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Abstract

Chronic exposure to arsenic causes lung, skin, and bladder cancer in humans. Conservative
estimates suggest at least 92-220 million people worldwide are exposed to arsenic through
consumption of contaminated water. Unfortunately, removal of arsenic from contaminated
water sources is not economically feasible. Selenium is an essential trace nutrient but is toxic in
excess. Interestingly, arsenic and selenium are mutually protective. Simultaneous exposure to
toxic doses of arsenic and selenium in laboratory animals result in reduced accumulation of
both compounds through the formation and biliary excretion of the seleno-bis (S-glutathionyl)
arsinium ion [(GS),AsSe]. Completed selenium-supplementation trials in arsenic-endemic
regions have used various chemical species of selenium including selenite and
selenomethionine. Methylselenocysteine has been shown to have anti-cancer effects in vitro.
Despite completed selenium-supplementation trials, the influence of selenium on human
arsenic hepatobiliary transport has not been studied using optimal human models. There is also
likely a genetic component to susceptibility to arsenic-induced diseases as different outcomes
between individuals with similar exposure histories are observed. In human hepatocytes, the
ATP-binding cassette transporter, multidrug resistance protein 2 (MRP2, gene symbol ABCC2) is
localized to the canalicular/apical membranes for biliary excretion of arsenic-glutathione
conjugates, and the related multidrug resistance protein 4 (MRP4/ABCC4) is localized to the
sinusoidal/basolateral membranes for arsenic transport into systemic circulation.

The objectives of this thesis were to: (i) investigate the influence of different selenium

chemical forms on arsenic hepatobiliary transport, (ii) investigate the stimulatory effect of



methylselenocysteine on arsenic sinusoidal efflux, and lastly, (iii) investigate the effect of
naturally occurring MRP2/ABCC2 variants on arsenic transport.

Human HepaRG cells, a surrogate for primary human hepatocytes were established as a
model for studying arsenic hepatobiliary transport. Arsenite + selenite and arsenite + selenide
at different molar ratios revealed mutual toxicity antagonisms, with the latter being higher.
Significant arsenic biliary excretion was detected with a biliary excretion index (BEI) of 14 + 8%,
which was stimulated to 32 + 7% by selenide. Consistent with the formation and biliary efflux of
[(GS)2AsSe], arsenite increased the BEI of selenide from 0% to 24 + 5%. Arsenic biliary excretion
was lost in the presence of selenite, selenomethionine, and methylselenocysteine. Sinusoidal
arsenic efflux was stimulated by ~1.6-fold by methylselenocysteine, but unchanged by other
selenium forms. Arsenic efflux across canalicular and sinusoidal membranes (+ selenide) was
temperature- and glutathione-dependent and inhibited by MK571, an MRP inhibitor.

Since MRP2/ABCC2 and MRP4/ABCC4 mediate biliary and sinusoidal efflux of arsenic,
respectively, ABCC2 and ABCC4 were knocked down (individually) in HepaRG cells, resulting in
barely detectable levels of MRP2 or MRP4. Experiments using ABCC2-knockdown HepaRG cells
revealed that MRP2 accounted for all detectable biliary efflux of arsenic (+ selenide). Similarly,
arsenic sinusoidal efflux decreased by 27%, 57%, and 31% after glutathione depletion,
temperature reduction and addition of MK571, respectively, which also resulted in a loss of
methylselenocysteine stimulation. Further strategies were employed to determine if this
process is MRP4-mediated. Arsenic sinusoidal efflux decreased by 35%, and
methylselenocysteine-stimulated efflux was lost in the presence of ceefourin-1, an MRP4

inhibitor. Arsenic efflux from ABCC4-knockdown HepaRG cells decreased by 30%, and



methylselenocysteine-stimulated arsenic export was completely lost relative to control HepaRG
cells with parental levels of MRP4. Overall, the chemical form of selenium and human MRP2
and MRP4 strongly influenced arsenic hepatobiliary transport.

Lastly, 13 naturally occurring MRP2 variants with a single nucleotide substitution resulting in
an amino acid change were investigated for their influence on MRP2 level, plasma membrane
localization, MRP2-enriched membrane vesicle transport of As(GS)3 and [(GS),AsSe]", and
cellular accumulation of arsenic + selenium (selenide and selenite). The variants R412G-,
V1188E-, C1515Y- and V1188E/C1515Y-MRP2 were similar to WT-MRP2 for protein levels, cell
surface localization, and transport activity while S789F- and A1450T-MRP2 were undetected at
the cell surface. As(GS)s transport activity of T1477M-MRP2 was 60% of WT-MRP2. R353H-,
R1181L-, and P1291L-MRP2-enriched vesicles had [(GS).AsSe]™ transport activity increased by
160%, 145% and 170%, respectively, compared to WT-MRP2. In contrast, V417I- and R1150H-
had [(GS),AsSe] transport that was 59% and 37%, respectively, of WT-MRP2. This thesis
advances knowledge about the influence of selenium on human hepatic handling of arsenic and
our understanding about inter-individual differences in arsenic transport pathways. Future
studies could use our findings to help design efficacious selenium-supplementation trials and

predict responses to selenium-supplementation.
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1. A Review of Arsenic, Selenium, and
their Mutually Protective Relationship

1.1 Arsenic exposure

Arsenic naturally occurs in the Earth’s crust, so contamination of water by natural geological
processes is common [1-3]. Humans are exposed to arsenic primarily through consumption of
contaminated drinking water, but arsenic exists ubiquitously in the environment so other
routes of exposure are possible. Not only can arsenic be described as a natural contaminant,
but it is also a proven human carcinogen, and somewhat paradoxically used as a therapeutic
agent [1-4]. Some main sources of arsenic exposure are described below.

1.1.1 Sources and regulation of exposure

1.1.1.1 Arsenic exposure through consumption of drinking water and food

Conservative estimates suggest 92-220 million people worldwide are exposed to arsenic
through contaminated drinking water [5]. To date, at least 108 countries are affected by arsenic
contamination in groundwater exceeding the World Health Organization guideline of 10 pg/L
(10 parts per billion) [6]. The majority of arsenic endemic areas include South Asian and South
American countries [5,6]. Examples of severely affected countries include Bangladesh, India,
China, Nepal, Cambodia, and Indonesia [5,6]. Developed countries such as Canada and USA also
have arsenic contamination in groundwater but are not as severely affected, due to the

availability of resources to avoid or treat drinking water [6].



Other than contaminated drinking water, ingestion of arsenic through food is another
major source of exposure. Rice is a staple of many diets worldwide. Rice is a crop that is grown
in a flooded field, unfortunately making it susceptible to arsenic contamination from irrigation
water. Depending on the species of rice, where the rice is grown, and the irrigation water used,
it accumulates inorganic arsenic at ~10-fold higher rate than other grains such as wheat and
barley [7,8].

Since exposure to arsenic through food consumption may alarm many people, Health
Canada has guidelines for maximum levels of arsenic in certain foods. For example, fish and
edible bone meal are allowed to have maximum total arsenic levels of 3.5 and 1 parts per
million (ppm), respectively [9]. Beverages, including fruit juices can only contain 0.1 ppm total
arsenic, and water in sealed containers can have a maximum level of 0.01 ppm [9]. Brown rice
and white rice have maximum inorganic arsenic levels of 0.35 and 0.2 ppm, respectively [9].
More recently, Health Canada has also added a guideline for maximum inorganic arsenic levels
of 0.1 ppm in rice-based foods intended specifically for infants and young children [10].
1.1.1.2 Anthropogenic sources of exposure

Most anthropogenic sources of arsenic exposure involve industrial processes. For
example, incineration of preserved wood products, manufacturing of glass, alloy, leather
preservatives, and pigments involve the use of arsenic [11]. Arsenic was also commonly used in
pesticides, insecticides, and fungicides [12]. Agent Blue was a commercial pesticide that
contained cacodylic acid (dimethylarsinic acid (DMAV)) as an active ingredient, and it was also

heavily used in the Vietham War to destroy enemies’ crops [12,13]. However, its use was



deregulated in 2004 by the United States Environmental Protection Agency due to toxic side
effects including headaches, dizziness, and vomiting [12].
1.1.2 Therapeutic uses of arsenic

Despite its harmful effects and regulations in place for exposure limits, arsenic has
important medicinal applications. Arsenic was historically used to treat an array of diseases. For
example, it was recommended for the treatment of malaria in the 1700s, and Fowler’s solution
containing 1% potassium arsenite was often used to treat remittent fevers, headaches, asthma,
and psoriasis [4].

During the 1900s, particularly during the world wars, a common therapeutic use of arsenic
was for treating parasitic infections caused by several species of Trypanosoma, as well as the
bacterial infection syphilis [4]. Arsphenamine was given the trade name Salvarsan 606, and later
Neosalvarsan when a more soluble compound was developed [4,14]. These drugs were
effective but had toxic side effects when repeated doses were injected, including renal failure,
optic neuritis, seizures, fevers, and rash [14]. Not only was preparation of the drugs difficult,
but these drugs had to be stored in sealed vials under nitrogen gas to prevent oxidation [4].
Later, the use of arsphenamine to treat syphilis was replaced by penicillin [14,15].

Today, the melarsonyl potassium-containing drug, melarsoprol is still used in Africa as
treatment for patients with Trypanosoma brucei gambiense trypanosomiasis. However, about
10% of patients develop a severe arsenical encephalopathy with a 50% mortality rate, so
melarsoprol is only used in the late stages of the infection when no other treatment options are

available [4].



Despite its carcinogenic effects, arsenic is also a chemotherapeutic agent. Arsenic trioxide
was approved by the Food and Drug Administration in 2002 as a treatment for acute
promyelocytic leukemia [16]. The pathogenicity of acute promyelocytic leukemia comes from
the formation of a chimeric protein encoded by the PML-RARc. fusion gene caused by a
translocation of chromosomes 15 and 17 [17,18]. Myeloid cell development is arrested at the
promyelocytic stage, leading to an accumulation of abnormal promyelocytes in the bone
marrow [17,18]. To alleviate this, arsenic trioxide promotes degradation of PML-RARc, which
also promotes differentiation of promyelocytes [17]. When combined with all-trans retinoic
acid-based regimens, the relapse rate is only 1-10%, making acute promyelocytic leukemia a
curable disease [19].

1.1.3 Symptoms of arsenic exposure

Acute poisoning occurs most commonly through ingestion of insecticides or pesticides
as well as attempted suicide or murder [20-22]. Initial symptoms of acute arsenic poisoning are
quite ambiguous and involve the gastrointestinal system. These symptoms include nausea,
vomiting, abdominal pain, excessive salivation, and watery diarrhea [20]. Other signs include
acute psychosis, skin rashes, and seizures [20]. The systemic shock caused by acute arsenic
poisoning eventually leads to massive fluid loss causing reduced blood volume and circulatory
collapse [20]. Hematological abnormalities, including intravascular hemolysis leading to
hemoglobinuria, intravascular coagulation, and bone marrow depression leading to severe
pancytopenia, can occur [20,23]. Renal failure and respiratory failure have also been observed

[20,24].



Symptoms and signs of chronic arsenic exposure vary between individuals [20].
Individuals chronically exposed to arsenic can exhibit dermatological signs such as
hyperpigmentation [20,25]. Brown dark spots with a raindrop appearance as well as solar and
palmer keratosis are often observed [25]. Arsenic has also been shown to cause basal cell
carcinoma and Bowen’s disease [3,20,26]. Distinct keratin-rich areas forming white horizontal
lines in the finger and toenails called Mee’s lines may also develop [20]. Hepatomegaly and
cirrhosis were observed in people living in West Bengal with chronic exposure to arsenic for >15
years [26,27]. Blackfoot disease, a peripheral vascular disease has been observed in exposed
Taiwanese populations [28]. Other long-term effects include cardiovascular, neurological, and
renal symptoms [20,26,27]. Cancer also results from chronic exposure and will be discussed

further below.

1.2 Arsenic toxicokinetics
1.2.1 Bioavailability

The bioavailability of arsenic varies depending on the source of the arsenic and solubility
of the species. For example, the bioavailability of soluble forms of arsenic can be as high as 90%
when ingested through drinking water [29]. However, the bioavailability can be as low as 10%,
especially when it is in soil or house dust [30]. The pH of the arsenic-containing matrix as well as
a person’s diet, and other factors discussed below can also influence the bioavailability of
arsenic.
1.2.2 Arsenic uptake

Arsenic is naturally found in the environment in the inorganic forms, arsenate and

arsenite. At pH 7, arsenate (pKa ~2.3, 6.8 and 11.3) exists predominantly as H,AsO4” and HAsO4%



and exhibits similar physicochemical properties as inorganic phosphate [31,32]. Arsenate
undergoes cellular uptake by sodium-dependent phosphate transporters such as the Na*/P;
cotransporter type Il (gene name SLC34A2) [31,32].

As for arsenite, it exists as As(OH)s at pH 7 (pKa ~9.2) and due to its neutral charge,
uptake into cells can occur through aquaglyceroporin channels (AQPs) [33—35]. Evidence also
suggests that facilitated glucose transporters (GLUTSs) can allow passage of arsenite into cells.
Rat GLUT1 (SLC2A1) overexpressed in yeast and Xenopus laevis oocytes increased arsenite
accumulation, suggesting that GLUT1 plays a role in arsenite uptake [34]. GLUT1 is found at
high levels in human red blood cells (RBCs) [36]. In a study by Kaur et al. [37], GLUT1
contribution to arsenite uptake by human RBCs was investigated using BAY-876, a highly
selective competitive GLUT1 inhibitor [38]. There was unexpectedly no inhibition of arsenite
uptake by human RBCs in the presence of BAY-876, even at concentrations 50 000 times
greater than the ICso reported for glucose uptake [38]. In a study by Calatayud et al. [39],
knockdown of the glucose transporter GLUT5 (SLC2A5) reduced arsenite accumulation by ~60%,
so they concluded that GLUT5 is involved in arsenite uptake. However, the knockdown studies
using siRNA lacked appropriate controls, including a non-target control [39]. Further
characterization of uptake by heterologously expressed GLUTS in transport assays could be
helpful in future studies [39].

There are few studies suggesting members of the organic anion transporting
polypeptides (OATP1B1/SLCO1B1 and OATP2B1/SLCO2B1) may also be involved in the uptake
of arsenite and arsenate [40,41]. In HEK293T cells transfected with OATP1B1, there was

increased accumulation of arsenite and arsenate compared to empty vector [41]. Knockdown of



SLCO2B1 in Caco-2 cells using siRNA reduced arsenite accumulation by 70% [39]. More
extensive evidence using transport assays are required to support these studies.

Studies using Xenopus laevis oocytes have also suggested that methylated species of
arsenic, present in blood after formation in the liver can permeate cells through AQP9 and
GLUT1 [33,42].

1.2.3 Cellular metabolism of arsenic

There are a few proposed pathways for inorganic arsenic methylation. The Challenger
pathway, also known as the classical pathway, proposes that arsenate is reduced to arsenite,
which is then methylated to form monomethylarsonic acid (MMAY), monomethylarsonous acid
(MMA™M), dimethylarsinic acid (DMAV), dimethylarsinous acid (DMA'"), trimethylarsine oxide
(TMAY), and trimethylarsine (TMA'") [43,44]. Methylation is mainly catalyzed by arsenite
methyltransferase (As3MT), which uses S-adenosyl-L-methionine (SAM) as a methyl donor
[43,44]. The Challenger Pathway is outlined in Fig 1.1.

Arsenic forms glutathione (GSH) conjugates with arsenite and methylated arsenicals.
Arsenite, MMA"" and DMA" can form As(GS)s, MMA(GS),, and DMA(GS), respectively in the
presence of excess GSH [45,46]. However, identification of these conjugates in biological
samples have been limited by their short half-lives at physiological pH. As(GS); and MMA(GS).
have been isolated in biological samples such as rat bile and urine of mice that were deficient in
gamma glutamyl transpeptidase, which normally catabolizes GSH and GSH conjugates [45,46].
Even though DMA(GS) should be the most chemically stable arsenic-GSH conjugate with the

longest half-life (23-37 minutes at physiological pH) relative to As(GS)s and MMA(GS). (both less



than 6 minutes at physiological pH), it has never been isolated in a biological sample [47]. The

reason for this is unclear but may imply that DMA(GS) is not formed in vivo.
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Figure 1.1: The Challenger Pathway for arsenic methylation. Modified from [43], with permission. As",

arsenite; MMAY, monomethylarsinic acid; MMA!", monomethylarsonous acid; DMAY, dimethylarsinic
acid; DMA", dimethylarsinous acid; TMAY, trimethylarsine oxide; TMA", trimethylarsine

1.2.4 The ATP-Binding Cassette Transporter superfamily

In humans, there are 48 ATP-binding cassette (ABC) proteins that are organized into
seven subfamilies (A-G) based on their relative level of sequence homology [48-50]. ABC
transporters collectively have broad substrate specificities and are responsible for the active
transport of many compounds ranging from phospholipids, peptides, amino acids, and various
drugs [51-54].
1.2.4.1 ABC subfamily C

The ABC subfamily C (ABCC) consists of 12 functional members that are localized to the

plasma membrane of cells. The 12 functional members include transporters that are involved in



primary active transport of their substrates, a channel, as well as channel regulatory proteins
that are ATP-dependent [52,53]. The cystic fibrosis transmembrane conductance regulator
(CFTR/ABCC7) is an ATP-dependent chloride channel. There are also two sulfonylurea receptors
(SUR1/ABCCS, and SUR2/ABCC9), as well as nine so-called multidrug resistance proteins which
are all thought to be transporters: MRP1/ABCC1, MRP2/ABCC2, MRP3/ABCC3, MRP4/ABCC4,
MRP5/ABCC5, MRP6/ABCC6, MRP7/ABCC10, and MRP8/ABCC11. MRP9/ABCC12 does not
transport substrates typical of MRPs but evidence from human patients as well as ABCC12-null
zerba fish and ABCC12-deficient mice suggest it is involved in neonatal cholestasis [54,55]. A
pseudogene (ABCC13) was identified but does not encode for a functional protein [56].

The ABC subfamily C transporters can be classified as having short or long structures.
The short transporters are ABCC4, 5, 11 and 12. These ABC subfamily C transporters contain the
typical mammalian ABC structure, consisting of two polytopic membrane-spanning domains
(MSD) each with six transmembrane helices, and two cytosolic nucleotide binding domains
(NBDs). The long ABC subfamily C transporters include ABCC1, 2, 3, 6 and 10 and are
distinguished from the short ABC subfamily C proteins by a third MSD (MSDO) that is comprised
of five transmembrane helices. The function of MSDO is not fully understood for the ABC
subfamily C transporters [50,57]. However, for non-transporter members of ABC subfamily C
that are of the “long-form”, SUR1 and SUR2, MSDO associates with the potassium channel
Kir6.2 to form a large ion channel called the Karp channel [58,59]. The coupling of the MSDO of
SUR1 or 2 with Kir6.2 enhanced the trafficking of Kir6.2 to the plasma membrane and increased

its sensitivity to ATP.



The Walker A and B motifs are highly conserved regions of the NBDs that are common
amongst all ATP-binding proteins [60]. The Walker A motif is characterized as having the
sequence: GXXGXGK(S/T), where X is any amino acid [60]. Walker B is characterized by ¢oo@D,
where @ is any hydrophobic amino acid [60]. The conserved aspartic acid chelates the
magnesium ion that is bound to nucleotide [61]. A glutamate residue following the aspartate
facilitates the nucleophilic attack of ATP by water [61]. Another highly conserved signature
motif, unique to ABC proteins, is the C-motif (LSGGQ), which is located between the Walker A
and B motifs [62]. The glycine residues in this motif are involved in nucleotide binding [62,63].
For substrate binding from the cytosol and release into extracellular space to occur, the NBDs
of the ABC transport proteins dimerize to allow for binding of two ATP molecules between the
Walker A motif of one NBD and the C-motif of the other NBD [57,64]. Bundles of
transmembrane helices within the two MSDs alternate between an inward and outward facing
conformation powered by ATP hydrolysis [53,63-65]. MRP1/ABCC1, MRP2/ABCC2 and
MRP4/ABCC4 are discussed further below because they are established transporters of arsenic
metabolites. Other MRPs (MRP3, 5 and 6) are also present in the liver, but no transport of
As(GS); was detected using plasma membrane-enriched vesicles expressing these MRPs [77,
Swanlund, Whitlock, and Leslie, unpublished]. Furthermore, no resistance to As"', As¥, MMA'",
MMAY, DMA", or DMAY was found in stable HEK293 cells expressing human MRP3 or MRP5

[77].
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1.2.4.1.1 Multidrug Resistance Protein 1

MRP1 is important for cellular protection against arsenic due to its expression in many
cells and tissues in the body. It also has an ability to efflux many structurally diverse
chemotherapeutic agents, rendering tumour cells multidrug resistant [66,67]. MRP1 also has
ability to efflux many physiological molecules including conjugates of GSH such as leukotriene
C4, as well as conjugates of glucuronide, or sulfate [67]. Many unconjugated organic anions are
also transported by MRP1 [67]. MRP1 is expressed in most tissues throughout the body, with
relatively high levels in the lungs, testes, kidneys, blood-brain barrier, small/large intestine,
placenta, skeletal muscle, and skin [49,50,68,69]. However, MRP1 levels are undetectable in
healthy human hepatocytes [67,69]. In polarized epithelium, MRP1 localizes to the basolateral
surface [69].

In vitro studies using MRP1-enriched vesicles prepared from the doxorubicin selected
H69AR, and the stable and/or transiently MRP1 expressing HEK293 and Hela cells have

demonstrated that MRP1 transports As(GS)s, MMA(GS)2, and DMAY [70-73].

1.2.4.1.2 Multidrug Resistance Protein 2
Although MRP2 has a similar substrate specificity as MRP1, MRP2 is the only ABC

subfamily C transporter localized to the canalicular surface of hepatocytes. Some examples of
physiological substrates include GSH and estradiol conjugates, leukotrienes, bilirubin
glucuronides, and conjugated bile salts [74].

In rats, Mrp2 is responsible for most (>98%) of arsenic export into bile in the form of
As(GS); and MMA(GS); [46]. In human hepatocytes, levels of MRP2 were upregulated by

arsenite [75]. In vitro studies using plasma membrane enriched vesicles expressing human
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MRP2 demonstrated that human MRP2 is a transporter of As(GS); and [(GS).AsSe] [46,76].
There is also preliminary data suggesting that human MRP2 transports MMA(GS); in vitro [77].
Studies presented in this thesis (Chapter 2) also show that arsenic biliary excretion from human

hepatocytes is mediated by MRP2.

1.2.4.1.3 Multidrug Resistance Protein 4

MRP4 is localized to the sinusoidal surface of hepatocytes as well as apical surface of
renal proximal tubular cells, making it optimally situated for urinary elimination of hepatic
arsenic metabolites [78]. Similar to MRP1 and 2, MRP4 has a diverse array of substrates. Some
endogenous substrates include prostaglandin E;, cyclic AMP, as well as GSH and glucuronide
conjugates [50,79]. Human MRP4 has been shown previously to transport DMAY and MMA(GS)2
in in vitro studies using plasma membrane enriched vesicles [80].

1.2.5 Arsenic excretion

For biliary excretion, MRP2 is the only MRP located at the canalicular surface of hepatocytes
that can transport arsenic-GSH conjugates into bile [46]. However, not all arsenic-GSH
conjugates are stable at biliary pH, so they dissociate and undergo enterohepatic cycling
through the intestine and back to the liver in the portal circulation. When in the liver, arsenic
can also undergo sinusoidal excretion, enter the systemic circulation, and eventually undergo
urinary elimination [81]. Most ingested arsenic is eliminated through the urine (60-80%) [82]. In
human urine, the speciation profile is variable and ranges typically from 10-30% inorganic

arsenic, 10-20% monomethylated species, and 60-80% dimethylated species [82-84].
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1.3 Arsenic-induced diseases
1.3.1 Cancer

Arsenic is classified by the International Agency for Research on Cancer (IARC) as a
human group | (proven) carcinogen [3]. There is sufficient evidence in support of arsenic
causing skin cancer, particularly squamous cell carcinoma (both in situ and invasive), as well as
basal cell carcinoma [3]. Arsenic also causes bladder cancer, particularly affecting the
transitional urothelium, as well as lung cancer [3]. For multiple reasons it is difficult to define
the exact cancer-causing mechanism of arsenic, including the fact that arsenic metabolism
yields many arsenic metabolites with different degrees of toxicity. Arsenic likely causes cancer
through a combination of many different mechanisms, and not all of which are understood.
1.3.1.1 General mechanisms of toxicity

Arsenate is very similar to phosphate, so phosphate mimicry is a way by which arsenate
exerts its toxic effects. Arsenate competes against phosphate for cellular uptake, and eventually
leads to inhibition of phosphorylation reactions and uncoupling of ATP production [85].
Arsenite has a high affinity for thiols, so it can bind to free sulfhydryl groups of proteins,
including enzymes, leading to their inactivation [86].

Arsenic metabolism also generates reactive oxygen species (ROS). This occurs when
trivalent arsenic species are oxidized to pentavalent forms and two electrons are generated,
which results in hydrogen peroxide formation. Hydroxyl radicals are formed, leading to
oxidative stress and damage to DNA, lipids, and proteins [87,88]. Arsenic-induced ROS can
aberrantly activate signaling pathways that result in various diseases [87,89]. Cellular redox

status is also affected during methylation because arsenic depletes the cell’s antioxidant
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reserves by consuming GSH through the formation of arsenic-GSH conjugates [70,90]. The
depletion of the cell’s antioxidant capacity further leads to oxidative damage [88].
1.3.1.2 Mechanisms of carcinogenesis

Although the genotoxic mechanism of arsenic is not very well understood, some
examples of genotoxic effects of arsenic include sister chromatid exchanges, aneuploidies, DNA
strand breaks, chromosomal aberrations, as well as micronuclei formation [91,92].
Furthermore, arsenic can interfere with DNA repair by covalently binding with DNA repair
enzymes such as DNA polymerase, rendering it inactive [91,93]. Arsenite can also target key
players involved in base and nucleotide excision repair pathways, which are important when
DNA lesions occur [94]. Other mechanisms by which arsenic can cause cancer include affecting
cellular pathways involved in apoptosis, those involved in elevated cell proliferation, cell cycle
checkpoints and more [94].

Arsenic also causes epigenetic modifications including alteration of DNA methylation.
Arsenic metabolism involves the use of SAM as the methyl donor, but SAM is also a methyl
donor of DNA methylation [43,95]. When SAM gets depleted, hypomethylation occurs,
resulting in altered methylation patterns and consequently results in the upregulation of
oncogenes or downregulation of tumour suppressor genes [91,96]. Other examples of
epigenetic modifications that arsenic induces include histone modifications and microRNAs
[94,97,98].

1.3.2 Other arsenic-induced diseases
Arsenic has been associated with inducing immunosuppression, which leads to

increased susceptibility to severe infections including sepsis [99]. Arsenic exposure has also
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been associated with the impairment of the development of the thymus and spleen in infants
which are important lymphoid organs for proper immunity [100].

Exposure to arsenic has also been associated with Type Il diabetes. An increased
prevalence of Type Il diabetes has been observed in arsenic-endemic areas relative to low-
arsenic exposure areas [101]. The mechanism for arsenic-induced diabetes is not well
understood, but in vivo animal studies suggest that arsenic impairs insulin-dependent glucose
uptake, and/or glucose-stimulated insulin secretion [101].

