic exposure 

SEVs and Figure 2.11 for T24 SEVs.  

 

The results of this analysis reveal that arsenic exposure SEVs may serve a functional role in 

increasing cell survival, migration, and viability and decreasing cell death based on the functions 

predicted to be activated. 18 of the 34 DEPs were associated with inhibition of necrosis. 

Additionally, proteasomal subunit genes and others including Laminin subunit alpha 3 

(LAMA3), TGFBR1, and thrombospondin 1 (THBS1) that are associated with the inhibition of 

cancer cell death including malignant and non-malignant tumors and osteosarcoma cells were 

enriched. Over half of the DEPs were associated with the activation of cell viability, survival, 

migration, and invasion all of which are early hallmarks of carcinogenesis. The functional and 

disease annotations with a significant z-score for T24 DEPs showed more advanced stages of 

functional categories related to carcinogenesis. Two of the highest-ranking z-scores belonged to 

the invasion of cancer cell lines, this aligns with T24 cells being characterized as a highly 

invasive and high-grade transitional cell carcinoma line. Over 20 of the DEPs were related to 

activation of solid tumor or pulmonary metastasis, which is interesting as T24 cells are not 
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known to have metastatic potential (Jou et al., 2019). There was also activation of several 

advanced cancers including malignant solid tumor, lung cancer, and extracranial solid tumor. 

The functional and disease annotations that were predicted to decrease mainly related to 

inflammation as well as protein metabolism. DEPs derived from arsenic exposed SEVs showed 

similar activation of invasion and migration when compared to T24 DEPs.  

 

Figure 2.10. Analysis of the significant diseases and functions (p-value < 0.05) predicted to be 

activated (z-score > 2) or inactivated (z-score < -2) in the 5𝜇m arsenic exposure SEVs. 
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Figure 2.11. Analysis of the significant diseases and functions (p-value < 0.05) predicted to be 

activated (z-score > 2) or inactivated (z-score < -2) in the T24 SEVs. 

2.3.6.4. SEV Biomarker Selection 

We selected candidates for biomarkers of the effect of arsenic exposure based on the following 

criteria: 1) magnitude of changes upon exposure, 2) involvement of the proteins in multiple key 

pathways, and 3) predicted function in urological disease. For the candidate SEV biomarker 

selection, all proteins with significant expression in the highest or multiple exposure groups were 

considered. Those proteins that followed a dose-response relationship or had significant 

expression in multiple exposure groups were selected as potential SEV protein biomarkers 

leaving four upregulated (LRP1, PSMB3, PXDN, TFGBR1) and four downregulated (GNAI1, 

GNA11, SMPDL3B, and RNH1) protein candidates. Proteins from this list were closer examined 

to determine their predicted function, previous reports in urological disease or function and any 

previous links to arsenic exposure (Appendix Table 2.3). Ultimately, TGFBR1 and RNH1 were 

selected for further biomarker validation as these proteins were significantly altered in multiple 

exposure groups and had functional importance in renal disease and arsenic exposure.  

 

2.3.7 SEV Proliferation Assay 
 

Based upon the results of the pathway analysis, the ability of SEVs derived from 5 𝜇𝑚 arsenic 

exposed cells and T24 cells to increase proliferation rates in recipient cells was assessed. 

Following 48-hours of SEV exposure there were no significant differences in proliferation rates 

observed when comparing SEVs derived from arsenic exposed or T24 cells to SEVs derived 

from unexposed SVHUC1 cells (Figure 2.12). There were however significantly increased 
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proliferation rates when comparing treatment of cells with SEVs compared to treatment with 

PBS alone, displaying the biological activity of SEVs in recipient cells.  

 

Figure 2.12. Bar chart of cell viability measured using an MTS proliferation assay following 

exposure to SEVs derived from arsenic exposed, T24, or control cells with PBS as a negative 

control.  

2.3.8. Biomarker Validation  
 

2.3.8.1. Protein Content 

 

Differences in total protein concentration between cell lines and exposure groups showed that 

overall biomarker concentrations needed to be normalized to total protein concentrations (Table 

2.3).  

Table 2.3. Micro-BCA analysis of the total protein concentration in cell SEV samples for 

biomarker validation. 
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2.3.8.2. TGFBR1 Validation 

The standard curve plotted for TGFBR1 best fit a Rational model (R2 = 0.9998) and thus this 

model was used to determine the concentration of TGFBR1 in each sample based on measured 

absorbance values (Appendix Figure 2.3).  

Protein Normalization  

 

TGFBR1 concentration was normalized based on the total protein concentration determined by 

microBCA. TGFBR1 concentration was first converted to 𝜇𝑔/𝐿 and then divided by the total 

SEV protein concentration resulting in TGFBR1(𝜇𝑔) per protein (𝑔).  

Box Plot 

 

The boxplot analysis of TGFBR1 in the exposure groups does not show a clear association of 

increased TGFBR1 expression with increased arsenic exposure (Figure 2.13). Furthermore, 

TGFBR1 was not expected to be elevated in the T24 group compared to the control.  

Sample Average protein in SEVs (𝝁g/𝝁l) 

SVHUC1- Control 0.044 ± 0.013 

SVHUC1- 1 𝝁𝑴 NaAsO2 0.053 ± 0.006 

SVHUC1- 2 𝝁𝑴 NaAsO2 0.038 ± 0.022 

SVHUC1- 5 𝝁𝑴 NaAsO2 0.052 ± 0.014 

T24 0.089 ± 0.014 
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Figure 2.13. Box plot analysis of TGFBR1 concentrations normalized to total protein 

concentration in cell media SEV samples with Welch’s t-test results.  

 

2.3.8.3. RNH1 Validation 

 

The standard curve plotted for RNH1 best fit a Rational model (R2 = 0.9999) and thus, this 

model was used to determine the concentration of RNH1 in each sample based on measured 

absorbance values (Appendix Figure 2.4).  

Protein Normalization  

 

RNH1 concentration was normalized based on the total protein concentration determined by 

microBCA. RNH1 concentration was first converted to 𝜇𝑔/𝐿 and then divided by the total SEV 

protein concentration resulting in RNH1 (𝜇𝑔) per protein (𝑔).  

Box Plot 

 

The expected results based on the previous proteomics analysis were a down regulation of RNH1 

following arsenic exposure and an upregulation in T24 SEVs compared to the control group. 

RNH1 had greater expression in T24 SEVs as expected but did not show higher expression in the 
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control in comparison to arsenic exposure groups (Figure 2.14). Compared to TGFBR1, RNH1 

had an overall lower concentration in all samples.  

 
Figure 2.14. Box plot analysis of RNH1 concentrations normalized to total protein concentration 

in cell media SEV samples with Welch’s t-test results.  

 

2.4. Discussion 

2.4.1 SEV Characterization 

This is the first study that measured the SEV response following arsenic exposure in urothelial 

cells or any cells of the urinary tract. Based on the SEV characterization it was confirmed that 

the main extracellular vesicles examined belonged to those commonly termed “exosomes”. The 

average SEV size fell well within the 50-200 nm definition set by the international society of 

extracellular vesicles (Théry et al., 2018). Based upon previous literature detailing SEV response 

during cell stress we expected to see an increase in the number of SEVs released per cell 

following arsenic exposure (Alharbi et al., 2021; Atienzar-Aroca et al., 2016; Bala et al., 2022; 

He et al., 2022). However, in the present investigation there was no significant increase in the 
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number of SEVs released per cell in any of the exposure conditions which addresses our first 

research objective. It is possible that to see changes in the number of SEVs produced, chronic 

exposure is necessary or potentially the effect of arsenic on SEV response is observed only in the 

SEV cargo rather than the number of SEVs produced. There was a nearly 4-fold increase in the 

SEVs secreted from T24 urothelial carcinoma cells versus SVHUC1 urothelial cells. It has been 

widely reported that cancer cells secrete higher numbers of SEVs to aid in the tumor 

microenvironment and enhance migration and invasion (Bebelman et al., 2021). SEVs were 

further characterized using an antibody array for eight proteins commonly associated with the 

endosomal pathway (CD63, EpCAM, ANXA5, TSG101, FLOT1, ICAM, ALIX, and CD81) and 

one protein that is indicative of cellular contamination (GM130). The same amount of protein 

was loaded for both cell types and the results show that T24 SEVs had an overall higher 

concentration of most of the protein markers except for ALIX, which had higher expression in 

SVHUC1 SEVs. Overall, this analysis provides further evidence that the EVs examined in this 

experiment were those SEVs (commonly referred to as ‘exosomes’) of endosomal origin.  

 

2.4.2 SEV Proteomics Analysis  

Based on the visualization of the various conditions by unsupervised principal component 

analysis and heatmap hierarchal clustering it is evident that there is grouping between conditions 

and minimal variability between condition replicates. This analysis revealed that the 5 𝜇𝑚 

condition and T24 SEVs were responsible for the main differences observed in protein 

expression. The hierarchal clustering indicated that expression of the DEPs were similar between 

the 1 𝜇𝑚 and 2 𝜇𝑚 arsenic exposure conditions. Looking at the overlap in DEPs, there were 

similarities when comparing between arsenic exposure groups but not when comparing these 
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groups with T24 DEPs. T24 cells are derived from a high grade and invasive urothelial 

carcinoma and therefore the proteins expressed will be indicative of late-stage carcinogenesis 

(Peng et al., 2006).  In contrast, acute arsenic exposure was hypothesized to result in differential 

pathway expression indicating early hallmarks of carcinogenesis. Future studies examining SEV 

protein expression in early-stage urothelial carcinoma would also be useful in comparing with 

the present arsenic induced DEPs.  

 

2.4.3 SEV Canonical Pathway Analysis  

2.4.3.1 Protein degradation pathways  

When examining the canonical pathways enriched following arsenic exposure, SEVs showed the 

upregulation of 10 proteasomal subunit proteins that were enriched in pathways related to protein 

ubiquitination and degradation. The proteasomal subunit is responsible for the degradation of 

intracellular proteins and maintenance of normal cell function and aberrations in the proteasome 

are linked to several diseases (Kors, 2019). Protein quality control is critical to cell survival and 

arsenic has previously been reported to alter the balance between protein folding and degradation 

(Bomberger et al., 2012). Specifically trivalent inorganic arsenic has been shown to bind to 

cystine residues in proteins and inhibit spontaneous oxidative protein folding through the 

formation of disulfide bonds (Jacobson et al., 2012; Ramadan et al., 2009). Furthermore, 

oxidative refolding can be disrupted by arsenic induced depletion of glutathione which binds to 

arsenic and decreases its interaction with cysteine sulfhydryl groups found in proteins (Tam & 

Wang, 2020). The results of the proteomics analysis suggest that protein degradation signaling 

during arsenic exposure may be trafficked through SEVs.  
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2.4.3.2 Fibrosis and wound healing pathways 

Other canonical pathways that were enriched in exposure SEVs include those for fibrosis and 

wound healing. Arsenic has previously been linked as an environmental factor in the 

development of kidney and lung fibrosis (Assad et al., 2018; Chang & Singh, 2019; W. Wang et 

al., 2021). In a study by Chang & Singh (2019), arsenic induced fibrotic changes including the 

expression of markers of fibrosis such as collagen 1, fibronectin, and transforming growth factor 

beta in kidney epithelial cells. Similar upregulation of collagen proteins, fibronectin and 

TGFBR1 was noted in the SEVs released from arsenic exposed cells in our present study. 

TGFBR1, which can mediate fibrosis by promoting ECM deposition and accelerating pro-

fibrotic responses was significantly upregulated in all three of our arsenic exposure groups 

(Walton et al., 2017). These results indicate that SEVs may serve a functional role in promoting 

fibrosis during exposure.  

2.4.3.3 Cancer pathways 

Cancer related pathways were enriched in both exposure and T24 SEVs, which addresses the 

second objective leading this chapter’s research. The two SEV groups showed enrichment of 

pathways for metastasis and cancer cell signalling with differences in the specific pathway 

expression. T24 SEVs showed enrichment of pathways responsible for cancer metastasis and 

cancer cell signalling that was related to the enrichment of integrin and claudin family proteins. 

Previous studies have found that cancer derived SEV integrins may promote cell detachment, 

migration, and may drive the selection of metastatic sites. Additionally, different integrins may 

be specific to the type of cancer, serving as prospective biomarkers (Hurwitz & Meckes, 2019; 

Paolillo & Schinelli, 2017). Furthermore, the claudin family of proteins is integral to the tight 

junctions of epithelial cells and loss of cell-to-cell adhesion is central to the metastatic potential 
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of cancer cells (Dhawan et al., 2010). Because of this, claudin proteins are regularly associated 

with numerous cancers including bladder cancer and have been proposed as molecular 

biomarkers of metastasis (Székely et al., 2011).  

2.4.3.4 Comparative pathway analysis 

The top canonical pathways presented in figures 2.8 and 2.9 were not directly comparable 

between arsenic exposed SEV and T24 SEV proteins. However, when looking at the top 50 

conical pathways there were 10 overlapping between these groups, including wound healing 

signaling, pulmonary fibrosis idiopathic signaling, osteoarthritis, molecular mechanisms of 

cancer, cardiac hypertrophy signaling (enhanced), hepatic fibrosis signaling, ephrin receptor 

signaling, Rho GDP-dissociation inhibitor signaling, signaling by Rho Family GTPases, and 

Phosphatase and tensin homolog signaling. This analysis may highlight interesting comparisons; 

however as these were not the pathways with the greatest enrichment and the significant proteins 

were not the same between conditions there is uncertainty surrounding the direct comparison of 

these pathways. 

 

2.4.4. SEV Functional and Disease Annotations 

The functional and disease analysis showed that SEVs derived from arsenic exposed cells had 

significant (z-score > 2, p-value < 0.05) activation of cell survival, viability, invasion, migration, 

and infection and significant (z-score < -2, p-value < 0.05) inactivation of cell death and 

necrosis. These functions also happen to be hallmarks of early carcinogenesis. The six major 

hallmarks of cancer include sustaining proliferative signalling, evading growth suppressors, 

activating invasion and metastasis, enabling replicative immortality, inducing angiogenesis, and 

resisting cell death (Hanahan & Weinberg, 2011). This functional analysis highlights that SEVs 



 71 

may serve a role in arsenic induced carcinogenesis, further supporting out second objective, but 

chronic studies are necessary to confirm this relationship and cell transition. Moreover, from the 

small pool of literature surrounding arsenic exposure and SEV response, two other publications 

note the role SEVs had on increased cell growth and proliferation following arsenic exposure in 

human bronchial epithelial and liver cell models (Dai et al., 2018; Xu et al., 2015). Indeed, DEPs 

derived from arsenic exposed SEVs showed similar activation of functions involved in invasion 

and migration when compared to T24 DEPs. However, the functions and diseases activated in 

T24 DEPs were more closely related to advanced cancer, whereas 5 𝜇M exposure DEP functions 

were similar to the beginning stages of carcinogenesis including migration, cell survival and 

invasion. These findings suggest that SEVs derived from both arsenic exposed cells and T24 

cells may mediate invasion and cell growth. Unique to the T24 SEV functionas was the 

inactivation of inflammation. Inflammation is closely related to cancer. Chronic bladder 

inflammation may result in cancer formation and inversely inflammatory cells such as natural 

killer, CD4(+), and CD8(+) cells may effectively eliminate cancer cells (Aggarwal & Gakis, 

2014). In the case of T24 cells the administration of macrophages was shown to inhibit cancer 

cell growth and thus a decrease in inflammatory signaling may be beneficial to cell survival 

(Dufresne et al., 2011). 