Arsenic exposure also has been associated with cardiovascular disease, particularly
atherosclerosis [102,103]. Arsenic induces endothelial dysfunction, which leads to

inflammation. Platelets aggregate in endothelium leading to loss of vasodilation [103]. Most

7

studies of arsenic-induced atherosclerosis have been done in apolipoprotein E (ApoE) deficient

mice [102,103]. In these mice, As3MT and methylated trivalent arsenic species were

proatherogenic [102]. Interestingly, atherosclerosis was not observed in mice deficient in both

ApoE and As3MT, suggesting that methylated forms of arsenic are responsible for inducing

atherosclerosis [102].

Since arsenic induces oxidative stress and oxidative stress impacts many pathways in the

body, it is very possible that arsenic exposure will be associated with many more diseases.

More studies need to be completed to elucidate the various mechanisms by which arsenic may

induce disease.
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1.3.3 Differences in susceptibility to arsenic-induced diseases

1.3.3.1 Diet

Exposure to arsenic through food varies between ethnicities due to cultural differences
in diets. Rice is a staple food in many diets, especially in Asia. Studies have found that those on
gluten-free diets had elevated arsenic levels in the blood and urine compared to non-gluten-
free diet controls, and this could be associated with increased rice consumption [104]. Children
may also be more susceptible to arsenic exposure due to higher consumption per kilogram
body weight in foods containing rice or rice products that are marketed towards children [8].
During arsenic methylation, SAM and GSH are consumed. The production of SAM is influenced
by nutrients such as folate, vitamin B12, betaine, choline, creatine, and riboflavin [105].
Nutrition differences can possibly influence arsenic metabolism and therefore susceptibility to
arsenic-induced diseases.

1.3.3.2 Differences in arsenic methylation

1.3.3.2.1 Polymorphisms in metabolism

Arsenic methylation capacity differs between individuals, and this has been associated
with genetic variations in As3MT. In Bangladesh, genetic variants of As3MT were found to be a
strong predictor of arsenic methylation capacity [106,107]. Single nucleotide polymorphisms
(SNPs) of As3MT have also been associated with altered proportions of arsenic metabolites
found in urine relative to what is normally expected in healthy individuals [108,109]. As3MT
SNPs have also been associated with adverse arsenic-related health problems such as diabetes,

skin cancer, and skin lesions [107,110].
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1.3.3.2.2 Animal differences in methylation

While most evidence for arsenic carcinogenicity comes from epidemiological studies of
exposed human populations, some animal models have been utilized [44,111-117]. However,
the arsenic toxicokinetics are different in animals other than humans. For carcinogenicity in
rodents, exposures to arsenic need to be 100-200 times higher in drinking water to achieve
similar levels of arsenic in human blood [113]. At best, arsenic is a poor carcinogen in rodent
models.

Different animals also have varying capacities for methylating arsenic. For example,
marmoset and tamarin monkeys, chimpanzees and guinea pigs do not methylate arsenic [118-
120]. Drobna et al. [44] examined differences in arsenic methylation in human, rat, mouse,
rabbit, dog, and rhesus monkey primary cultured hepatocytes. They specifically looked at
As3MT expression and GSH concentration in the hepatocytes [44]. Hepatocytes from rat,
macaque, and dog were considered fast methylators, and had greater ability to methylate
arsenic than did rabbit, mouse, and human [44]. As3MT protein levels were higher in
hepatocytes from the high methylator group relative to the low methylator group [44].
Interestingly, there was highest degree of homology between human and macaque As3MT
sequences yet the rate and pattern of arsenic metabolism from the two species were markedly
different [44]. Due to species differences in arsenic methylation and toxicokinetics, it is in our
best interest to use human models to address questions about human arsenic metabolism.
1.3.3.3 Genetic variation in arsenic efflux pathways

The ability of cells to efflux arsenic can modulate toxicity and this is known to be

mediated by MRPs. Therefore, SNPs in ABCCs involved in arsenic efflux can potentially affect
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susceptibility to arsenic-induced diseases. Many SNPs in ABCC1, ABCC2, and ABCC4 have been
identified but still await characterization for arsenic transport. Banerjee et al. [121] previously
characterized the localization and transport of eight ABCC4 SNPs. The SNPs resulting in the
mutant proteins MRP4-V7761 and -C956S were not localized to the plasma membrane and
MRP4-K304N had a reduced capability of transporting MMA(GS), and DMAV relative to MRP4-
WT [121]. Individuals with these SNPs could have reduced ability to eliminate hepatic arsenic
metabolites via urine. In contrast, individuals with SNPs that have an enhanced ability to efflux
arsenic may have an increased ability for urinary elimination of hepatic arsenic metabolites. For
example, MRP4-C171G and -Y556C had higher transport activity of MMA(GS), and DMAY,
respectively, compared to MRP4-WT [121]. Therefore, genetic variations in ABCC4 (and possibly
ABCC1 and ABCC2) can potentially contribute to inter-individual differences in susceptibility to

arsenic-induced diseases.

1.3.3.3.1 Dubin-Johnson Syndrome

Dubin-Johnson syndrome (DJS) is a rare autosomal recessive condition characterized by
a lack of functionally active MRP2 protein [122-125]. Patients with DJS often have conjugated
hyperbilirubinemia caused by an impaired ability to efflux bilirubin glucuronide [122-125].
Despite having conjugated hyperbilirubinemia, patients with DJS are generally asymptomatic
under normal conditions and no treatment is typically needed [125,126]. No signs of hepatic
injury are typically observed [126]. Although this disease is quite benign and people with DJS
have a normal life expectancy, it is still important to diagnose those with DJS to aid in the
differential diagnosis of similar conditions causing conjugated hyperbilirubinemia, such as rotor

syndrome, intrahepatic cholestasis, and others [126]. Since those with DJS lack functionally
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active MRP2 protein, their hepatocytes likely have an impaired ability to excrete arsenic into

bile.

1.4 Selenium: an essential trace element

Selenium is an essential trace nutrient with many important biological functions. The
recommended daily intake is 55 pg/day, but selenium is toxic in excess with a tolerable upper
intake level of 400 pg/day [127]. Most of our selenium intake is dietary. Some main dietary
sources of selenium include bread and cereals, meat, eggs, and dairy products [128,129]. Garlic,
onion, mushrooms, broccoli, and brazil nuts can also be rich in selenium, depending on the soil
they have been grown in [128,129].

Selenium mainly exerts its biological functions through selenoproteins. Since selenium has
very similar physicochemical properties as sulfur, it can substitute for sulfur to form seleno-
amino acids [128,130,131]. Selenium can be incorporated into proteins as the 21t amino acid,
selenocysteine by a co-translational mechanism [128,130,131]. Selenoprotein synthesis
involves the insertion of a selenocysteine residue at the UGA codon, which is normally read as a
stop codon [128,140,149]. A unique tRNA is required for the synthesis of selenocysteine and
incorporation into proteins [128,140,149]. So far, 25 selenoproteins have been identified in
humans, although not all have been functionally characterized. Some important selenoproteins
with essential roles include glutathione peroxidases, thioredoxin reductases, and iodothyronine
deiodinases [128,132-135].

Although selenium is required in small quantities, deficiencies still exist. Selenium
deficiencies are especially prevalent in areas where there are low amounts of selenium in the

soil [136]. Keshan disease was first discovered as a juvenile cardiomyopathy in China that
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predominantly affected women and children [137]. Another disease associated with selenium
deficiency is Kashin-Beck disease, which is prevalent in Tibet, parts of China, Siberia, and North
Korea [137]. This disease is characterized as a chronic osteochondropathy with joint necrosis
[137]. Fortunately, supplementation with sodium selenite tablets have been effective at
preventing the development of these diseases [136]. Myxedematous endemic cretinism, a
disease of thyroid atrophy that may also result in mental retardation is prevalent in central
Africa, where iodine and selenium deficient regions overlap [136].

In contrast, diseases of selenium toxicity, known as selenosis also exist. The signs and
symptoms associated with selenosis are quite ambiguous. Some examples include hair loss,
blotchy white spots on the nails, garlic odour in the breath, gastrointestinal issues, fatigue,
neurological damage, and irritability [138].

1.4.1 Selenium toxicokinetics

1.4.1.1 Selenium absorption

In general, ~80% of dietary selenium is absorbed, but this depends on the type of food
consumed. Selenium is absorbed differently depending on its chemical species [139].
Selenomethionine, selenocysteine, selenite and selenate are the predominant dietary forms,
depending on the food source, and are readily absorbed [140].

Selenomethionine uptake occurs by intestinal amino acid transporters and enters the
methionine pool where it can get randomly inserted into proteins in place of methionine
depending on its concentration relative to methionine [140,141].

Selenate is absorbed across the gastrointestinal tract through the paracellular pathway

[128,142]. Once absorbed, it gets reduced to selenite in the blood [128]. Selenite exists
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predominantly as HSeOs™ at physiological pH and has pKa values of 2.6 and 8.3 [143]. The
uptake of selenite is mediated by the chloride/bicarbonate anion exchanger 1 in red blood cells
(RBCs) [37,143]. Uptake of selenite also occurs in the intestine transcellularly and paracellularly,
but the proteins involved in uptake are not well understood [128,144]. Aquaglyceroporin 9 has
also been shown to transport selenite at acidic pH when overexpressed in Xenopus laevis
oocytes [145]. The zinc transport protein, ZIP8 (SLC39A8) may also be involved in selenite
uptake and this has been shown to be zinc and bicarbonate-dependent [146]. However, human
RBCs, which are thought to express ZIP8 had no detectable zinc or bicarbonate dependence of
selenite uptake [37,147].

1.4.1.2 Selenium metabolism

Selenium is mainly metabolized in the liver [128,148]. Once taken up, selenium can be
metabolized to selenide, and undergo selenoprotein synthesis [128,140,149]. Selenomethioine
has high bioavailability and low toxicity and proteins act as a selenomethionine store until
protein degradation occurs [128,140,149]. The production and metabolism of
selenomethionine is not regulated, as translational machinery cannot distinguish between
selenomethionine and methionine [128,140,149].

Methylselenocysteine can form methylselenol upon cleavage of the cysteine group
[128,140,149]. Methylselenol has been reported as a key metabolite in the anti-cancer effect of
methylselenocysteine [149]. The main metabolic intermediate is selenide, which can be formed
from selenomethionine, selenocysteine and inorganic selenium species through the
transulfuration pathway, as outlined in Fig 1.2 [128,140,149]. If needed, selenide is used for the

synthesis of more selenoproteins.
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Figure 1.2: Selenium metabolic pathways in mammals. Taken from [128], with permission. SeMet,
selenomethionine; SeCys, selenocysteine; Se0s%, selenate; Se04%, selenite; GGSeMCys, gamma-
glutamyl-Se-methylselenocysteine; SeMCys, Se-methylselenocysteine; GS-Se-SG, selenodiglutathione;
HSe’, hydrogen selenide; SeAlb, selenium-albumin; SelP, selenoprotein P; Se-Php, selenophosphate;
MSe, methylselenide; DMSe, dimethylselenide; TMSe, trimethylselenide, Se-sugars, selenosugars

1.4.1.3 Selenium elimination

The route of excretion depends on the selenium status of the individual, as well as the
starting selenium species [128]. The routes of excretion either involve methylation or the
formation of selenosugars [128,140,149]. The methylation pathway produces less toxic

methylated metabolites [128,140,149]. Methylation of selenium is achieved through
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methyltransferases, using SAM as a donor and forms hydrogen selenide and its methylated
metabolites, dimethyl selenide, which is volatile and eliminated across the lungs [128,140,149].
Selenium can also be eliminated through urine in the form trimethylselenomium and is thought
to be a main product of selenium metabolism [128,140,149]. However, trimethylselenomium
was only found as a trace metabolite in urine relative to selenosugars in cancer patients who
received high doses of selenomethionine [150]. Selenide can also be converted to selenosugars
such as SeMethyl-N-acetyl-galactosamine for urinary elimination. Other forms of selenium-
sugar conjugates have also been detected in urine [128]. However, the formation of dimethyl

selenide is thought to be more kinetically favored than trimethylselenide [128].

1.5 Arsenic and selenium interactions

Arsenic and selenium have similar chemical properties but have very different biological
effects. Interestingly, these two compounds have a mutually protective relationship. The
interactions between arsenic and selenium are discussed below.

1.5.1 Mutual detoxification in animals

The mutually protective relationship between arsenic and selenium was first
investigated in animals when drinking water containing arsenic protected rats against selenium
induced liver damage [151]. In a study by Moxon [151], seleniferous grains fed to adult rats
prevented symptoms of selenium-induced injury in a dose-dependent manner. Rats given 5
ppm of arsenite in drinking water had full protection against liver damage, whereas only partial
protection was observed when rats were given 2.5 ppm of arsenite [151]. Later on, Levander
and Baumann [152] injected arsenic and selenium into adult rats at subacutely toxic doses.

Arsenic promoted selenium elimination into the gut and decreased the amount of selenium in
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the carcass, blood, and expired air. Consistent with this finding, selenite stimulated
gastrointestinal excretion of arsenic. Arsenic also significantly increased the amount of
selenium excreted into rat bile, and this was observed over a wide range of doses. Levander
and Baumann [152] concluded that arsenic and selenium enhance biliary elimination of each
other. Findings from these early experiments provided the basis for many future studies.
1.5.2 The seleno-bis (S-glutathionyl) arsinium ion

The seleno-bis (S-glutathionyl) arsinium ion, [(GS).AsSe] was first identified as
[(RS)2AsSe] in the bile of rabbits that were co-injected with arsenite and selenite [153]. In this
conjugate, R was thought to be a low molecular weight thiol, but the sulfur donor could not be
identified due to limitations with X-ray absorption spectroscopy. Nonetheless, Gailer et al. [153]
revealed that the conjugate contained equimolar amounts of arsenic and selenium. In a later
study, Gailer et al. [154] treated rabbits with selenite and arsenite and analyzed bile samples by
size-exclusion chromatography. Results from this study suggested that GSH is the sulfur donor
and demonstrated that [(GS).AsSe] can form in vivo.

Ponomarenko et al. [155] also demonstrated that [(GS).AsSe] forms in vivo. In hamsters
that were dually dosed with arsenite and selenite, co-localization of these two compounds
were visually apparent throughout the whole body, with an especially high degree of co-
localization in the liver [155]. After equimolar dosing, there was >92% of arsenic and selenium
in the liver, and almost all of arsenic and selenium in the gallbladder was present as [(GS).AsSe]
[155]. This study provides more evidence for the formation of [(GS),AsSe] in vivo and its role in

biliary elimination of arsenic and selenium.
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Carew and Leslie [76] showed that [(GS),AsSe] and As(GS); are transported by human
MRP2 using plasma membrane enriched vesicles. Human MRP2 transported [(GS).AsSe] and
As(GS)s with relatively high affinities [76]. More importantly, arsenite transport in the presence
or absence of selenite was only detected when GSH was present, suggesting that GSH is
required [76]. Ophthalmic acid, which is structurally similar to GSH but contains a methyl group
in place of the thiol group, thus unable to form a conjugate, was used as a functional substitute
for GSH to determine if a conjugate was formed, or whether GSH co-transport was occurring
[76]. There was no arsenite transport observed in the presence of ophthalmic acid, suggesting
that conjugation to GSH is required for transport [76]. Overall, this study demonstrates that
these conjugates can be transported in vitro by human MRP2. Although As(GS)s can be
transported by human MRP2, As(GS)s is not stable at biliary pH (pH ~8) and dissociates to
arsenite and glutathione in bile and then undergoes enterohepatic circulation. During
enterohepatic circulation, some arsenic likely gets transported from the liver to sinusoidal
blood for urinary elimination. However, [(GS),AsSe] is stable at alkaline biliary pH, enabling
fecal elimination [49,154].
1.5.3 Selenium and arsenic sequestration in red blood cells

The sequestration of [(GS),AsSe] in RBCs is thought to be another mechanism by which
arsenic and selenium are mutually protective [37,156,157]. When Palmer et al. [157] co-
injected rats with arsenite and 7>Se-selenite and measured the distribution of 7>Se-selenium in
whole blood, there was greater accumulation of 7>Se-selenium in rats co-injected with arsenite
and selenite than for selenite alone. These findings were later corroborated by Csanaky and

Gregus [156] when arsenic distribution was followed, rats co-injected with selenite and arsenite
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had increased levels of arsenic in blood compared to arsenite alone. In rabbit RBC lysate, ~70%
of arsenite and selenite were converted to [(GS),AsSe] within two minutes [158]. Interestingly,
RBC membrane ghosts prepared from human RBCs had no ATP-dependent transport of
[(GS)2AsSe] [76], providing evidence for the sequestration of this conjugate.

Kaur et al. [37] characterized arsenite and selenite uptake by human RBCs. Uptake of
selenite in human RBCs was demonstrated to be mediated by the anion-exchanger 1 (AE1 or
Band 3, gene SLC4A1), and accumulation of selenite was increased by arsenite. Arsenite uptake
was temperature-dependent, partly reduced by aquaglyceroporin 3 inhibitors and did not reach
saturation. Near-edge X-ray absorption spectroscopy revealed the formation of [(GS),AsSe] in
human RBCs after exposure to arsenite and selenite. Furthermore, insignificant RBC toxicity was
observed for selenite and arsenite individually or in combination at up to 30 uM, suggesting
that at dietary and environmental exposures, arsenite, selenite, and [(GS)2AsSe] is not harmful
to RBCs.

Overall, the sequestration of arsenic and selenium in human RBCs is thought to
decrease the amount of distributed arsenic and selenium, diminishing their toxic effects in
susceptible tissues, and preventing (or alleviating) arsenic-induced diseases.

1.5.4 Selenium competes for arsenic methylation

As previously discussed, both arsenic and selenium undergo methylation. GSH is
required for both arsenic and selenium methylation. For arsenic, GSH is involved in the
reduction of pentavalent to trivalent species [135,159]. In selenium metabolism, selenate and
selenite are reduced by GSH to selenodiglutathione, which is metabolized to hydrogen selenide

by GSH reductase [160,161].
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Styblo and Thomas [111] studied the effect of selenite on the cellular retention,
methylation, and cytotoxicity of arsenite in primary rat hepatocytes in conventional culture.
They found that concurrent exposure to arsenite and selenite inhibited methylation and/or
significantly increased cellular retention of arsenite in the cells [111]. The ratio of DMA:MMA
was decreased, suggesting that selenite inhibited arsenic methylation [111]. In a later study,
Walton et al. [162] examined the effect of sodium selenite, as well as mono-, di- and
trimethylated selenium compounds on arsenite methylation using a purified recombinant form
of rat As3MT. This study evaluated methylation of arsenite using an in vitro methylation assay
alongside primary rat and human hepatocytes. In the methylation assay and cultured primary
hepatocytes, selenite was the most potent methylation inhibitor of arsenite, suggesting that
selenite is directly responsible for inhibition of arsenite methylation rather than its metabolites
[162]. While selenium and arsenic are methylated by different enzymes it is thought that these
compounds compete for available SAM and this leads to reduced methylation [43,163].

1.5.5 Selenium protects against oxidative DNA damage

Arsenic produces oxidative damage through the formation of excess reactive oxygen
species such as superoxide anions and hydroxyl radicals [133,134,164]. In in vitro studies where
cells are treated with arsenite, an increase in ROS are observed, as well as an upregulation of
oxidative-stress related genes [132,164]. The release of liver enzymes typically used to evaluate
hepatic function (alkaline phosphatase, alanine transaminase and aspartate transaminase)
were also elevated in primary rat hepatocytes after treatment with arsenic [134]. However,
these studies found that genes upregulated when under oxidative stress were decreased in

cells treated with arsenite and selenite compared to when cells are only treated with arsenite
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[132,164]. Furthermore, selenoproteins that exert antioxidant effects such as glutathione
peroxidase and thioredoxin reductase were increased [132,164]. It is likely that the interaction
between arsenite and selenite led to the formation of [(GS),AsSe] and prevented free radical
formation through sequestration, and selenoproteins with antioxidant properties played a
protective role.

1.5.6 Selenium-supplementation trials

There are many arsenic-endemic regions worldwide where people are exposed to arsenic
through drinking water [5]. Although cessation of arsenic exposure should be a priority,
removal of arsenic from water is not easily achieved, is expensive, and these struggles are
compounded by the poor socio-economic status of many populations affected [165].
Furthermore, humans are thought to remain susceptible to arsenic-induced diseases decades
following cessation of exposure [166,167].

In multiple arsenic-endemic regions, there have been selenium-supplementation trials
where participants have been given selenium in multiple chemical forms. Some trials have used
selenium-enriched yeast or lentils comprised predominantly of selenomethionine but contain
hundreds of additional selenium species, and there is likely variability between batches [168—
170]. Purified selenomethionine in pill form has also been utilized as a supplement [170].
Selenite, which is rapidly converted to selenide in the presence of glutathione within cells [171]
has also been used in supplementation trials [172,173]. Methylselenocysteine is another
selenium compound that has been shown to have anti-cancer effects in vitro [149].

Yang et al. [174] conducted a small population study consisting of 186 people who had been

exposed to arsenic through drinking water in Inner Mongolia. Participants from 19 villages were
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given either selenized yeast or placebo tablets. Doses administered were varied to avoid any
adverse health effects resulting from a continuous dose of 200 pg/day of selenium. Hair and
blood samples were taken every 3 months for the 14-month study and arsenic concentrations
in these samples decreased throughout the trial in the selenium-supplemented group relative
to the placebo group. Skin lesions also improved throughout the study.

Verret et al. [175] performed a randomized, double-blind placebo-controlled trial in a
population in Bangladesh. L-selenomethionine (200 pg/day) in pill form was given to the
participants. The outcomes were measured using urine and blood samples, as well as
examination of skin lesions. Participants had a significant decrease in urinary arsenic, which
would be consistent with arsenic biliary elimination. Although there were trends in skin lesion
improvement in the L-selenomethionine group, they were not statistically different from
controls.

Smits et al. [176] performed a randomized, double-blind, placebo-control pilot study in
Bangladesh. Participants in the control group were given lentils containing 1.5 pg selenium/day,
whereas those in the treatment group were given lentils containing the recommended daily
allowance of 55 pg selenium/day. Measurements taken included blood, urine, stool, and hair.
The group supplemented with selenium-enriched lentils had 1.3-fold higher urinary arsenic
excretion, especially DMA after 6 months, compared to the control group. The increased
urinary elimination of DMA was not expected because it is not consistent with increased biliary
elimination through the formation of [(GS),AsSe]".

Alauddin et al. [173] conducted a small study consisting of five arsenicosis patients from

Bangladesh. Participants lived in a clinic where meals were provided, and food was prepared
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from arsenic-contaminated drinking water from their homes. On the sixth day, participants
were given drinking water containing selenium (’’Sodium selenite, 800 pg) or placebo (drinking
water without selenite). Urine and feces were collected alongside food samples provided to the
participants at each meal for analysis. The main findings of this study suggested fecal arsenic
elimination increased after ingestion of selenium, which is consistent with the notion that
selenium supplementation promotes arsenic and selenium elimination through the formation
of [(GS);AsSe]” and excretion in bile.

Despite these ongoing selenium-supplementation trials, it is unclear which chemical form of
selenium is most efficacious as it is difficult to compare outcomes of the studies due to
differences in study design. The actual mechanism and interactions between arsenic and
selenium are also not very well understood. Overall, there is a knowledge gap in how selenium
influences the handling of arsenic by the human body, especially by the human liver.
Furthermore, nothing is known regarding the best chemical form of selenium to supplement

with.

1.6 Models of transport

In order to explore the influence of selenium on arsenic transport by human cells, several
models were used in this thesis. The advantages and limitations of these models are discussed
below.

1.6.1 Human hepatocyte models
Primary human hepatocytes are the gold standard for studying hepatic transport
pathways. When primary human hepatocytes are cultured between two layers of collagen, they

are known as sandwich-cultured human hepatocytes (SCHH) [177]. SCHH retain important
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features of hepatocytes in liver, including formation of intact canalicular networks, and correct
apical and basolateral localization of hepatic plasma membrane proteins [178-180]. However,
primary human hepatocytes have disadvantages in that they are not readily available, are
prohibitively expensive to purchase, and donor-to-donor variability makes it difficult to
optimize assay conditions and draw definitive conclusions.

Immortalized liver cell lines are useful for studies where little variability between
experiments is desired, such as when establishing/optimizing conditions rather than for
investigating genetic variability. The immortalized HepaRG cells were initially isolated from a
hepatitis C positive female hepatocarcinoma patient [181-183]. These cells differentiate into
both cholangiocyte-like and hepatocyte-like cells, and the hepatocytes polarize appropriately
and form canalicular networks [181-183]. HepaRG cells also maintain expression of hepatocyte
transport proteins that are correctly localized [181-183]. The unique features of HepaRG cells
make them an excellent surrogate in place of primary human hepatocytes for studying
polarized transport of arsenic and selenium. Challenges of using this model include a lengthy
proliferation and differentiation in culture time, and the 1:1 ratio of cholangiocyte-like and
hepatocyte-like cells does not accurately reflect what is found in vivo (on a cellular basis the
liver is ~70% hepatocytes and ~3% cholangiocytes). However, these limitations are preferred
over using non-human models that have previously been used to study arsenic and selenium
interactions [44,111].

Although HepG2 cells are an immortalized human liver cell line, they are not ideal

because they do not form canalicular networks or polarize like HepaRG cells [184]. The protein

31



levels of membrane transporters and metabolic enzymes also differ between HepG2 cells and
human hepatocytes [184].

Upcyte hepatocytes have comparable features to human hepatocytes [185]. They form
canalicular networks, have similar metabolic profiles to human hepatocytes and retain
conjugating enzyme activities [185]. However, they are prohibitively expensive to culture and
maintain, and have limited number of passages [185]. Similar to primary human hepatocytes,
they are not suitable for optimizing conditions as they originate from different donors [185].

Animal hepatocyte models, including rat hepatocytes could also be used to study
arsenic and selenium interactions. As discussed above, there are differences in metabolism and
likely transport between human and rat hepatocytes that are not desired for studying handling
of arsenic and selenium by human liver [186]. Previous studies with arsenic and selenium were
performed using primary rat hepatocytes cultured in a non-sandwich configuration [44,111].
Thus, these studies used primary rat hepatocytes that lacked canalicular networks and
polarized transport of compounds.

1.6.2 Transfected immortalized cells

Transfected immortalized cells offer the advantage of allowing the study of transport
characteristics of a specific protein of interest [187]. Depending on the cell line, they are
generally more cost-effective to culture and maintain, making them suitable for large-scale
experiments. They can also be used to generate stable cell lines, as well as for transient
overexpression of proteins [187]. Some limitations include lack of polarization in some cell lines

(HEK293T), low transfection efficiency (LLC-PK1, HepaRG, HepG2), and possibly some cell line-
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specific differences in protein level, post-translational modifications, localization, and transport
activity.
1.6.2.1 Whole cell accumulation assays

Whole cell accumulation assays are simple to perform and allow for the study of uptake
or accumulation of substrates over time using cells expressing the protein of interest [188]. The
cells are pre-incubated with substrate to allow for accumulation, then the cells are washed and
lysed, and then the lysate is collected for quantification of accumulated substrate [188].
However, results may be confounded by endogenous levels of uptake or efflux transporters
found in the cell line chosen. The assay may also be limited by transfection efficiency.
1.6.2.2 Vesicular transport assays

Transport assays using plasma membrane enriched vesicles (Fig 1.3) allow for the study
of substrates in an isolated system where the protein of interest is highly expressed [178].
Utilization of plasma membrane enriched vesicles to study MRP1, 2, and 4 transport are
particularly beneficial because these are ATP-dependent unidirectional transporters. Inside-out
vesicles have the ATP-binding site and substrate binding sites facing outward [189,190].
Therefore, in the presence of ATP, the substrates are transported into the vesicles and are
trapped, allowing for quantification. The need for prior accumulation of substrate before
studying efflux is also eliminated, which helps reduce variability of results due to uptake of the
substrate and allows for the use of precise concentrations of substrate to allow for kinetic
parameter determination. This model can also be adapted to study various proteins and their
substrates. The challenge of using this model is that vesicle preparation steps are labour

intensive and costly, and vesicular transport assays are an artificial system.
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Figure 1.3: Preparation of plasma membrane enriched vesicles.