 

2.4.5 SEV Proliferation Assay 

Despite the significant activation of pathways responsible for proliferation and cell viability the 

in vitro proliferation assay did not indicate any significant increase in proliferation in SEV 

exposed cells from the arsenic exposure or T24 group. It is possible that a 48-hour exposure with 

SEVs was not long enough to allow for changes in gene expression required to observe increased 
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proliferation in recipient cells. Other studies have noted that SEVs from arsenite transformed 

cells can elect a malignant transformation and inflammatory responses in unexposed cells who 

take up their SEVs (Dai et al., 2018; Chen et al. 2016). Through co-culturing or subsequent SEV 

collection and exposure as was done in the present study this method allows for the functional 

assessment of SEVs that get released into systemic circulation. Further studies to understand the 

functional importance of SEVs released following arsenic exposure would be valuable to help 

decipher the mechanisms of arsenic induced carcinogenesis particularly as it affects various 

organs in the body.  

 

2.4.6. SEV Biomarker Candidates  

Finally, out of the 109 DEPs those that followed a dose-response relationship in expression or 

that were significantly altered in multiple exposure groups were identified. This led to eight 

proposed biomarkers of exposure. Of the proposed biomarkers, those downregulated following 

arsenic exposure included G protein subunit alpha I1 (GNAI1), G protein subunit alpha 11 

(GNA11), Sphingomyelin Phosphodiesterase Acid-Like 3b (SMPDL3B), and ribonuclease 

inhibitor 1 (RNH1). Of the proposed biomarkers those upregulated included transforming growth 

factor beta receptor 1 (TGFBR1), peroxidasin (PDXN), proteasome 20S subunit beta 3 

(PSMB3), and LDL receptor related protein 1 (LRP1). Additional investigation of these eight 

biomarkers would be valuable to further decipher their relationship to arsenic exposure. Based on 

their biological applicability and significant expression in multiple exposure groups TGFBR1 

and RNH1 were considered as the most promising biomarkers of urothelial injury during arsenic 

exposure. TGFBR1 was significantly upregulated in all three arsenic exposure groups. TGFBR1 

is a kinase receptor located in the plasma membrane which transmits signals that can trigger 
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responses for cell proliferation, movement, and apoptosis. TGFBR1 relies on the attachment of 

transforming growth factor beta (TGF-𝛽) for activation. Multiple studies have noted that arsenic 

is involved with the regulation of the TGF-𝛽 system (J. Dai et al., 2019a; Okamura et al., 2020; 

Y. Wang et al., 2019). Upregulation of TGFBR1 and other components of the TBF-𝛽 system 

were previously noted in tumor tissues from an arsenic exposed group of mice (Okamura et al., 

2020). RNH1 was significantly downregulated following a dose response in both the 2 𝜇𝑚 and 5 

𝜇𝑚 exposure groups. During homeostasis RNH1 is found in the nucleus promoting RNA 

transcription. Under cell stress RHN1 can translocate to the cytosol and cleave transfer RNA into 

fragments, inhibiting protein synthesis. Downregulation of RNH1 was reported to increase cell 

proliferation, migration and invasion and enhance tumorigenesis and metastasis in T24 bladder 

cancer cells (Xiong et al., 2014). Multiple reports also detailed that the stress of arsenic exposure 

may result in RHN1 translocating to different cell compartments which is likely mediated 

through the production of reactive oxygen species (Mishra & Dubey, 2006; Pizzo et al., 2013; 

Saikia et al., 2012). 

 

2.4.7. Biomarker Analysis  

The analysis of TGFBR1 by ELISA as a biomarker of exposure did not show the expected 

increase in all arsenic treatments. The reason for the discrepancy between proteomic and ELISA 

results may be due to the capacity of analyzing only soluble TGFBR1 with the ELISA kit. The 

ELISA TGFBR1 conjugated antibody is only cable of binding with the TGFBR1 antigen in its 

solubilized form rather than when it is embedded in the plasma membrane. If not all TGFBR1 

was solubilized during SEV lysis with NP-40 buffer then it is possible that a proportion of 

TGFBR1 could not be detected with the ELISA. Preliminary experiments were conducted to 
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optimize the membrane lysis method for the highest total protein yield but the results of this 

method on individual protein quantification could not be determined at that time. A potential 

future direction of this analysis would be to employ flow cytometry for membrane bound 

TGFBR1 detection. RNH1 was also further investigated by ELISA with predicted 

downregulation during exposure. The results of the ELISA showed low expression of RNH1 in 

all SVHUC1 samples with elevated expression in T24 SEVs as predicted. The expression in 

SVHUC1 exposure samples did not however reflect the proteomic results with no clear trend in 

decreased expression in higher exposure groups.  

 

2.5 Conclusion  
 

The research objectives for this chapter were to 1) characterize the effect of arsenic exposure on 

the number of total SEVs released to determine if cells respond by increasing intracellular 

signaling and 2) assess the pattern of protein expression in SEVs released by arsenic exposed 

cells to look for core proteins reported in cancer related pathways. Based on the results of this 

study it appears that cells do not respond to arsenic by increasing the rate of SEV excretion at 

least not following acute exposure as was presently tested. As T24 carcinoma cells showed 

significantly more SEVs released, it is possible that chronically exposing cells to arsenic may 

also have this affect as arsenite transformed cells have been shown to present cancer like 

phenotypes (Ngalame et al., 2018). Besides increasing the sheer volume of SEVs produced, we 

tested if arsenic exposure impacts the cargo that is packaged into SEVs which we hypothesized 

to play a key role in toxic response signalling. The results of this study showed that arsenic 

impacts SEV cargo and alters the functional pathways expressed in SEVs. The differential 

pathways and functions we observed indicate that SEVs released from arsenic exposed cells may 
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promote cell survival, viability, and migration, while decreasing cell death and necrosis. This 

analysis is of particular importance as these functions are some of the major early hallmarks of 

carcinogenesis.  

 

The results of this chapter’s work led to the identification of eight proposed biomarkers of 

exposure including an upregulation of LRP1, PSMB3, PXDN, and TFGBR1 and a 

downregulation of GNAI1, GNA11, SMPDL3B, and RNH1. TGFBR1 and RNH1 were further 

examined with ELISA to validate their presence in SEV samples. Both TGFBR1 and RNH1 

were detectable in all SEV samples. However, analysis of TGFBR1 and RNH1 with ELISA did 

not clearly corroborate the results of the previous SEV proteomics analysis. Differences in 

protein solubilization and sample collection may explain this discrepancy and future analysis 

using different techniques such as flow cytometry is required to better validate differential 

expression in all exposure groups. 

 

Overall, this chapter’s results add to the growing body of evidence indicating that SEVs are 

crucial in toxic response signalling. Our work suggests that there are several potential SEV 

biomarkers that should be further investigated to assess the early urological effects of arsenic 

exposure.  
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3.1. Introduction  

Proteomics is a powerful tool in the assessment of the key molecular events underlining chemical 

toxicity. Non-targeted proteomics of cells allows for the assessment of hundreds of pathways 

simultaneously occurring in cells during exposure. Recent evaluation of arsenic exposed bladder 

cells has unearthed new insight into the mechanisms of arsenic toxicity (Chen et al., 2020). Both 

acute and chronic arsenic exposure in urothelial carcinoma T24 cells were found to alter the 

biological pathways involved in cytoskeleton remodeling, oxidative stress, and immune response 

(Chen et al., 2020). Another proteomics investigation done in partnership with the United States 

Environmental Protection Agency found that proteins differentially expressed following arsenic 

exposure in UROtsa human bladder cells were involved in antigen presentation, protein folding, 

apoptosis regulation, metal ion binding, oxidative stress, and biopolymer metabolism (Ortiz et 

al., 2007). Non-targeted proteomics also has the potential to reveal new therapeutic interventions 

in arsenic induced bladder carcinogenesis. In a study by Chen et al., 2010, nucleophosmim was 

proposed to be a key mediator of arsenic related bladder cancer as it was expressed in all 

uroepithelial cell lines examined following arsenic exposure and was associated with cell 

proliferation, anti-apoptosis, and migration. The study also found that soy isoflavones were 

capable of inhibiting nucleophosmim and potentially supressing the arsenic related tumorigenesis 

(Chen et al., 2010).   

 

SEVs contain a subset of the proteins and other genetic cargo of their parent cells that are 

packaged during endosomal biogenesis. It has been hypothesized that specific mechanisms exist 

to aid in the deliberate packaging of cargo important in cellular communication, however, these 

mechanisms or evidence of deliberate packaging are still elusive (Shurtleff et al., 2017; Shurtleff 
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et al., 2016). The minimal information for studies of extracellular vesicles 2018 (MISEV2018), 

which sets the global standards for SEV research, recommended the investigation of paired cell 

and EV samples, when possible, to better understand the functional role of extracellular vesicles 

(Théry et al., 2018). This paired investigation enables researchers to untangle which cargo is 

selectively packaged into extracellular vesicles and may point towards cargo that serve a 

particularly important role in cell communication.  

 

In this study we investigated the proteomic changes in urothelial cells following arsenic exposure 

and determined the relationship between the differentially expressed protein profiles in the SEV 

samples and those in the cultured cells. We hypothesize that the differentially expressed protein 

profiles in the SEV samples would be different to those in the cultured cells because proteins 

involved in cell communication pathways will be selectively excreted in the SEVs. 

 

3.2. Methods 

The methods and data produced for SEV isolation and proteomic investigation were previously 

described in chapter 2.  

3.2.1. Cell Lysate Collection and Storage  

Paired cell samples were collected at the same time as SEV enriched cell media for further 

investigation in this chapter’s research. Samples consisted of three biological replicates for each 

exposure and control group. Following dissociation by 0.25% trypsin-ethylenediaminetetraacetic 

acid (Gibco, 25200-056) and cell counting, the remaining cells were pelleted at 800 x g for 6 

minutes and resuspended in PBS for a final wash. Sample aliquots were then centrifuged again at 

800 x g for 6 minutes and the remaining PBS was aspirated out. Cell pellets were stored at -80c 
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prior to lysis and proteomics. For cell lysis, pellets were resuspended in 1 mL 

radioimmunoprecipitation assay (RIPA) buffer (ThermoFischer Scientific, 89900) with dissolved 

Pierce protease inhibitor mini tablet (ThermoFischer Scientific, A32953) and probe sonicated for 

three 30 second intervals and placed on ice for 30 seconds between sonication. Lysate was then 

centrifuged at 20,000 x g for 30 minutes at 4℃ to pellet any cell debris. The resulting supernatant 

was used for protein content determination and proteomics analysis.  

 

3.2.2. Bicinchoninic Acid Assay (BCA)  

Pierce BCA Protein Assay Kit (Thermo Fischer, 23227) was used to measure the total protein in 

cell lysate to standardize the amount of protein loading for mass spectrometry. 10 𝜇𝐿 of cell 

lysate was used for protein content determination prior to freezing. The lysate and standard curve 

samples were incubated at 60℃ for 30 minutes and absorbance was read at 560 nm using the 

Nanodrop 2000 Spectrophotometer (ThermoFischer, ND-2000). PBS was used as the reference 

buffer and BSA was used to produce the standard curves required for protein content 

determination. A new standard curve was constructed for each batch of samples analyzed. All 

samples were analyzed in triplicates and the average protein concentration was reported.  

 

3.2.3. In-solution Digestion 

For proteomic analysis 50 𝜇g of cell lysate was diluted to 120 𝜇𝐿 in PBS and lysed in 

solubilization buffer containing 8 M urea, 100 mM HEPES, 10% glycerol, 1 𝜇𝑀 dithiothreitol, 

and 0.5% n-dodecyl 𝛽-D-maltoside. 4 𝜇𝐿 of TCEP was added to reduce samples which were 

then incubated at 25℃ for 45 minutes on a 400 RPM shaker. Samples were then alkylated by 
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adding 4 𝜇𝐿 iodoacetamide and incubating again at 25℃ for 50 minutes on a 400 RPM shaker 

covered with tinfoil. Lastly, proteins were digested by adding 1.5 𝜇𝐿 of 0.3 𝜇𝑔/𝜇𝐿 trypsin/LysC 

solution (Trypsin/LyC Protease mix, ThermoFischer Scientific, A41007) to each sample and 

incubating at 25℃ for 24 hours on a 400 RPM shaker. 1.5 𝜇𝐿 of formic acid was then added to 

each sample to quench trypsin and tubes were vortexed at 10,000 g for 30 seconds. Samples were 

desalted using C18 TopTip (Glygen Corp, TT2C18) columns as per manufactures instructions. 

Columns were washed three times with 70% acetonitrile in 0.1% formic acid (ThermoFischer 

Scientific, 85174) and another three times with water in 0.1% formic acid (Fischer Scientific, 

LS1181). 100 𝜇𝐿 of sample was then slowly added to each column using syringe. Columns 

containing sample were then washed three times with water in 0.1% formic acid. Columns were 

then transferred to a clean microfuge tube and 50 𝜇𝐿 of 70% acetonitrile in 0.1% formic acid was 

added to each column to elute bound peptides. This process was repeated three times to ensure 

all peptides were eluted. Microfuge tubes containing peptides were then transferred to SpeedVac 

centrifuge and ran for 2 hours to evaporate remaining acetonitrile solvent. Samples were then 

ready for analysis by Nano-LC-MS/MS. 

 

3.2.4. Nano-LC-MS/MS 

Prepared samples were analyzed by an Orbitrap Fusion Mass Spectrometer (Thermo Fischer 

Scientific) coupled to a Ultimate3000 RLSCnano System (Dionex, Thermo Fischer Scientific). 

Peptides were separated on a packed column (Polymicro Technology) measuring 15 cm x 70 𝜇m 

ID, LunaC18(2), 3𝜇m, 100 Å (Phenomenex) using a water/acetonitrile/0.1% formic acid 

gradient. Samples were loaded onto the packed column at a flow rate of 0.30 𝜇l/min for 105 

minutes. For the first 7 minutes peptides were separated using 2% acetonitrile, followed by 70 
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minutes of a linear gradient from 3 to 38% acetonitrile and 3 minutes from 38-98% acetonitrile, 

lastly a 10-minute wash at 2% acetonitrile. Eluted peptides were then sprayed into a mass 

spectrometer using positive electrospray ionization at a spray voltage of 2.1 kV and an ion source 

temperature of 250 ℃. A resolution of 60 000 was used to obtain full-scan MS spectra and 

precursor ions were filtered based upon monoisotopic precursor selection, dynamic exclusion (30 

s with a ± 10 s ppm window), and charge state (+2 to +7). Automatic gain control setting was set 

to 1 x 104 for MS/MS and 5 x 105 for Fourier transform MS. Collision-induced dissociation was 

used to perform fragmentation in the linear ion trap. Finally, precursors were fragmented with a 

normalized collision energy of 35% using a 2 m/z isolation window.  

 

3.2.5. Data Processing and Statistical Analysis  

Mass spectrometry raw files were analyzed in MaxQuant for protein identification. Peptides 

were searched against the UniProt FASTA Human Proteome Database using the integrated 

Andromeda search engine (Cox et al., 2011). Trypsin protease was set as the type of digestion 

enzymes used, allowing a maximum of 2 missed cleavage sites. Carbamidomethyl was set as a 

fixed modification and oxidation and N-terminal acetylation were set as variable modifications. 

Proteins had a first search peptide tolerance of 20 ppm and a main search peptide tolerance of 10 

ppm. A reverse sequence database integrated into MaxQuant was used to determine the false 

discovery rate (FDR). FDR was set to 1% for peptides with a minimum of 7 amino acids for 

identification. A contaminates database provided by the Andromeda search engine was used to 

label and later filter out common contaminates. Label-free protein quantification (LFQ) values 

were obtained using only unique peptides for analysis. Subsequent data analysis was conducted 

using LFQ intensities. 



 87 

 

3.2.6. Bioinformatics Analysis  

The protein group file from the MaxQuant output was uploaded to R studio (Version 1.4.1103 © 

2009-2021 “Wax Begonia”) for bioinformatics. All differential expression analysis was 

completed using the Bioconductor package DEP 1.17.0 and visualizations were rendered with 

the ggplot2 package (Smits, 2021). Proteins that matched the contaminates database, were the 

result of reverse identifications or were only identified by site were filtered out. Next, proteins 

were filtered based upon valid values with proteins present in all replicates in at least one sample 

group included in analysis. All remaining proteins were normalized by variance stabilizing 

normalization to reduce protein sample variance nondependent from their mean intensities and 

scale samples using parametric transformations and maximum likelihood estimations 

(Välikangas et al., 2018). Multiple imputation techniques including no imputation, manual 

imputation, minimum probability imputation, quantile regression imputation of left centered 

data, and k-nearest neighbor imputation were tested to determine which imputation technique 

best fit the data based upon missing values, intensity distributions, and differentially expressed 

protein before and after imputation. Following imputation, differentially expressed proteins were 

determined based upon a log-fold change of at least 1.5. Gene identifiers and log-fold change of 

all identified proteins were then uploaded to the Qiagen Ingenuity Pathway Analysis (IPA) 

software for identification of enriched pathways and biological processes. The resulting IPA 

canonical pathway analysis data was visualized in R studio using the ggplot2 package. 
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3.3. Results 

3.3.1. Protein Concentration  

The total protein concentration was determined for each cell lysate sample (Table 3.1). Based on 

this determination appropriate volumes of sample were used to load 50 𝜇𝑔 of protein for filter 

assisted sample preparation prior to mass spectrometry proteomic analysis.  

 

Table 3.1. Average protein concentration in cell lysate samples (n=3 replicates). 

 

 

 

 

 

 

3.3.2. Proteomics 

3.3.2.1. Protein Identification 

A total of 3943 protein identifications were made in MaxQuant and were uploaded to R studio 

for further filtering. 3820 proteins remained following filtering based upon the contaminates 

database, reverse identification, and proteins only identified by site. Following filtering based on 

proteins present in at least 2/3 replicates in at least one condition 2061 proteins remained for 

variance stabilizing normalization. A heatmap of the missing values (Appendix Figure 3.1) and 

plot of the total number of proteins per sample (Appendix Figure 3.2) showed that replicates 

from passage 6 SVHUC1 cells had a high number of missing values. Furthermore, unsupervised 

principal component analysis (Appendix Figure 3.3) showed that the protein variance in 

Sample Average protein in cell 

lysate (𝝁𝒈/𝒎𝑳) 

T24 1422.667 ± 102.188 

SVHUC1- Control 1434.667 ± 347.080 

SVHUC1- 1 𝝁𝑴 NaAsO2 1374.000 ± 312.069 

SVHUC1- 2 𝝁𝑴 NaAsO2 1340.333 ± 485.371 

SVHUC1- 5 𝝁𝑴 NaAsO2 1410.333 ± 297.821 
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passage 6 samples was a main factor driving difference in protein expression and accounted for 

17.6% of protein differences. A potential reason for this variation is that passage 6 samples were 

run a month later than the other samples due to supply shortages and as such were displaying 

major batch variance and decreased protein yields. We decided to exclude these samples from 

the analysis. An additional control was added for a total of n=3 in control and T24 groups and 

n=2 in arsenic exposure groups. To account for the higher variability of reduced replicates, we 

made the filtering more conservative by allowing proteins to pass only if they were present in all 

replicates in at least one sample condition. This resulted in 1923 proteins being included in the 

analysis. Following filtering, the missing value distribution appeared to have proteins missing 

not at random (MNAR) with clustering within exposure groups (Appendix Figure 3.4). The data 

also showed a left shift in the missing values meaning those missing proteins were attributed to 

low intensity proteins (Appendix Figure 3.5). Based on this information multiple left censored 

imputation techniques including minimum probability imputation, manual imputation, and 

quantile regression imputation of left censored data were ran. Minimum probability imputation 

was selected as it was the method used in the previous SEV proteomics analysis and as similar 

DEPs were displayed in all three possible imputations.    

3.3.2.2. Statistical Analysis 

Due to the limited sample size in arsenic treatment groups (n=2 per treatment group) and unequal 

sample sizes between treatment, control and T24 groups (n = 3 per control and T24 group), p-

values could not be determined, and the differential expression analysis was based upon proteins 

displaying log2 fold changes >1.5 or <-1.5. A total of 470 proteins matched this criterion. 

Principal component analysis of the top 500 variable proteins showed grouping between arsenic 
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exposures (PC2: 8.5%) with the most variance (PC1: 48.5%) being attributed to differences 

between the two cell lines (SVHUC1 vs T24 proteins) (Figure 3.1).  

 

Figure 3.1. Unsupervised principal component analysis of the top 500 variable cell lysate 

proteins. SV0 = control group, SV1 = 1𝜇𝑀 NaAsO2 group, SV2 = 2𝜇𝑀 NaAsO2 group, SV5 = 

5𝜇𝑀 NaAsO2 group, T24 = T24 group. 

 

3.3.2.2. Pathway Analysis of Identified Proteins 

Canonical Pathway Analysis  

Canonical pathway analysis was conducted in the Ingenuity Knowledge Base and the calculated 

p-values of the Fischer’s exact test were used to assemble a heatmap of pathways expressed in all 

cell lysate samples (Figure 3.2). Few pathways had calculatable z scores and therefore the 

pathway analysis can only be based on significant pathway expression (p-value <0.05 or -log(p-

value) >1.3) not activation state. Individual plots of the top p-value significant canonical 

pathways along with ratios (# genes in a condition matching a pathway / total number of genes in 

the pathway) can be found in the Appendix Figures 3.6-3.9. From the heatmap analysis 

pathways involved in xenobiotic metabolism, protein ubiquitination, oxidative phosphorylation, 
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and mitochondrial dysfunction are expressed in all samples. These pathways were also all 

significantly altered in T24 cell lysate samples along with the strong change in mismatch and 

nucleotide excision repair pathways. 

 

Figure 3.2. Heatmap of the top comparable canonical pathways altered in all cell lysate 

conditions versus the control based on p-value. 

 

Disease and Functional Annotations 

Disease and functional annotations along with their calculated p-values and z-scores were 

determined in IPA for each exposure group (SV1, SV2, and SV5) along with T24 samples. Z-

score is used to indicate the predicted activation (z-score > 0) or inhibition (z-score < 0) of a 

disease or function. A z-score >2 or <-2 and a p-value <0.05 (i.e., -log10 >1.3) reflects 

significant activation or inhibition (St-Pierre et al., 2013). Full illustrations of all functions and 

diseases with calculatable z-scores for each condition can be found in the appendix (Appendix 

Figures 3.10-3.13). For the 1-𝜇m arsenic exposure group the significantly activated diseases and 

functions included non-hematologic malignant solid tumor, frequency of tumor, incidence of 
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tumor, formation of solid tumor, and proliferation of fibroblast cell lines (Appendix Figure 

3.10). For the 2-𝜇m exposure group there was significant activation of cell viability of nervous 

tissue cell lines, survival of stem cell lines, cell viability of tumor cell lines and cell viability with 

significant inhibition of organismal death (Appendix Figure 3.11). For the 5-𝜇m exposure group 

there was significant proliferation of prostate cancer cell lines, infection of kidney cell lines and 

internalization of tumor cell lines (Appendix Figure 3.12). Finally, for the T24 group there was 

significant activation of extrapancreatic malignant tumor, extracranial solid tumor, abdominal 

neoplasm, intraabdominal organ tumor, organismal death, incidence of tumor, development of 

malignant tumor, digestive organ tumor, gastrointestinal tumor, development of digestive organ 

tumor, benign lesion, hepatobiliary neoplasm, and abnormality of skin morphology. The T24 

groups also showed significant inactivation of cell death of cervical cancer cell lines and 

replication of virus (Appendix Figure 3.13).  

 

To compare each condition, a heatmap of all diseases and functions with calculatable z-scores 

shared amongst the four conditions was plotted (Figure 3.3). Similar activation of genes 

involved in solid and malignant tumor formation was present across exposure conditions and 

urothelial carcinoma (T24) cells. Furthermore, this analysis displayed similar trends in 

inactivation of genes involved in organismal death and necrosis in arsenic exposure groups.  
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Figure 3.3. Heatmap of the top diseases and functions with calculatable z-scores in all cell lysate 

conditions based upon z-score.  

 

3.3.2.3. Comparative SEV and Cell Lysate Proteomics  

Overlap in protein identification  

 

To directly compare the proteins detected in the paired SEV and cell lysate samples following 

filtering, a venn diagram was constructed (Figure 3.4). Not all proteins present in the SEVs were 

detected in cell lysate samples. It would be expected that SEVs provide a snapshot of the 

pathways and processes occurring in cells and thus that cells would contain all SEV proteins. To 

determine the cause of these 535 missing SEV proteins, the origin of these proteins was 

determined by uploading a list into David 6.8, which can provide functional and compartmental 

data for gene list uploads (Huang et al., 2009; Sherman et al., 2022). From cell compartment 

analysis, it was determined that the top enriched compartments were plasma membrane, 

extracellular exosomes, integral component of the plasma membrane, cytosol, cytoplasm, 
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membrane, integral component of the plasma membrane, extracellular region, extracellular 

space, and cell surface localized proteins (Appendix Table 3.1). These results showed that the 

missing proteins are those related to the plasma membrane and cell surface and as SEVs are 

largely made up of their lipid membrane this accounted for a high number of SEV proteins. 

Some of the missing proteins may have been localized in the cytosol and cytoplasm however 

these proteins were also present in membrane associated compartment. Most likely these proteins 

were lost during the proteolytic cleavage of membrane proteins caused by trypsin, resulting in a 

low number of membrane-associated proteins in cell lysate samples.  

 

Figure 3.4. Venn diagram comparing the total proteins identified in paired SEV and Cell lysate 

samples.  

 

Comparison of IPA results  

 

Heatmaps for the 5 𝜇𝑀 exposure (Figure 3.5) and for T24 cells (Figure 3.6) were constructed 

using IPA data for comparative analysis of diseases and functions with calculatable z-scores 

shared between cell lysate and SEV samples. The comparative analysis of the 5 𝜇𝑀 arsenic 

exposure shows similar trends in the activation of infection, viability, and solid tumors and the 
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inactivation of organismal death and necrosis in both cell lysate and SEV samples. The 

comparative analysis of T24 cells had a greater number of diseases and functions to compare and 

showed a greater divergence in activation states between cell lysate and SEV samples. T24 cell 

lysate and SEV samples showed similar trends in the activation of metastasis, invasion, and cell 

death related functions. The major functions differing between samples were related to cell 

infection, viability, and other tumor specific functions.   

 

 
Figure 3.5. Heatmap of the top diseases and functions with calculatable z-scores in paired 5 𝜇𝑀 

arsenic exposure SVHUC1 cell lysate and SEV samples 
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Figure 3.6. Heatmap of the top diseases and functions with calculatable z-scores in paired T24 

cell lysate and SEV samples. 
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3.4. Discussion 

3.4.1. Proteomics Analysis  

The analysis of paired cell and SEV samples is not commonly done but has the potential to show 

the differential packaging of SEV cargo and assess how representative SEVs are of their parent 

cells. Based on the revised unsupervised principal component analysis there was obvious 

grouping within conditions and similar proportions of variance attributed to arsenic exposure 

groups (8.5%) and different cell lines (48.5%) as was apparent in the previous SEV assessment. 

Comparing the principal component analysis there was greater variation observed between the 1 

and 2 𝜇𝑀 exposure groups and the control group than was present in the previous SEV analysis. 

As cell lysate samples contained a great number of proteins than SEVs (1923 vs 1408), there 

were more potential opportunities to assess variance between samples.   

 

3.4.2. Canonical Pathway Analysis  

The results of the cell lysate canonical analysis revealed expression of pathways typically related 

to arsenic exposure, including xenobiotic metabolism, protein ubiquitination, oxidative 

phosphorylation, and mitochondrial dysfunction expressed in all samples. One of the major toxic 

effects of arsenic is the inhibition of mitochondrial enzymes and uncoupling of oxidative 

phosphorylation caused by oxidative stress and the binding of arsenic with important thiol 

groups (Ming Tam et al., 2020). As discussed in the previous chapter, protein misfolding 

resulting in increased protein ubiquitination is another common effect of exposure as arsenic can 

bind with important cysteine thiol groups of proteins inhibiting spontaneous oxidative protein 

folding (Jacobson et al., 2012; Ramadan et al., 2009). Proteasomal changes were evident in both 
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cell lysate and SEV samples. However other hallmarks of arsenic exposure, including oxidative 

stress and xenobiotic metabolism were not apparent in the previous SEV analysis.  

 

3.4.3. Function and Disease Annotations  

For the analysis of each exposure group there were a variety of diseases and functions predicted 

to be significantly activated and inactivated. Though the exact diseases and functions varied the 

overall trends were in the activation of tumour formation, cell viability, proliferation, and 

infection with an inactivation of organismal death observed following arsenic exposure. These 

once again represent many of the hallmarks of cancer that may indicate early changes in cells 

capable of leading to cancer (Hanahan & Weinberg, 2011). The results of the heat map 

constructed of all diseases and functions with calculatable z-scores in all groups showed 

similarities between arsenic exposure and T24 cells. All three exposure groups and the T24 

positive control for carcinogenicity detail an activation of four disease groups responsible for 

malignant and solid tumors. Contrastingly, functions related to infection were activated in 

exposure groups and inactivated in T24 cells and functions related to cell death were inactivated 

in exposure groups but activated in T24 cells.  