1.7 Objectives, hypothesis, and rationale

Although there are ongoing and completed selenium supplementation trials to alleviate
symptoms related to chronic arsenic exposure, there are gaps in foundational knowledge that
may be useful for designing more efficacious supplementation trials [168,172,174-176,191].
Animal studies have demonstrated that the mutually protective relationship between arsenic
and selenium is likely predominantly through the formation and biliary excretion of [(GS).AsSe]
[152,155,158,192,193]. Furthermore, sequestration of this conjugate in RBCs likely plays a
protective role [37,156,157]. However, the handling of arsenic and selenium by the human liver
is poorly understood and has not been well studied in relevant human models. Many forms of
selenium are utilized in supplementation trials; however, it is unclear which form is most
efficacious. Additionally, there is likely a genetic component to susceptibility to arsenic-induced

disease as different outcomes are observed in populations with similar diet, socioeconomic

34



status, and arsenic exposure histories [194]. This thesis explores the influence of different
selenium chemical forms on the hepatobiliary transport of arsenite. Biliary excretion of arsenic
in the presence and absence of selenium was found to be dependent on MRP2, leading us to
investigate how naturally occurring human MRP2 variants influence selenium independent and
dependent arsenic transport. Hepatic sinusoidal efflux of arsenic was also found to be
stimulated by MeSeCys, so we sought to further characterize the role of MRP4 in this process.

The following are my objectives:

1.7.1 Obijective 1: To investigate the influence of different selenium chemical
forms on arsenic hepatobiliary transport

The overall hypothesis for this objective was that selenium will increase biliary excretion
of arsenic, and this process is mediated by MRP2. To begin this objective, studies to establish
the HepaRG cell line as a model for studying arsenic hepatobiliary transport were designed and
performed. Then the influence of selenium on arsenic hepatobiliary transport was studied with
established conditions, with the selenium forms summarized in Fig 1.4. Finally, ABCC2-

knockdown HepaRG cells were generated to further characterize arsenic hepatobiliary

transport.
0 0
HO OH
HsC Se
N P N
Se OH H,C OH H
H \Se B
NH, NH, 0
methylselenocysteine selenomethionine selenite (Se'V)  selenide (HSe")

Fig 1.4: Structures of selenium-containing compounds studied in Chapters 2 and 3
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1.7.2 Obijective 2: To investigate the stimulatory effect of methylselenocysteine
on arsenic sinusoidal efflux

During the studies in Objective 1, the novel observation that methylselenocysteine
(MeSeCys) stimulated the sinusoidal efflux of arsenic was made. This led to the hypothesis that
arsenic sinusoidal transport by MRP4 is stimulated by MeSeCys. To investigate this hypothesis,
arsenic sinusoidal efflux in the presence of MeSeCys in HepaRG cells was measured under
various conditions to determine if the process is MRP4-mediated. Then, ABCC4-knockdown
HepaRG cells were generated to further characterize sinusoidal efflux of arsenic in the presence
of MeSeCys. All of these data are included in Chapter 3. Preliminary data to supplement this
work are included in Appendix A, which includes using plasma membrane enriched vesicles to
measure ATP-dependent transport of arsenic by MRP4 in the presence of MeSeCys to give
some more insight into the mechanism of stimulation of sinusoidal efflux. In addition, the
species of arsenic in culture media of HepaRG cells with and without ABCC4-knockdown in the

presence and absence of MeSeCys was investigated.

1.7.3 Objective 3: To investigate the effect of naturally occurring MRP2/ABCC2
variants on arsenic transport

In Chapter 2, | demonstrated that selenide, the biologically active form of selenium
stimulates arsenic biliary excretion. My MRP2-knockdown studies provided strong evidence
that arsenic hepatobiliary transport is MRP2-mediated. To build upon this foundational
knowledge, | explored the effect of selected naturally occurring MRP2 variants on arsenic
transport and sought to determine if different MRP2 variants have an altered capability of
transporting arsenic glutathione conjugates (structures summarized in Fig 1.5). Protein levels

and cellular localization of the variants were characterized using several methods. Various
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methods to determine if the variants have an altered capability of transporting arsenic and

selenium were also employed. The findings from this chapter may provide some foundational

knowledge as to why some people are more susceptible to arsenic-induced diseases, and why

selenium supplementation may not be as beneficial to some people compared to others.

Preliminary data are included in Appendix B to help further characterize cellular localization of

MRP2 variants in a polarized cell line.

0
N /ﬂ\
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Fig 1.5: Structures of arsenic-glutathione conjugates studied in Chapter 4. Modified from [49],

with permission.
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2. Biliary Excretion of Arsenic by Human
HepaRG Cells is Stimulated by
Selenide and Mediated by the
Multidrug Resistance Protein 2
(MRP2/ABCC2)"

* A version of this thesis chapter has been published: Janet R. Zhou, Gurnit Kaur, Yingze Ma, Denis
Arutyunov, Xiufen Lu, X. Chris Le, and Elaine M. Leslie., Biliary Excretion of Arsenic by Human HepaRG
Cells is Stimulated by Selenide and Mediated by the Multidrug Resistance Protein 2 (MRP2/ABCC2).
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2.1 Introduction

Inorganic arsenic is classified as a Group | (proven) human carcinogen by the
International Agency for Research on Cancer [1]. Chronic arsenic exposure causes lung, skin,
and bladder cancer, and is associated with a myriad of other adverse health outcomes including
other cancers (kidney, liver, and prostate), and cardiovascular disease [1,2]. Humans remain
susceptible to arsenic-induced diseases for decades following cessation of chronic exposure [3].
Conservative estimates suggest that 92-220 million people worldwide are exposed to arsenic at
levels exceeding the World Health Organization guideline of 10 pug/L through contaminated
drinking water [4,5], making it a major global public health concern.

Arsenic is naturally found in the environment in the inorganic forms arsenate and
arsenite. Cellular uptake of arsenate (a mixture of predominantly H,AsO4~ and HAsO42™ at pH 7)
is mediated by sodium-dependent phosphate transporters such as the Na*/P; cotransporter
type llb (gene symbol, SLC34A2) [6,7]. Arsenite (As(OH)s at pH 7) uptake can occur through
aquaglyceroporins (AQPs) and facilitative glucose transporters (GLUTs/SLC2As) [8]. After
uptake, arsenic methylation can occur, catalyzed by a series of oxidative methylation reactions
by arsenic (+3 oxidation state) methyltransferase (As3MT), which results in the formation of
monomethylarsonic acid (MMAY), monomethylarsonous acid (MMA"), dimethylarsinic acid
(DMAV) and dimethylarsinous acid (DMA"") [9,10]. Arsenite, MMA"" and DMA" can form
glutathione conjugates [(As(GS)3), MMA(GS); and DMA(GS)], but only As(GS)3 and MMA(GS)2
have been detected in biological samples [11,12]. In the liver, ATP-binding cassette (ABC)
transporters multidrug resistance proteins 2 (MRP2/ABCC2) and MRP4 (ABCC4) are thought to

be important for canalicular and sinusoidal efflux, respectively, of arsenic metabolites [13-15].
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Furthermore, sandwich cultured primary human hepatocytes (SCHH) exhibit hepatobiliary

transport of arsenic with characteristics consistent with MRP4- and MRP2-mediated sinusoidal

and canalicular transport, respectively [14].

Selenium is an essential trace nutrient that is an important component of many
antioxidants and other enzymes with important biological functions [16]. Selenium has a
recommended dietary allowance of 55 pg/day, but is toxic in excess with an upper tolerable
limit of 400 pg/day [17]. Interestingly, a mutually protective relationship between arsenic and
selenium has been observed. A molecular basis for mutual detoxification is the formation and
biliary excretion of the seleno-bis (S-glutathionyl) arsinium ion ([(GS),AsSe]"), which was first
detected in the bile of rabbits co-injected with arsenite and selenite, and has also been found

rats and hamsters [18-21]. When these lab animals were given toxic doses of arsenite and

in

selenite, the ability of these compounds to induce liver damage was reduced, relative to when

dosed individually [18-20,22,23]. Furthermore, skin lesions, a hallmark symptom of chronic
arsenic exposure have been observed at a higher frequency in selenium-deficient than
selenium-replete people [24]. In addition to the biliary excretion of [(GS).AsSe]", this conjugat
is formed and sequestered in laboratory animal and human red blood cells, slowing and/or
preventing the distribution of arsenic and selenium to tissues [13,25-29].

In arsenic-endemic regions, there have been selenium-supplementation trials where
participants are given selenium-enriched yeast or lentils comprised predominantly of
selenomethionine (SeMet) [30-34]. Purified SeMet has also been given [35].
Methylselenocysteine (MeSeCys) is another selenium compound shown to have anti-cancer

effects in vitro [36]. Selenite, which is rapidly converted to selenide in the presence of

e
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glutathione within cells [37], has also been used in selenium-supplementation trials [38,39].
Despite these trials, little is understood about the influence of selenium on human hepatic
handling of arsenic. Furthermore, the impact of the chemical species of selenium on the
efficacy of supplementation is unknown.

When arsenic hepatobiliary transport was studied using the SCHH model, biliary excretion
of arsenic only occurred in 36% of preparations, due to donor-to-donor variability [14]. The
mutually protective relationship between arsenic and selenium was recently studied in human
HepG2 cells, and it was found that selenide was more protective than selenite [40]. Several
studies have shown that selenide is taken up by cells more efficiently than selenite, potentially
allowing for more mutual protection to occur [40-42]. However, HepG2 cells in monolayer
culture do not form canalicular networks and are not a suitable model for exploring polarized
transport [43]. The immortalized human HepaRG cells differentiate into hepatocyte and
cholangiocyte-like cells, form extensive canalicular networks, and are considered an excellent
surrogate for primary human hepatocytes without donor-to-donor variability. The objectives of
this study were to first establish the HepaRG cell line as a model of arsenic hepatobiliary
transport and then to utilize them to study the influence of various chemical forms of selenium
on arsenic biliary excretion. Our overall hypothesis was that selenium would stimulate biliary

excretion of arsenic".

" Project was led by Dr. Elaine M. Leslie in collaboration with Dr. X. Chris Le at the University of Alberta
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2.2 Materials and Methods*
2.2.1 Chemicals and Reagents

3As-arsenate (> 5.6 Ci/mg) was purchased from Los Alamos Meson Production Facility (Los
Alamos, NM). 7>Se-selenite (0.296 Ci/mg) was obtained from the University of Missouri
Research Reactor (MURR, Columbia, MO)3. 3H(G)-Taurocholic acid (5.0 Ci/mmol) was purchased
from PerkinElmer Life and Analytical Sciences (Woodbridge, ON). Sodium selenite,
sodium(meta) arsenite, MeSeCys, bovine serum albumin (BSA), reduced glutathione (GSH),
poly-L-lysine solution, William’s E media, dimethyl sulfoxide (DMSO), hydrocortisone 21-
hemisucccinate sodium salt, fetal bovine serum (FBS), sodium taurocholate, standard Hanks’
balanced salt solution (HBSS), Ca?*/Mg?*-free HBSS, MK571, oltipraz, buthionine sulfoximine
(BSO), sodium bicarbonate (NaHCO3), 5(6)-Carboxy-2’,7’-dichlorofluorescein (CDF) diacetate,
ethylene glycol-bis-(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), Immobilon
Crescendo Western HRP substrate, and puromycin dihydrochloride were purchased from
MilliporeSigma (Oakville, ON, Canada). The MISSION® shRNA plasmid DNA glycerol stocks of
TRC2 pLKO.5-puro empty vector control plasmid, pLKO.5-puro non-mammalian shRNA control
plasmid (non-target), and ABCC2 KD clones targeting the coding sequence of ABCC2
TRCN#0000059307 (NM_000392.1-624s1c1) (9307) and TRCN#0000289640 (NM_000392.1-
4097s1c1) (9640) were also purchased from Millipore Sigma (Oakville, ON, Canada). Sodium
selenide was purchased from Alfa Aesar (Ward Hill, MA). Triton X-100 was purchased from

Fisher Scientific (Fair Lawn, NJ). GlutaMAX supplement, human recombinant insulin and

¥ Janet R. Zhou initiated all experiments with training from Dr. Gurnit Kaur
$ The isotopes ("®As and 7°Se) used in this research were supplied by the United States Department of
Energy Office of Science by the Isotope Program in the Office of Nuclear Physics.
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Pierce™ bicinchoninic acid (BCA) protein assay reagent were purchased from Thermo Scientific
(Rockford, IL). SeMet was purchased from BioVision (Miltipas, CA). The cytotoxicity detection kit
(LDH) and X-tremeGENE9 transfection reagent were purchased from Roche, Applied Sciences
(Indianapolis, IN). The tetrazolium based CellTiter96° Aqueous Non-Radioactive Cell
Proliferation Assay was purchased from Promega (Madison, Ml).
2.2.2 Antibodies

The MRP2 specific mouse monoclonal antibody (MI-4) was purchased from EMD
Millipore (Billerica, MA). The MRP4 specific rat monoclonal antibody (Mal-10) was purchased
from Abcam Inc. (Cambridge, MA). The Na*/K*-ATPase mouse monoclonal (H-3/SC-48345) was
purchased from Santa Cruz Biotechnology (Dallas, TX). The IgG (H+L) cross-adsorbed goat anti-
mouse and anti-rat HRP conjugated polyclonal secondary antibodies were purchased from
ThermoFisher Scientific (Waltham, MA).
2.2.3 Preparation of reagents

Arsenite, selenite, SeMet, MeSeCys, and sodium taurocholate were freshly prepared for
all experiments by dissolving in sterile phosphate buffered saline (PBS) before serial dilutions of
each compound in growth media for immediate use. Solutions containing selenide in the form
Na,Se were prepared by weighing NaSe under nitrogen gas, and then immediately dissolving in
33 mg/mL BSA in degassed PBS, followed by serial dilutions in growth media for immediate use.

3As-arsenite was reduced from 73As-arsenate with metabisulfite-thiosulfate reducing
agent, as previously described [44]. 7>Se-selenide was reduced from 7>Se-selenite by incubating
’5Se-selenite with GSH at a molar ratio of at least 1:550 at room temperature for 20 min, as

previously described [42]. Stock solutions of oltipraz, COFDA and MK571 were prepared in
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DMSO prior to preparation of final desired concentration in growth media, with a maximum
final 0.5% DMSO.
2.2.4 HepaRaG cell culture

HepaRG cells were obtained from Biopredic International at passage 12 (St Gregoire,
France). A working bank in liquid N2 was then established according to the instructions provided
by Biopredic International®. For all experiments, HepaRG cells were used between passages 15-
18. HepaRG cells were first seeded from frozen vials at a density of 2x10° cells/T-75 flasks and
maintained in growth media comprised of Williams’ E medium supplemented with 10% fetal
bovine serum, 5 ug/ml human recombinant insulin, 50 pM hydrocortisone hemisuccinate, and
200 mM Glutamax™, as established previously [45]. After 2 weeks, HepaRG cells were seeded
into 6, 24, or 96-well plates, or T-25 flasks at densities of 200 000, 55 000, 9 000, or 500 000
cells/well or flask, respectively. HepaRG cells were maintained in growth media for 2 weeks,
then differentiated by including 0.75% dimethylsulfoxide (DMSO) in growth media for 2 days,
followed by 1.5% DMSO for 12 to 40 days. All experiments were performed up to 4 weeks
following the end of the 2-week differentiation period, as previously described [46]. HepaRG
cells were maintained at 37°C in a humidified incubator with 95% air/5% CO> with media

changes every 2-3 days.

" Dr. Christiane Guguen-Guillouzo, Dr. Philippe Gripon, Dr. Christian Trepo, and Biopredic International©
are thanked for supplying the undifferentiated cryopreserved HepaRG cells. Diane Swanlund is thanked
for providing outstanding technical assistance and establishing the HepaRG cell line working bank.
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2.2.5 Efflux Studies

Fully differentiated HepaRG cells in 24-well plates were incubated in fresh growth media
containing [*H(G)]-taurocholate (1 uM, 100 nCi) for 20 min. B-CLEAR® technology (BiolVT) was
used to determine the canalicular vs sinusoidal efflux of taurocholate, thus, cells were washed
twice with either standard ice-cold HBSS, or Ca?*/Mg?*-free HBSS (with 1 mM EGTA), then 0.5
mL of 37°C standard HBSS or Ca%*/Mg?**-free HBSS was added to each well. Under the Ca?*-
containing condition (standard HBSS), tight junctions remain intact, allowing only sinusoidal
efflux. Under the Ca?*/Mg?*-free condition, the tight junctions that seal the canalicular
networks are disrupted and allow for both sinusoidal and canalicular efflux [47]. Plates were
incubated at 37°C and at indicated time points, 50 pL of buffer was removed and placed in a
scintillation vial. After the last time point, HepaRG cells were washed twice with their
respective ice-cold HBSS buffers and lysed in 250 pL 0.5% Triton X-100. [3H(G)]-taurocholate in
50 uL of efflux buffer was quantified using liquid scintillation counting with the PerkinElmer
MicroBeta? liquid scintillation counter. Efflux activity was normalized to total protein levels of
cell lysates, determined using a BCA assay.

Arsenic efflux was evaluated in the same manner as described for taurocholate efflux,
except HepaRG cells were treated with growth media containing 7*As-arsenite (1 pM, 100
nCi/well) £ Se (1 uM as selenide, selenite, SeMet or MeSeCys) for 1 hr prior to measuring efflux
across sinusoidal and canalicular membranes. To determine the influence of GSH on arsenic
efflux, HepaRG cells were treated with the GSH synthesis inhibitor, BSO (500 uM) for 48 hr prior
to and during efflux experiments. Total GSH levels in untreated and BSO-treated HepaRG cells

were quantified as previously described [48], and corrected to protein levels determined using
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a BCA assay. To determine the influence of the general MRP-inhibitor MK571 (100 uM) on
arsenic efflux, HepaRG cells were treated with MK571 for 30 min prior to initiation and during
efflux. To determine if biliary excretion of arsenic was temperature-dependent, efflux was
completed with HepaRG cells on ice for the duration of the assay.

Selenium efflux was evaluated in the same way as arsenic, except HepaRG cells were
treated with growth media containing 7>Se-selenite (1 uM, 100 nCi/well) + arsenite, or 7>Se-
selenide (1 uM, 100 nCi/well) + arsenite (1 uM) prior to measuring efflux across sinusoidal and
canalicular membranes and 7°Se radioactivity was quantified with the Packard Cobra Il gamma
counter.

To determine the extent of biliary excretion of taurocholate, arsenic, and selenium, a
biliary excretion index (BEl) was calculated, as described [47], with the following formula:

EfﬂuxCanalicular + Sinsuoidal — E:fﬂl'lXSinusoidal <100

Biliary Excretion Index (%) =
EffluxCanalicular + Sinusoidal

After efflux, the release of lactate dehydrogenase (LDH) from cells was quantified using the
Cytotoxicity Detection Kit (Roche, Mississauga ON), as previously described [14,49]. Efflux data
with >5% LDH release at the 10 min time point was considered unacceptable and omitted. This
prevented the inclusion of data from cellular leakage instead of efflux.
2.2.6 Fluorescence microscopy?

HepaRG cells were seeded on poly-L-lysine coated glass coverslips in 6-well plates,

grown and differentiated as described above. HepaRG cells were then either untreated, treated

? Drs. Vladmir Rancic and Klaus Ballanyi are thanked for providing assistance with the Olympus 1X81
fluorescence microscope. Midhat Rizvi and Dr. Emmanuelle Cordat are thanked for providing assistance
with the Olympus BX51 fluorescence microscope.
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with 1 uM arsenite, or 1 uM Se (selenide, selenite, SeMet, or MeSeCys) + 1 UM arsenite in
growth media (lacking DMSO) for 24 hr. CDF accumulation in cells and canalicular networks
were then determined as described [50,51]. Briefly, cells were washed three times in 1 mL ice-
cold standard HBSS and treated with 5(6)-carboxy-2’,7’-dichlorofluorescein diacetate (CDFDA, 2
UM) in standard HBSS for 10 min at 37°C. The influence of MK571 on CDF accumulation was
evaluated by incubating with MK571 (100 uM) and CDFDA (2 uM) for 30 min at 37°C. HepaRG
cells were washed three times with 1 mL ice-cold standard HBSS and imaged using a
fluorescence microscope (Olympus, IX81 or Olympus BX51, Olympus Canada, Richmond Hill,
Ontario).
2.2.7 Evaluation of ABCC2, ABCC4 and As3MT gene expression

RNA was isolated from HepaRG cells, and a randomly primed cDNA library was
generated as previously described [52]. Primers, specific to regions including the coding
sequence and adjacent to the coding sequences, were used to amplify ABCC2, ABCC4 and
As3MT. An agarose gel (1%) was used to evaluate for the presence of PCR products. Sanger
DNA sequencing of purified PCR products was performed by the Molecular Biology Service Unit
(Dept. Biological Sciences, University of Alberta) and also by The Applied Genomics Core
(Faculty of Medicine and Dentistry, University of Alberta)?.
2.2.8 Crude membrane preparation and immunoblotting *

HepaRG cells were grown in T-25 flasks and differentiated as described above. Cells

were then either untreated, treated with 0.5 uM or 1 uM arsenite, 1 UM Se (selenide, selenite

# Dr. Denis Arutyunov completed the gene sequencing.

"Yingze Ma assisted with technical replicates for crude membrane preparation and immunoblotting.
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SeMet, or MeSeCys) in the presence or absence of 1 uM arsenite, or 50 uM oltipraz in DMSO-
free growth media for 48 hr. Crude membranes were prepared as previously described [53],
and 10 pg protein subjected to SDS-PAGE (6%) and transferred to a polyvinylidene fluoride
(PVDF) membrane. Immunoblotting of the PVDF membrane was performed using the MRP2-
specific monoclonal mouse antibody MzI-4 (1:1000) and the MRP4-specific monoclonal rat
antibody Mal-10 (1:2000). A Na*/K*-ATPase monoclonal mouse antibody (H-3) (1:30 000) was
used to detect the Na*/K*-ATPase as a sample loading control. Secondary anti-rat (1:5000) and
anti-mouse antibodies (1:10 000) were HRP-conjugated (1:10 000). All antibodies were
prepared in 4% skim milk. Membranes were imaged using ChemiDoc™ (BioRad) after addition
of Immobilon Crescendo Western HRP substrate. Relative protein levels of MRP2 and MRP4
were quantified using Image) software normalized against the Na*/K*-ATPase signal. Levels of
MRP2 and MRP4 were reported relative to untreated HepaRG cells.
2.2.9 Cytotoxicity studies

HepaRG cells were seeded into 96-well plates, maintained, and differentiated as
described above. Fully differentiated HepaRG cells were then treated with growth media
containing arsenite and Se compounds (selenide, selenite, SeMet or MeSeCys) individually, or
together at equimolar concentrations (1-3000 uM) in quadruplicate for 48 hr. Cell viability was
determined using the tetrazolium-salt based CellTiter96° Aqueous Non-Radioactive Cell
Proliferation Assay from Promega (Madison, Ml). ECso values were determined using the
sigmoidal dose response fit (GraphPad Prism 8).

To assess toxicity of different arsenic and selenium concentration combinations,

HepaRG cells were treated with growth media containing arsenite and Se compounds (selenide
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or selenite) (1 — 3000 uM) in triplicate". This resulted in each concentration of arsenite being
paired with every concentration of Se, resulting in 81 different treatment combinations over
nine different concentrations. Cytotoxicity data were analyzed using the Combenefit software
[54] as previously described [40]. In brief, the Loewe, Bliss and Highest Single Agent
mathematical models were used to analyze cytotoxicity data. The synergistic and antagonist
effect of arsenite and Se were quantified using a summary metric value for synergy and
antagonism (SUM_SYN_ANT), with a negative value suggesting antagonism of toxicity and a
positive value suggesting synergy of toxicity.
2.2.10 Selenium and arsenic accumulation studies®

HepaRG cells were seeded in 24-well plates, grown, and differentiated as described
above. Fully differentiated HepaRG cells were then treated with growth media containing "3As-
arsenite (1 uM, 100 nCi/well), 7>Se-selenite (1 pM, 100 nCi/well) or 7>Se-selenide (1 pM, 100
nCi/well). Cells were then washed three times with 500 pL ice cold PBS and lysed in 250 pL 0.5%
Triton X-100 at the indicated time points. Lysate (125 uL) was transferred into scintillation vials
for 73As-arsenic and 7°Se-selenide/selenite accumulation quantification. Accumulation of 73As-
arsenite was measured with the PerkinElmer MicroBeta? liquid scintillation counter, and
accumulation of 7>Se-selenide/selenite was measured with the Packard Cobra Il gamma
counter. A BCA assay was performed to normalize accumulation to total protein concentration

for each sample.

1Yingze Ma assisted with these cytotoxicity assays
> Dr. Gurnit Kaur assisted with a technical replicate
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2.2.11 High-performance liquid chromatography-inductively coupled plasma mass
spectrometry analysis of arsenic methylation in HepaRG cells ¥

Fully differentiated HepaRG cells in 6-well plates were treated with growth media (no
DMSO) containing 1 uM Se (selenite or selenide) £ 1 uM arsenite for 24 hr. After 24 hr, this
media was collected and stored at -80°C until analysis. The HepaRG cells were washed three
times with ice cold growth media and then 37°C growth media was added. The plates were
incubated for 1 hr, allowing efflux of arsenic metabolites to occur. After 1 hr, the efflux media
was collected and immediately placed at -80°C until analysis.