 

3.4.4. SEV and Cell Lysate Comparative Analysis  

Comparative analysis of diseases and functions activation in the 5 𝜇𝑀 exposure cell and SEV 

samples showed many similarities to one another. From those diseases and functions with 

calculable z-scores all showed similar activation and inactivation states between SEV and cell 

samples with the activation of infection, viability, and solid tumors and the inactivation of 

organismal death and necrosis. This direct comparability indicates that following exposure SEVs 
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may be used to determine the functional and disease changes occurring in their parent cells. The 

study of SEVs over cell samples is preferred in human health biomonitoring as cells are invasive 

to collect and often require surgical biopsies, whereas SEVs can be harvested from a wide 

variety of biological samples such as blood and urine (Smalley et al., 2008; Panfoli, 2017). The 

results of the T24 comparative functional analysis showed greater variance between cell and 

SEV samples, which may complicate the direct extrapolation of SEVs to cell samples. There was 

similar activation of many cancer related functions between SEV and cell lysate samples 

including metastasis, cell movement, solid tumor, and cell death. However, major differences 

arose in the predicted activation of cell viability, infection, and other cancer and non-cancer 

related diseases. Without any overarching trend in the diseases and functions altered between 

T24 cell and SEV samples it is hard to say whether the differences can be attributed to the 

selective packaging of SEV cargo or are the result of protein loss following chemical cell 

dissociation. To discern the potential reasons for the observed functional differences it would be 

beneficial to compare SEV samples with cells that have been physically detached or are free in 

suspension rather than adherent to prevent any protein loss.  

 

3.5 Conclusion 
 

The research objective in chapter three was to investigate the changes in intracellular proteomics 

following arsenic exposure to determine how different SEVs are from their parent cells. The 

results of this investigation showed that cell lysate analysis captured many of the expected 

changes following arsenic exposure that SEVs did not, including functions related to oxidate 

damage, mitochondrial function, and xenobiotic metabolism. Furthermore, this deviation was 

also observed in many of the non-cancer related diseases expressed in T24 cells. These 
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differences in expression between paired samples may be explained by the differential packaging 

of protein cargo into SEVs for the purpose of intracellular communication. Additionally, SEVs 

house mainly membrane associated proteins which may have been lost in the present cell lysate 

analysis. The differential packaging of cargo into SEVs is still widely understudied and further 

analysis may provide a more concrete explanation as to why select pathways in SEVs and cell 

lysate samples diverge. Despite some differences, all the diseases and functions with calculatable 

z-scores in both arsenic SEV and cell lysate samples showed similar trends in activation. The cell 

lysate analysis corroborated the previous predicted activation of functions responsible for cell 

survival, viability, and migration and inactivation of cell death and necrosis following arsenic 

exposure. These results indicate that the diseases and functions of SEVs from arsenic exposed 

cells appear to be representative of the changes occurring in their parent cells. The present 

comparative analysis is not commonly done in the study of SEVs and a paired sampling 

technique has never been examined in SEVs released following chemical exposure. This study 

highlighted the importance of examining both SEVs and their origin cells when possible to 

obtain a more encompassing view of the effects of chemical exposure and provide a basis for the 

functionality of SEVs in toxic responses.  
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4.1. Introduction 

Biomarkers are an essential staple in human health risk assessment. A biomarker of exposure 

relates to the direct measurement of chemicals in biological samples such as blood and urine to 

characterize human exposure. A biomarker of effect may include the quantification of other 

molecules in biological samples typically related to physiological processes that are predicted to 

be altered by chemical exposure or related to a disease outcome (Lowry, 1995). Urine provides 

an ideal source for the quantification of these biomarkers as it is minimally invasive to collect 

and released in high volumes. Urine is also an ideal source for SEVs that are secreted directly 

from the urinary bladder epithelial lining and is readily examined for effect biomarkers of 

urological diseases. Urinary SEVs have been reported to be stable in samples stored at -80C for 

up to four years showing minimal changes in SEV concentration, morphology, and RNA yield 

(Barreiro et al., 2021). The high stability of SEVs is mainly attributed to their lipid membrane 

which protects the encased molecules from degradation (Boukouris & Mathivanan, 2015).  

 

Arsenic is one of the ten chemicals of major public health concern set by the World Health 

Organization resulting in global efforts to monitor high risk populations and reduce exposure 

(WHO, 2018). Despite the widely studied epidemiological effects of arsenic exposure there are 

still a lack of biomarkers of effect capable of indicating adverse health risks. Based upon the 

previous assessment of SEV proteins following urothelial cell arsenic exposure, an increase of 

SEV transforming growth factor beta receptor 1 (TGFBR1) and a decrease of ribonuclease 

inhibitor 1 (RNH1) have been proposed as novel effect biomarkers. These two biomarkers were 

selected based upon their significant up and downregulation in multiple exposure groups and 

based upon their biological relevance in cancer.  
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TGFBR1 is a transmembrane serine/threonine kinase receptor for the transforming growth factor 

beta (TGF-𝛽) superfamily of signaling ligands. TGFBR1 forms a heterodimeric complex with 

TGFB2 that binds TGF-𝛽 proteins which include the suppressor of mothers against 

decapentaplegic (SMAD) family of proteins (Lin et al., 2017). TGF-𝛽 family proteins have been 

shown to regulate the generation and function of different types of immune cells as well as 

serving roles in cell differentiation and the health of tissues (Batlle & Massagué, 2019; de 

Caestecker et al., 2000; Vargas & Varga, 2002). Together this has led to the use of TGF-𝛽 

associated proteins as biomarkers of fibrosis and cancer. In a recent meta-analysis, the TGF-

𝛽/Smad pathway was examined for its bidirectional regulation during arsenic exposure. This 

analysis of 47 articles found that low dose arsenic exposure activates the TGF-𝛽/Smad pathway 

and induced fibrosis whereas, high-dose arsenic exposure may inhibit this pathway (J. Dai et al., 

2019b).  

 

RNH1/angiogenin inhibitor 1 is a cytosolic protein that is induced by angiogenin to protect RNA 

against invading ribonucleases and oxidative damage. During homeostasis, angiogenin is found 

in the nucleus promoting ribosomal RNA transcription. Under cell stress, angiogenin will 

translocate to the cytosol and cleave transfer RNA into fragments, inhibiting protein synthesis 

(Sarangdhar & Allam, 2021). When localized in the cytosol, RNH1 has been shown to inhibit 

angiogenin, protecting against tumor-induced angiogenesis and growth (J. X. Chen et al., 2005). 

RNH1 overexpression in bladder cancer cells inhibited the epithelial-to-mesenchymal transition 

reducing cancer cell growth and invasion (Yao et al., 2013). Furthermore, RNH1 has been shown 

to be downregulated in colorectal cancer and overexpression is indicative of a good prognosis 
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(Y. Tang et al., 2015). These relationships have resulted in decreased levels of RNH1 being a 

suspected prognostic marker for urological cancers. There are currently no human studies 

detailing the relationship between arsenic exposure and RNH1 expression.  

 

The aim of this study is to evaluate SEV derived TGFBR1 and RNH1 as prospective biomarkers 

of effect related to urinary arsenic levels and other chemicals of potential concern (cadmium and 

lead). Given the biological importance of these proteins and the proven regulation of TGFBR1 

by arsenic, this study has the potential to discover novel minimally invasive biomarkers of 

adverse health effects related to arsenic exposure.  

 

4.2. Methods 

4.2.1. Ethics 

This study is approved by the Health Sciences and Sciences Research Ethics Board of the 

University of Ottawa (http://research.uottawa.ca/ethics/reb) and the Aurora College Research 

Ethics Committee. In addition, the study has been granted a Scientific Research License from the 

Aurora Research Institute in Northwest Territories. Individual Participation in the study was 

voluntary and based on informed written consent following an oral and written explanation of 

each project component.  

 

4.2.2. Study Area and Population 

The samples used in this study were collected in Yellowknife, Northwest Territories, Canada. In 

Yellowknife there is a high geological presence of arsenopyrite and a legacy of arsenic 

contamination left behind by regional mining activities including Giant and Con Mine (Cheung 

http://research.uottawa.ca/ethics/reb
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et al., 2020). Giant Mine which was once the largest gold mine in Canada closed in 2004 and 

during its 50 years of operation produced 237,000 tonnes of arsenic trioxide waste which is now 

being stored in underground chambers. Despite the mines closure, there are still concerns of 

chemical contamination originating from historical aerial deposition and ground water runoff 

(Chan et al., 2020). The Yellowknife Health Effects Monitoring Program (YKHEMP) was 

established in 2017 to assess the impact Giant Mine and remediation efforts have on the residents 

of Dettah, Ndilǫ, and Yellowknife including members of the Yellowknife Dene First Nation 

(YKDFN) and North Slave Métis Alliance (NSMA). A total of 2037 individuals aged 3-79 

participated in the baseline study. Recruitment of the baseline cohort occurred over two sampling 

waves; the first wave was from September-December 2017, and the second wave was from April 

to June 2018. A more complete breakdown of the study cohort is published in the YKHEMP 

Cohort Profile (Chan et al., 2020).  

 

4.2.3. Urine Sample Collection and Storage 

Participants were asked to refrain from consuming shellfish and fish for a minimum of 2 days 

prior to urine collection. Seafood is a common dietary source of arsenic exposure that has been 

documented to spike urine arsenic level readings resulting in exaggerated exposure levels 

(Cheung et al., 2020). Additionally, participants were asked to provide first morning void (first 

urine upon waking) samples for analysis. Urine samples collected from 2017 and 2018 sampling 

years were refrigerated and shipped to the University of Ottawa where they were then aliquoted 

for respective analysis. 10 mL of urine collected from each participant was set aside for future 

SEV research and has been stored at -80C since 2017 or 2018. 
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4.2.4. Participant Sample Selection 

A total of 2037 individuals participated in the YKHEMP in wave 1 (2017) and wave 2 (2018) 

sample collection periods. Of these participants, 1966 provided urine samples. Participants in 

Indigenous groups, including the Yellowknife Dene First Nations (YKDFN) (n = 194) and North 

Slave Metis Alliance (NSMA) (n = 46) and participants greater then 55 years of age or less than 

35 years of age were (n = 1064) were excluded from this analysis. Out of the remaining 662 

participants, 95 were excluded for having urinary arsenobetaine (AsB) concentrations greater 

than 10 𝜇𝑔/𝐿 as these participants were suspected to have elevated urinary arsenic attributed to 

fish and shellfish consumption prior to sample collection. Next participants who actively smoke 

(n = 100), are pregnant (n = 11), or who have or have had cancer (n = 16) were excluded from 

analysis leaving 440 eligible study participants. The remaining participants were divided into 

three quartiles based in total inorganic urinary arsenic levels. 12 participants from each quartile 

(Q1: <25%, Q2:>25 and <75%, and Q3:>75%) were randomly selected matching individual sex 

(i.e., 6 male and 6 female) and wave 1 or wave 2 sample collection dates (i.e., 6 from wave 1 and 

6 from wave 2) for a total of 36 participants. A full breakdown of inclusion and exclusion criteria 

is available in Figure 4.1.  
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Figure 4.1. Participant exclusion flow chart for the selection of eligible study participants.  

 

4.2.5 Laboratory Analysis 

Laboratory analysis of chemicals and urine creatinine was completed upon sample collection in 

the 2017 and 2018 sampling waves. 10 mL aliquots of urine samples were stored at -80c until 

ELISA biomarker analysis.  

4.2.5.1. Urinary Analysis of Arsenic and Other Metals  

 

The chemical analysis was performed at the University of Ottawa in the Laboratory for the 

Analysis of Natural and Synthetic Environmental Toxicants. Total arsenic and other metals 

including Cadmium (Cd) and Lead (Pb) were measured using inductively coupled plasma mass 
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spectrometry (ICP-MS) (7700x ICP-MS, Agilent Technologies, Mississauga, ON). An Agilent 

ASX-500 was used as an ICP-MS autosampler. Urine arsenic species including arsenite (AsIII), 

arsenate (AsV), monomethylarsonic acid (MMA), dimethylarsenic acid (DMA), and 

arsenobetaine (AsB) were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) 

(7700x ICP-MS, Agilent Technologies, Mississauga, ON) coupled to liquid chromatography 

(LC). For chromatographic separation of AsIII, AsV, MMA, DMA, urine samples were diluted in 

10 𝑚𝑀 ammonium phosphate dibasic (Sigma, 37998-100G) prepared in Milli-Q water and pH 

adjusted to 8.25 with ammonium hydroxide solution 28% (Sigma, 338818-100mL). Arsenic 

species were measured with an Agilent 1200 Infinity Liquid Chromatography (LC) coupled to an 

Agilent 7700x ICP-MS (Agilent Technologies, Mississauga, ON). The injection volume was 100 

𝜇𝐿 and the mobile phase was delivered at 1 mL/min. The limit of detection (LOD) for was 0.005 

𝜇𝑔/𝐿 for arsenic species, 0.001 𝜇𝑔/𝐿 for total arsenic, 0.007 𝜇𝑔/𝐿 for cadmium, 0.02 𝜇𝑔/𝐿 for 

lead. Concentrations under the LOD were replaced with half the LOD (Cheung et al., 2020). 

4.2.5.2. Creatinine Analysis 

Creatinine had previously been analyzed for all YKHEMP participants as a biomarker of kidney 

function and as an indicator of hydration and urine dilution. For this analysis urine samples were 

diluted 10 times in ultrapure water and measured using a urinary creatinine detection kit (Thermo 

Fisher Scientific, EIACUN). Absorbance was measured at a wavelength of 500 nm using a 

Biotek Cytation 3 imaging reader (BioTek Instrument, Inc.). The lower limit of detection for 

creatinine analysis was 0.3 𝑚𝑔/𝑑𝐿. Urinary concentrations of arsenic species (AsIII, AsV, MMA, 

DMA, arsenobetaine), other metals (Cd and Pb), and protein biomarkers (TGFBR1 and RNH1) 

are displayed with and without creatinine adjustment.  
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4.2.5.3. Biomarker Analysis   

Isolated SEVs from adult participant urine samples (n=36) were analyzed for TGFBR1 

(Antibodies-online, ABIN6970804) and RNH1 (ExpressBio, XPEH1611) using sandwich 

enzyme linked immunosorbent assay (ELISA) kits. Prior to analysis, SEV samples were mixed 

with 10% NP-40 buffer (ThermoFischer Scientific, FN0021) and sonicated three times at 3-

minute intervals with intermediate incubation on ice for SEV membrane lysis as outlined by 

Lässer et al., 2012. Preliminarily experiments were conducted to optimize SEV lysis and protein 

extraction using various concentrations of NP-40 buffer. Samples were analyzed according to the 

manufacturer’s instructions and absorbance was read at a wavelength of 450 nm using a Biotek 

Cytation 3 imaging reader (BioTek Instrument, Inc.). The lower limit of detection of each kit was 

31.25 𝑝𝑔/𝑚𝐿 and 0.313 𝑝𝑔/𝑚𝐿 for TGFBR1 and RNH1, respectfully. All effect biomarker 

concentrations were converted to 𝜇𝑔/𝐿 for analysis. CurveExpert Professional Version 2.7.3 was 

used to plot the standard curves of both RNH1 and TGFBR1 as per manufacture’s 

recommendations. All possible linear and non-linear regressions were run and the model 

providing the highest R2 value was selected for each standard curve.  