An Agilent 1100 series high-performance liquid chromatography (HPLC) system,
consisting of a pump, degasser, autosampler, column temperature control, and reverse-phased
Cis column (ODS-3, 150 mm x 4.6 mm, 3 uM particle size; Phenomenex, Torrance, CA), was
used for separation of arsenicals. The column was equilibrated with the mobile phase,
consisting of 5 mM tetrabutylammonium, 5% methanol, and 3 mM malonic acid (pH 5.85), for
at least 0.5 hr before sample injection. The flow rate of the mobile phase was 1.2 ml/min. The
injection volume of samples and standards was 50 pL. The column temperature was maintained
at 50°C. The effluent from the HPLC column was directly introduced into the nebulizer of a
7500ce inductively coupled plasma mass spectrometer (ICP-MS) (Agilent Technologies, Japan)
using a PEEK tubing. The collision cell of the ICP-MS instrument was operated in helium mode.
Helium at a flow rate of 3.5 ml/min was introduced to the octopole reaction cell to reduce
isobaric and polyatomic interferences. The ICP was operated at a radio-frequency power of

1550 W, and the flow rate of argon carrier gas was 0.9-1.0 L/min. Arsenic was monitored at m/z

¥ Xiufen Lu and Dr. X. Chris Le performed the ICP-MS data acquisition and analysis
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75. Chromatograms from HPLC separation with ICP-MS detection were recorded and analyzed
using the ChemStation software (Agilent Technologies, Santa Clara, CA). Peak areas from the
analysis of samples were calibrated against those of arsenic standards to obtain concentrations
of individual arsenic species in the samples. Certified reference material #18 “Human Urine”
was used for quality control. The measured concentrations were in good agreement with the
certified values.
2.2.12 shRNA knockdown of ABCC2 in HepaRG cells

HepaRG cells were seeded into 6-well plates at 2 x 10° cells/well and transfected with
shRNA targeting the MRP2 gene ABCC2 (1 pg) with DNA:XtremeGENE 9 (3 ul) as per
manufacturer’s instructions. HepaRG cells were also separately transfected with the empty
vector (EV), PLKO.5-puro and non-target (pLKO.5-puro non-mammalian shRNA) as negative
controls. Cells were selected 72 hr post-transfection and maintained as described above, with
the addition of 2 pg/ml puromycin. After the two-weeks of selection (corresponding to the
usual proliferation phase), cells were trypsinized and seeded in appropriate plates at the
appropriate cell density for proliferation/differentiation for characterization by immunoblot,
fluorescence microscopy and efflux studies, as described above. Cells were maintained in media
containing 2ug/ml puromycin except this was reduced to 1 pg/ml during the differentiation
period and experiments.
2.2.13 Whole cell lysate preparations of MRP2 knockdown HepaRG cells

Fully differentiated parental HepaRG cells, as well as HepaRG cells expressing empty

vector, non-target or ABCC2-targeted shRNA maintained in 6-well plates were lysed in 100 uL of
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0.5% Triton X-100 containing protease inhibitors. Protein concentrations were determined
using a BCA assay.
2.2.14 Selection of arsenic and selenium concentrations for experiments

Chronic arsenic exposure in humans has been reported to result in blood total arsenic
levels of 0.01-0.8 uM, generally with means of 10-100 nM in those exposed to 10-100 pg/L of
arsenic in water [24]. Mean blood total selenium levels can range from ~1.6-4 uM depending on
population and diet [24]. Therefore, the concentration of 1 uM was selected for all
experiments, with the exception of cytotoxicity studies, where higher concentrations were used
in order to achieve accurate ECsp values.

2.2.15 Data analysis and statistics

For efflux studies, a BEI was calculated if there was a significant difference between
canalicular and sinusoidal efflux for each condition (determined with a Student’s t-test). A
Student’s t-test was used to determine if there was significant difference between BEI values. A
one-way ANOVA followed by Dunnett’s post hoc test was used to determine if there were
statistical differences in densitometry data. An alpha value of <0.05 was used to define
significance.

Cytotoxicity assays were analyzed using the GraphPad Prism 8 software and ECsg values
were determined using the sigmoidal dose response fit. Significant differences between ECsg
values were determined using a one-way ANOVA followed by Tukey’s post hoc test. Data from
cytotoxicity assays comparing combinations of concentrations of arsenic and selenium were
analyzed using the Combenefit software and synergy distribution plots were determined using

the Lowe additivity synergy model [54]. Significant differences in selenium accumulation time
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courses were determined using linear regression. To determine if there was a difference
between GSH levels in untreated HepaRG cells and BSO-treated HepaRG cells, a Student’s t-test

was used.

2.3 Results
2.3.1 Taurocholate and CDF undergo biliary excretion by HepaRG cells

In order to ensure that HepaRG cells were functioning properly under the conditions used in
our laboratory, several control experiments were completed. The bile acid taurocholate
undergoes extensive biliary excretion [46], and is commonly used to assess the formation and
integrity of canalicular networks. In the presence of calcium, tight junctions that seal canalicular
networks remain fully intact, allowing for measurement of efflux across the sinusoidal
membranes of hepatocytes. When calcium is removed, the tight junctions are disrupted,
allowing for measurement of efflux across canalicular and sinusoidal membranes [47].
Therefore, a significant difference in these conditions suggest there is biliary excretion of the
substrate. As expected, significantly greater efflux of taurocholate across the canalicular plus
sinusoidal membranes, compared to the sinusoidal membranes alone was observed, with a BEI
of 27 + 7% (Fig 2.1A), which is similar to findings from other studies using this cell line [46,55].

Fully differentiated HepaRG cells were treated with the diacetate form of CDF (Fig 2.1B) as a
positive control for both canalicular network formation and MRP2 function. CDF is transported
by MRP2 into the canalicular networks [51] and can be visualized with fluorescence microscopy.
CDF was accumulated within canalicular networks, suggesting that canalicular networks have

formed and MRP2 was functional (Fig 2.1B). Treatment with MK571, an LTD4 receptor
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antagonist and general MRP inhibitor [56], resulted in a loss of CDF accumulation in the

canalicular networks (Fig 2.1C), consistent with findings from other studies [14,46,56]
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Figure 2.1: Characterization of canalicular network formation and integrity through the measurement
of taurocholate biliary excretion and CDF accumulation. (A) HepaRG cells were treated with media
containing 3H(G)-Taurocholic acid (1 uM, 100 nCi) for 20 min. Incubation media was washed off and
replaced with standard HBSS (closed bar) or Ca**/Mg*-free HBSS (with 1 mM EGTA) (open bar) at 37°C
and taurocholate efflux was measured at a 10 min time point. Bars represent means % SD of five
independent experiments. The significant difference between sinusoidal and sinusoidal and canalicular
efflux is indicated with * P < 0.05 (Student’s t-test) (B and C) cells were treated with the diacetate form
of CDF (2 uM) at 37°C for 10 min. CDF accumulation in canalicular networks was viewed with a
fluorescence microscope and is indicated with arrows in (B inset, 200X magnification). (C) Cells were
treated as in (B) but in the presence of MK571 (100 uM). (B) and (C) are at 100X magnification and scale
bars represent 100 um.

2.3.2 ABCC2, ABCC4 and As3MT are expressed in HepaRG cells

MRP2, MRP4 and As3MT are important for arsenic hepatobiliary transport and metabolism,
so it was determined if the genes that encode for these proteins are expressed in HepaRG cells.
RNA was isolated from the cells and a randomly primed cDNA library was generated. Primers
were designed to amplify ABCC2, ABCC4 and As3MT, and PCR products were detected on a 1%
agarose gel. Results showed that ABCC2, ABCC4 and As3MT are expressed in HepaRG cells.
Sequencing of the genes revealed the presence of previously reported heterozygous ABCC2

(NM_000392) single nucleotide polymorphisms -24C>T, 1249G>A (V4171), and 3972C>T (11324l)
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(consistent with Biopredic International Certificate of Analysis). ABCC4 (NM_005845.4) and
As3MT (NM_020682.4) sequences were consistent with their respective reference sequences.
2.3.3 Arsenic increases MRP2 and MRP4 protein levels in HepaRG cells

To investigate whether MRP2 and MRP4 were found at the protein level in HepaRG cells,
crude membrane preparations and immunoblots were completed. MRP2 and MRP4 were both
detected in untreated HepaRG cells (Fig 2.2). MRP2 levels were significantly increased by 2.6-
fold after a 48 hr treatment with 0.5 uM arsenite as well as 1 uM arsenite (Fig 2.2A and C).
MRP4 levels were significantly increased by 2-fold after a 48 hr treatment with 1 uM arsenite
(Fig 2.2B and D). No significant increases in MRP2 or MRP4 level were observed after treatment
of cells with selenite, selenide, or either of these selenium compounds in combination with
arsenite (Fig 2.2). Oltipraz is an Nrf2 activator and has been shown to upregulate expression of
MRP2 and MRP4 in human hepatocytes [14,57,58]. As expected, a 48 hr treatment with 50 uM
oltipraz resulted in a 5.7-fold increase in MRP2 levels but surprisingly, no significant increase in
MRP4 levels (Fig 2.2C and D). The 5’UTR remains to be sequenced for ABCC4 (NM_005845.4),
therefore it is possible that a single nucleotide polymorphism exists in this region that would
prevent upregulation of Nrf2 by Oltipraz. Previous studies performed by our laboratory using
SCHH have resulted in increased MRP4 levels after treatment with Oltipraz [14]. Perhaps a
wider range of exposure times and concentrations of Oltipraz could be tested in the future as

well.

78



¥ @
N 'S
A o B & #
N > * *
%)
> O P @ ¥ @ @ @
F T @4 L& F & S
¢ N F .S S & £ &£ £ §
SIS .
190 KDa w8 VRP2 190 KDa * = s ss s = s MRP2
170 KDa w MRP4 170 KDa e A0 e 8 s MRP4
112 KDa Na*/K*-ATPase 112 KDa " « seee we wetsmee  Ngt/K*-ATPase
C D
10 4 *%
T’ i *kkk E
3 8 3 3-
o~ <
o 6 * *% o
['4 (74
= = 27
EER 2
3 E 1
Q 2- []
2 4
0- 0-
é@’b 0&@ é.\{@ {\\be o‘b o @ g & \Q‘& ‘i@b p 0{@ é.s@ &8‘” &be 0&@ é.&o »\Q‘&
ST R NI I P K
F @s’b T e e ® x N Q"’ x x
(’Q ‘{\0 ~{@’ g)Q g ‘{\,e'
Q- QO N X I O
& ¥ & o¥
? % & o

Figure 2.2: MRP2 and MRP4 proteins are detected in HepaRG cell crude membrane preparations.
HepaRG cells were untreated, treated with arsenite, selenide or selenite * arsenite, or oltipraz for 48 hr.
All arsenic and selenium compounds were used at a concentration of 1 uM unless otherwise indicated,
and oltipraz was used at 50 uM. Crude membranes were prepared and then subjected to SDS-PAGE (6%)
and transferred to a PVDF membrane. Immunoblotting was performed using the MRP2-specific mouse
monoclonal antibody M,I-4 (1:1000) or the MRP4-specific rat monoclonal antibody Myl-10 (1:2000). The
Na*/K*-ATPase mouse monoclonal antibody H-3 (1:30 000) was used as a loading control. Secondary
antibodies labeled with horseradish peroxidase and a chemiluminescent substrate were added to enable
visualization of signals. (A) and (B) are representative figures. Densitometry data (analyzed with Image))
show relative levels of MRP2 (C) and MRP4 (D) in comparison to untreated HepaRGs. The mean % SD of
at least three independent experiments is shown. Significant differences are indicated with * P < 0.05,
** <0.01, and **** P < 0.0001 (One-way ANOVA followed by Dunnett’s post-hoc test).
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2.3.4 Determination of ECsg values for selenium (selenide, selenite, SeMet and
MeSeCys) and arsenite in HepaRG cells

The toxicity of arsenite, selenide, selenite, SeMet and MeSeCys were evaluated
individually and in combination using a tetrazolium-salt based cytotoxicity assay.
2.3.4.1 Equimolar arsenite and selenium concentrations

Concentration versus cytotoxicity curves for arsenite and selenium (selenide, selenite,
SeMet and MeSeCys) individually and in combination at equimolar concentrations are shown in
Fig 2.3A-D. Half effective concentration (ECso) values were determined for independent
experiments using the sigmoidal dose response fit (GraphPad Prism 8) and mean values are
summarized in Table 2.1. There was unexpectedly no mutual protection between arsenite and
selenide as the ECso value was higher for arsenite than with selenide alone, and selenide plus
arsenite (Fig 2.3A). The ECso value for arsenite plus selenite was less than those of arsenite and
selenite individually, suggesting no mutual protection between these compounds, under these
conditions (Fig 2.3B and Table 2.1). SeMet and MeSeCys had no detectable toxicity with ECso
values of greater than 3000 uM (Table 1 and Fig 2.3C and 3D). When HepaRG cells were
treated in combination with arsenite and these selenium-containing amino acids, no shift in

ECso compared to arsenite alone was detected (Table 2.1 and Fig 2.3C and D).
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Figure 2.3: Cytotoxicity of selenium * arsenite in HepaRG cells at equimolar concentrations. Cells were
treated with arsenite and selenium. ((A) selenide, (B) selenite, (C), SeMet, (D)MeSeCys) individually (1-
3000 uM) or together at equimolar concentrations for 48 hr. Cell viability was determined using a
tetrazolium salt-based cytotoxicity assay. Data points represent mean determinations *+ S.D. from at
least three independent experiments. ECso values were determined for individual experiments using the
sigmoidal dose response fit (GraphPad Prism 8) and are summarized in Table 2.1.

Table 2.1: ECso values for arsenite, selenide, selenite, methylselenocysteine, selenomethionine
individually and in equimolar concentration arsenite/selenium combinations.

Arsenic/Selenium Species ECso £ SD (uM)?
Arsenite 64+12
Selenide 541 k¥xx*
Selenite 42 +6 **
Methylselenocysteine >3000 ****
Selenomethionine >3000 ****
Arsenite + selenide 8 + 3 kHxx
Arsenite + selenite 15 £ Q ****
Arsenite + methylselenocysteine 57 +17
Arsenite + selenomethionine 52+ 15

?EC50 values were calculated from at least three independent experiments as described in Figure 2.3

** P <0.01

**** P <0.0001 compared with arsenite (analysis of variance followed by a Tukey’s post hoc test)
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2.3.4.2 Arsenite with selenide displayed a higher level of toxicity antagonism than
arsenite with selenite

HepaRG cells were treated with arsenite plus selenite or arsenite plus selenide over nine
concentrations, resulting in 81 concentration combinations, which were analyzed using the
Combenefit software [54].

Statistically significant antagonism was observed with 1 uM arsenite with 30 uM
selenite, as well as 3 UM arsenite with 10, 30 and 100 uM selenite (Fig 2.4Ai and 2.4Aii). The
antagonism of toxicity between selenite and arsenite was strongest at 3 uM arsenite with 30
UM selenite.

Between selenide and arsenite, statistically significant antagonism was observed
between 3 uM selenide with 1 and 3 uM arsenite (Fig 2.4Bi and 2.4Bii). Other statistically
significant antagonistic combinations included 30 uM selenide with 3 uM arsenite as well as
100 pM selenide with 1 and 3 uM arsenite.

The antagonism of toxicity displayed between arsenite and selenide were at lower
concentrations more relevant to environmental and dietary exposures than between arsenite
and selenite. The overall summary metric values for synergy and antagonism (SUM_SYN_ANT)
for arsenite in combination with selenite and arsenite in combination with selenide were -239
and -323, respectively, suggesting a stronger antagonistic relationship between selenide and

arsenite compared to selenite and arsenite.
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Figure 2.4: Cytotoxicity of selenium * arsenite in HepaRG cells at different combinations of
concentrations. Cells were treated with (A) arsenite and selenite or (B) arsenite and selenide at
indicated concentration combinations for 48 hr. Cell viability was determined using a tetrazolium salt-
based cytotoxicity assay. Data used in analyses were means of at least five independent experiments.
Synergy distribution contour (Ai & Bi) and matrix (Aii & Bii) plots were obtained using the Loewe
additive synergy model [54].
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2.3.5 HepaRaG cells treated with selenium (selenide, selenite, SeMet or MeSeCys)
and/or arsenite retained CDF in canalicular networks

Fully differentiated HepaRG cells were treated with 1 UM arsenite, or 1 uM Se (selenide,
selenite, SeMet, and MeSeCys) + 1 uM arsenite for 24 hr prior to assessment of CDF
accumulation. Canalicular networks retained CDF after treatment with arsenite and selenium
compounds individually or combination (Fig 2.5A-J), suggesting that these compounds do not

disrupt the integrity of canalicular networks at the concentrations used in transport assays.
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Figure 2.5: CDF accumulation within canalicular networks of HepaRG cells in the presence of arsenite
and/or selenium compounds. HepaRG cells were either (A) untreated or treated with 1 uM of (B)
arsenite, (C) selenide, (E) selenite, (G) SeMet, (I) MeSeCys or the selenium compounds with (D, F, H & J)
arsenite for 24 hr. Cells were washed and treated with the diacetate form of CDF (2 uM) at 37°C for 10
min. CDF accumulation in canalicular networks was viewed with a fluorescence microscope and is
indicated with arrows in (A inset, 200X magnification). Images shown are at 100X magnification and
scale bars represent 100 um.
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2.3.6 Accumulation of arsenic and selenium (selenite and selenide) in HepaRG
cells over time

Accumulation of 1 uM 3As-arsenite, ">Se-selenide and °Se-selenite by HepaRG cells was
measured over time. Arsenite and Se data are expressed as a % arsenite accumulation and %
selenide accumulation at a 24 hr time point. At 1 hr, accumulation of 73As-arsenite began to
plateau, with an average accumulation of 481 + 17 pmol/mg protein at 24 hr. (Fig 2.6A). The
accumulation of >Se-selenium was linear over time, with significantly greater accumulation of
>Se-selenide than 7°Se-selenite (range of 1.6 to 5.5-fold higher) (Fig 2.6B). At 24 hr, the average
accumulation values for 7>Se-selenide and 7>Se-selenite were 108 + 27 pmol/mg protein and 68

+ 9 pmol/mg protein, respectively.
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Figure 2.6: Time courses of arsenite and selenium accumulation over 24 hr in HepaRG cells. HepaRG
cells were treated with media containing ®As-arsenite (1 pM, 100 nCi) or >Se-selenite/”*Se-selenide (1
1M, 100 nCi). Then cells were washed and lysed in 0.5% Triton X-100 at indicated time points. (A) "*As-
arsenite accumulation was quantified by beta liquid scintillation counting and (B) °Se-selenite/”*Se-
selenide accumulation was quantified by gamma scintillation counting. Symbols represent the mean +
SD of four independent experiments. Significance was determined using a linear regression analysis (P =

0.003)
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2.3.7 Selenide increased biliary excretion of arsenic from HepaRG cells, and
arsenite increased biliary excretion of selenium.

SCHHs are considered the gold standard model for studying hepatobiliary transport.
Previous studies showed donor to donor variability in arsenic biliary excretion, making it
difficult to reliably optimize conditions to characterize this process [14,59]. HepaRG cells
originated from a single donor [45], eliminating this variability, potentially making them a
suitable surrogate for SCHHs for studying hepatobiliary transport of arsenic. Fully differentiated
HepaRG cells were treated with "3As-arsenite (1 uM, 100 nCi). 3As-arsenic efflux was measured
across canalicular and sinusoidal membranes. Export of 73As-arsenic was detected across both
the sinusoidal alone and canalicular + sinusoidal surfaces and expressed as a % of arsenic alone
effluxed across the sinusoidal surface (activity of 7.3 + 2 pmol/mg protein at 10 min). Export of
3As-arsenic across the sinusoidal + canalicular surface was significantly higher than across the
sinusoidal surface alone with a BEI of 14 + 8% (Fig 2.7A).

Since there was biliary excretion of arsenic from HepaRG cells, the influence of selenium
on arsenic hepatobiliary transport was studied in the same manner described for measuring
arsenic biliary excretion, but 7*As-arsenite (1 pM, 100 nCi) was added in the presence and
absence of selenium (1 uM selenide, selenite, SeMet and MeSeCys) for an hour. In the presence
of selenide, the BEI for arsenic increased by 2.3-fold to 32 + 7% (Fig 2.7A), suggesting greater
canalicular efflux of arsenic in the presence of selenide. In the presence of selenite and SeMet,
biliary excretion of arsenic was lost. Biliary excretion was also lost in the presence of MeSeCys,
but interestingly, a 1.6-fold increase in sinusoidal efflux relative to the minus Se control was

observed.
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Export of 7°Se-selenite was measured across the sinusoidal membrane and sinusoidal +
canalicular membrane and expressed as a % of 7>Se-selenite + arsenite effluxed across the
sinusoidal surface (activity of 1.8 + 1 pmol/mg protein at 10 min) (Fig 2.7B). No difference in
selenite efflux was detected between the sinusoidal and sinusoidal + canalicular surfaces (Fig
2.7B), suggesting "°Se-selenite did not undergo biliary excretion. The presence of arsenite had
no effect on sinusoidal or canalicular export of 7°Se-selenite (Fig 2.7B).

Export of 7°Se-selenide was measured across the sinusoidal membrane and sinusoidal +
canalicular membrane and expressed as a % of 7>Se-selenide + arsenite effluxed across the
sinusoidal surface (activity of 1.7 + 0.5 pmol/mg protein at 10 min) (Fig 2.7C). No difference in
selenide efflux was detected between the sinusoidal and sinusoidal + canalicular surfaces (Fig
2.7C), suggesting ">Se-selenide did not undergo biliary excretion. In the presence of arsenite,

there was significant biliary excretion of selenide with a BEI of 24 + 5% (Fig 2.7C).
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Figure 2.7: The effect of selenium on arsenic hepatobiliary transport in HepaRG cells. (A) HepaRG cells
were treated with media containing ">As-arsenite (1 pM, 100 nCi) + Se (selenide, selenite, SeMet, or
MeSeCys, 1 uM) for 1 hr. Incubation media was replaced with standard HBSS or Ca%*/Mg?*-free HBSS
(with 1 mM EGTA) at 37°C and arsenic efflux was measured. Black bars represent means + SD of
sinusoidal efflux and white bars represent means * SD of sinusoidal plus biliary efflux from at least three
independent experiments. BEl values were only calculated if sinusoidal plus biliary efflux at a 10 min
time point was significantly higher than sinusoidal efflux alone (P < 0.05, Student’s t test), and significant
differences in BEls are indicated with *** P < 0.001. Conditions where biliary excretion was not detected
are indicated with ND. Conditions that are significantly different than the %arsenic alone sinusoidal
control are indicated with * P < 0.05, or **** P < 0.0001 (One-way ANOVA followed by a Tukey’s post
hoc test). (B) Efflux of 7°Se-selenite efflux alone (1 uM, 100 nCi) and in the presence of arsenite (1 M),
as well as (C) "*Se-selenide alone (1 uM, 100 nCi) and in the presence of arsenite (1 uM) were evaluated
in the same manner as for *As-arsenite with data represented in the same manner.
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2.3.8 Evaluation of arsenite efflux with and without selenide from HepaRG cells
after GSH-depletion, MRP inhibition, and temperature reduction.

3As-arsenite export was measured under various conditions in the presence and
absence of selenide and expressed as a % of untreated arsenite alone sinusoidal export (activity
of 5.1 + 1.7 pmol/mg protein at 10 min) (Fig 2.8Ai & ii). The BEI for arsenic alone was 14 + 3%,
which was stimulated by selenide to 29 + 3% (Fig 2.8Ai & ii).
2.3.8.1 Arsenic hepatobiliary transport is GSH-dependent

Previously, we and others have shown that biliary and sinusoidal excretion of arsenic is
GSH-dependent [11,14,60]. Therefore, GSH-dependence of arsenic hepatobiliary transport in
HepaRG cells was evaluated. First, HepaRG cells were treated with BSO (500 uM) for 48 hr and
GSH levels were found to be 70% lower in BSO-treated than untreated HepaRG cells (Fig 2.8B).
Treatment with BSO also resulted in a loss of biliary excretion of arsenic when measured by
itself (Fig 2.8Ai) or in the presence of selenide (Fig 2.8Aii). Sinusoidal efflux of arsenic alone (Fig
2.8Ai) and in the presence of selenide (Fig 2.8BAi) both decreased 42% in BSO-treated HepaRG
cells compared to minus BSO (Fig 2.8Bi). Sinusoidal + canalicular efflux of arsenic alone and in
the presence of selenide decreased by 39% and 45% respectively in BSO-treated HepaRG cells
compared to minus BSO (Fig 2.8Aii). These data show that both sinusoidal and canalicular efflux
of arsenic with and without selenide are reduced upon GSH depletion, consistent with
transport being MRP-mediated and with previous observations in the SCHH model [14].
2.3.8.2 Biliary excretion of arsenic is inhibited by MK571

To determine if MK571 inhibited arsenic efflux from HepaRG cells, cells were treated
with MK571 (100 uM) for 30 min prior to initiation and for the duration of efflux. Treatment

with MK571 resulted in a 30% decrease in arsenic efflux across sinusoidal membranes in the
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absence of selenide, and a 16% decrease in the presence of selenide (Fig 2.8Ai & ii). There was
a 30% and 25% decrease in arsenic efflux across sinusoidal + canalicular membranes in the
absence and presence of selenide, respectively (Fig 2.8Ai & ii), consistent with a loss of arsenic
biliary excretion. The loss in arsenic biliary excretion after treatment with MK571 suggest that
arsenic hepatobiliary transport is MRP-mediated. We previously observed similar findings using
the SCHH model [14].
2.3.8.3 Arsenic hepatobiliary transport is temperature sensitive

To further characterize arsenic hepatobiliary transport, temperature dependence of
arsenic export alone and in the presence of selenide was evaluated at 4°C, compared to 37°C.
There was a 73% decrease in sinusoidal efflux at 4°C for arsenic efflux alone and in the presence
of selenide (Fig 2.8Ai & ii). There was a 73% decrease in sinusoidal plus canalicular efflux in
both conditions, and biliary excretion of arsenic was lost at 4°C. The temperature sensitivity
suggests that arsenic sinusoidal and canalicular efflux processes are predominantly transporter

mediated.
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Figure 2.8: The effect of BSO, MK571 and temperature on arsenic hepatobiliary efflux in the absence
and presence of selenide. (A) Efflux of *As-arsenic alone (i) and (ii) in the presence of selenide was re-
evaluated after 48 hr pre-treatment of cells with BSO (500 uM), 30 min treatment with MK571 (100 uM)
before and during efflux, and at 4°C using ice cold buffers. Black bars represent the mean * SD of
sinusoidal efflux and white bars represent means * SD of sinusoidal plus biliary efflux from at least five
independent experiments. BEl values were only calculated if sinusoidal plus biliary efflux was
significantly higher than sinusoidal efflux alone (P < 0.05, Student’s t test). Conditions that are
significantly different than the % arsenic alone sinusoidal control are indicated with * P < 0.05, ** P <
0.001, or **** P < 0.0001 (One-way ANOVA followed by a Tukey’s post hoc test). (B) Total GSH depletion
by 500 uM BSO-treated HepaRG cells (gray bar) compared to untreated HepaRG cells (black bar) after 48
hr (*** P < 0.001, Student’s t test)

2.3.9 HepaRaG cells efflux inorganic and methylated arsenic species across the
sinusoidal membranes.

To determine the chemical species of arsenic effluxed across the sinusoidal membrane,
HepaRG cells were treated with 1 uM arsenite alone, or in the presence of 1 uM Se (selenide or
selenite) for 24 hr. After 24 hr, this media was collected for analysis (Fig 2.9A). HepaRG cells
were then washed with arsenic-free growth media, and then replaced, and cells were incubated
for 1 hr at 37°C. This media was also collected for analysis by HPLC-ICP-MS (Fig 2.9B). Due to

the instability of trivalent forms of arsenic during sample handling, storage and preparation for

92



analysis, arsenic species identified in culture media are simply referred to as inorganic arsenic,
MMA, and DMA without valency designation.

In the culture media collected after 24 hr of treatment with arsenite, MMA was the
major metabolite, accounting for 19-20% of total arsenic in media in the presence and absence
of Se (Fig 2.9A). DMA was also detected and accounted for 4%, 2.5% and 2.6% of total arsenic
in media from HepaRG cells treated with arsenite alone, arsenite + selenite, and arsenite +
selenide, respectively (Fig 2.9A).

In the culture media collected after cell washing and efflux for 1 hr, MMA was also the
major metabolite, accounting for 22-23% of total effluxed arsenic (Fig 2.9B). DMA was also
detected and accounted for 6.2%, 3.5%, and 2.8% of total arsenic in media from HepaRG cells
treated with arsenite alone, arsenite + selenite, and arsenite + selenide, respectively (Fig 2.9B).
While there was a trend in the reduction of DMA in media in the presence of selenite and
selenide after 24 hr of treatment (Fig 2.9A) and after 1 hr of efflux (Fig 2.9B), it was not
significant.

Overall, these data indicate that HepaRG cells methylate arsenic and that inorganic and

methylated forms are transported across sinusoidal membranes.
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Figure 2.9: Methylation of arsenic effluxed into culture media of fully differentiated HepaRG cells
treated with arsenite, arsenite + selenite, or arsenite + selenide. Arsenic species are plotted as % of
total arsenic, inorganic (black bars), MMA (gray bars), and DMA (open bars). (A) HepaRG cells were
incubated for 24 hr with 1 uM arsenite, 1 uM arsenite and 1 uM selenite, or 1 uM arsenite and 1 pM
selenide. Media was collected and analyzed by HPLC-ICP-MS. (B) HepaRG cells were washed and treated
with arsenic-free media for 1 hr at 37°C prior to analysis by HPLC-ICP-MS. Bars represent means * SD of
four or five independent experiments.

2.3.10 ABCC2 knockdown
HepaRG cells were stably transfected with shRNAs targeting the MRP2 gene ABCC2 as well

as a non-target control shRNA and empty vector. Three different cell clones stably expressing
the ABCC2 targeted shRNA were characterized: two independently derived clones of sShRNA

9307 (9307#1 and 9307#2) as well as shRNA 9640.
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2.3.10.1 HepaRG cells stably expressing ABCC2-targeted shRNA, empty vector,
and non-target shRNA still form extensive canalicular networks.

Taurocholate is transported into canalicular networks by the bile salt export pump
(BSEP/ABCB11) and therefore should not be influenced by reduced MRP2 levels. Thus,
taurocholate efflux was evaluated to determine if canalicular networks were formed in fully
differentiated HepaRG cells either parental or stably expressing empty vector, non-target or
ABCC2-targeted shRNA (clones 9307#1, 9307#2 and 9640). There was biliary excretion of
taurocholate from all HepaRG cells, suggesting the formation of canalicular networks. The BEls
for parental, empty vector, and non-target HepaRG cells and HepaRG cells stably expressing the
ABCC2-targeted shRNA clones (9307#1, 9307#2, and 9640) were 26 + 4%, 21 + 2%, 24 + 4%, 20
+ 2%, 19 £ 3% and 27 £ 3%, respectively, and not significantly different from each other (Fig

2.10A).

2.3.10.2 HepaRG cells stably expressing ABCC2 targeted shRNA have reduced
CDF in canalicular networks relative to controls

CDF accumulation within canalicular networks was visualized to evaluate MRP2 function
in fully differentiated HepaRG cells either parental or stably expressing empty vector, non-
target, or ABCC2-targeted shRNA. There was extensive CDF accumulation in the canalicular
networks of parental, empty vector, and non-target HepaRG cells, indicating the presence of
functional MRP2 (Fig 2.10B-D). In contrast, there was a lack of CDF accumulation in canalicular
networks of HepaRG cells stably expressing the ABCC2-targeted shRNA (clones 9307#1, 9307#2,

and 9640) (Fig 2.10E-G), suggesting the absence of functional MRP2 in these HepaRG cells.
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Figure 2.10: Characterization of canalicular network formation and integrity through the
measurement of taurocholate biliary excretion and CDF accumulation. (A) HepaRG cells were treated
with media containing 3H(G)-Taurocholic acid (1 uM, 100 nCi) for 20 min. Incubation media was washed
off and replaced with standard HBSS (closed bar) or Ca?*/Mg?*-free HBSS (with 1 mM EGTA) (open bar)
at 37°C and taurocholate efflux was measured at a 10 min time point. Bars represent means + SD of
three independent experiments. BEI values were only calculated if sinusoidal plus biliary efflux was
significantly higher than sinusoidal efflux alone (p<0.05, Student’s t test). (B-G) Parental HepaRG cells or
HepaRG cells stably expressing empty vector, non-target, and ABCC2-targeted shRNA (clones 9307#1,
9307#2 and 9640) were treated with the diacetate form of CDF (2 uM) at 37°C for 10 min. CDF
accumulation in canalicular networks was viewed with a fluorescence microscope. Images are at 100X
magnification and scale bars represent 100 um.
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2.3.10.3 ABCC2 knockdown HepaRG cells stably expressing ABCC2 targeted
shRNA have reduced MRP2 levels relative to controls.

To further study the role of MRP2 in arsenic hepatobiliary transport, immunoblots of
whole cell lysates were done to evaluate MRP2 levels of fully differentiated ABCC2 knockdown
HepaRG cells compared to fully differentiated parental, empty vector and non-target HepaRG
cells. MRP2 was detected at similar levels in parental HepaRG cells, and HepaRG cells
expressing empty vector and non-target shRNA (Fig 2.11A & B). The levels of MRP2 in HepaRG
cells expressing ABCC2-targeted shRNA in clones 9307#1, 9307#2 and 9640 were 67%, 86% and

61%, respectively, lower than MRP2 levels of parental HepaRG cells (Fig 2.11A & B).
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Figure 2.11: MRP2 levels in parental HepaRG cells compared to HepaRG cells expressing empty vector,
non-target, or ABCC2-targeted shRNA (clones 9307#1, 9307#2 and 9640). Whole cell lysates were
prepared and then 20 pg of protein were subjected to SDS-PAGE (6%) and transferred to a PVDF
membrane. Immunoblotting was performed using the MRP2-specific mouse monoclonal antibody M,I-4
(1:1000). The Na*/K*-ATPase mouse monoclonal antibody H-3 (1:30 000) was used as a loading control.
Secondary antibodies labeled with horseradish peroxidase and a chemiluminescent substrate were
added to enable visualization of signals. (A) Representative immunoblots. (B) Densitometry data
(analyzed with Imagel) show relative levels of MRP2 in comparison to parental HepaRGs. The means +

SD from at least three independent experiments are shown. Significant differences are indicated with **
P<0.01, *** P <0.001 and **** P < 0.0001 (One-way ANOVA followed by Dunnett’s post-hoc test).
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2.3.104 Biliary excretion of arsenic alone and in the presence of selenide was
undetectable in HepaRG cells stably expressing ABCC2-targeted shRNA.

The extent of arsenic hepatobiliary transport was compared between fully
differentiated parental HepaRG cells or stably expressing empty vector, non-target, or ABCC2-
targeted shRNA. Export of 7*As-arsenic was detected across both the sinusoidal alone and
canalicular + sinusoidal surfaces in parental HepaRG cells and HepaRG cells stably expressing
empty vector and non-target shRNA. Data are expressed as a % of arsenic alone effluxed across
the sinusoidal surface of parental HepaRG cells (3.6 £ 1 pmol/mg protein at 10 minutes) (Fig
2.12A). Export of 73As-arsenic across the sinusoidal + canalicular surface was significantly higher
than across the sinusoidal surface alone in parental HepaRG cells and HepaRG cells stably
expressing empty vector and non-target shRNA with BEIs of 19 + 4%, 16 £ 2%, and 21 + 1%,
respectively (Fig 2.12A). Biliary excretion of arsenic was lost for all three HepaRG clones stably
expressing ABCC2-targeted shRNA (Fig 2.12Ai).

The influence of selenium on arsenic hepatobiliary transport after ABCC2 knockdown
was also studied. As expected, in the presence of selenide, the BEI for arsenic increased by ~2-
fold to 32 £ 3%, 33 £ 6% and 38 + 3% in parental HepaRG cells and HepaRG cells stably
expressing empty vector and non-target shRNA (Fig 2.12A). Biliary excretion of arsenic in the
presence of selenide was lost for all three HepaRG clones stably expressing ABCC2-targeted
shRNA (Fig 2.12Aii).

These data suggest that arsenic hepatobiliary transport in the presence and absence of

selenide is MRP2-mediated.
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2.3.10.5 Biliary excretion of selenium in the presence of arsenite was not
detected in HepaRG cells stably expressing ABCC2-targeted shRNA.

To corroborate our findings from arsenic efflux studies, selenium efflux in the presence
and absence of arsenite was evaluated using fully differentiated parental HepaRG cells or stably
expressing empty vector, non-target, or ABCC2-targeted shRNA. Export of 7°Se-selenide was
measured across the sinusoidal membrane and sinusoidal + canalicular membrane as described
above. Data are expressed as a % of 7>Se-selenide + arsenite effluxed across the sinusoidal
surface of parental HepaRG cells (1.1 £ 0.2 pmol/mg protein at 10 minutes) (Fig 2.12B). As
expected from our results in Figure 2.7C, no selenide biliary excretion was detected for any of
the cell lines (Fig 2.12B). Biliary excretion of 7>Se-selenide did occur in the presence of arsenite
for parental, empty vector, and non-target HepaRG cells with BEls of 22 + 1%, 18 £ 2% and 17
6%, respectively (Fig 2.12B). For HepaRG cells stably expressing ABCC2-targeted shRNA, no
biliary excretion of 7°Se-selenide in the presence of arsenite was detected (Fig 2.12B). These

data strongly suggest that arsenic stimulated ">Se-selenide transport is MRP2-mediated.
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Figure 2.12: Arsenic hepatobiliary transport in parental HepaRG cells compared to HepaRG cells
expressing empty vector, non-target, or ABCC2-targeted shRNA (clones 9307#1, 9307#2 and 9640). (A)
HepaRG cells were treated with media containing "As-arsenite (1 uM, 100 nCi) * selenide (1 uM) for 1
hr. Incubation media was replaced with standard HBSS or Ca?*/Mg* -free HBSS (with 1 mM EGTA) at
37°C and arsenic efflux was measured. Black bars represent means * SD of sinusoidal efflux and white
bars represent means + SD of sinusoidal plus biliary efflux from three independent experiments. BEI
values were only calculated if sinusoidal plus biliary efflux at a 10 min time point was significantly higher
than sinusoidal efflux alone (p<0.05, Student’s t test), and significant differences in BEls are indicated
with ** P < 0.01 or *** P < 0.001. Conditions where no biliary excretion was detected are indicated with
ND. (B) Efflux of 7°Se-selenide (1 uM, 100 nCi) in the presence of arsenite (1 uM) was evaluated in the
same manner as for "*As-arsenite with data represented in the same manner.
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2.4 Discussion

Human exposure to arsenic in drinking water has been referred to as the “the largest mass
poisoning of a population in history” [61]. Adverse human health effects can persist for
decades following cessation of chronic arsenic exposure, thus, in addition to safer drinking
water sources, therapeutic intervention strategies are needed [62—64]. After absorption across
the intestine, inorganic arsenic travels via the portal circulation to the liver where it can be
methylated and either exported across the sinusoidal surface of the liver for distribution to
other organs or across the canalicular surface for enterohepatic cycling, with very little loss in
feces [11,60,65,66]. In animal models, selenite has been shown to increase the fecal elimination
of arsenic, likely through the formation and biliary excretion of [(GS).AsSe]™ [18,19,22,23,25].
Evidence in humans suggests that in the liver, arsenic predominantly undergoes sinusoidal
export (60-80% of arsenic is eliminated in urine), with some evidence of enterohepatic cycling
[11,14,60,65,66]. The influence of selenium on human hepatobiliary transport is largely
unknown but critical to understand due to supplementation of humans in arsenic-endemic
regions. We present the first study to characterize the influence of selenium on arsenic
hepatobiliary transport using a polarized human cell line capable of forming canalicular
networks.

In our study, the HepaRG cell line was established as a suitable model for studying
arsenic biliary excretion by demonstrating that canalicular networks were formed, MRP2 was
functional and detectable, and arsenic undergoes biliary in addition to sinusoidal excretion.
Consistent with the formation and biliary efflux of [(GS).AsSe], selenide stimulated arsenic

biliary excretion by ~2-fold and vice versa. Further characterization of arsenic (x selenide)
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hepatobiliary transport suggested that this process was temperature- and GSH-dependent and
mediated by MRPs. Our ABCC2 knockdown studies strongly suggested that arsenic biliary
excretion is mediated by MRP2.

Control experiments run for the HepaRG cell line were consistent with previous reports
that the culture model had intact and functional canalicular networks. Taurocholate efflux had
a mean BEl of 27 + 7%, lower than what we and others have found for SCHH, but similar to the
BEIl of 27 £ 7 % and 29 + 6% reported for HepaRG cells by Bachour-El Azzi et al., and Le Vee et
al., respectively [14,46,55,67—70]. As expected based on Bachour-El Azzi et al., the MRP2
fluorescent substrate CDF was accumulated in canalicular networks and this was inhibited by
MK571. Furthermore, reduction of MRP2 levels through shRNA knockdown of ABCC2 resulted
in a markedly reduced accumulation of CDF in canalicular networks.

Multiple approaches were taken in this study to assess the influence of arsenite and
selenium compounds on the viability and integrity of the HepaRG cultures. HepaRG cells had a
very comparable ECso value for arsenite (Table 2.1, 64 uM) as previously observed in our study
of HepG2 cells (61 uM), however, HepaRG cells had ~2-fold higher and 8-fold lower ECso values
for selenite and selenide than HepG2 cells, respectively [40]. SeMet and MeSeCys had
undetectable toxicity at the concentrations tested (ECso > 3 mM), consistent with low toxicity of
these compounds observed in other human cell lines [71-74]. Although there was a trend
towards arsenite being protective against selenide toxicity (Table 2.1), no significant mutual
protection was observed when arsenite was dosed at equimolar concentrations with either
selenide or selenite. This differed from HepG2 cells where we observed significant mutual

protection between arsenite and selenide, under similar conditions [40]. The reasons for the
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differences in toxicity between HepG2 and HepaRG cells and the lack of mutual detoxification
between arsenic and selenide or selenite at equimolar concentrations are unknown. HepG2 and
HepaRG cells likely contain different selenium and arsenic transport and metabolic pathways
that could influence the toxicity of these compounds. Furthermore, HepG2 cells are a single cell
type, while HepaRG cells are a mix of “50% hepatocyte- and 50% bile duct epithelium-like cells.
Differences in sensitivity between the hepatocyte- and bile duct epithelial-like cells towards
arsenic and selenium likely influences the ECsp value.

When different concentration combinations were used, significant toxicity antagonism
was observed for both the combination of arsenite plus selenite and arsenite plus selenide,
with mutual antagonism being greater and at concentrations more relevant to environmental
and dietary exposures, for the latter. This is consistent with our previous work in HepG2 cells,
and with the higher cellular accumulation of selenide versus selenite observed by us (Fig 2.6B
and [40]) and others [37,41,42]. Consistent with the conclusions of our HepG2 study, increased
selenium (as selenide) uptake by cells appears to be protective against arsenic, presumably
through the formation of [(GS),AsSe]".

Further to the tetrazolium salt-based MTS assay showing that arsenic and selenium
concentrations were not toxic at the concentration used for transport assays (1 uM) LDH assays
were run for each experiment and LDH leakage was rarely above 3%. In addition, CDF
accumulation in canalicular networks were maintained in HepaRG cultures after treatment with
arsenite, selenide, selenite, SeMet, and MeSeCys individually and with arsenite in combination
with selenium. These data strongly support that canalicular networks and cell membranes were

intact under transport assay conditions.
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In our previous studies of arsenic hepatobiliary transport using SCHH, donor to donor
variability existed with respect to biliary excretion of arsenic, with only 9 out of 14 SCHH
preparations having detectable BEIs for arsenic [14]. HepaRG cells exhibited a modest but
significant level of arsenic biliary excretion with a BEI of 14 + 8% making it a useful model for
studying hepatobiliary transport of arsenic, including biliary efflux. The addition of selenide
resulted in a greater than two-fold increase in the BEI for arsenic (BEI for arsenic + selenide was
32 + 7%) while under the conditions tested, the BEI for arsenic was no longer detectable in the
presence of selenite, SeMet and MeSeCys (Fig 2.7A). Consistent with the formation of a
complex of arsenic and selenium undergoing biliary excretion, 7>Se-selenide did not undergo
biliary excretion by itself, but upon addition of arsenite, a BEIl of 24 + 5% was detected. Similar
to selenide, 7>Se-selenite did not undergo biliary excretion by itself. In contrast with 7>Se-
selenide, arsenite did not stimulate biliary excretion of 7>Se-selenite (consistent with selenite
not stimulating biliary excretion of 73As-arsenite).

Sinusoidal export of arsenic was reduced, and biliary excretion of arsenic  selenide was
lost upon GSH depletion, treatment of cells with the general MRP inhibitor MK571, and
temperature reduction from 37°C to 4°C. All these data support the involvement of
transporters, specifically MRPs/ABCCs in the sinusoidal and canalicular export of arsenic, and
the stimulation of arsenic biliary excretion by selenide. Biliary excretion was further
characterized by knocking down ABCC2, the gene for MRP2, the only MRP at the canalicular
surface of the hepatocyte. While canalicular networks were still intact, as evidenced by similar
taurocholate BEI values for control and ABCC2 knockdown HepaRG cells, there was markedly

reduced CDF accumulation in the canalicular networks of ABCC2 knockdown cells. Furthermore,

104



all three independently derived HepaRG cells stably expressing the ABCC2 knockdown shRNA,
lost the biliary excretion of "3As-arsenic (Fig 2.12Ai) and selenide stimulated "3As-arsenic (Fig
2.12Aii). In addition, while arsenic stimulated 7>Se-selenide biliary excretion occurred for
control HepaRG cells, it was not detected for cells with ABCC2 knocked down. These data
strongly suggest that MRP2 is critical for the biliary excretion of arsenic, arsenic in the presence
of selenide, and selenide in the presence of arsenite. These results are consistent with studies
comparing Mrp2-deficient TR” Wistar rats to their WT counterparts showing that Mrp2 is
responsible for >99% of total arsenic biliary excretion (in the forms As(GS)s and MMA(GS)2)
[11]. Rats tend to have more extensive biliary excretion than other animals [12,60,65,75], and
have markedly different arsenic toxicokinetics compared to humans, thus it was critical to show
this in a human model.

Multiple chemical forms of selenium have been used as supplements, including purified
selenite and SeMet [76,77], as well as selenium mixtures contained in selenized yeast and
selenium-enriched lentils (predominantly SeMet in combination with multiple other selenium
species potentially including MeSeCys) [30,31,34,78-80]. The only chemical form of selenium
that stimulated biliary excretion of arsenic from HepaRG cells was selenide. Selenide is
extremely unstable and not suitable to be used as a supplement. However, all forms of
selenium used in this study can ultimately be converted to selenide. Selenite is rapidly
converted to selenide in the blood, and we and others have hypothesized that in an intact in
vivo system the hepatocyte would be exposed predominantly to albumin bound selenide
[29,40,81-84]. Selenide can be released from SeMet and MeSeCys through the trans-

sulfuration pathway [36,85].
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This is more likely for MeSeCys than SeMet because the latter will substitute for Met and be
incorporated into proteins, preventing selenide release [36,86]. The release of selenide from
these selenium-containing amino acids likely takes longer than our transport assay conditions
allowed.

An increased sinusoidal export of 73As-arsenic in the presence of MeSeCys was observed
(Fig 2.7A). The release of arsenic across the sinusoidal surface of the hepatocyte leads to its
entry into the systemic circulation and ultimately urinary elimination of arsenic. Interestingly,
results from a recent clinical trial of selenium enriched lentils, suggested that humans
consuming the selenium-enriched lentils had an increased urinary (not fecal) elimination of
arsenic [31]. Detailed selenium speciation data has not been published for the lentils used in
this trial but could contain MeSeCys or another compound that has a similar effect. These
observations warrant further investigation and strongly suggest that the chemical form of
selenium consumed could influence whether biliary or sinusoidal export occurs. This thesis

further explores the sinusoidal export of arsenic and the influence of MeSeCys on it in Chapter

Previously, using membrane vesicle transport assays, human MRP2 was shown to
mediate the ATP-dependent transport of As(GS)s; and [(GS).AsSe]™ [13]. The loss of arsenic
biliary excretion by HepaRG cells upon GSH depletion or ABCC2 knockdown provides strong
support for MRP2-mediated transport of arsenic GSH conjugates. The loss of selenide-
stimulated arsenite, and arsenite-stimulated selenide biliary excretion upon GSH depletion or
ABCC2 knockdown, provides indirect but strong support for the MRP2-mediated transport of

[(GS)2AsSe]". These data combined with our previous work showing that MRP2 is a high affinity,
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high capacity transporter of both As(GS); and [(GS).AsSe]™ [13], and the fact that ABCC2 is

highly polymorphic [87—-89], suggest MRP2 variants could influence selenium-dependent and -

independent arsenic elimination, and ultimately carcinogenic risk. This was further investigated

in Chapter 4.

Overall, this study advances our understanding of arsenic hepatobiliary transport and

provides foundational knowledge for informing future selenium supplementation of humans in

arsenic endemic regions.
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3. Arsenic Sinusoidal Efflux is Stimulated
by Methylselenocysteine and
Mediated by Human Multidrug
Resistance Protein 4 (MRP4/ABCC4)
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3.1 Introduction

Chronic exposure to the Group | (proven) human carcinogen arsenic causes lung, skin, and
bladder cancer [1]. In addition to causing cancer in humans, arsenic exposure also leads to a
myriad of many adverse long-term health effects including cardiovascular disease, immune
system dysfunction and type |l diabetes [2—4]. Conservative estimates suggest between 92-220
million people worldwide are exposed to arsenic through contaminated drinking water at levels
exceeding the World Health Organization guideline of 10 pg/L [5]. Although reducing arsenic-
contaminated drinking water sources should be priority, humans remain susceptible to arsenic-
induced diseases decades after cessation of exposure [6].

Arsenic naturally occurs in the environment as inorganic forms arsenate and arsenite.
Arsenate (pKa ~2.3, 6.8 and 11.3) exists predominantly as H,AsO4” and HAsO4% at pH 7 and is
taken up by cells through sodium-dependent phosphate transporters such as the Na*/P;
cotransporter type llb (gene name SLC34A2) [7,8]. At pH 7, arsenite (pKa ~9.2) is present in the
form of As(OH); and can permeate into cells through aquaglyceroporin channels [9-11]. There
is also evidence of arsenite uptake by facilitated glucose transporters especially GLUT1 (SLC2A1)
[10,12].

Arsenic methylation is catalyzed by a series of oxidative methylation reactions by arsenite
methyltransferase (As3MT), yielding the major products: monomethylarsonic acid (MMAY),
monomethylarsonous acid (MMA'"), dimethylarsinic acid (DMAV), and dimethylarsinous acid
(DMA'") [13]. Glutathione can form conjugates with arsenite, MMA", and DMA'" (As(GS)s,
MMA(GS)2, and DMA(GS), respectively), but only As(GS)3, MMA(GS). have been identified in

biological samples [14,15]. The ATP-binding cassette (ABC) transporters multidrug resistance
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protein (MRP)2 (ABCC2) and MRP4 (ABCC4) are localized to the canalicular and sinusoidal
surfaces of hepatocytes, respectively. There is strong evidence that these two MRPs are
important for efflux of arsenic metabolites from human hepatocytes [16—18]. The focus of the
current work is on hepatic sinusoidal export of arsenic. Human MRP4 is known, at least in vitro,
to transport DMAY and MMA(GS), with high affinity and its localization at the sinusoidal surface
of hepatocytes and apical surface of renal proximal tubule cells make it ideal for the urinary
elimination of arsenic hepatic metabolites [19].

Selenium is an essential trace nutrient with a recommended dietary allowance of 55 pg/day
but is toxic in excess with an upper tolerable limit of 400 pg/day [20]. Selenoproteins contain
selenocysteine in their active sites and have important biological functions including redox
regulation [21,22]. A mutually protective relationship between arsenic and selenium has been
observed and is due, at least in part, to the formation and biliary excretion of the seleno-bis (S-
glutathionyl) arsinium ion [(GS)2AsSe], which has been detected in animal models, including
rats and hamsters, treated with arsenite and selenite [23—-25]. When lab animals were given
toxic doses of arsenite and selenite, there was less liver damage than when they were dosed
with the compounds individually [26].

In arsenic-endemic regions, participants in selenium-supplementation trials have been given
various forms of selenium including selenium-enriched yeast and lentils, as well as purified
forms of selenium as tablets, including selenomethionine and selenite [27-33]. Although there
are many selenium-supplementation trials that have been completed and some still ongoing,
characterization of hepatic handling of arsenic and the influence of selenium on this has only

recently been characterized in relevant human in vitro models [34]. While investigating the
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influence of different forms of selenium on arsenic biliary excretion, we made the novel and
unexpected observation that methylselenocysteine (MeSeCys), stimulated the sinusoidal export
of arsenic from human HepaRG cells, an immortalized human hepatocyte cell line [31] and
Chapter 2.

MeSeCys is a compound thought to have beneficial health effects including anti-cancer
activity [35]. Some dietary sources that are naturally rich in MeSeCys include garlic, onions, and
broccoli [36]. In contrast, grains and legumes contain substantially more selenomethionine than
MeSeCys [36]. Although MeSeCys is thought to be beneficial in disease prevention, this
compound has not been intentionally included in selenium-supplementation trials in arsenic-
endemic regions. Selenium speciation studies using commercially available selenized yeast
demonstrated that MeSeCys formed from dimethyldiselenide, a degradation product of
selenomethionine, after reacting with cysteine or cystine upon heating to 150°C [37]. Thus,
dietary components high in SeMet have the potential to form MeSeCys.

These studies led us to further characterize the sinusoidal export of arsenic in HepaRG cells
with the hypothesis that MeSeCys-dependent and independent arsenic transport is mediated
by MRP4. Previous studies with sandwich cultured human hepatocytes and HepaRG cells
suggested arsenic sinusoidal efflux was glutathione-dependent and mediated by an MRP
[18,34]. Since MRP4 transports DMAY and MMA(GS). in vitro, it was a logical candidate to
investigate. Arsenic sinusoidal efflux in the presence of MeSeCys in HepaRG cells was measured
under various conditions to determine if this process was MRP4-mediated. Then, stable ABCC4-
knockdown HepaRG cells were generated to further characterize sinusoidal efflux of arsenic in

the presence of MeSeCys.

121



3.2 Materials and Methods *
3.2.1 Chemicals and Reagents

3As-arsenate (> 5.6 Ci/mg) was purchased from Los Alamos Meson Production Facility (Los
Alamos, NM)*. N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES), polyvinylidene
difluoride membranes, sodium(meta) arsenite, MeSeCys, bovine serum albumin (BSA), reduced
glutathione (GSH), William’s E media, dimethyl sulfoxide (DMSO), hydrocortisone 21-
hemisuccinate sodium salt, fetal bovine serum (FBS), standard Hanks’ balanced salt solution
(HBSS), Ca?*/Mg?*-free HBSS, buthionine sulfoximine (BSO), sodium bicarbonate (NaHCO3),
Immobilon Crescendo Western HRP substrate, and puromycin dihydrochloride were purchased
from MilliporeSigma (Oakville, ON, Canada). The MISSION® shRNA plasmid DNA glycerol stocks
of TRC2 pLKO.5-puro empty vector control plasmid, pLKO.5-puro non-mammalian shRNA
control plasmid (non-target), and ABCC4 KD clones targeting the 3’-untranslated region and
coding DNA sequence of ABCC4 TRCN#0000005264 (NM_005845) (5264) and
TRCN#0000297334 (NM_005845) (7334), respectively, were also purchased from Millipore
Sigma (Oakville, ON, Canada). Triton X-100 was purchased from Fisher Scientific (Fair Lawn, NJ).
GlutaMAX supplement, human recombinant insulin and Pierce™ bicinchoninic acid (BCA)
protein assay reagent were purchased from Thermo Scientific (Rockford, IL). Creatine kinase,

creatine phosphate, GSH reductase, NADPH, Complete Mini EDTA-free protease inhibitor

" This research project received ethics approval from the University of Alberta Research Ethics Board,
Project Name “The role of transport proteins in toxicology”, protocol number 00001646, November 28,
20009.