 

4.2.6. Urine SEV Isolation 

Ten milliliters of frozen urine sample were thawed overnight at 4℃. All successive centrifuging 

was completed in a Beckman Coulter Optima XL-100K Ultracentrifuge at 4℃ (SWFF Ti rotor, 

Beckman Coulter) (Figure 4.2). Samples were first centrifuged at 3,000 g for 10 minutes. Pellets 

were discarded and the supernatant was centrifuged at 17,000 g for 20 minutes. Next, pellets 

were discarded, and the supernatant was centrifuged at 200,000 g for 1 hour to pellet SEVs. 

Supernatant was discarded and SEVs were resuspended in 4.5 mL PBS. 200 mg/mL of 

dithiothreitol (DTT) (ThermoFischer Scientific, R0862) was then added to reduce free proteins 
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and remove the highly abundant urinary Tamm-Horsfall protein that can complex with SEVs 

decreasing their overall sample yield and purity (Gonzales et al., 2009; Wachalska et al., 2016; 

Z. Wang et al., 2012). Resuspended pellets mixed with DTT were incubated at 37℃ for 10 

minutes at a shaking frequency of 450 rpm. Lastly, samples were centrifuged at 200,000 g for 1 

hour and pellets were resuspended in 120 𝜇𝐿 PBS for analysis.  

 

Figure 4.2. Differential ultracentrifugation method for the isolation of urine small extracellular 

vesicles (SEVs). Created with BioRender.com. 

 

4.2.7. Urinary SEV Characterization 

4.2.7.1. Nanoparticle Tracking Analysis 

Four samples, two from the 2017 sampling year and two from the 2018 sampling year were used 

to determine average SEV size and concentration for each quartile (n=12). 3000 X dilutions of 

samples in PBS were run through the ZetaView nanoparticle microscope PMS-110 (Particle 

Matrix) for determination of SEV concentration and size distribution. For analysis the size 

detection range was set from 10-500 nm and the minimum brightness was set to 15. 102 nm 



 113 

polystyrene beads (Microtrac, 900383) were used to focus the instrument and sample size 

distribution was detected at 85 and 40 camera shutter speeds. Welch’s t-test was used to 

determine if there were any significant differences in SEV size or concentration between 

sampling years.  

4.2.7.2. Exo-check Antibody Array 

Exo-check antibody arrays (Systems Bioscience, EXORAY200B-4) were used to confirm the 

origin of SEV populations by detecting 8 known SEV markers (CD63, CD81, ALIX, FLOT1, 

EpCam, ICAM1, ANXA5, and TSG101). Additionally, GM130 cis-Golgi marker was analyzed 

to determine the extent of cellular contamination in SEV samples. Briefly, 90 mL of pooled urine 

samples were used for SEV isolation. Isolated SEVs were loaded onto gel membranes and 

antibody staining was conducted in accordance to manufacture instructions (System Biosciences, 

2021). Advansta WesternBright Sirius HRP Substrate (Advansta, K12043-C20) was used to 

develop the blots. Imaging was done on the UVP ChemStudio PLUS Imaging System, Analytik 

Jena, with CCD camera and automatic exposure.  

 

4.2.8 SEV Protein Content  

Pierce BCA Protein Assay Kit (Thermo Fischer, 23227) was used to measure the total protein 

content of urine SEV samples. 8 𝜇𝐿 of sample (Unknown, Bovine Serum Albumin (BSA) 

standard or PBS) was added to 2 𝜇𝐿 of RIPA buffer (ThermoFischer Scientific, 89900) with 

dissolved Pierce protease inhibitor mini tablet (ThermoFischer Scientific, A32953) and sonicated 

three times at 3-minute intervals with intermediate incubation on ice for SEV membrane lysis 

(Lässer et al., 2012). The samples were then incubated at 60 ℃ for 1 hour. 2 𝜇𝐿 of sample was 

then added to Nanodrop 2000 Spectrophotometer (ThermoFischer Scientific, ND-2000) and 
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absorbance was read at a wavelength of 560 nm. PBS was used as the reference buffer and BSA 

was used to produce the standard curves required for protein content determination. A new 

standard curve was constructed for each batch of samples analyzed. All samples were analyzed 

in triplicates and the average protein concentration was reported.  

 

4.2.9 Statistical Analysis   

Statistical analysis was performed using R studio (Version 1.4.1103 © 2009-2021 “Wax 

Begonia”). Total urinary inorganic arsenic (uiAs) was calculated by the sum of urinary inorganic 

arsenic species (AsIII and AsV) and their metabolites (MMA and DMA). Descriptive statistics for 

arsenic species (AsIII, AsV, MMA, DMA, uiAs, AsB), creatinine, other metals (Pb and Cd), and 

protein biomarkers (TGFBR1 and RNH1) were calculated. Normality of the urine data was 

assessed using the Shapiro-Wilk normality test. All urinary measurements (chemicals and 

biomarkers) were log transformed prior to regression analysis. The use of creatinine adjustment 

as a means of normalizing urinary SEV biomarkers is widely debated (Tonomura et al., 2015; 

Blijdorp et al., 2021a; Fernández-Llama et al., 2010; Gheinani et al., 2018). For this analysis, 

data is presented with and without creatinine adjustment and the use of creatinine adjustment is 

further explored using SEV concentration and biomarker concentration regression analysis.  

 

Association between effect (TGFBR1 and RNH1) and exposure (arsenic and other metals) 

biomarkers as well as other potential effect modifiers (age and sex) was assessed using Welch’s 

t-test. For statistical significance, 𝛼 < 0.05 was used. Simple and multivariable linear regressions 

were used to assess the relationship between exposure and effect biomarkers. For multivariable 

linear regression age and sex were used. Box plot analysis and Welch’s t-test was used to 
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determine if effect biomarkers were significantly different between the previously defined 

urinary arsenic quartiles of low (<25th percentile), medium (25th-75th percentile), and high (>75th 

percentile) uiAs concentrations (n=12 per quartile).  

 

4.3. Results 

4.3.1. Population Characteristics  

Characteristics of the 36 participants included in this study are described in Table 4.1 showing 

arithmetic mean (AM) and standard deviation (SD) for continuous variables (age and years spent 

living in Yellowknife) and sample size and percentage for categorical variables (gender and past 

smoking status). Furthermore, the urinary concentration of arsenic species, other metals, 

creatinine, and effect biomarkers are summarized in Table 4.2.  

 

Table 4.1. Characteristics of the included study participants (n=36) with arithmetic mean (AM) 

and standard deviation (SD) provided for continuous variables and number (n) and percentage 

(%) of participants provided for categorical variables.  

Variable  AM (SD) / n (%) 

Age (years)  44.7 (5.7) 

Sex Male 18 (50%) 

 Female 18 (50%) 

Years spent living in YK  17(11) 

Past smoker Yes 17 (47.2%) 

 No 19 (52.8%) 
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Table 4.2. Concentrations of chemical and protein biomarkers in the study population (n=36) 

provided as the arithmetic mean (AM) and geometric mean (GM) with appropriate standard 

deviations (SD) as well as the median, minimum, and maximum concentrations.  

Biomarker  AM (SD) GM (SD) Median Min-Max 

Metals 

(𝝁g/L) 

Cadmium (Cd) 0.28 (0.26) 0.19 (2.48) 0.18 0.02-1.22 

Lead (Pb) 0.70 (0.61) 0.50 (2.31) 0.50 0.12-2.54 

 

Arsenic 

Species 

(𝝁g/L) 

Arsenobetaine (AsB) 2.02 (2.01) 1.09 (3.69) 1.37 0.03-8.17 

Arsenite (AsIII) 0.36 (0.44) 0.17 (4.37) 0.21 0.00-2.04 

Arsenate (AsV) 0.56 (0.41) 0.37 (2.96) 0.54 0.04-1.50 

Dimethylarsenic 

acid (DMA) 

5.20 (3.91) 3.95 (2.18) 4.44 0.80-18.35 

Methylarsonic acid 

(MMA) 

0.73 (0.74) 0.30 (6.68) 0.52 0.00-2.76 

Total inorganic 

arsenic (uiAs) 

6.86 (4.88) 5.32 (2.11) 5.69 1.30-22.86 

 

 

Creatinine 

(mg/dL) 

 

 120.45(51.01) 110.27(1.55) 119.05 36.90-256.90 

Effect 

Biomarkers 

(pg/mL) 

TGFBR1 62.02 (21.99) 58.37 (1.43) 60.23 29.30-110.74 

RNH1 0.020 (0.038) 0 (0) 0.01 0.00-0.14 

 

4.3.2. Urinary SEV Characterization  

4.3.2.1. Nanoparticle Tracking Analysis 

Based on the results of the Welch’s t-test, sampling year did not have a significant effect on SEV 

concentration (p-value = 0.2735) or SEV size (p-value = 0.7229). The average size of urinary 

SEVs was 116 nm based on median estimates with size ranging from 91-140 nm and the average 

concentration of particles per mL was 1.84 × 1010 with concentration ranging from 4.10 × 109 

to 5.30 × 1010 (n = 12) (Figure 4.3). Furthermore, regression analysis relating particle 
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concentration to urine creatinine concentration did not show a significant correlation (p-value = 

0.900) (Appendix Figure 4.1).  

 

Figure 4.3. Nanoparticle tracking analysis results of urine SEV size and concentration 

characterization averaged across replicates (n=12).  

 

4.3.2.2 Exo-check Antibody Array 

The Exo-Check analysis showed no signs of cell contamination as golgi matrix protein 130 

(GM130) was absent in urine SEV samples (Figure 4.4). Furthermore, there was no expression 

of epithelial cellular adhesion molecules (EpCAM). As different concentrations of antibodies 

were used for each protein on the blot the overall abundance can only be determined relative to 

the previous cell SEV results reported in chapter 2. In comparison to the cell SEV blots there is 

high expression of cluster of differentiation protein 81 and 63 (CD81 and CD63). Furthermore, 

compared to cell SEV results the urine SEVs showed lower expression of flotillin-1 (FLOT1), 

Intercellular adhesion molecules 1 (ICAM), and ALG-2-interacting protein X (ALIX).  
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Figure 4.4. Exo-check array analysis of urine SEVs for 8 endosomal proteins (CD63, EpCAM, 

ANXA5, TSG101, FLOT1, ICAM, ALIX, and CD81) and one cell contamination protein 

(GM130). 

 

4.3.2.3. Protein Content 

The results of the Urine SEV BCA show high protein concentrations compared to the purified 

cell media SEV samples which may indicate contaminating urinary proteins (Table 4.3).  

 

Table 4.3 BCA analysis of the total protein concentration in urine SEV samples divided by 

inorganic arsenic exposure quartiles. 

Sample Average protein in SEVs 

( 𝝁𝒈/𝒎𝑳) 

Quartile 1 4.469 ± 4.300 

Quartile 2 2.867 ± 10.880 

Quartile 3 1.661 ± 1.206 
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4.3.4. TGFBR1 ELISA 

The standard curve plotted for TGFBR1 best fit a Rational model (R2 = 0.9998) and thus this 

model was used to determine the concentration of TGFBR1 in each sample based on measured 

absorbance values (Appendix Figure 2.3).  

4.3.4.1. Urine SEVs 

Assessing Normality  

 

Before determining if data needed to be log transformed, normality of the effect and exposure 

biomarkers was assessed using a Shapiro Wilk test for quantitative analysis. All the conducted 

Shapiro Wilk tests except for TGFBR1 (p-value = 0.07) showed significant (p-value < 0.001) 

deviation from normality (Appendix Table 4.2). Therefore, data were not normally distributed 

and were log-transformed prior to analysis for normalization.  

Urine Creatinine Adjustment 

Based on the current literature there is no consensus on whether creatinine adjustment is an 

appropriate method for urinary SEV biomarker normalization (Tang et al., 2015). We further 

explored this method of normalization by relating measured creatinine levels with the 

concentration of urinary SEVs as determined by nanoparticle tracking analysis (Figure 4.5). The 

results show no correlation between urine creatinine levels and total SEV counts (particles per 

mL) (p-value = 0.900) (Table 4.4). Furthermore, there was a positive correlation between urine 

creatine and TGFBR1 levels, however, this was not a significant association (p-value = 0.068, R2 

= 0.068) (Appendix Figure 4.2 and Appendix Table 4.3).  
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Figure 4.5. Univariate regression correlation of particle counts with urine creatinine 

concentration (n=12).   

 

Table 4.4. Regression statistics for the correlation of particle counts with urine creatinine 

concentration (n=12)  

 SEV Concentration 

 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 

Intercept 2.108e+10 0.179 1.153e+11 0.224 

Cr 1.648e+07 0.900 -1.261e+08 0.546 

Age   -1.912e+09 0.255 

Sex   1.949e+09 0.860 

Adjusted 

R2 

-0.098 -0.1404 

P value 0.900 0.6631 

 

 

 

TGFBR1 and Exposure Biomarkers  

 

Regression analysis was performed using both a univariate model (model 1) and a multivariate 

model (model 2) that considered age and sex as covariates. TGFBR1 was positively correlated 

with inorganic arsenic levels with a p-value of 0.066 for univariate analysis (Figure 4.6 and 
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Table 4.5). The strength of the correlation decreased following creatinine adjustment but still 

had a positive regression slope. Other nephrotoxic metals including lead and cadmium that had 

been previously measured in the urine samples were correlated with TGFBR1 to see if similar 

relationships were present. TGFBR1 levels had no correlation with the concentration of urinary 

lead (Appendix Figure 4.3 and Appendix Table 4.4) but did show a significant (P-value = 

0.022) positive correlation with urinary cadmium (Figure 4.7 and Table 4.6). Finally urinary 

inorganic arsenic and cadmium were run together in the same model to determine if this would 

make for a stronger model than assessing each exposure biomarker separately (Table 4.7). From 

this analysis, it was found that incorporating cadmium into the model provided a stronger 

correlation with a greater R2 value than when assessing the relationship of inorganic arsenic 

alone (p-value = 0.059, R2 =0.107).  

 

In addition to the regression analysis, the concentration of TGFBR1 was assessed between the 

three arsenic exposure quartiles using a boxplot analysis and Welch’s t-test for significance 

(Figure 4.8). These results also display that TGFBR1 is elevated in higher exposure quartiles, 

with a significant (p-value = 0.027) increase in TGFBR1 between the first and second exposure 

quartile.  
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Figure 4.6. Univariate regression analysis of (A) log transformed SEV derived TGFBR1 against 

log transformed urinary inorganic arsenic without creatinine adjustment and (B) log transformed 

SEV derived TGFBR1 against log transformed urinary inorganic arsenic with creatinine 

adjustment.  

 

Table 4.5. Model regression statistics of the association of SEV derived TGFBR1 with urinary 

inorganic arsenic using both univariate (Model 1) and multivariate (Model 2) models displayed 

with and without creatinine adjustment following log transformation. 

 uiAs Creatinine adjusted uiAs 

 Model 1 Model 2 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 𝛽 P value 𝛽 P value 

Intercept -3.088 <0.001  -3.410 <0.001 -3.074 <0.001 -3.758 <0.001 

Log(uiAs) 0.148 0.066 0.177 0.041 0.0858  0.526 0.122 0.429 

Age   0.010 0.345   0.012 0.455 

Sex   -0.127 0.273   0.064 0.698 

Adjusted R2 0.069 0.0769 -0.017 -0.056 

P value 0.066 0.138 0.526 0.768 
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Figure 4.7. Univariate regression analysis of (A) log transformed SEV derived TGFBR1 against 

log transformed urinary cadmium without creatinine adjustment and (B) log transformed SEV 

derived TGFBR1 against log transformed urinary cadmium with creatinine adjustment. 

 

Table 4.6. Model regression statistics of the association of SEV derived TGFBR1 with urinary 

cadmium using both univariate (Model 1) and multivariate (Model 2) models displayed with and 

without creatinine adjustment following log transformation.  

 Cd Creatinine adjusted Cd 

 Model 1 Model 2 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 𝛽 P value 𝛽 P value 

Intercept -2.595 <0.001 -2.283 <0.001 -2.766 <0.001 -3.758 <0.001 

Log(Cd) 0.150 0.022 0.162 0.015 0.100 0.339 0.122 0.429 

Age   -0.001 0.923   0.012 0.455 

Sex   -0.167 0.146   0.064 0.698 

Adjusted R2 0.121 0.126 -0.002 -0.056 

P value 0.022 0.063 0.339 0.768 
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Table 4.7. Model regression statistics of the association of TGFBR1 with both urinary inorganic 

arsenic and cadmium (model 1) as well as with age and sex as covariates (model 2) displayed 

with and without creatinine adjustment.  

 uiAs and Cd Creatinine adjusted uiAs and Cd 

 Model 1 Model 2 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 𝛽 P value 𝛽 P value 

Intercept -2.753 <0.001 -2.643 0.002 -2.854 <0.001 -3.459 0.004 

Log(iAs) 0.064 0.495 0.068 0.539 0.042 0.775 0.087 0.625 

Log(Cd) 0.120 0.129 0.126 0.152 0.087 0.446 0.054 0.677 

Age   0.003 0.806   0.009 0.601 

Sex   -0.157 0.177   0.047 0.784 

Adjusted R2 0.107 0.109 -0.029 -0.084 

P value 0.059 0.1087 0.611 0.861 

 

 

 

Figure 4.8. Box plot analysis of log TGFBR1 concentrations in urine SEV samples in each 

exposure quartile (Q1: <25th percentile, Q2: 25th – 75th percentile, Q3: >75th percentile) with 

Welch’s t-test results.  
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4.3.5. RNH1 ELISA 

The standard curve plotted for RNH1 best fit a Rational model (R2 = 0.9999) and thus, this 

model was used to determine the concentration of RNH1 in each sample based on measured 

absorbance values (Appendix Figure 2.4).  

 

4.3.5.1. Urine SEVs 

Urinary concentrations of RNH1 were below the lower limit of detection (0.313 𝑝𝑔/𝑚𝐿) in all 

urine SEV samples examined. Therefore, RNH1 was not further examined as a candidate urinary 

SEV biomarker of arsenic induced urological injury.  

 

4.4. Discussion 

4.4.1. SEV Characterization  

Despite the wide use of SEVs as clinical disease biomarkers, this is one of the few studies that 

has measured SEV biomarkers as a tool in in human health exposure risk assessment. The initial 

characterization of urine SEVs in this study provided evidence to support that the EVs examined 

did fall into the SEV characterization. Looking more closely at specific endosomal protein 

markers, CD81 and CD63 showed higher expression in urinary SEVs than in the previously 

characterized cell SEV samples. The exact composition of typical SEV biomarkers can vary 

between the types of media examined (e.g. urine vs cell media) as well as between the types of 

secreting cells (e.g. urothelial vs stem cell) so it is not surprising that the composition of their 

endosomal markers would vary (Doyle & Wang, 2019). Furthermore, the effect of long-term 

storage at -80℃ has been shown to affect the composition of endosomal biomarkers in urine 

samples. Zhou et al., 2006, found that following storage at -80℃ many endosomal proteins were 
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conserved almost completely, however, some such as ALIX degraded following storage. This 

study also noted the importance of extensive vortexing following the thawing of urine samples as 

was done during sample preparation in the present study (Zhou et al., 2006). A recent genetic 

analysis of urinary SEVs determined that SEVs had mainly tissue-specific genes for the bladder 

with high genetic specificity to urothelial (or ‘endothelial’) cells (Zhu et al., 2021). Nevertheless, 

our results demonstrate the applicability of urine SEVs as biomarkers.  

 

4.4.2 Urinary SEV Normalization   

Creatinine is a waste product formed from muscle metabolism that is excreted in high volumes 

through glomerular filtration at a relatively consistent rate. The normalization process with 

creatinine involves dividing the urinary biomarker concentration by the total concentration of 

urinary creatinine to get the amount of biomarker per milligram of creatinine (Wagner et al., 

2010). There are, however, several challenges that may hinder the applicability of creatinine 

normalization. First, urinary creatinine varies by gender, age, and dietary protein consumption 

which may result in its use biasing the interpretation of the biomarker analysis (Barr et al., 2005; 

Neubert & Remer, 1998). Secondly, the applicability of creatinine normalization for SEV 

biomarkers is further debated as there is no consensus on whether the concentration of urine 

creatinine is proportional to the concentration of urinary SEVs. In the present literature there are 

studies that use urine creatinine adjustment (Blijdorp et al., 2021b; Mizutani et al., 2019) and 

studies that do not (Gheinani et al., 2018) or use a different variable for adjustment such as total 

protein (Fernández-Llama et al., 2010) or particle count (Oosthuyzen et al., 2013). We further 

calculated total urinary SEV protein concentrations but found higher concentrations than 

anticipated based on cell SEV samples. These high concentrations were likely due to the highly 
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abundant urinary Tamm Horsfall protein, which often poses an issue in urinary SEV research 

(Fernández-Llama et al., 2010). Because of the contaminating Tamm Horsfall protein and high 

variance in calculated urinary protein concentration the total protein content could not be used 

for effect biomarker normalization. Blijdorp et al. (2021b) found that urine particle and 

creatinine concentrations were highly correlated (R2=0.96), showing promise as a method of 

biomarker normalization. However, in the present study there was no apparent correlation 

between particle and creatinine concentration (R2 = -0.098, p-value = 0.900). Similarly, Gheinani 

et al. (2018) found that using urinary creatinine for SEV normalization can lead to bias in the 

results interpretation, as they did not find any correlation between SEV cargo and creatinine 

concentration. In the present analysis we also compared urine creatinine to concentrations of the 

TGFBR1 effect biomarker and did not see a significant correlation, however there was a positive 

association. Lastly, elevated creatinine is commonly used as an indicator of negative kidney 

health (Lopez-Giacoman & Madero, 2015). The present study examined the relation of effect 

biomarkers with several nephrotoxic chemicals (inorganic arsenic, cadmium, and lead) but as 

creatinine is predicted to increase with elevated metal exposure its use in normalization may bias 

the interpretation of the effect biomarker data (Orr & Bridges, 2017). Altogether, the results of 

the present study suggest that urine creatinine may not be a reliable method of urinary SEV 

biomarker normalization for the present samples and thus the urine results were presented both 

with and without creatinine adjustment. 

 

4.4.3. Population Exposure Assessment  

Based on the most recent Canadian Health Measures Survey (CHMS) data (2018-2019) which 

also measured inorganic arsenic as the sum of urinary metabolites (iAsIII + iAsV + MMA + 

DMA), the geometric mean of exposure was 5.5 𝜇𝑔/𝐿 in the Canadian general population 
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(Health Canada, 2021a). In the present study, the geometric mean of arsenic exposure was 

comparable at 5.32 𝜇𝑔/𝐿 urine. Using the quartile approach the individuals included in quartile 

three all had exposure levels greater than the mean of the Canadian general population with 

exposure ranging from 6.83 to 22.86 𝜇𝑔/𝐿 urine. In the most recent CHMS (2018-2019), which 

only measured blood and not urine cadmium, the geometric mean of exposure was 0.25 𝜇𝑔/𝐿 

blood (Health Canada, 2021b). Comparatively, the geometric mean of urinary cadmium in the 

present study group was 0.19 𝜇𝑔/𝐿 urine with a maximum concentration of 1.22 𝜇𝑔/𝐿 urine 

reported. Lastly, in the most recent CHMS (2018-2019) which only measured blood and not 

urinary lead, the geometric mean was 0.82 𝜇𝑔/𝐿 blood (Health Canada, 2021c). Comparatively, 

the geometric mean of urinary lead in our study group was 0.50 𝜇g/L urine with a maximum 

concentration of 2.54 𝜇g/L urine. Therefore, our examined population had exposure levels 

comparable to or below the Canadian general population for the examined chemicals with some 

individuals having elevated arsenic exposure as was selected for in our quartile study design. 

 

4.4.4 TGFBR1 Effect Biomarker 
 

Concentrations of TGFBR1 were positively correlated with both urinary inorganic arsenic and 

cadmium concentrations, with no association with urinary lead. In fact, urinary cadmium had the 

strongest relationship with TGFBR1 with a significant p-value in the univariate model (p-value = 

0.022) and an R2 of 0.121. In a model including both urinary inorganic arsenic and cadmium as 

covariates in TGFBR1 expression, the model neared significance (p-value = 0.059) with an R2 of 

0.107. Furthermore, based on the initial quartile design, a boxplot analysis of TGFBR1 

expression in the three inorganic arsenic quartiles revealed elevated expression in both quartile 2 

(25th-75th percentile) and quartile 3 (75th – 100th percentile) in comparison to the lowest exposure 
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quartile. As discussed, TGFB family proteins have previously been observed to be upregulated 

during low-dose arsenic exposure but as these proteins are related to fibrosis, they have also been 

positively associated with cadmium exposure. In a study assessing the effects of low-dose 

chronic cadmium exposure on mouse liver metabolism, researchers found that TGFBR1 was 

significantly increased (LFC = 1.2, P-value = 0.04) in the cadmium exposure group (Go et al., 

2015). Another study found that TGFB1 enhanced cytotoxicity through increasing intracellular 

cadmium accumulation in vascular endothelial cells (Ito et al., 2021). Lastly, genes associated 

with the TGFB pathway were shown to increase in cadmium treated trophoblasts and were 

similarly associated with rates of preeclampsia, which is a complication during pregnancy that 

may be caused by kidney damage (Brooks et al., 2016). Overall, the effect of creatinine 

adjustment weakened the correlation between effect and exposure markers, but a positive slope 

remained when assessing the association of adjusted TGFBR1 with adjusted urinary arsenic and 

cadmium. Altogether, these results suggest that TGFBR1 may be a promising biomarker for 

assessing the impact of arsenic and cadmium exposure on the urinary tract with further research 

required to decipher the role of TGFBR1 in urothelial injury and fibrosis.  

 

4.4.5. RNH1 Effect Biomarker 

RNH1 was also assessed as a potential effect biomarker in this study with predicted 

downregulation during exposure. However, RNH1 had low expression in all urine SEV samples 

which fell below the limit of detection of the ELISA.  Therefore, future studies in the 

Yellowknife Health Effects Monitoring Program and other arsenic exposure studies should focus 

efforts on TGFBR1 and the development of further SEV biomarkers.  
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4.4.6. Urinary SEV Biomarkers 

ELISA proved to offer a high throughput analysis tool for the measurement of SEV markers, 

however, more work is required to standardize SEV isolation and protein extraction protocols 

before it may be implemented as common practice in human health risk assessment. The present 

study implemented differential ultracentrifugation for SEV isolation as it is the gold standard for 

SEV isolation and is reported to be used in over 60% of all SEV related publications returning 

high sample yield and purity (Théry et al., 2018). This approach may be cost effective given 

access to an ultracentrifuge, but it is highly labour intensive and does not offer the high 

throughput required for implementation into large scale risk assessment efforts. Other isolation 

techniques including on bead precipitation and ultrafiltration may reduce the isolation time 

however further work is needed to standardize these methods (Cheruvanky et al., 2007; P. Li et 

al., 2017).  

 

4.5 Conclusion 
 

The research objective in chapter 4 was to assess SEV derived biomarkers of urothelial health in 

relation to urinary arsenic concentrations to establish their applicability as novel effect 

biomarkers. In this study TGFBR1 and RNH1 were examined as potential biomarkers in urine 

SEV samples collected from participants of the YKHEMP. Overall, the results of this study 

showed that TGFBR1 has greater promise as an effect biomarker compared to RNH1. RNH1 

could not be measured above the limit of detection in urine samples. TGFBR1 showed promising 

results as a urinary biomarker as it was measurable in all samples and positively associated with 

both urinary inorganic arsenic and cadmium concentrations. The future considerations of 

TGFBR1 as an effect biomarker of arsenic exposure should include increasing samples sizes to 
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capture the heterogeneity of human populations. This investigation serves as one of few studies 

analyzing SEVs as biomarkers in human health risk assessment despite their widespread clinical 

applications. Urinary SEVs show promise as effect biomarkers as they can be collected in a 

minimally invasive manner, have a high stability in stored samples, and can protect sensitive 

genetic cargo that would otherwise be degraded in whole urine analysis. The present pilot study 

suggests that TGFBR1 shows promising prospects as a biomarker of urothelial health in relation 

to inorganic arsenic as well as cadmium exposure.  
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Chapter 5: General Conclusions 

5.1 Future Directions 

 
5.1.1 Future SEV investigation using a chronic exposure model 

In the present in vitro analysis, acute exposure over a 48-hour period was conducted to determine 

the changes arsenic has on SEV response in urothelial cells. As arsenic induced bladder cancer is 

the result of chronic low dose exposure, future investigation using a chronic exposure model 

would be useful to provide insight into the role SEVs have in arsenic induced carcinogenesis. 

Previous studies have outlined models of arsenite transformed urothelial cells typically involving 

chronic exposure to arsenite at concentrations below 2 𝜇𝑀 for up to 40 weeks (Jou et al., 2019; 

Mengdan et al., 2017; Su et al., 2006; Zhou et al., 2018). This chronic exposure model was 

outside the scope of the present investigation but has been shown to provide valuable insight into 

the precise mechanisms and pathways important in arsenite-induced transformation of urothelial 

cells. Mengdan et al. (2017) found that chronic exposure of SVHUC1 cells to 0.5 𝜇𝑀 NaAsO2 

induced Janus kinase 2/Signal transducer or activator of transcription 3 signalling pathways that 

through knockdown experiments proved to be pivotal in arsenite-induced cell proliferation. 

Furthermore, Zhou et al., 2018, found that human epidermal growth factor receptor and proto-

oncogenic tyrosine protein kinase play an important role in arsenite-induced transformation of 

SVHUC1 cells and inhibition of human epidermal growth factor receptor 2 inhibited cell growth 

and migration highlighting potential therapeutic interventions to prevent malignant changes. The 

changes in SEVs following chronic exposure of cells of the urinary tract has never been studied 

but based off the current results detailing the activation of cancer associated pathways in SEVs it 

is likely that they would play a role in arsenite-induced cell transformation. This hypothesis 

could be studied through a similar SEV exposure model as was implemented in chapter 2 to 
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monitor proliferation rates in cells exposed to SEVs from arsenic treated cells. Similar methods 

have been implemented in other studies to monitor the effects incubation with cancer cell SEVs 

has on healthy cells (Beckham et al., 2014a; Olsen et al., 2014; Yoshida et al., 2019). Moreover, 

changes inflicted by SEV exposure may provide insight on the systemic effects of arsenic as 

SEVs serve important roles in autocrine, paracrine, and endocrine signalling.  