" The isotope (73As) used in this research were supplied by the United States Department of Energy
Office of Science by the Isotope Program in the Office of Nuclear Physics.
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cocktail tablets, X-tremeGENE9 transfection reagent were purchased from Roche, Applied
Sciences (Indianapolis, IN).
3.2.2 Antibodies

The MRP4-specific rat monoclonal antibody (Mal-10) was purchased from Abcam Inc.
(Cambridge, MA). The Na*/K*-ATPase mouse monoclonal (H-3/SC-48345) was purchased from
Santa Cruz Biotechnology (Dallas, TX). The IgG (H+L) cross-adsorbed goat anti-mouse and anti-
rat HRP conjugated polyclonal secondary antibodies were purchased from ThermoFisher
Scientific (Waltham, MA).

3.2.3 Preparation of reagents

Arsenite and MeSeCys were freshly prepared for all experiments by dissolving in sterile
phosphate buffered saline (PBS) before serial dilutions of each compound in growth media for
immediate use. "3As-arsenite was reduced from "3As-arsenate with metabisulfite-thiosulfate
reducing agent, as previously described [38].

3.2.4 HepaRG cell culture *

HepaRG cells were obtained from Biopredic International at passage 12 (St Gregoire,
France). A working bank in liquid N2 was then established according to the instructions provided
by Biopredic International. For all experiments, HepaRG cells were used between passages 15-
18. HepaRG cells were first seeded from frozen vials at a density of 2 x 10° cells/T-75 flasks and
maintained in growth media comprised of Williams’ E medium supplemented with 10% FBS, 5

ug/ml human recombinant insulin, 50 UM hydrocortisone hemisuccinate, and 200 mM

* The authors acknowledge Dr. Christiane Guguen-Guillouzo, Dr. Philippe Gripon, Dr. Christian Trepo,
and Biopredic International © for supplying the undifferentiated cryopreserved HepaRG cells.

123



GlutaMAX™, as established previously [39]. After 2 weeks, HepaRG cells were seeded into 6- or
24-well plates at densities of 200 000 or 55 000 cells/well, respectively. HepaRG cells were
maintained in growth media for 2 weeks, then differentiated by including 0.75%
dimethylsulfoxide (DMSO) in growth media for two days, followed by 1.5% DMSO for 12 to 40
days. All experiments were performed within 4 weeks following the end of the 2-week
differentiation period, as previously described [40]. HepaRG cells were maintained at 37°Cin a
humidified incubator with 95% air/5% CO, with media changes every 2-3 days.
3.2.5 Human Hepatocyte Culture

With the approval of the University of Alberta Human Ethics Review Board (protocol
number 00001646), human hepatocytes were isolated from the liver of patients undergoing
hepatic resection at the University of Alberta Hospital, as previously described. Hepatocytes
were seeded and maintained as previously described [18].
3.2.6 Efflux studies

Fully differentiated HepaRG cells in 24-well plates or SCHH cells in 12-well plates, were
incubated in fresh growth media containing "3As-arsenite (1 uM, 100 nCi/well) + MeSeCys (1
uM) for 1 or 24 hr, respectively, prior to measuring efflux across sinusoidal membranes. Cells
were washed twice with standard ice-cold HBSS, then 37°C standard HBSS was added to each
well. Plates were incubated at 37°C and at indicated time points, buffer was removed (50 uL
from 24-well plates, 100 pL from 12-well plates) and placed in a scintillation vial. After the last
time point, cells were washed twice with ice-cold HBSS buffer and lysed in 0.5% Triton X-100.

3As-arsenite in efflux buffer was quantified using liquid scintillation counting with the
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PerkinElmer MicroBeta? liquid scintillation counter. Efflux activity was normalized to total
protein levels of cell lysates, determined using a BCA assay.

To evaluate the influence of GSH on arsenic efflux, HepaRG cells were treated with the GSH
synthesis inhibitor, BSO (500 uM) for 48 hr prior to and during efflux experiments. Previously
we have shown that these conditions depleted GSH by 70% [34]. The influence of the general
MRP-inhibitor MK571 (100 uM) on arsenic efflux was evaluated by treating HepaRG cells with
this compound for 1 hr prior to and for the duration of efflux. The temperature dependence of
sinusoidal excretion of arsenic was evaluated by measuring arsenic efflux by HepaRG cells on
ice. To determine the influence of the MRP4 inhibitor ceefourin-1 on arsenic efflux, HepaRG
cells were treated with ceefourin-1 for 1 hr prior to initiation and duration of efflux.

After efflux, the release of lactate dehydrogenase (LDH) from cells was quantified using the
Cytotoxicity Detection Kit (Roche, Mississauga ON), as previously described [18,34]. All efflux
data had <3% LDH release at the 10 min time point indicating that efflux was being measured
rather than cellular leakage due to cytotoxicity.

3.2.7 shRNA knockdown of ABCC4 in HepaRG cells

HepaRG cells were seeded into 6-well plates at 2 x 10° cells/well and transfected with
shRNA targeting the MRP4 gene ABCC4 (1 pg) with DNA:XtremeGENE 9 (3 ul) as per
manufacturer’s instructions. HepaRG cells were also separately transfected with the empty
vector pLKO.5-puro and non-target (pLKO.5-puro non-mammalian shRNA) as negative controls.
Cells were selected 72 hr post-transfection and maintained as described above, with the
addition of 2 ug/ml puromycin. After ~4 weeks of selection, when confluency was reached, cells

were trypsinized and seeded in plates at the appropriate cell density for
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proliferation/differentiation for characterization by immunoblot, and efflux studies, as
described above. Cells were maintained in media containing 2 pug/ml puromycin except this was
reduced to 1 ug/ml during the differentiation period and experiments.
3.2.8 Whole cell lysate preparations of HepaRG cells and immunoblotting

Fully differentiated parental HepaRG cells, as well as HepaRG cells expressing empty vector,
non-target or ABCC4-targeted shRNA maintained in 6-well plates were lysed in 100 pL of 0.5%
Triton X-100 containing protease inhibitors. Protein concentrations were determined using a
BCA assay. Then 30 pg protein was subjected to SDS-PAGE (6%) and transferred to a
polyvinylidene fluoride (PVDF) membrane. Immunoblotting of the PVDF membrane was
performed using the MRP4-specific monoclonal rat antibody M4l-10 (1:2000) followed by
secondary HRP-conjugated anti-rat (1:5000) antibody. A Na*/K*-ATPase monoclonal mouse
antibody (H-30) (1:10 000) was used to detect Na*/K*-ATPase as a sample loading control,
followed by HRP-conjugated anti-mouse (1:10 000) antibody. All antibodies were prepared in
4% skim milk. PVDF membranes were imaged using ChemiDoc™ (BioRad) after addition of
Immobilon Crescendo Western HRP substrate. Relative protein levels of MRP4 were quantified
using Image) software normalized against the Na*/K*-ATPase signal. Levels of MRP4 are
reported relative to parental HepaRG cells.
3.2.9 Data analysis and statistics

Statistical differences in 73As-arsenic efflux in the presence and absence of MeSeCys

over time were determined using a two-way ANOVA followed by a Sidak’s post hoc-test. For all
efflux studies, a one-way ANOVA followed by a Tukey’s post hoc test was used to determine if

there were statistical differences between 73As-arsenic sinusoidal efflux and all other conditions
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tested. A one-way ANOVA followed by Dunnett’s post hoc test was used to determine if there
were statistical differences in densitometry data. For comparisons of 7As-arsenic sinusoidal
efflux in the presence and absence of MeSeCys between parental, empty vector, non-target,
and ABCC4-knockdown cells, a two-way ANOVA followed by a Sidak’s post-hoc test was used to
determine significance between all conditions. An alpha value of <0.05 was used to define

significance for all statistical analyses performed.

3.3 Results
3.3.1 Sinusoidal arsenic efflux is stimulated by MeSeCys in HepaRG cells and SCHH

To further characterize our novel and unexpected observation that MeSeCys stimulated
arsenic sinusoidal efflux by ~1.6-fold in HepaRG cells [34], time and dose dependent studies
were completed. Fully differentiated HepaRG cells were treated with "3As-arsenite (1 uM, 100
nCi) alone or in the presence of MeSeCys (1 uM) for 1 hr. Then, 73As-arsenic efflux was
measured across sinusoidal membranes at the indicated time points. Export of *As-arsenic was
detected across sinusoidal surfaces with increased efflux in the presence of MeSeCys at each
time point. Sinusoidal export of arsenic in the absence and presence of MeSeCys ranged from
0.64-5.11 pmol/mg protein and 1.23-6.86 pmol/mg protein, respectively. The stimulation of
efflux in the presence of MeSeCys was significant at each time point and ranged from 1.2-1.9-
fold (Fig 3.1A).

To determine if MeSeCys stimulation of arsenic sinusoidal efflux was dose dependent, fully
differentiated HepaRG cells were treated with "3As-arsenite (1 uM, 100 nCi) alone or in the
presence of MeSeCys (1, 3 or 10 uM) for 1 hr. *As-arsenic efflux was measured across

sinusoidal membranes at a 10 min time point. Data shown are a percentage of sinusoidal efflux
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of arsenic alone (4.1 pmol/mg protein) (Fig 3.1B). In the presence of 1, 3, and 10 uM MeSeCys,
sinusoidal efflux of arsenic was simulated by 1.2-, 1.5, and 1.6-fold, relative to untreated
control (Fig 3.1B).

SCHH are considered the gold-standard for measuring hepatobiliary transport. Consistent
with our observations with HepaRG cells, stimulation of sinusoidal export of 73As-arsenite (1
UM, 100 nCi) by MeSeCys (1 uM), was also observed with a single preparation of SCHH. For the
5, 10, and 15 min time points there was ~1.2-fold stimulation of sinusoidal efflux of arsenic in
the presence of MeSeCys (Fig 3.1C). Shown are data from an individual experiment with

triplicate determinations, thus it was not appropriate to indicate statistical significance.
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Figure 3.1: MeSeCys stimulates arsenic sinusoidal efflux ®. (A) HepaRG cells were treated with media
containing "*As-arsenite (1 uM, 100 nCi) and MeSeCys (1 uM) for 1 hr at 37°C. Then cells were washed,
and incubation media was replaced with standard HBSS at 37°C. Sinusoidal efflux of >As-arsenite was
sampled at indicated time points and quantified by beta liquid scintillation counting. Each symbol
represents the mean * SD of four independent experiments with closed circles indicating 7 As-arsenite
efflux in the presence of MeSeCys, and open circles indicating 7*As-arsenite efflux alone. A two-way
ANOVA Sidak’s multiple comparisons test was used to determine significant differences in As-arsenite
efflux between the time points with * P<0.05, ** P<0.01, and ****P<0.0001. (B) HepaRG cells were
treated in the same manner as (A), with the exception of different concentrations of MeSeCys (0, 1, 3, or
10 uM). Sinusoidal efflux of *As-arsenite was sampled at 10 min and quantified by beta liquid
scintillation counting. Data are shown as % "*As-arsenite efflux without MeSeCys and bars represent the
mean * SD of three independent experiments. Significant differences between 7®As-arsenite sinusoidal
efflux in the presence and absence of MeSeCys at each time point are indicated with * P <0.05, **
P<0.01 and ****P<0.001 (One-way ANOVA followed by Tukey’s multiple comparisons test) (C) SCHH
were treated with media containing ">As-arsenite (1 uM, 100 nCi) and MeSeCys (1 uM) for 24 hr at 37°C.
Sinusoidal efflux of 7®As-arsenite alone and in the presence of MeSeCys was measured as described for
(A). Symbols represent the mean * SD of triplicates from a single experiment with closed circles
indicating 73As-arsenite efflux in the presence of MeSeCys, and open circles indicated >As-arsenite efflux
alone.

5 Fig 3.1C experiment was conducted by Dr. Gurnit Kaur. Primary hepatocytes used in Fig 3.1C were
provided by Drs Norman Kneteman and Donna Douglas.
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3.3.2 Arsenic sinusoidal export is GSH- and temperature-dependent and MRP-
mediated

To further characterize sinusoidal export of arsenic and its stimulation by MeSeCys,
transport was measured after GSH-depletion, at 4°C, in the presence of MK571 (a general MRP
inhibitor), and in the presence of ceefourin-1 (MRP4 inhibitor). Fully differentiated HepaRG cells
were treated with 73As-arsenite (1 uM, 100 nCi) in the presence and absence of MeSeCys (1
uM) for 1 hr and then efflux was measured at a 10 min time point. Similar to Fig 1A-C, "3As-
arsenic sinusoidal efflux was stimulated by MeSeCys by 1.4-fold (Fig 3.2A).

In previous studies using HepaRG cells and SCHH, arsenic biliary and sinusoidal export were
both GSH-dependent [18,34]. Similar experiments were completed to determine if the
stimulatory effect of MeSeCys on arsenic sinusoidal efflux was GSH-dependent. HepaRG cells
were treated with BSO (500 uM), an inhibitor of the rate-limiting step in GSH synthesis, and this
resulted in a 27% reduction of arsenic-alone export, and a complete loss of MeSeCys-stimulated
arsenic export (30% reduction relative to the arsenic alone condition) (Fig 3.2A).

Next, temperature dependence of arsenic sinusoidal export alone and in the presence of
MeSeCys was evaluated at 4°C. Arsenic-alone sinusoidal efflux was decreased by 57% at 4°C
compared to the 37°C control, and there was a complete loss of MeSeCys-stimulated arsenic
export (54% reduction relative to the arsenic alone condition) (Fig 3.2A). The reduced efflux of
arsenic at 4°C suggests that sinusoidal efflux of arsenic is predominantly transporter-mediated,
consistent with previous findings [18,34].

MK571 is an LTDa4 receptor antagonist and general MRP inhibitor [34], previously shown to
inhibit sinusoidal efflux of arsenic from SCHH and HepaRG cells [18,34]. To determine if

MeSeCys-stimulated arsenic export is also inhibited, cells were treated with MK571 (100 uM).
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This resulted in a 31% reduction of sinusoidal efflux of 7> As-arsenic from HepaRG in the arsenic
alone condition, and a complete loss of MeSeCys-stimulated arsenic export (29% reduction
relative to the arsenic alone condition) (Fig 3.2A).

MRP4 is the only MRP at the sinusoidal surface of hepatocytes with an established role in
arsenic transport [17,35]. Therefore, it was the most logical candidate transporter for further
characterization. Ceefourin-1 is a pharmacological inhibitor that is more selective for MRP4,
than MK571 [43] and its influence on arsenic efflux from fully differentiated HepaRG cells at 20
UM was tested. Similar to the results for MK571, ceefourin-1 decreased the sinusoidal efflux of
3As-arsenic alone by 35% and resulted in a complete loss of MeSeCys-stimulated arsenic export
(27% reduction relative to the arsenic alone condition) (Fig 3.2A).

Next, the dose dependence of ceefourin-1 inhibition of arsenic sinusoidal efflux was
explored. Fully differentiated HepaRG cells were treated with ceefourin-1 at increasing
concentrations (0, 1, 5, 10, or 20 uM). As expected, in the absence of ceefourin-1, arsenic
sinusoidal efflux was stimulated by 1.3-fold in the presence of MeSeCys (Fig 3.2B). When
HepaRG cells were treated with 1 uM ceefourin-1, results were similar to untreated cells, and
no inhibition of sinusoidal efflux of arsenic in the presence or absence of MeSeCys was
observed (Fig 3.2B). In the presence of 5 uM ceefourin-1, sinusoidal efflux of arsenic alone was
not inhibited, but the stimulatory effect of MeSeCys on arsenic efflux was diminished by 17%
relative to untreated HepaRG cells (Fig 3.2B). When cells were treated with 10 uM ceefourin-1,
sinusoidal efflux of arsenic alone and in the presence of MeSeCys was decreased by 44% and
42%, respectively (Fig 3.2B). The largest decrease in sinusoidal efflux of arsenic was observed

after treatment with 20 uM ceefourin-1, where arsenic sinusoidal efflux alone and in the
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presence of MeSeCys decreased 57% relative to untreated cells (Fig 3.2B). The half inhibitory
concentrations for ceefourin-1 after cells were treated with arsenic alone and in the presence
of MeSeCys were 7.4 £ 0.2 uM and 4.8 = 0.2 uM, respectively (Fig 3.2Bii). Overall, sinusoidal
efflux of arsenic alone and in the presence of MeSeCys is GSH- and temperature-dependent and

likely mediated by MRP4.
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Figure 3.2: The effect of BSO, temperature, MK571 and ceefourin-1 on sinusoidal efflux of arsenic in
the presence and absence of MeSeCys. (A) Efflux of 7*As-arsenite alone and in the presence of MeSeCys
were evaluated after 48 hr pre-treatment of cells with BSO (500 uM), 30 min treatment with MK571
(100 uM) or ceefourin-1 (20 uM) before and during efflux, and at 4°C using ice-cold buffers. White bars
represent means + SD of As-arsenite sinusoidal efflux and black bars represent means * SD of *As-
arsenite sinusoidal efflux in the presence of MeSeCys from three independent experiments. Conditions
that are significantly different than untreated *As-arsenite sinusoidal efflux are indicated with **
P<0.01, ***P<0.001, and ****P<0.0001 (One-way ANOVA followed by a Tukey’s post hoc test). (B) (i)
Efflux of *As-arsenite alone and in the presence of MeSeCys were evaluated after treatment of cells
with ceefourin-1 (1, 5, 10, or 20 uM) before and during efflux. White bars represent means * SD of 3As-
arsenite sinusoidal efflux and black bars represent means * SD of 73As-arsenite sinusoidal efflux in the
presence of MeSeCys from three independent experiments. Conditions that are significantly different
than the untreated "3As-arsenite sinusoidal efflux are indicated with * P<0.05, and ****P<0.0001 (One-
way ANOVA followed by a Tukey’s post hoc test). (ii) shows these data plotted as an inhibition dose
response curve using the log(inhibitor) vs. response variable slope fit (GraphPad Prism 8) White circles
represent means + SD of *As-arsenite sinusoidal efflux and black circles represent means + SD of "3As-

arsenite sinusoidal efflux in the presence of MeSeCys.
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3.3.3 ABCC4 knockdown studies
HepaRG cells were stably transfected with shRNAs targeting the MRP4 gene ABCC4. A non-

mammalian target (non-target) and empty vector shRNA were included as negative controls.
Two different cell clones stably expressing two different ABCC4 targeted shRNA (clones 5264

and 7334) were established.

3.3.4 HepaRaG cells expressing ABCC4-targeted shRNA have lower levels of MRP4
than control HepaRG cells

To evaluate the efficiency of the ABCC4-knockdown, whole cell lysates of fully
differentiated parental, empty vector, non-target and ABCC4 knockdown HepaRG cells were
prepared and subjected to immunoblots. MRP4 was detected at similar levels in parental,
empty vector, and non-target HepaRG cells (Fig 3.3A and B). MRP4 levels in HepaRG cells
expressing ABCC4-targeted shRNA clones 5264 and 7334 were reduced by 65% and 71%

respectively, of the parental HepaRG cells (Fig 3.3A and B).
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Figure 3.3: Levels of MRP4 in parental HepaRG cells compared to HepaRG cells stably expressing
empty vector, non-target, and ABCC4-targeted shRNA (clones 5264 and 7334). Whole cell lysates were
prepared, and 30 pg of protein were subjected to SDS-PAGE (6%) and transferred to a PVDF membrane.

Immunoblotting was performed

using the MRP4-specific rat monoclonal antibody Myl-10 (1:2000). The

Na*/K*-ATPase mouse monoclonal antibody (H-3) was used as a sample loading control (1:10 000).
Secondary antibodies were conjugated with horseradish peroxidase and a chemiluminescent substrate
was added to visualize signals. (A) Representative blots. (B) Densitometry data (analyzed with Image))
showing levels of MRP4 relative to parental HepaRGs and normalized to loading control. The means + SD

from five independent experime
parental cells are indicated with

nts are shown. Significant differences in MRP4 level compared to
**** p<0.001 (One-way ANOVA followed by Dunnett’s post hoc test).
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3.3.5 Sinusoidal export of arsenic alone and in the presence of MeSeCys is
reduced in HepaRG cells stably expressing ABCC4-targeted shRNA.

The extent of arsenic sinusoidal efflux was compared between fully differentiated
parental cells and HepaRG cells stably expressing empty vector, non-target, or ABCC4-targeted
shRNA. HepaRG cells were treated with 7*As-arsenite (1 pM, 100 nCi) with and without
MeSeCys (1 uM) for 1 hr prior to measuring efflux. Then sinusoidal efflux of arsenic was
measured at a 10 min time point. Arsenic efflux across sinusoidal membranes in parental
HepaRG cells was 7.2 + 0.3 pmol/mg protein and stimulated 1.3-fold to 9.0 + 0.3 pmol/mg
protein by MeSeCys (Fig 3.4A). A similar extent of arsenic sinusoidal efflux in the presence and
absence of MeSeCys was observed in HepaRG cells stably expressing empty vector and non-
target shRNA compared with parental HepaRG cells (Fig 3.4). Sinusoidal efflux of arsenic alone
was decreased by 29% and 27% in HepaRG cells expressing the ABCC4-targeted shRNA clones
5624 and 7334 respectively, compared to parental cells (Fig 3.4). The stimulation of arsenic
sinusoidal efflux in the presence of MeSeCys was completely lost in the HepaRG cells expressing

the ABCC4-targeted shRNA clones 5264 and 7334 (Fig 3.4).
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Figure 3.4: Comparison of MeSeCys-dependent and -independent >As-arsenic sinusoidal efflux in
parental HepaRG cells and HepaRG cells stably expressing empty vector, non-target, and ABCC4-
targeted shRNA (clones 5264 and 7334). Efflux of "3As-arsenic alone and in the presence of MeSeCys
were evaluated. White bars indicate the means + SD of arsenic efflux alone and black bars indicate the
means * SD of 73As-arsenic efflux in the presence of MeSeCys from three independent experiments.
Significant differences between efflux of "*As-arsenic alone in parental HepaRG cells and other
conditions are indicated with **P<0.01, ***<0.001, and ****<0.0001 (Two-way ANOVA followed by
Sidak’s multiple comparisons post hoc test).

3.4 Discussion

Chronic exposure to arsenic through contaminated drinking water remains a concern for
millions of people worldwide. In humans, ~80% of consumed arsenic is eliminated in urine,
predominantly as methylated metabolites, the bulk of which are thought to form in
hepatocytes. MRP4 is localized to sinusoidal membranes of hepatocytes and proximal tubules
of kidney, making it an ideal candidate for urinary elimination of arsenic metabolites. Selenium-
supplementation trials have been completed to try to alleviate symptoms related to chronic
arsenic exposure [28-30,44]. In the present study, we examined the stimulatory effect of
MeSeCys on arsenic sinusoidal transport.

We previously observed increased sinusoidal efflux of arsenic from HepaRG cells in the

presence of MeSeCys [34]. This finding was observed over time and was dose dependent (Fig
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3.1A and B). Arsenic sinusoidal efflux in the presence of MeSeCys from SCHH, the gold standard
model for studying hepatic transport, was remarkably similar to HepaRG cells (Fig 3.1A vs 3.1C),
suggesting a reproducible stimulation of arsenic export by MeSeCys in two different models.

Arsenic sinusoidal efflux was further characterized in the presence and absence of MeSeCys
using pharmacological and genetic modulation of MRP4. Sinusoidal efflux of arsenic alone was
found to be GSH-dependent, temperature-sensitive, inhibited by general MRP and MRP4-
specific inhibitors, and reduced when MRP4 levels were knocked down (Figs 3.2A and 3.4A).
The stimulatory effect of arsenic sinusoidal efflux by MeSeCys was lost under the same
conditions in the presence of BSO, at 4°C, and in the presence of the general MRP and specific-
MRP4 inhibitors, MK571 and ceefourin-1, respectively, consistent with previous studies of
arsenic export alone using SCHH and HepaRG cells [18,34]. MeSeCys did not stimulate arsenic
sinusoidal efflux in the ABCC4 knockdown HepaRG cells, but stimulation still occurred in
parental and control HepaRG cells (Fig 3.4A). The loss of arsenic sinusoidal efflux in the
presence of MeSeCys with increasing concentrations of ceefourin-1 also suggest that the
stimulatory effect of MeSeCys on arsenic sinusoidal efflux is mediated by MRP4. Overall, these
observations are also consistent with the involvement of transporters, specifically MRP4, for
non-stimulated sinusoidal export of arsenic from human hepatocytes. While sinusoidal export
of arsenic from SCHH has characteristics of being MRP4-mediated, it was not definitively shown
[18]. This is the first report to show reduced sinusoidal arsenic export using an ABCC4
knockdown model.

Although levels of MRP4 were assessed and compared in the parental, empty vector, non-

target, and ABCC4-knockdown cells in this study, future studies should consider treating the
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cells with arsenite in the presence and absence of MeSeCys prior to immunoblotting. In this
study, cells were treated for 1 hr with arsenite and MeSeCys, so changes in overall MRP4 levels
are unlikely to occur. However, cellular localization studies such as those included in Chapter 4
could be performed to determine if the presence of MeSeCys interferes with the trafficking or
induction of MRP4 within the sinusoidal membrane.

Arsenic sinusoidal efflux was inhibited to a greater extent at cold temperature, than by
MK571 and ceefourin-1, suggesting there could be another transporter or channel that
contributes to arsenic sinusoidal efflux. Aquaglyceroporin 9 (AQP9) is a channel present at the
sinusoidal surface of hepatocytes that allows the passage of neutral arsenic species, As(OH)3
and MMA"" down their concentration gradients into cells [45]. AQP9 is bi-directional and can
theoretically allow the passage of As(OH); and MMA!" down their concentration gradients out
of the cell. When arsenic efflux was measured from SCHH in the presence of phloretin, an AQP9
inhibitor, there was an 80-89% reduction in arsenic efflux across the sinusoidal membrane over
a 15-min time course [18]. However, phloretin is not a specific AQP9 inhibitor, and can inhibit
other transport proteins, including MRP4 [18,46,47]. Future studies could include using
phloretin on ABCC4 knockdown HepaRG cells to evaluate whether further reduction in arsenic
efflux across sinusoidal membranes is observed in the presence and absence of MeSeCys. MRP3
and MRP5 are other candidates for arsenic efflux at the basolateral surface and would have
been inhibited by MK571, but these two proteins did not confer resistance to inorganic or
methylated arsenic species in a previous study [17]. MRP6 likely would not have been inhibited
by MK571, but in a previous study using SCHH, increased levels of MRP6 were not observed

with increasing levels of arsenite [18,48]. Furthermore, in MRP3-, MRP5-, and MRP6-enriched
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membrane vesicles, no transport of As(GS)s; was detected [42, Swanlund, Whitlock, and Leslie,
unpublished].