5.1.2 Representative population sample sizes and advances in SEV research  

In the present study, urine samples from 36 participants of the Yellowknife Health Effects 

Monitoring Program were selected for SEV biomarker analysis. The results of this study 

revealed that SEVs are promising avenues for urine biomarker discovery even in samples that 

have been stored for prolonged periods of time. Despite the promising results much more work is 

needed to further validate the use of SEV biomarkers in human health risk assessment. To 

adequately represent the heterogeneity of human’s larger sample sizes are required to further 

validate TGFBR1 as an effect biomarker. In epidemiological studies of biomarkers population 

composition often poses a threat to statistical power as biomarkers often have non-linear 

relationships with other population variables such as age, disease, and co-exposures. To account 

for these variations, increased sample sizes as well as multivariable analyses are necessary to 

capture the true applicability of proposed biomarkers (Cohen et al., 2018). The methodology laid 

out in the present thesis to accurately characterize and isolate urinary SEVs may be used as the 

groundwork for future investigations into SEVs as urinary effect biomarkers. Another important 

factor to consider in the applicability of human biomarkers is the ease and reproducibility of 

measurement.  
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Despite the benefits of having stable enveloped membranes and being released by all cell types 

SEVs are not the easiest to isolate and require characterization to accurately assess their origin 

and size. The method of differential ultracentrifugation used in the present study is one of the 

more labor-intensive methods of SEV isolation but still serves as the gold standard in the field 

with approximately 60% of all publications reporting its use (Théry et al., 2018). Alternative 

isolation procedures such as on-bead precipitation and membrane filtration techniques are 

available and can reduce sample processing time; however further work is required to 

standardize these methods (Butz et al., 2016; Cheruvanky et al., 2007). Moreover, as several 

SEV isolation techniques exist it is possible that different subpopulations of extracellular vesicles 

may be isolated when implementing different methods which can lead to poor reproducibility 

between studies. Takov et al. (2019) found that the functional activity of SEVs can change 

depending on the method of isolation used which highlights the importance of setting standard 

protocols for isolation and characterization before SEVs can be implemented as biomarkers in 

human health risk assessment.  

 

5.2 Concluding Remarks 

 
This thesis examined the application of SEVs as novel effect biomarkers and characterized their 

potential roles in mediating arsenic induced urothelial toxicity. The results of this thesis revealed 

that SEVs derived from SVHUC1 human urothelial cells are predicted to activate important 

cancer cell signaling and cell viability pathways during arsenic exposure. The pathways and 

functions predicted to be activated in SEVs following arsenic exposure shared similarities with 

SEVs derived from T24 urothelial carcinoma cells. Further examination of paired cell samples 

displayed that cell lysate analysis provides a more encompassing view of the pathways and 

functions altered during exposure. However, many of the important functions indicating 
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hallmarks of early carcinogenesis including activation of cell survival, viability, and migration 

signaling were conserved between SEV and cell samples. The proteomics investigation in 

chapters 2 and 3 supported my first hypothesis that the biology and protein packaging profile of 

SEVs is altered following arsenic exposure and confirmed the induction of cell stress and cancer 

signaling pathways. The initial proteomics analysis of SEV samples was used to identify 

potential candidate biomarkers and from that analysis TGFBR1 and RNH1 were further 

investigated in cell media and urine samples. Cell media SEV ELISA analysis of both 

biomarkers presented some conflicting findings in comparison to the previous proteomics 

investigation highlighting the need for further analysis and investigation with new methods such 

as western blot or flow cytometry. The chapter 3 investigation into urinary SEV biomarkers 

supported the second hypothesis leading this thesis work that urinary SEV proteins can be used 

as biomarkers of arsenic exposure. The ELISA analysis proved to be a useful tool in the 

assessment of urinary TGFBR1 and TGFBR1 was significantly associated with both urinary 

arsenic and cadmium concentrations. This thesis work adds to the growing body of evidence 

supporting the important roles SEVs play in chemical exposure. The present investigation will 

hopefully lead the way for further studies into the use of SEVs as biomarkers of exposure and 

bring forth the consideration of the diverse functions SEVs serve in toxic responses.  

 

 

5.3 References   
 

Beckham, C. J., Olsen, J., Yin, P. N., Wu, C. H., Ting, H. J., Hagen, F. K., Scosyrev, E., Messing, E. 

M., & Lee, Y. F. (2014). Bladder cancer exosomes contain EDIL-3/Del1 and facilitate cancer 

progression. Journal of Urology, 192(2), 583–592. https://doi.org/10.1016/j.juro.2014.02.035 

 

Butz, H., Nofech-Mozes, R., Ding, Q., Khella, H. W. Z., Szabó, P. M., Jewett, M., Finelli, A., Lee, J., 

Ordon, M., Stewart, R., Krylov, S., & Yousef, G. M. (2016). Exosomal MicroRNAs Are 

Diagnostic Biomarkers and Can Mediate Cell-Cell Communication in Renal Cell Carcinoma. 

European Urology Focus, 2(2), 210–218. https://doi.org/10.1016/j.euf.2015.11.006 

https://doi.org/10.1016/j.juro.2014.02.035
https://doi.org/10.1016/j.euf.2015.11.006


 140 

 

Cheruvanky, A., Zhou, H., Pisitkun, T., Kopp, J. B., Knepper, M. A., Yuen, P. S. T., & Star, R. A. 

(2007). Rapid isolation of urinary exosomal biomarkers using a nanomembrane ultrafiltration 

concentrator. American Journal of Physiology - Renal Physiology, 292(5). 

https://doi.org/10.1152/ajprenal.00434.2006 

 

Cohen, A. A., Legault, V., Fuellen, G., Fülöp, T., Fried, L. P., & Ferrucci, L. (2018). The risks of 

biomarker-based epidemiology: Associations of circulating calcium levels with age, mortality, 

and frailty vary substantially across populations. Experimental Gerontology, 107, 11. 

https://doi.org/10.1016/J.EXGER.2017.07.011 

 

Jou, Y. C., Wang, S. C., Dai, Y. C., Chen, S. Y., Shen, C. H., Lee, Y. R., Chen, L. C., & Liu, Y. W. 

(2019). Gene expression and DNA methylation regulation of arsenic in mouse bladder tissues 

and in human urothelial cells. Oncology Reports, 42(3), 1005–1016. 

https://doi.org/10.3892/OR.2019.7235 

 

Mengdan, L., Chen, W., Jieyu, L., Peiyu, J., Fei, W., & Shengnan, L. (2017). Low concentration 

arsenite activated JAK2 / STAT3 signal and increased proliferative factor expressions in SV-

HUC-1cells after short and long time treatment. 2154–2162. https://doi.org/10.1002/tox.22428 

 

Olsen, J., Flax, J., Messing, E., & Beckham, C. (2014). Bladder cancer exosomes contain tumor-

associated mrna and long non-coding rna and facilitate tumor progression. Journal of Urology, 

191. https://doi.org/http://dx.doi.org/10.1016/j.juro.2014.02.1326  

 

Su, P., Hu, Y., Ho, I., Cheng, Y., & Lee, T. (2006). Distinct Gene Expression Profiles in Immortalized 

Human Urothelial Cells Exposed to Inorganic Arsenite and Its Methylated Trivalent Metabolites. 

Enviornmental Health Perspectives, 3, 394–403. https://doi.org/10.1289/ehp.8174  

 

Takov, K., Yellon, D. M., & Davidson, S. M. (2019). Comparison of small extracellular vesicles 

isolated from plasma by ultracentrifugation or size-exclusion chromatography: yield, purity, and 

functional potential. Journal of Extracellular Vesicles, 8(1). 

https://doi.org/10.1080/20013078.2018.1560809  

 

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., 

Antoniou, A., Arab, T., Archer, F., Atkin-Smith, G. K., Ayre, D. C., Bach, J. M., Bachurski, D., 

Baharvand, H., Balaj, L., Baldacchino, S., Bauer, N. N., Baxter, A. A., Bebawy, M., … Zuba-

Surma, E. K. (2018). Minimal information for studies of extracellular vesicles 2018 

(MISEV2018): a position statement of the International Society for Extracellular Vesicles and 

update of the MISEV2014 guidelines. Journal of Extracellular Vesicles, 7(1). 

https://doi.org/10.1080/20013078.2018.1535750  

 

Yoshida, K., Tsuda, M., Matsumoto, R., Semba, S., Wang, L., Sugino, H., Tanino, M., Kondo, T., 

Tanabe, K., & Tanaka, S. (2019). Exosomes containing ErbB2/CRK induce vascular growth in 

premetastatic niches and promote metastasis of bladder cancer. Cancer Science, 110(7), 2119–

2132. https://doi.org/10.1111/cas.14080  

 

https://doi.org/10.1152/ajprenal.00434.2006
https://doi.org/10.1016/J.EXGER.2017.07.011
https://doi.org/10.3892/OR.2019.7235
https://doi.org/10.1002/tox.22428
https://doi.org/http:/dx.doi.org/10.1016/j.juro.2014.02.1326
https://doi.org/10.1289/ehp.8174
https://doi.org/10.1080/20013078.2018.1560809
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1111/cas.14080


 141 

Zhou, Q., Jin, P., Liu, J., Wang, F., & Xi, S. (2018). HER2 and Src co-regulate proliferation, 

migration, and transformation by downstream signaling pathways in arsenite-treated human 

uroepithelial cells. Metallomics, 10. https://doi.org/10.1039/c8mt00131f  

  

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1039/c8mt00131f


 142 

 

Appendix 
 

 

 
Appendix Figure 2.1. Heatmap with hierarchal clustering of all SEV proteins with missing 

values in at least one sample.  
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Appendix Figure 2.2. Intensity plots for proteins with missing and valid values based on density 

(top) and cumulative fraction (bottom).  

Appendix Table 2.1. List of differentially expressed proteins shown to be upregulated in 

conditions versus control samples ranked based on log fold change.  

Condition No. Gene name Adjusted p-value Log Fold Change 

SVHUC1 – 1𝜇m 1 CHMP2A 5.86E-03 3.71 

2 TGFBR1 1.39E-11 3.03 

3 NAP1L1 3.30E-06 2.86 

4 IL10RB 4.55E-06 2.68 

SVHUC1 – 2𝜇m 1 TGFBR1 7.65E-09 3.2 

2 NAP1L1 4.96E-04 2.86 

3 IL10RB 7.96E-04 2.65 

4 ZDHHC5 2.48E-02 0.882 

SVHUC1 -5𝜇m 1 LRP1 2.51E-03 6.57 

2 C4A 2.63E-02 4.78 

3 PSMB3 3.33E-02 4.38 

4 THBS1 8.58E-05 4.36 

5 PXDN 6.23E-08 4.07 

6 COL6A1 4.89E-02 3.68 

7 LAMA3 1.00E-07 3.6 

8 MAN2B1 1.74E-02 3.05 

9 TPP2 2.14E-02 3.01 

10 TGFBR1 2.79E-05 2.97 

11 PSMA1 2.05E-02 2.93 

12 BMP1 5.07E-03 2.84 

13 COL5A1 3.10E-02 2.65 

14 THBS4 2.99E-04 2.48 

15 LAMC2 1.94E-02 2.41 

16 FN1 3.12E-04 2.37 

17 PSMB5 1.55E-05 2.37 

18 PSMB1 4.09E-03 2.34 

19 PSMB2 2.63E-07 2.21 

20 PSMA3 5.32E-08 2.16 

21 PSMA4 2.26E-02 2.13 

22 PSMA2 5.66E-05 2.11 

23 CTSC 3.99E-04 2.03 

24 PSMA5 2.68E-05 1.95 

25 PLAT 3.38E-02 1.76 

26 PSMA7 9.07E-06 1.72 

T24 1  TAGLN 4.28E-02 5.96 

 2 BASP1 5.13E-08 5.57 

 3  EPB41L2 2.59E-04 5.4 
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 4  CLDN11 2.88E-03 5.34 

 5  DDAH1 3.10E-04 5.02 

 6  PTX3 3.05E-04 4.76 

 7  CD70 2.19E-03 4.68 

 8  CDH2 1.95E-03 4.65 

 9  GDI1 3.09E-02 4.5 

 10  NQO1 9.41E-04 4.47 

 11  NF2 8.22E-03 4.26 

 12  SH3GL1 9.88E-03 4.14 

 13  FERMT2 1.23E-03 3.84 

 14  PTPRJ 4.90E-02 3.72 

 15  PRSS23 4.79E-02 3.46 

 16  EVA1A 1.17E-03 3.27 

 17  ZDHHC5 1.60E-07 3.21 

 18  AXL 1.73E-02 3.18 

 19  UAP1 8.07E-04 2.93 

 20  ENG 3.37E-02 2.92 

 21  CSNK1G1 2.53E-02 2.9 

 22  ANXA6 3.17E-02 2.8 

 23  KRAS 2.91E-02 2.6 

 24  ITGB5 4.25E-02 2.3 

 25  CD59 2.60E-02 2.07 

 26  TGM2 1.99E-02 1.98 

 27  ITGA6 2.28E-02 1.84 

 28  MYO1C 2.79E-02 1.75 

 29  EPHA2 1.82E-02 1.74 

 30  RRAS2 3.83E-02 1.63 

 

 

Appendix Table 2.2. List of differentially expressed proteins shown to be downregulated in 

conditions versus control samples ranked based on log fold change.  