A molecular basis for the mutually protective relationship between arsenic and selenium is
the formation and biliary excretion of [(GS).AsSe]". Despite the expectation that any form of
selenium would increase the biliary elimination of arsenic, DMAV urinary elimination increased
by 1.3-fold in humans that consumed selenium-enriched lentils (55 pg/day) compared to
control lentils (1.5 pg/day) after 3 and 6 months [28]. Although selenomethionine is the
predominant selenium species in lentils (accounting for >85% of total selenium),
selenomethionine had no effect on arsenic export by human HepaRG cells or SCHH [34,49,50].
However, a study has demonstrated that MeSeCys can form from selenomethionine and
cysteine or cysteine upon heating to 150°C for 24 hr in sealed vials [37]. MeSeCys has also been
postulated to form from the reaction between selenodiglutathione and dimethyldiselenide that
has been released from selenomethionine [37]. Although the selenium-supplementation study
by Smits et al., did not control how the lentils given to the participants were consumed, it is
highly likely they were cooked, lentil soup, or dahl is known to be consumed on a daily basis
[28]. Although lentils are an excellent source of selenomethionine (potentially converted to
MeSeCys), dietary sources rich in MeSeCys without requiring chemical conversion, could be
considered for future selenium supplementation trials. MeSeCys comprises up to 45% of total
selenium in broccoli sprouts, broccoli florets, and as much as 80% of total selenium in onions
and garlic [36]. It may be difficult to consume onions and garlic in sufficient quantities, so the
use of purified MeSeCys in capsule form or selenium-enriched broccoli sprouts and florets

would be a more feasible choice of supplementation. Although there have been no reports to

140



our knowledge of using purified MeSeCys in selenium supplementation trials, our findings

suggest that MeSeCys could be beneficial to those suffering from symptoms related to chronic

arsenic exposure.
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4. Naturally Occurring Variants of
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the Transport of Arsenic Triglutathione
(As(GS)3) and the Seleno-bis (S-
glutathionyl) Arsinium lon
([(GS).AsSe])
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4.1 Introduction ™

Arsenic is a metalloid found ubiquitously in the earth’s crust and is classified as a Group |
(proven) human carcinogen by the International Agency for Research on Cancer [1,2]. Millions
of people worldwide are exposed to arsenic contaminated water at concentrations higher than
the acceptable limit of 10 pg/L as per the World Health Organization [3]. The majority of arsenic
endemic areas are in South Asian and South American countries including but not limited to
Bangladesh, India, China, Indonesia, Argentina, Columbia, and Mexico [3,4]. Although
developed countries including the United States and Canada are not as severely affected,
arsenic contamination of drinking water remains a public health concern [5-7].

In arsenic-endemic areas, selenium supplementation trials are ongoing or completed,
with the goal of alleviating symptoms related to chronic arsenic exposure [8-11]. The
foundational knowledge for the basis of selenium supplementation is from animal studies as
well as correlations between low blood selenium levels and adverse health effects from human
arsenic exposure [12—-17]. When lab animals were given toxic doses of arsenite and selenite, the
ability of these compounds to cause liver damage was diminished, compared to when the
compounds were given individually [18]. A molecular basis for the mutually protective
relationship between arsenic and selenium is the formation and biliary excretion of the seleno-
bis (S-glutathionyl) arsinium ion ([(GS):AsSe]’), which was first detected in the bile of rabbits

that were co-injected with arsenite and selenite [12].

* Dr. Gurnit Kaur included this work as an appendix in her thesis (Kaur, G. (2020) Mechanistic Studies of Arsenic
and Selenium Detoxification. University of Alberta, Canada). This thesis was used as a starting point for writing this
chapter.
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Arsenic biotransformation occurs predominantly in the liver through a series of
oxidative methylation, followed by reduction reactions, resulting in predominantly
monomethylated and dimethylated trivalent and pentavalent arsenic species in humans, but
trimethylated species can also form [19,20]. The trivalent arsenic species including arsenite,
monomethylarsonous acid (MMA'"), and dimethylarsinous acid (DMA") can undergo
glutathione conjugation [21]. Glutathione conjugates of MMA'" and arsenite have been isolated
in biological samples, such as rat bile and urine of mice deficient in gamma glutamyl
transpeptidase, which catabolizes glutathione and its conjugates [22,23]. Interestingly,
glutathione conjugates with DMA" have been synthesized in vitro, but have not been isolated in
vivo [23,24].

Active transport of arsenic from cells is mediated by members of the ATP-binding
cassette (ABC) transporter family, subfamily C. This family consists of 12 functional members,
that include transporters involved in primary active transport of their substrates [25]. The
multidrug resistance proteins (MRPs) including MRP1 (gene symbol ABCC1), MRP2 (ABCC2), and
MRP4 (ABCC4) have established roles in the transport of arsenic metabolites [23,26-30].
Thought to be of particular importance in hepatic transport are MRP2 and MRP4, which are
involved in the efflux of As(GS)s; and [(GS).AsSe] across canalicular membranes, and
dimethylarsinic acid (DMAY) and MMA(GS); across sinusoidal membranes, respectively
[26,29,31].

In Mrp2-deficient Wistar rats, Mrp2 is responsible for transporting >98% of arsenic into
bile in the forms As(GS)s and MMA(GS); [23,32]. Furthermore, studies with human MRP2-

enriched membrane vesicles have shown, at least in vitro, that human MRP2 is a high capacity
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and high affinity transporter of As(GS)s and [(GS),AsSe] [26]. HepaRG cells are an immortalized,
polarized human hepatic cell line that form canalicular networks. In HepaRG cells, biliary
excretion of arsenic is mediated by human MRP2 as evidenced by the loss of canalicular arsenic
efflux after ABCC2 knockdown [33]. Furthermore, in HepaRG cells, arsenic biliary excretion by
MRP2 is stimulated by selenide, a biologically active form of selenium [33].

The ABCC2 gene is highly polymorphic, with greater than 1300 non-synonymous single

nucleotide polymorphisms (SNPs) in the dbSNP database (https://www.ncbi.nlm.nih.gov/snp),

including 44 that have been validated by the 1000 genomes project [34]. Naturally occurring
MRP2 variants have been shown to influence transport of non-arsenic MRP2 substrates in vitro
and/or in clinical settings [35]. Dubin-Johnson syndrome is a rare autosomal recessive condition
characterized by a lack of functionally active MRP2 [36—38]. The aims of this study were to
characterize the influence of selected MRP2 variants on cellular localization in mammalian cells
and MRP2 transport of As(GS)3 and [(GS).SeAs]". Thirteen different MRP2 variants were
characterized: R353H-, R412G-, V417I-, S789F-, R1150H-, R1181L-, V1188E-, P1291L-, N1244K-,

A1450T-, T1477M-, C1515Y-, and V1188E/C1515Y-MRP2 (Fig 4.1).

4.2 Materials and Methods
4.2.1 Materials’

3As-arsenate (> 5.6 Ci/mg) was purchased from Los Alamos Meson Production Facility (Los
Alamos, NM). 7>Se-selenite (0.296 Ci/mg) was obtained from the University of Missouri

Research Reactor (MURR, Columbia, MO). Sodium selenite, sodium (meta)arsenite, reduced

*The isotopes ("3As and 7°Se) used in this research were supplied by the United States Department of
Energy Office of Science by the Isotope Program in the Office of Nuclear Physics.
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glutathione (GSH), Tris base, adenosine triphosphate (ATP), adenosine monophosphate (AMP),
magnesium chloride (MgCl,), ethylenediaminetetraacetic acid (EDTA), N-(2-
Hydroxyethyl)piperazine-N’-2(2-ethanesulfonic acid) (HEPES), glycine, polyvinylidene difluoride
(PVDF) membranes and Immobilon Crescendo Western HRP substrate were purchased from
Millipore Sigma (Oakville, ON, Canada). Creatine kinase, creatine phosphate, GSH reductase,
reduced nicotinamide adenine dinucleotide phosphate (NADPH), and Complete Mini EDTA-free
protease inhibitor cocktail tablets were purchased from Roche Applied Science (Laval, QC,
Canada). Sodium selenide was purchased from Alfa Aesar (Ward Hill, MA). Triton X-100 was
purchased from Fisher Scientific (Fair Lawn, NJ). Pierce™ Sulfo-N-hydroxysuccinimide-SS-biotin,
Pierce™ streptavidin-agarose beads and Pierce™ bicinchoninic acid (BCA) protein assay
reagents were purchased from Thermo Scientific (Rockford, IL).
4.2.2 Antibodies
The MRP2 specific mouse monoclonal antibody (MI-4) was purchased from EMD

Millipore (Billerica, MA). The Na*/K*-ATPase mouse monoclonal (H-3/SC-48345) was purchased
from Santa Cruz Biotechnology (Dallas, TX). The IgG (H+L) cross-adsorbed goat anti-mouse and
anti-rat HRP conjugated polyclonal secondary antibodies were purchased from ThermoFisher
Scientific (Waltham, MA).
4.2.3 Cell Lines and Expression Constructs

The HEK293T cell line was from the American Type Culture Collection (ATCC) (Manassa, VA)
and was maintained in Dulbecco’s modified Eagle’s medium containing 7.5% fetal bovine serum

(FBS). Cell cultures were maintained in a humidified incubator with 95% air and 5% CO..
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MRP2 complementary DNA in pcDNA3.1(-) was a gift from Dr. Susan P.C. Cole (Queen’s
University) and its construction has been previously described [39].

4.2.4 Generation of MRP2 Variants*

Variants were generated using a Quikchange Il XL site-directed mutagenesis kit (Stratagene,
Agilent Technologies, Santa Clara, CA), using pcDNA3.1-MRP2 as the PCR template according to
the manufacturer’s instructions. Mutagenic primers used are listed in Table 4.1. All mutants
were confirmed by sequencing and the entire cDNA was sequenced to confirm that only the
desired mutation had been introduced (Molecular Biology Service Unit, Dept. Biological

Sciences, University of Alberta).

¥ Dr. Gurnit Kaur designed primers for and made the naturally occurring ABCC2 variants by site-directed
mutagenesis, ensured accuracy of the sequences by sending samples for sequencing, performed
technical replicates of immunoblots of whole cell lysates and membrane vesicles, and the reverse
mutagenesis for S789F- and A1450T-MRP2.
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Table 4.1. Mutagenic primer sequences for synthesis of MRP2 variants

Amino Nucleotide Primer Sequences (5’ - 3’)
Acid Change
Change
R353H 1058G>A F: GCTGATCTCCTTTGCAAGTGACCATGACACATATTTGTGGATTGG
R: CCAATCCACAAATATGTGTCATGGTCACTTGCAAAGGAGATCAGC
R412G 1271A>G F: CTATCCAATTTGGCCGGGAAGGAGTACACCG
R: CGGTGTACTCCTTCCCGGCCAAGTTGGATAG
V4171 1249G>A F: GGCCAGGAAGGAGTACACCATTGGAGAAACAGTG
R: CACTGTTTCTCCAATGGTGTACTCCTTCCTGGCC
S789F 2366C>T F: GATGACCCCCTGTTTGCAGTGGATGC
R: GCATCCACTGCAAACAGGGGGTCATC
R1150H 3449G>A F: CGCCAGCTGAGGCATCTGGACTCTGTCACC
R: GGTGACAGAGTCCAGATGCCTCAGCTGGCG
R1181L 3542G>T F: CCGTGCCTTTGAGCACCAGCAGCTATTTCTGAAACACAATGAGG
R: CCTCATTGTGTTTCAGAAATAGCTGCTGGTGCTCAAAGGCACGG
V1188E 3563T>A F: CTGAAACACAATGAGGAGAGGATTGACACCAACC
R: GGTTGGTGTCAATCCTCTCCTCATTGTGTTTCAG
N1244K 3732T>G F: GGCTTTGTTCTGTCCAAGGCACTCAATATCACACAAACCC
R: GGGTTTGTGTGATATTGAGTGCCTTGGACAGAACAAAGCC
P1291L 3872C>T F: GATAAGAGGCCTCTGCCAGATTGGCCC
R: GGGCCAATCTGGCAGAGGCCTCTTATC
A1450T 4348G>A F: CTGTGCCTGGGCAGGACTCTGCTTCGGAAATCC
R: GGATTTCCGAAGCAGAGTCCTGCCCAGGCACAG
T1477M 4430C>T F: GACAACCTCATTCAGATGACCATCCAAAACGAG
R: CTCGTTTTGGATGGTCATCTGAATGAGGTTGTC
C1515Y 4544G>A F: CGGGAAGATTATAGAGTACGGCAGCCCTGAAGAACTGC
R: GCAGTTCTTCAGGGCTGCCGTACTCTATAATCTTCCCG

4.2.5 MRP2 Expression in HEK293T Cells

HEK293T cells were transfected using the calcium phosphate method, as previously

described [40], with minor modifications. HEK293T cells were seeded onto 12-well tissue

culture plates at a density of 1.5x10° cells/well. After 24 hrs, a solution of 0.5 pg DNA was

added to 4.4 pL of 250 mM CaCl;, which was then added to 36 uL HEPES buffer (275 mM NaCl,

1.5 mM NaxHPQgs, and 55 mM HEPES, pH 7.0). This DNA solution was added dropwise to cells

and incubated for 24 hrs, then the cell culture media was changed. Cells to be used for cell
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surface biotinylation and membrane vesicle preparation were transfected in the same manner
but on a larger scale proportional to culture dish surface area (6-well tissue culture plates for
cell surface biotinylation, and 150 mm tissue culture plates for membrane vesicle preparations).
All experiments and preparations were performed 72 hr post-transfection.

4.2.6 Preparation of Whole Cell Lysates and Immunoblotting

HEK293T cells were washed three times in ice cold phosphate buffered saline (PBS) (137
mM NaCl, 2.7 mM KCI, 10 mM Na;HPO4 and 1.8 mM KH;PO4), and lysed in 0.5% Triton X-100
containing Complete Mini EDTA-free protease inhibitor cocktail. The lysates were centrifuged at
2800xg for 10 min and the supernatant was collected. Protein levels of the whole cell lysates
were determined using a BCA assay.

For immunoblotting, 10 ug of whole cell lysate was subjected to SDS-PAGE (6%) and
transferred to a PVDF membrane. Immunoblotting of the PVDF membrane was performed
using the MRP2-specific mouse monoclonal antibody (M2I-4) (1:2000). A Na*/K*-ATPase
monoclonal mouse antibody (H-3) (1:10 000) was used to detect the Na*/K*-ATPase as a sample
loading control. The secondary anti-mouse antibodies were HRP-conjugated (1:10 000). All
antibodies were prepared in 4% skim milk. Membranes were imaged using ChemiDoc™
(BioRad) after addition of Immobilon Crescendo Western HRP substrate. Relative levels of
MRP2 were quantified using ImageJ software normalized against the Na*/K*-ATPase signal.
Levels of each variant-MRP2 were reported relative to WT-MRP2.

4.2.7 Membrane Vesicle Preparation
Plasma membrane-enriched vesicles were prepared from HEK293T cells overexpressing WT-

MRP2, variant-MRP2 or empty vector control, as previously described [27]. Transfected cells
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were scraped into ice cold homogenization buffer (250 mM sucrose, 50 mM Tris, 0.25 mM
CaCly, pH 7.4), and washed three times by centrifugation at 500xg, 4°C for 10 min. After the last
wash, cell pellets were stored at -80°C layered with homogenization buffer containing Complete
Mini EDTA-free protease inhibitor cocktail tablets.

Cell pellets were thawed on ice, then cells were disrupted with nitrogen cavitation
(pressurized to 200 PSI for 5 min and released to atmospheric pressure) in a 45 ml Parr cell
disruption vessel. Ethylenediaminetetraacetic acid (1 mM, pH 8) as well as
phenylmethylsulfonyl fluoride (PMSF) were added to the disrupted cells and then the
suspensions were centrifuged at 500xg at 4°C for 10 min to remove intact cells and nuclei. The
supernatant was collected and layered onto 12 mL of 35% w/w sucrose in 50 mM Tris, pH 7.4,
and centrifuged at 100 000xg for 1 hr at 4°C. The interphase was collected and mixed with a
dilute Tris sucrose buffer (25 mM sucrose, 50 mM Tris, pH 7.4) and centrifuged at 100 000xg for
30 min at 4°C, yielding a membrane pellet. The membrane pellet was resuspended in 1 mL Tris-
sucrose buffer (250 mM sucrose, 50 mM Tris, pH 7.4) and centrifuged at 100 000xg for 20 min.
The supernatant was removed, and the pellet was resuspended in an appropriate volume of
Tris-sucrose buffer using a 27-gauge needle, then aliquoted and stored at -80°C. Relative levels
of MRP2 in each vesicle preparation were determined by resolving 0.5 ug protein using SDS-
PAGE followed by immunoblot, as described above for whole cell lysates.

4.2.8 Cell Surface Biotinylation

Cell surface biotinylation was carried out as previously described [41], with minor

modifications. Cells expressing empty vector, WT-MRP2, or variant-MRP2 were incubated with

the membrane impermeant EZ-link biotinylation reagent, and then washed with glycine-
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containing PBS to quench the reaction. Cells were lysed as described previously [41], and total
protein was measured. An aliquot of the lysate was saved (input fraction) and 450 pg of lysate
was incubated with 140 uL of streptavidin beads for 1 hr on a rocker at 4°C. Following
centrifugation at 800xg, the supernatant was collected (unbound/unbiotinylated fraction).
Equal volumes of the input and unbound fractions were subjected to 6% SDS-PAGE followed by
immunoblotting as described in Section 4.2.6. To quantify the amount of MRP2 that localizes to

the cell surface, the following formula was used:

input — unbound
%MRP2 at cell surface = nput x 100

4.2.9 Chemical Synthesis of 72As(GS)s and [(GS),As’>Se]

3As(GS)s was prepared from 73As-arsenite, sodium (meta)arsenite, and GSH, as
described previously [24,26].

[(GS),As”>Se] was prepared as described previously [26,42], except 7°Se-selenite was
used as the radioactive label instead of "3As-arsenite. Briefly, GSH (150 mM) was dissolved in
Tris (100 mM) and the pH was adjusted to 7.5 and then incubated at 37°C for 20 min. Then,
5Se-selenite (50 nCi/pl) combined with sodium selenite (50 pM) was combined with an equal
volume of arsenite (50 uM). This equimolar mixture was added to GSH (150 mM) at twice the

volume of this mixture, and the final pH was adjusted to 7.5.
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4.2.10 3As(GS)s and [(GS),As”>Se] Transport Assays $
ATP-dependent transport of 73As(GS); and [(GS).As’>Se]” by WT- and variant-MRP2

plasma membrane enriched vesicles was measured as described previously [26]. Briefly,
membrane vesicles (20 ug) were incubated with 73As(GS)s or [(GS)2As”Se]™ (1 uM, 100 nCi) in
transport buffer (ATP or AMP (4 mM), MgCl, (10 mM), creatine phosphate (10 mM), creatine
kinase (100 pg/ml), GSH reductase (5 pg/ml), NADPH (0.35 mM), GSH (3 mM), Tris (50 mM, pH
7.4), sucrose (250 mM)) at 37°C for 3 min.

To determine the linearity of [(GS).As”>Se]” uptake over time, the membrane vesicles
were incubated in the transport buffer at 37°C for 1, 3, 5, and 10 minutes. Kinetic parameters of
[(GS),As”>Se] uptake were determined by measuring the initial rate of uptake at eight different
concentrations (0.1 — 10 uM, 30-200 nCi) at a 3 min time point.

Transport was stopped by diluting the reaction mix with 800 uL of ice-cold Tris-sucrose
buffer. Vesicles were filtered over glass fibre filters (type A/E) with three washes of Tris-sucrose
buffer. For 73 As(GS)s transport, filters were placed in scintillation vials, dissolved in scintillation
fluid, and radioactivity was quantified by liquid scintillation counting using the PerkinElmer
MicroBeta? liquid scintillation counter. For [(GS)2As’Se]” transport, filters were placed in 4.5 ml
polypropylene gamma counter tubes (Sarstedt, Numbrecht, Germany) and radioactivity was
quantified using the Packard Cobra Il gamma counter. ATP-dependent transport was
determined by subtracting transport in the presence of AMP from the transport in the presence

of ATP.

$ Dr. Gurnit Kaur performed numerous troubleshooting experiments for these assays, which are included in her
thesis (Kaur, G. (2020) Mechanistic Studies of Arsenic and Selenium Detoxification. University of Alberta, Canada)
as an appendix.
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4.2.11 Whole Cell Accumulation Assay

3As-arsenite was reduced from 73As-arsenate with metabisulfite-thiosulfate reducing agent,
as previously described [43]. Medium containing 3As-arsenite (1 uM, 100 nCi/well) + Se (1 uM)
as selenide or selenite was added to the cells expressing EV, WT-MRP2 or variant-MRP2 for 3 hr
at 37°C. For the time course study, cells expressing WT-MRP2 were treated with media
containing 73As-arsenite (1 uM, 100 nCi/well) at 37°C for 1, 3, 6, 9, and 24 hr. Then, the cells
were washed three times using ice cold PBS and lysed in 0.5% Triton X-100. The radioactivity
was quantified using the PerkinElmer MicroBeta? liquid scintillation counter. Arsenic
accumulation was normalized to total protein levels in the lysates, which were determined
using a BCA assay.
4.2.12 Selection of arsenic and selenium concentrations for experiments
Mean blood total arsenic levels resulting from chronic arsenic exposure to 10-100 pg/L
of arsenic in water result in 10-100 nM and mean total blood selenium levels can range from
1.6-4 uM [17]. Arsenic and selenium were used at 1 uM, with the exception of the plasma
membrane vesicle transport assays, where a higher range of concentrations were used to
determine kinetic parameters.
4.2.13 Data analysis and statistics
For all densitometry statistical analyses, a one-way ANOVA followed by a Dunnett’s post-
hoc-test was used to determine if there were statistical differences between WT-MRP2 and
variant-MRP2 levels. For plasma membrane-enriched vesicle transport of 3As(GS); and
[(GS),As”>Se], a one-way ANOVA followed by a Dunnett’s post-hoc test was used to determine

if there was statistically significant differences between WT-MRP2 and variant-MRP2 transport
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activity. For whole cell accumulation assays, statistical significance between accumulation of
3As-arsenite in the absence and presence of selenium was determined using a one-way ANOVA
followed by a Sidak’s multiple comparisons test. A student’s T-test was used to determine if
there was statistical difference between accumulation of 73As-arsenite in HEK293T cells
expressing WT-MRP2 and T1477M-MPR2. For assessing statistical significance between WT-
MRP2 and variant-MRP2 for differences in accumulating of "3As-arsenite in the presence of

selenide, a one-way ANOVA followed by a Dunnett’s post-hoc test was used.

4.3 Results

4.3.1 Selection of ABCC2 variants for functional studies ®

MRP2 variants (location indicated in Fig 4.1 and properties summarized in Table 4.2) were
selected for characterization based on the following: (i) a non-synonymous change, (ii) location
of the amino acid change on a cytosolic loop or transmembrane domain (with one exception),
and (iii) a known association with clinical toxicity to a therapeutic agent in humans or disruption
of function in vitro. Eleven of the twelve individual mutations selected were in a
transmembrane helix, or cytosolic region because these are the regions most likely to influence
the binding and transport of MRP2 substrates [44]. Variants were also selected based on a
minor allele frequency of at least 1%. Two additional variants, R1150H-MRP2 and T1477M-
MRP2 with less than 1% allele frequency were included due to their implication in Dubin-
Johnson syndrome or effects on transport activity, respectively [45,46]. With one exception, all
selected variants are present in membrane spanning domains 1 and 2 and associated

intracellular and cytosolic regions, including nucleotide-binding domains (NBDs). Mutations in

® Dr. Gurnit Kaur selected the variants to be studied.

159



MSDO (transmembrane helices 1-5) were not selected, as MSDO is unlikely to be important for
transport function but is important for the correct apical localization of MRP2 in polarized cells
[47-49]. R353H-MRP2 is the only variant selected that is located in an extracellular loop, it was
chosen for its prevalence (1.4-6.7% depending on the population) and previously described
altered transport activity [50]. The variant, V1188E/C1551Y-MRP2 exists as a haplotype of
ABCC2 and was chosen because it contains two of the chosen variants that were previously

functionally characterized [50,51].

MSDO MSD1 MsD2

N1244K

A1450T

Figure 4.1: Location of the naturally occurring human MRP2 variants characterized in the current
study. The figure was taken with permission and modified from [52]. Membrane spanning domain, MSD;
nucleotide binding domain, NBD.
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Table 4.2: Summary of selected properties of ABCC2 non-synonymous variants characterized in this study

Amino Acid Nucleotide Variant ID Minor allele frequency PolyPhen2 SIFT Prediction® Previously
Change Change Prediction?® reported
phenotype
R353H 1058G>A rs7080681 1.4 (1000 genomes) [53] Benign Tolerated [50]
67 (African American) [50]
R412G 1271A>G Rare mutation Benign Affect function [35,54]
V4171 1249G>A rs2273697 18.7 (1000 genomes) [53] Benign Tolerated [55-58]
S789F 2366C>T rs56220353 1 (Japanese) [59] Probably Affect function [46,60]
damaging
R1150H 3449G>A 0.9 (Moroccan Jews) [45] Probably Affect function [45]
damaging
R1181L 3542G>T rs8187692 3.3 (1000 genomes) [53] Possibly Tolerated [49,50]
damaging
V1188E 3563T>A rs17222723 1 (Japanese) [61] Benign Tolerated [49,62,63]
5.8 (African American) [50]
N1244K 3732T>G 1 (Japanese) [61] Possibly Tolerated [50]
damaging
P1291L 3872C>T rs17216317 1 (1000 genomes) [53] Possibly Affect function [50]
damaging
A1450T 4348G>A 1 (Japanese) [59] Possibly Affect function [46,64]
damaging
T1477M 4430C>T 0.6 [65] Benign Affect function [46]
C1515Y 4544G>A rs8187710 6.7 (1000 genomes) [53] Benign Tolerated [49,56,62,6
13 (African American) [50] 6,67]
V1188E/C1515Y | 3563T>Aand | rs17222723/ [50,62]
4544G>A rs8187710

2polyphen2 (Polymorphism Phenotyping v2) is a tool that predicts possible impact of an amino acid change on the structure and function of a
human protein using physical considerations [68].

BSIFT (Sorting Intolerant from Tolerant) predicts whether an amino acid change affects protein function based on degree of conservation of
amino acid residues in sequence alignments derived from closely related sequences [69].
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4.3.2 S789F-, R1150H-, N1244K-, P1291L-, and A1450T-MRP2 were at lower levels
in whole cell lysates than WT-MRP2.

Prior to functional characterization of the MRP2 variants, relative MRP2 levels in whole
cell lysates were determined by immunoblot analysis. HEK293T cells were transfected with DNA
encoding for empty vector, WT-, R353H-, R412G-, V417I-, S789F-, R1150H-, R1181L-, V1188E-,
P1291L-, N1244K-, A1450T-, T1477M-, C1515Y-, or V1188E/C1515Y-MRP2. At 72 hr post-
transfection, whole cell lysates were prepared, and 10 pg of protein was subjected to SDS-
PAGE. Immunoblot analysis revealed levels of variant MRP2 were comparable to WT-MRP2
except for S789F-, R1150H-, N1244K-, P1291L- and A1450T-MRP2, which respectively had levels

21%, 27%, 39%, 28%, and 11% of WT-MRP2 (Fig 4.2A and B).

4.3.3 Variant-MRP2 levels differed from WT-MRP2 levels in plasma membrane
enriched vesicles.

The levels of variant MRP2 in plasma membrane enriched vesicles from transfected
HEK293T cells were also investigated. As shown in Figure 4.2C and D, V4171-MRP2 was
detected at 180% of WT-MRP2 levels (Fig 4.2C and 2D). Consistent with whole cell lysate levels
of R412G-, R1150H-, V1188E-, C1515Y- and V1188E/C1515Y-MRP2, levels similar to WT-MRP2
were observed in plasma membrane fractions (Fig 4.2C and D). Consistent with low levels in
whole cell lysates, N1244K- and P1291L- were detected at 48% and 39% of WT-MRP2 levels,
respectively (Fig 4.2C and D).