Condition No. Gene name Adjusted p-value Log Fold Change 

SVHUC1 – 2𝜇m 1 RNH1 1.46E-03 -1.58 

SVHUC1 -5𝜇m 1  ANXA5 3.38E-02 -1.14 

 2  GNAI1 3.83E-03 -1.73 

 3  GNA11 3.92E-03 -2.1 

 4  SMPDL3B 7.28E-05 -2.91 

5  RNH1 8.75E-10 -2.99 

6  CAPZA2 3.56E-02 -3 

7  PTPRC 1.53E-13 -3.54 

8  ITGA2B 1.53E-13 -6.12 

T24 1  ALDH1A3 3.20E-02 -1.66 

 2  AKR1B1 8.66E-03 -1.81 

 3  PDLIM1 9.31E-03 -1.88 
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 4 ITGB4 6.31E-03 -2.21 

 5  TUBA4A 3.85E-02 -2.49 

 6  F11R 1.30E-03 -2.52 

 7  HSPB1 2.18E-03 -2.69 

 8  CLTC 2.62E-02 -2.82 

 9  SLC20A1 3.56E-02 -2.99 

 10  SSBP1 9.45E-03 -3.03 

 11  ICAM1 1.84E-05 -3.04 

 12  HGS 4.67E-02 -3.17 

 13  SLC26A2 1.25E-03 -3.18 

 14  ADAMTSL4 3.87E-02 -3.21 

 15  HNRNPC 2.13E-03 -3.21 

 16  ST14 1.68E-03 -3.36 

 17  SMPDL3B 3.90E-02 -3.4 

 18  NONO 2.52E-02 -3.42 

 19  DHX9 2.14E-03 -3.57 

 20  HNRNPL 3.56E-02 -3.58 

 21  OCLN 3.94E-02 -3.68 

 22  TINAGL1 4.66E-02 -3.75 

 23  HNRNPU 3.41E-03 -3.86 

 24  PROM2 1.37E-02 -3.93 

 25  S100A14 3.15E-02 -4.01 

 26  CDH1 1.10E-03 -4.03 

 27  STEAP4 3.92E-03 -4.05 

 28  DNM2 2.84E-03 -4.18 

 29  NID2 1.21E-03 -4.26 

 30  ASS1 3.53E-06 -4.51 

 31  FAM3C 3.39E-03 -4.55 

 32  H2AFY 2.26E-02 -4.66 

 33  HTRA1 6.77E-04 -4.7 

 34  HIST1H4A 3.60E-02 -4.9 

 35  H2AFX 7.19E-03 -5.24 

 36  HIST2H2AC 3.90E-03 -5.33 

 37  CLDN7 5.52E-03 -5.37 

 38  CLDN4 1.22E-11 -5.39 

 39  H3F3A 6.73E-03 -5.81 

 40  EEF1A2 9.61E-14 -6.08 

 41  H2AFV 1.84E-03 -6.53 

 42  EPCAM 9.61E-14 -7.18 

 43  HIST1H1B 1.11E-03 -7.26 

 44  ITGB6 9.61E-14 -8.04 
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Appendix Table 2.3. Biological importance and protein identification details of the eight proposed SEV biomarkers. Bolded values 

are those groups that show significant up or down regulation based upon a fold change >1.5 and a p-value <0.05.  

 
Name and 

UniProt 

accession # 

Cellular 

location 

# Unique 

peptides and 

sequence 

coverage 

Differential 

expression 

Predicted function 

(UniProt database)  

Previous reports in urological 

disease/function 

Previous reports in arsenic 

exposure 

Transforming 

growth factor beta 

receptor 1 

(TGFBR1) 

(P36897) 

 

Plasma 

membrane 

Unique 

peptides (10) 

 

Sequence 

Coverage 

(27.8%) 

SV1: 3.03, p<0.001 

SV2: 3.2, p<0.001 

SV5: 2.97, p<0.001 

T24: 0.27, 0.904 

Molecular function: 

kinase, receptor, 

serine/threonine-protein 

kinase, transferase 

Biological process: 

apoptosis, differentiation, 

growth regulation 

Ligand: ATP-binding, 

magnesium, manganese, 

metal-binding, nucleotide-

binding 

Up-regulation of other components of 

the TGF-beta system is seen in renal 

fibrosis and RCC studies (Dai et al., 

2019). 

 

Prognostic marker in fibrosis and 

tumor microenvironment (Chung et 

al., 2021). 

Meta-analysis showed that low does 

(<5uM/L) arsenic exposure up-

regulated TGF-B1, whereas high 

doses had the tendency to 

downregulate. Subgroup analysis 

showed that low or short-term 

arsenic exposure induced expression 

of TGF-B1 and fibrosis markers 

(Dai et al., 2019). 

Prolow-density 

lipoprotein 

receptor-related 

protein 1 (LRP1) 

(Q07954) 

 

Plasma 

membrane, 

nucleus, 

cytoplasm, 

and cytosol 

Unique 

peptides (77) 

 

Sequence 

Coverage 

(25.3%) 

SV1: 0.53, 0.984 

SV2: 1.13, 0.977 

SV5: 6.57, 0.002 

T24: -0.40, 0.914 

Molecular function: 

Developmental protein, 

receptor 

Biological process: 

Endocytosis 

Ligand: Calcium, metal-

binding 

In meta-analysis of 4,629 cancer 

patients, LRP1 mRNA expression was 

correlated with decreased urothelial 

carcinoma patient survival (Gonias et 

al., 2017). 

Not available 

Peroxidasin 

homolog (PXDN) 

(Q92626) 

 

Extracellular 

matrix and 

endoplasmic 

reticulum 

Unique 

peptides (37) 

 

Sequence 

Coverage 

(39.1%) 

SV1: 0.126, 0.987 

SV2: 1.00, 0.857 

SV5: 4.07, p 

<0.001 

T24: -1.13, 0.804 

Molecular function: 

Oxidoreductase, 

peroxidase 

Biological process: 

Hydrogen peroxide 

Ligand: Calcium, Heme, 

Iron, Metal-binding 

High expression of PXDN was 

significantly upregulated in BC 

patients and was related to poor 

prognosis of BC (Di et al., 2019). 

 

High expression of PXDN in ovarian 

cancer patients was associated with 

poor overall survival (Zheng & 

Liang, 2018). 

Not available  

Proteasome 

subunit beta- type 

3 (PSMB3) 

Nucleus and 

cytoplasm 

Unique 

peptides (10) 

 

SV1: 1.02, 0.961 

SV2: 2.06, 0.849 

SV5: 4.38, 0.033 

Molecular function: 

Endopeptidase activity 

Biological process: 

Meta-analysis of PSMs showed that 

proteasome induction was involved in 

cancer cell resistance to environmental 

Increased PSMB3 expression in 

immortalized human keratinocytes 
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(P49720) 

 

Sequence 

Coverage 

(56.1%) 

T24: 2.02, 0.829 Proteasomal ubiquitin-

independent protein 

catabolism 

Proteasomal ubiquitin-

dependent protein 

catabolism 

 

stress and was involved with the 

induction of antioxidant enzymes 

(Voutsadakis, 2017). 

exposed to 100 nM NaAsO2 for 7 

weeks (Al-Eryani et al., 2017). 

 

Transcriptomic analysis of zebrafish 

exposed to iAs revealed enrichment 

of the protein ubiquitination 

pathway and upregulation of 

PSMB3 along with other genes 

(Bambino et al., 2018). 

 

Upregulation of PSMB3 in an 

arsenic induced cutaneous 

squamous cell carcinoma. Exposure 

to 100 nM iAs for 28-weeks 

(Banerjee et al., 2021). 

 

Ribonuclease 

inhibitor (RNH1) 

(P13489) 

 

Cytoplasm 

and cytosol 

Unique 

peptides (22) 

 

Sequence 

Coverage 

(79.1%) 

SV1: - 0.76, 0.507 

SV2: -1.58, 0.0014 

SV5: -2.99, p 

<0.001 

T24: 1.54, 0.386 

 

Molecular function: 

ribonuclease inhibitor 

activity 

Biological process: 

mRNA catabolic process 

and regulation of 

angiogenesis 

Down regulation of RNH1 enhances 

metastasis in BC cells through 

regulating the epithelial-mesenchymal 

transition (Xiong et al., 2014). 

Not available 

Guanine 

nucleotide binding 

protein G(i) 

subunit alpha-1 

(GNAI1) 

(P63096) 

 

Centrosome 

(mitosis), 

cell 

membrane, 

cytosol, 

cytoplasm, 

nucleus, and 

others 

Unique 

peptides (6) 

 

Sequence 

Coverage 

(51.7%) 

SV1: 0.15, 0.986 

SV2: 0.01, 0.991 

SV5: -1.72, 0.004 

T24: 0.048, 0.918 

Molecular function: 

Transducer 

Biological process: 

Cell cycle, cell division, 

mitosis, transport 

Ligand: 

GTP-binding, metal-

binding, nucleotide 

binding 

Not available Increased expression of GNAI1 

mRNA in mouse urinary bladder 

following 12-week arsemsnate 

exposure in drinking water (Clewell 

et al., 2011). 

Guanine 

nucleotide binding 

protein subunit 

alpha-11 

(GNA11) 

(P29992) 

 

 

Cell 

membrane 

and 

cytoplasm 

Unique 

peptides (11) 

 

Sequence 

Coverage 

(63.8%) 

SV1: 0.07, 0.988 

SV2: - 0.14, 0.988 

SV5: - 2.1, 0.004 

T24: 2.77, 0.071 

Molecular function: 

GTP-binding, metal ion 

binding, GTPase activity, 

G protein-coupled receptor 

binding 

Biological process: 

Action potential, adenylate 

cyclase-modulating G-

Not available Decreased expression in lung 

epithelial cells exposed to arsenic 

(Stueckle et al., 2012). 
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protein couple receptor 

signaling pathway, cellular 

response to pH, Signal 

transduction 

Ligand: 

GTP-binding, metal-

binding, nucleotide 

binding 

Acid 

sphingomyelinase-

like 

phosphodiesterase 

3b (SMPDL3B) 

(Q92485) 

 

Cell 

membrane 

and 

extracellular 

region 

Unique 

peptides (5) 

 

Sequence 

Coverage 

(16.5%) 

SV1: -0.04, 0.989 

SV2: - 0.12, 0.989 

SV5: -2.91, 

p<0.001 

T24: -3.40, 0.039 

Molecular function: 

Glycosidase, hydrolase 

Biological process: 

Immunity, inflammatory 

response, innate immunity, 

lipid degradation, lipid 

metabolism 

Ligand: 

Metal binding, zinc 

Involved in podocyte injury, 

downregulation following radiation led 

to elevated podocyte damage (Ahmad 

et al., 2017). 

Not available 
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Appendix Figure 2.3. TGFBR1 standard curve fitted to a Rational model. 

 

 
Appendix Figure 2.4. RNH1 standard curve fitted to a Rational model.  
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Appendix Figure 3.1. Heatmap with hierarchal clustering of all cell lysate proteins with missing 

values in at least one sample. Passage 6 samples are shown here as replicate 1.  

 
Appendix Figure 3.2. Bar chart of the total number of proteins in each cell lysate sample. 

Passage 6 samples are shown here as replicate 1.  
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Appendix Figure 3.3. Unsupervised principal component analysis of the top 500 variable cell 

lysate proteins. Passage 6 samples are shown here as replicate 1.  

 

 
Appendix Figure 3.4. Revised heatmap with hierarchal clustering excluding passage 6 sample 

of all cell lysate proteins with missing values in at least one sample.  
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Appendix Figure 3.5. Intensity plots for cell lysate proteins with missing and valid values based 

on density (top) and cumulative fraction (bottom). 

 

 

Appendix Figure 3.6. Canonical pathway analysis of the top 15 pathways significantly (p-value 

<0.05) associated with 1-um arsenic exposure cell lysate proteins.  
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Appendix Figure 3.7. Canonical pathway analysis of the top 15 pathways significantly (p-value 

<0.05) associated with 2-um arsenic exposure cell lysate proteins.  

 

Appendix Figure 3.8. Canonical pathway analysis of the top 15 pathways significantly (p-value 

<0.05) associated with 5-um arsenic exposure cell lysate proteins.  
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Appendix Figure 3.9. Canonical pathway analysis of the top 15 pathways significantly (p-value 

<0.05) associated with T24 cell lysate proteins. 
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Appendix Figure 3.10. Analysis of the significant functions and diseases (p-value <0.05) 

predicted to be activated (z-score > 2) or inactivated (z-score < -2) in the 1-um arsenic exposure 

cell lysate group. 
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Appendix Figure 3.11. Analysis of the significant functions and diseases (p-value <0.05) 

predicted to be activated (z-score > 2) or inactivated (z-score < -2) in the 2-um arsenic exposure 

cell lysate group. 
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Appendix Figure 3.12. Analysis of the significant functions and diseases (p-value <0.05) 

predicted to be activated (z-score > 2) or inactivated (z-score < -2) in the 5-um arsenic exposure 

cell lysate group. 
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Appendix Figure 3.13. Analysis of the significant functions and diseases (p-value <0.05) 

predicted to be activated (z-score > 2) or inactivated (z-score < -2) in the T24 cell lysate group. 
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Appendix Table 3.1. Top 10 cell compartments of the 535 proteins observed in only SEV 

samples and not cell lysate groups. Percent of proteins details the percent of proteins in that 

compartment over the total proteins examined (535).  

Cell Compartment Protein Count Percent of Proteins (%) 

Plasma membrane 331 63.8 

Extracellular exosome 235 45.3 

Integral component of membrane 203 39.1 

Cytosol 185 35.6 

Cytoplasm 177 34.1 

Membrane 169 32.6 

Integral component of plasma membrane 116 22.4 

Extracellular region 91 17.5 

Extracellular space 87 16.8 

Cell surface 78 15.0 

 
 

 

Appendix Figure 4.1. Univariate regression analysis of particle counts against urinary creatinine 

concentration. 
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Appendix Table 4.1. Model regression statistics of the association of particle count with urinary 

creatinine.  

 SEV Concentration _ Cr 

 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 

Intercept 2.108e+10 0.179 1.153e+11 0.224 

Cr 1.648e+07 0.900 -1.261e+08 0.546 

Age   -1.912e+09 0.255 

Sex   1.949e+09 0.860 

Adjusted 

R2 

-0.098 -0.1404 

P value 0.900 0.6631 

 

 

Appendix Table 4.2. Results of Shapiro Wilk tests for normality in urinary biomarker data.  

 

Variable W test statistic p-value 

TGFBR1 0.944 0.070 

uiAs 0.887 0.001 

Cd 0.788 <0.001 

Pb 0.822 <0.001 

 

 

 
Appendix Figure 4.2. Univariate regression analysis of log transformed SEV derived TGFBR1 

against log transformed urinary creatinine. 
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Appendix Table 4.3. Model regression statistics of the association of TGFBR1 with urinary 

creatinine (model 1) as well as with age and sex as covariates (model 2). 

 Creatinine (Cr) 

 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 

Intercept -4.020 <0.001 -3.939 <0.001 

Cr 0.251 0.068 0.229 0.114 

Age   0.003 0.764 

Sex   -0.080 0.513 

Adjusted R2 0.068 0.026 

P value 0.068 0.286 

 

 

 

 

Appendix Figure 4.3. Univariate regression analysis of (A) log transformed SEV derived 

TGFBR1 against log transformed urinary lead without creatinine adjustment and (B) log 

transformed SEV derived TGFBR1 against log transformed urinary lead with creatinine 

adjustment. 
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Appendix Table 4.4. Model regression statistics of the association of SEV derived TGFBR1 

with urinary lead using both univariate (model 1) and multivariate (model 2) models displayed 

with and without creatinine adjustment following log transformation.  

 Pb Creatinine adjusted Pb 

 Model 1 Model 2 Model 1 Model 2 

Variable 𝛽 P value 𝛽 P value 𝛽 P value 𝛽 P value 

Intercept -2.828 <0.001 -2.707 <0.001 -2.929 <0.001 -3.389 <0.001 

Log(Pb) 0.078 0.808 0.018 0.806 0.013 0.904 -0.007 0.950 

Age   0.002 0.877   0.007 0.644 

Sex   -0.132 -0.288   0.091 0.588 

Adjusted R2 -0.028 -0.052 -0.029 -0.077 

P value 0.808 0.737 0.904 0.920 
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