In contrast with WT-MRP2-like whole cell lysate levels, R353H-, R1181L-, and T1477M-MRP2
in plasma membrane fractions were at 40%, 60%, and 17% of WT-MRP2 levels, respectively.
Also, in contrast to the low but detectable levels of S789F- and A1450T-MRP2 in whole cell

lysates, these two mutants were not detected in plasma membrane enriched vesicles (Fig 4.2C).
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To exclude the possibility that the absence of MRP2 was due to unintentional introduction of
mutations other than S789F- and A1450T-MRP2, the introduced variants were reverted back to
the WT-MRP2 sequence using site-directed mutagenesis, and whole cell lysates were prepared
and subjected to SDS-PAGE followed by immunoblot analysis. MRP2 protein was detected in
whole cell lysates expressing these revertants (Fig 4.2E), showing that S789F- and A1450T-
MRP2 mutations were specifically responsible for the lowered protein levels. Reduced protein
levels in plasma membrane enriched, relative to whole cell lysate fractions for R353H-, S789F-,
R1181L-, A1450T-, and T1477M-MRP2 potentially indicates impaired trafficking to the plasma

membrane.
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Figure 4.2: Levels of empty vector, WT-MRP2 and naturally occurring MRP2 variants in whole cell
lysates and plasma membrane enriched vesicles. (A, B) Whole cell lysates (10 pg of protein) and (C-E)
plasma membrane enriched vesicles (0.5 pg of protein) from HEK293T cells transiently transfected with
empty vector, WT-MRP2 and variant-MRP2s were subjected to SDS-PAGE (6%). After transfer to a PVDF
membrane, immunoblotting was performed using the MRP2-specific mouse monoclonal antibody (Mal-
4) (1:2000). The Na*K*/ATPase mouse monoclonal antibody H-3 (1:10 000) was used as a loading control.
Secondary antibodies labeled with horseradish peroxidase and a chemiluminescent substrate were
added to visualize signals. (A) Representative immunoblots of the whole cell lysate samples. (B)
Densitometry data (analyzed with Imagel) of whole cell lysate samples show levels of MRP2, which were
normalized to the loading control, relative to WT-MRP2. Bars represent mean (+ S.D.) determinations of
at least three independent experiments. (C) Representative immunoblots of plasma membrane enriched
vesicles with detectable levels of MRP2. (D) Densitometry data (analyzed with Imagel) of plasma
membrane enriched samples show levels of MRP2, which were normalized to the loading control,
relative to WT-MRP2. Bars represent mean (+ S.D.) determinations of at least three independent
experiments. (E) Representative immunoblot of MRP2-S789F and -A1450T and their revertants back to
WT-MRP2. Significant differences between WT-MRP2, variant-MRP2 and empty vector are indicated
with *P<0.05, ***P<0.001, and ****P<0.0001 (One-way ANOVA followed by Dunnett’s post-hoc test).
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4.3.4 V4171-MRP2 had higher levels, and R353H-, S789F-, R1181L-, N1244K-,
P1291L-, A1450T-, and T1477M-MRP2 had lower levels at the cell surface
compared to WT-MRP2.

Cell surface biotinylation experiments were performed to corroborate plasma-membrane
enriched fraction data and further evaluate if the naturally occurring MRP2 variants reached
the cell surface to the same extent as WT-MRP2. Cell surface proteins were biotinylated with
membrane-impermeable sulfo-N-hydroxy-succinimide-SS-biotin. The degree to which mutant-
and WT-MRP2 trafficked to the cell surface was determined by measuring the input and
unbiotinylated fractions to calculate the biotinylated MRP2 as described in Section 4.3.8.
Representative immunoblots are shown in Fig 4.3A.

Cell surface expression of all variants was extremely consistent with levels observed in
plasma-membrane enriched fractions (Fig 4.2C and D versus Fig 4.3). Cell surface levels of
R353H-, R1181L-, N1244K-, P1291L- and T1477M-MRP2 were 33%, 62%, 59%, 38% and 41% of
WT-MRP2, respectively (Fig 4.3A and B). The level of V417I-MRP2 was 170% of WT-MRP2 at the
cell surface (Fig 4.3A and B). The variants R412G-, R1150H-, V1188E-, C1515Y-, and
V1188E/C1515Y-MRP2 had similar levels at the cell surface as WT-MRP2. The variants S789F-
and A1450T-MRP2 had MRP2 levels of 8% and 4% at the cell surface, respectively (Fig 4.3A and

B).
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Figure 4.3: Cell surface biotinylation of HEK293T cells expressing empty vector, WT-MRP2, or variant-
MRP2. HEK293T cells were transfected with empty vector, WT-MRP2, or variant-MRP2 and cell surface
proteins were biotinylated. (A) The total input protein (indicated with I, 25 uL loaded) and
unbiotinylated protein fractions (indicated with UB, 25 uL loaded) were resolved by 6% SDS-PAGE and
immunoblotted with the MRP2-specific monoclonal antibody, Mzl-4 (1:2000). Blots were also probed
using the Na*K*/ATPase mouse monoclonal antibody H-3 (1:10 000) as a loading control. The blots
shown are from a representative experiment and similar results were obtained in at least two additional
independent experiments. (B) Quantification (mean + S.D. from at least three independent experiments)
of the proportion of MRP2 that localizes to the cell surface based on the total (input) and unbiotinylated
(UB) fractions of protein compared to WT-MRP2 are shown. Significant differences between WT- and
variant-MRP2 are indicated with *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 (One-way ANOVA
followed by Dunnett’s post-hoc test).
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4.3.5 Variant-MRP2 had similar transport activity of As(GS); compared to WT-
MRP2.

Plasma membrane enriched vesicle transport assays with As(GS); were used to functionally
characterize MRP2 variants that were at significant levels in the plasma membrane enriched
fraction and at the cell surface (all mutants except for S789F- and A1450T-MRP2) (Fig 4.2D and
4.3B). As(GS)s3 transport by MRP2-enriched vesicles prepared from HEK293T cells has previously
been characterized [26,27]. Human WT-MRP2 transported "3As(GS); with a Km of 4.2 £ 0.9 uM
and a Vmax of 134 + 12 pmol/mg/min, with linear uptake up to 5 min [26].

Using the same methods, WT- and variant-MRP2 were characterized for 3As(GS); (1 uM, 50
nCi) transport at a 3 min time point. Data are presented as a % of ATP-dependent WT-MRP2
As(GS)s transport activity, for which the average was 19.5 + 3.8 pmol/mg/min (Fig 4.4), and
transport activity was normalized to MRP2 levels, if levels were significantly different than WT-
MRP2 in the plasma membrane-enriched vesicles. All MRP2 variants displayed similar As(GS)s
transport activity compared to WT-MRP2 (Fig 4.4A-C). The only statistically different variant

was T1477M-MRP2, which was at 60% of WT-MRP2 As(GS); transport activity (Fig 4.4B).
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Figure 4.4: Transport of 73As(GS)s in plasma membrane enriched vesicles prepared from HEK293T cells transiently expressing empty vector,

WT-MRP2, or variant-MRP2. Plasma membrane enriched vesicles (20 ug) were incubated for 3 min at 37°C in transport buffer with 73As(GS)s (1
UM, 100 nCi). The bars represent means + SD of at least three independent experiments. Significant differences in transport activity between
WT-MRP2 compared to variant-MRP2 and empty vector are shown with *P<0.05, **P<0.01 or ****P<0.0001 (One-way ANOVA followed by

Dunnett’s post-hoc test comparing to WT-MRP2).
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4.3.6 Kinetic analysis of [(GS),As’>Se] transport

Transport of [(GS)2AsSe] was previously characterized using radioactive 7*As-arsenite to
prepare [(GS),”3AsSe] [26]. In this study, the same compound was synthesized but using
radioactive 7>Se-selenite. To ensure the transport of [(GS),AsSe]” with 7°Se in place of 3 As was
consistent with Carew and Leslie (2010), kinetic parameters of [(GS),As’>Se] transport by WT-
MRP2 were evaluated and compared.

First, the linear range of ATP-dependent uptake of [(GS),AsSe] (1 uM, 100 nCi) by WT-
MRP2-enriched membrane vesicles, was measured. Transport was linear for up to 5 min with a
maximum activity of 34.7 + 4.3 pmol/mg/min, at which time it reached a plateau (Fig 4.5A).
Kinetic analysis of MRP2-dependent transport of [(GS),AsSe] was determined by measuring
ATP-dependent transport of [(GS),AsSe] over eight different concentrations (0.1-10 uM) (Fig
4.5B). Michaelis-Menten kinetic analysis (GraphPad Prism 8) revealed an apparent Km of 1.1
0.6 uM and Vmax of 43 £ 9 pmol/mg/min (Fig 4.5B) for MRP2 transport of [(GS),AsSe]’, similar to

previously published values (Km of 1.7 £ 0.8 uM and Vmax of 45 + 8 pmol/mg/min) [26].

4.3.7 R353H-, P1291L-, and R1181L-MRP2 have increased while V417I- and
R1150H-MRP2 have decreased [(GS),AsSe] transport compared to WT-
MRP2.

Next, MRP2 variants that were at significant levels in the plasma membrane enriched
fraction and at the cell surface (Fig 4.2D and 3B), were characterized for [(GS),AsSe] (1 uM, 100
nCi) transport activity. Data shown for variants are normalized to relative MRP2 levels in plasma
membrane enriched fractions (when necessary) and are presented as a % of ATP-dependent
WT-MRP2 [(GS)2AsSe] transport activity, for which the average was 18.9 + 3.0 pmol/mg/min

(Fig 4.5C-E). Transport activity of [(GS).AsSe] by variant-MRP2-enriched membrane vesicles was
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at significantly increased levels for R353H-, P1291L- and R1181L-MRP2 at 156, 167, and 143% of
WT-MRP2, respectively (Fig 4.5C-E). In contrast, [(GS),AsSe] transport activity of variant-MRP2-
enriched membrane vesicles was at significantly decreased levels for V4171- and R1150H-MRP2
at 60 and 27% of WT-MRP2, respectively (Fig 4.5C and D). Transport of [(GS).AsSe] by the
remaining mutants (R412G-, N1244K-, T1477M-, V1188E-, C1515Y-, and V1188E/C1515Y-MRP2)

had similar transport activity as WT-MRP2 (Fig 4.5C-E).

170



>

[(GS),As"5Se]" Transport

(@

[(GS),As"5Se]" Transport

)
8

o
T

N oW
T 9

-
o
1

(pmol mg! min-!

o

0

-

o
L

200

(%WT MRP2)
> o
o o
1 1

3]
(=]
1

o
1

Time (min)

%

W

[(GS),As"5Se]" Transport
(pmol mg! min)

O

[(GS),As">Se] Transport
(%WT MRP2)

5 10 I
[(GS),AS™Se] (M)

m

[(GS),As"5Se]" Transport

(%WT MRP2)

200+

-

(3]

(=]
1

-

o

(=)
1

(3]
(=]
1

o
[1

Fkekk

Figure 4.5: Transport of [(GS).As”*Se]” by plasma membrane enriched vesicles prepared from HEK293T cells transiently expressing empty
vector, WT-MRP2, or variant-MRP2. Plasma membrane enriched vesicles (20 ug protein) were incubated at 37°C in transport buffer with
[(GS)2As"Se]™ (1 uM, 100 nCi, unless otherwise indicated) for a 3 min time point (unless otherwise indicated). (A) Time course of ATP-dependent
transport of [(GS),As’*Se]” by empty vector or WT-MRP2-enriched vesicles. (B) Kinetic parameters of [(GS),As”*Se]” by WT-MRP2 were
determined by measuring the initial rate of uptake by WT-MRP2-enriched vesicles over eight concentrations of [(GS),As”*Se]” (0.1-10 pM, 50-100
nCi), followed by data analysis with the Michaelis-Menten kinetic model (GraphPad Prism 8 software). (C, D and E) Transport of [(GS),As”*Se] by
empty vector, WT-MRP2, or variant-MRP2-enriched vesicles. Symbols and bars represent means + S.D. of at least three independent
experiments. Activity level was not corrected for MRP2 level. Significant differences in transport activity between WT-MRP2, variant-MRP2 and
empty vector are shown with *P<0.05, **P<0.01, and ****P<0.0001 (One-way ANOVA followed by Dunnett’s post-hoc test).

171



4.3.8 Whole cell arsenic accumulation studies with and without selenium

To supplement observations of reduced and increased transport activity of different MRP2
variants in the plasma membrane enriched fraction, a whole cell accumulation assay was
completed using selected variants. The whole cell system was used to compare how HEK293T
cells expressing empty vector and MRP2 variants accumulate arsenic in the presence and
absence of selenium relative to WT-MRP2. Arsenic accumulation by HEK293T cells expressing
WT-MRP2 was linear up to 6 hr (Fig 4.6A), with an average accumulation of 141 + 4 pmol/mg
protein at 24 hr. For characterization of arsenic accumulation in HEK293T cells expressing WT-
and variant-MRP2, a 3 hr time point was selected and cells were treated with arsenic (1 uM,
100 nCi/well) £ selenide or selenite (1 uM).

HEK293T cells expressing empty vector or WT-MRP2 were treated with 73As-arsenite (1 uM,
100 nCi/well) £ selenide (1 uM) or selenite (1 uM) for 3 hr and arsenic accumulation was
guantified. As expected, cells expressing WT-MRP2 treated with arsenic, accumulated only 50%
of the arsenic compared to cells expressing empty vector (Fig 4.6B). When cells were treated
with 73As-arsenite in the presence of selenite, the degree of arsenic accumulation was similar
between empty vector and WT-MRP2, suggesting that export of arsenic by WT-MRP2 was
inhibited (Fig 4.6B). When cells were treated with "3As-arsenite in the presence of selenide,
there was 46% less arsenic accumulation of arsenic in the cells expressing WT-MRP2 compared
to empty vector, suggesting that MRP2 reduced accumulation of arsenic in the presence of
selenide (Fig 4.6B). Although there was a trend towards the plus selenide condition reducing

arsenic accumulation relative to minus selenide, there was no significant difference.
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Next, the MRP2 variants with altered transport activity in Figures 4.4 and 4.5 were further
characterized using the whole cell accumulation assay. When HEK293T cells expressing WT- and
T1477M-MRP2 were treated with 73As-arsenite, accumulation of arsenic was 63% of WT-MRP2
in T1477M-MRP2. The decreased accumulation of arsenic by cells expressing T1477M-MRP2
suggested that in a whole cell model, there was increased efflux of arsenic from the cells. This
result was unexpected because T1477M-MRP2-enriched membrane vesicles had reduced
transport of As(GS); relative to WT-MRP2 (Fig 4.6B). Arsenic uptake or metabolism could be
altered in cells expressing T1477M-MRP2, but the differences in transport are modest and
some of these differences could be attributed to variability.

The variants further investigated for accumulation of 73As-arsenite in the presence of
selenide were R353H-, V417I-, R1150H-, R1181L-, and P1291L-MRP2. R353H- and P1291L-MRP2
had significantly lower accumulation of 3As-arsenite in the presence of selenide, which were 32
and 42% of WT-MRP2, respectively (Fig 4.6D). R1181L-MRP2 trended towards decreased
accumulation of 73As-arsenite in the presence of selenide, with arsenic accumulation that was
60% of WT-MRP2, but this trend was not significant (Fig 4.6D). In the presence of selenide,
V417I- and R1150H-MRP2 had arsenic accumulation that was 186 and 158% of WT-MRP2,
respectively (Fig 4.6D). Therefore, R353H-, R1181L-, and P1291L-MRP2 may have increased
ability to efflux arsenic in the presence of selenide relative to WT-MRP2, and V417I- and
R1150H-MRP2 may have decreased ability to efflux arsenic in the presence of selenide relative
to WT-MRP2. These data are consistent with findings from membrane vesicle transport of

[(GS)2AsSe], where R353H-, R1181L-, and P1291L-MRP2 had increased transport activity of
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[(GS)2AsSe], and V4171- and R1150H-MRP2 had reduced ability to transport [(GS).AsSe]” (Fig

4.5C-E).
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Figure 4.6: Whole cell accumulation of arsenic in the presence and absence of selenium in HEK293T
cells transiently expressing empty vector, WT-MRP2, or variant-MRP2. (A) Accumulation of arsenic by
HEK293T cells expressing WT-MRP2 over time. Cells were treated with media containing *As-arsenite (1
KM, 100 nCi). Then cells were washed and lysed in 0.5% Triton X-100 at indicated time points.
Accumulation was quantified by beta liquid scintillation counting. (B, C, and D) were performed
similarly, but cells were washed and lysed after treatment with media containing "*As-arsenite (1 uM,
100 nCi) + selenium (1 pM selenide or selenite) for 3 hr. (B) Accumulation of *As-arsenite alone
(control), or in the presence of selenite or selenide. The white bars represent accumulation in HEK293T
cells transiently expressing empty vector, and black bars represent accumulation in HEK293T cells
transiently expressing WT-MRP2. The means + S.D. of at least three independent experiments are
shown. Significant differences comparing accumulation between empty vector and WT-MRP2 expressing
cells are indicated with *P<0.05 and **P<0.01 (One-way ANOVA followed by Sidak’s multiple
comparisons test). (C) Accumulation of 7*As-arsenite in the absence of selenium. The bars represent
means * S.D. of at least three independent experiments. Significant differences in arsenic accumulation
between WT-MRP2 and T1477M-MRP2 are shown with ****P<0.0001 (Student’s T-test). (D)
Accumulation of 73As-arsenite in the presence of selenide. The bars represent means + S.D. of at least
three independent experiments. Significant differences between WT-MRP2, and variant-MRP2 are
shown with *P<0.05, **P<0.01, or ***P<0.001 (One-way ANOVA followed by Dunnett’s post-hoc test
comparing to WT-MRP2).
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4.4 Discussion

Twelve individual and one double non-synonymous MRP2 variants were investigated for
their influence on MRP2 level, plasma membrane localization, transport of As(GS)s and
[(GS)2AsSe]” by membrane vesicles, and accumulation of arsenic alone and in the presence of

selenium (selenide and selenite). The results observed for each variant have been summarized

in Table 4.3.
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Table 4.3: Summary of MRP2 variant levels in whole cell lysates and at the plasma membrane as well as transport activity relative

to WT-MRP2
MRP2 Level Activity in plasma membrane Activity from whole cell
enriched vesicles accumulation assay
Variant Whole cell Cell surface Plasma As(GS); [(GS):AsSe] Arsenite only Arsenite +
lysates biotinylation membrane- selenide
enriched
vesicles
R353H WT J J
R412G WT WT
V417 WT N
S789F J Not detected
R1150H J WT
R1181L WT J
V1188E WT WT
N1244K J J
P1291L J J
A1450T N Not detected
T1477M WT J
C1515Y WT WT
V1188E/C1515Y WT WT

WT, similar to WT; 1, increased; {,, decreased
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Three variants (R412G-, V1188E-, and C1515Y-MRP2) as well as the double variant
(V1188E/C1515Y-MRP2) showed no differences from WT-MRP2 for protein levels, cell surface
localization, or transport activity. In contrast, levels of S789F- and A1450T-MRP2 were markedly
reduced in whole cell lysates, and not detectable in plasma membrane-enriched fractions or at
the cell surface. Of the remaining variants, one had reduced As(GS)s transport (T1477M-MRP2),
while three variants (R353H-, R1181L-, and P1291L-MRP2) had increased and two variants
(V4171- and R1150H-MRP2) had reduced [(GS).AsSe] transport. While As(GS)s is expected to
undergo enterohepatic cycling, and alterations in biliary efflux may have less important
consequences, biliary excretion of [(GS),AsSe] is expected to increase fecal elimination of both
arsenic and selenium [21,23,70,71]. Therefore, individuals expressing MRP2 variants that
increase or decrease the cellular export of [(GS),AsSe] may benefit more or less from selenium
supplementation, respectively.

Results for the variants with similar characteristics to WT-MRP2 (R412G-, V1188E-, C1515Y-,
and V1188E/C1515Y-MRP2) were reasonably consistent with previously published data and
expected. Only a single previous report on the functional characterization of the rare mutation
R412G-MRP2 exists using Chinese hamster ovary cells (CHO) after it was identified in a patient
with impaired methotrexate elimination [35]. Although levels of R412G-MRP2 were not
guantified, immunofluorescence analysis suggested that consistent with the current study,
R412G-MRP2 was trafficked appropriately to the plasma membrane. Unlike our observation of
WT-MRP2-like As(GS)s and [(GS)2AsSe] transport activity, R412G-MRP2 exported methotrexate
and GS-MF from intact CHO cells with activity similar to empty vector expressing cells [35]. The

small difference between the export of methotrexate and GS-MF between WT-MRP2 and
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empty vector cells may suggest their accumulation assay was of lower sensitivity than our
membrane vesicle assay.

Consistent with our results, cell surface levels of V1188E-, C1515Y-, and V1188E/C1515Y-
MRP2 were similar to WT-MRP2 in multiple cell lines tested (Flp-In 293, HEK293, and/or Rht14-
10) cells [49,50]. Cell accumulation and membrane vesicle transport of different substrates
(calcein-AM, 5(6)-carboxy-2’,7’-dichlorofluorescein diacetate, glutathione-methylfluorescein,
and/or GS-monochlorobimane) suggested modestly reduced or unchanged transport activity
for V1188E-, C1515Y-, and V1188E/C1515Y-MRP2 [49,67]. Interestingly, C1515Y-MRP2 had a
~2-fold reduction in lopinavir accumulation [67]. Consistent with the mostly modest effects of
these mutations on MRP2 function, PolyPhen2 predicted that these variants are all benign, and
SIFT predicted that V412G could affect function, while V1188E and C1515Y are tolerated (Table
4.2).

Low levels of S789F- and A1450T-MRP2 were detected in whole cell lysates of HEK293T
cells. In plasma membrane enriched and cell surface biotinylated fractions these variants were
not detected under the conditions tested. Low levels of these mutants have also been reported
in LLC-PK1, Flp-In 293, and Sf9 cells, but levels were still detectable in the plasma membrane
enriched fraction [46,49,60]. This led us to do the reverse mutagenesis experiment where we
confirmed that MRP2 levels were rescued, and unintended mutations were not incorporated.
The reason others could detect some S789F- and A1450T-MRP2 at the plasma membrane while
we did not is likely related to the different cell systems. In particular, Sf9 cells are known to
target proteins to the plasma membrane that do not reach the plasma membrane in

mammalian cells [46]. Regardless, in all mammalian cells, these two mutants were markedly
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reduced at the plasma membrane. Predictions by the Polyphen-2 and SIFT algorithm for S789F-
and A1450T-MRP2 were deleterious and probably and possibly damaging, respectively (Table
2). S789F- and A1450T-MRP2 are located in the NBDs: S789F-MRP2 is located in the D-loop of
NBD1, following the Walker B region and A1450T-MRP2 is located in the region between the C
Signature and Walker B motifs in NBD2. The NBDs are essential for the folding and function of
MRP2 as they bind ATP at their interface, and power export of solutes [72—74]. The low levels
of these mutants would likely prevent the efficient export of As(GS)s and [(GS),AsSe]” by MRP2
into bile and humans expressing these variants would be at a disadvantage when exposed to
arsenic.

Consistent with findings from Sf9 cells, T1477M- had levels similar to WT-MRP2 in whole
cell lysates, but lower levels at the cell surface [46]. Even when normalized for level at the cell
surface, T1477M-MRP2 had reduced transport of As(GS)s, and WT-MRP2-like transport activity
of [(GS)2AsSe]. Reduced transport of As(GS)s by MRP2 into bile could lead to less hepatic
glutathione depletion through enterohepatic cycling, and in the presence of selenium,
individuals would still be able to export (and eliminate) [(GS),AsSe] into bile, thus benefiting
from selenium supplementation. In the absence of selenium, individuals with T1477M-MRP2
would potentially allow more arsenic into the systemic circulation and therefore accumulate
more in peripheral tissues with more toxic effects. In addition to hepatic expression, MRP2 is
found at the apical surface of the renal proximal tubular cells, and T1477M-MRP2 may reduce
the urinary elimination of arsenic. Other studies of T1477M-MRP2 observed increased

transport of the bile acid, tauroursodeoxycholic acid, but decreased transport of estradiol-3-
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glucuronide [46]. SIFT predicted T1477M-MRP2 to affect function (Table 4.2), which is
consistent with this and other studies.

Individuals with R353H-, R1181L-, or P1291-MRP2 may benefit more from selenium
supplementation than WT-MRP2 because these variants had increased transport of [(GS).AsSe]
which could ultimately increase fecal elimination. In independent studies using other cells (HEK,
Flp-In 293, Rht14-10), R353H-, R1181L- and P1291L-MRP2 levels were similar to WT or
moderately reduced, and the transport activity of these variants differed between substrates
[49,50]. R353H-MRP2 resulted in modestly less efflux of glutathione-monochlorobimane (GS-
MCB) and glutathione-methylfluorescein (GS-MF) from Rht14-10 cells [50]. R1181L- and
P1291L-MRP2 resulted in modestly lower efflux of GS-MCB. R1181L-MRP2 had increased efflux
of GS-MF and Calcein AM [49,50]. Consistent with how these variants altered function, they
were predicted to be benign or possibly damaging by PolyPhen2 and tolerated or affect
function by SIFT (Table 4.2).

V4171- and R1150H-MRP2 had similar transport activities of As(GS)s as WT-MRP2, but
decreased transport of [(GS),AsSe] . This would potentially lead to depletion of GSH levels (and
potentially oxidative damage) in hepatocytes via enterohepatic cycling of As(GS)s with less
elimination of [(GS),AsSe] relative to a person expressing WT-MRP2. Consequently, arsenic and
selenium would eventually undergo export across the hepatocyte sinusoidal surface, potentially
allowing more accumulation of these compounds in extrahepatic tissues. Although V4171-MRP2
levels were like WT-MRP2 in whole cell lysates, levels were increased at the cell surface, which
has also been observed in human hepatocytes [56]. In contrast, V417I-MRP2 levels were WT-

MRP2-like in Sf9 cells [46]. Despite lower levels of R1150H-MRP2 in whole cell lysates, we and
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others observed WT-like levels at the cell surface in HEK293 cells [45]. R1150H-MRP2 also
trafficked to the apical surface of HepG2 cells similarly to WT-MRP2 [64]. Consistent with our
findings, V4171- and R1150H-MRP2 had a reduced ability to transport various substrates studied
in Sf9 and HEK293 cells (leukotriene Cs, estradiol-3-glucuronide, and estradiol-173-glucuronide,
carboxyfluorescein) [45,46]. Therefore, selenium supplementation may not be beneficial to
individuals with V4171- or R1150H-MRP2.

This study advances understanding of how inter-individual differences in selenium-
independent and -dependent biliary excretion of arsenic may influence outcomes of chronic
arsenic exposure in humans. Individuals with MRP2 variants that do not reach the cell surface
(S789F- and A1450T-MRP2) may have an impaired ability to efflux arsenic from hepatocytes.
Individuals expressing variants with a reduced ability to efflux arsenic in the presence of
selenium (V417I- and R1150H-MRP2) may not benefit from selenium supplementation, so other
treatments should be considered. For individuals with reduced ability to transport As(GS)s
(T1477M-MRP2), or with increased ability to transport [(GS),AsSe] (R353H-, R1181L-, and
P1291L-MRP2), selenium supplementation would be a feasible strategy for stimulating arsenic
biliary excretion. However, individuals with variants that could be expressed to a lesser extent
at the plasma membrane in vivo (R353H-, R1181L-, N1244K-, T1477M-MRP2) may still have a
reduced capacity for effluxing arsenic from hepatocytes. The findings from this study could be
valuable for future population studies to determine if individuals would benefit from selenium

supplementation and assessing susceptibility to arsenic-induced diseases.
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5.General Discussion

In this chapter, | will summarize the main findings of my thesis and describe future directions.

Chapter 2: Biliary excretion of arsenic by human HepaRG cells is
stimulated by selenide and mediated by the multidrug resistance protein
2 (MRP2/ABCC2).

It was previously demonstrated in animal models that arsenic and selenium are
mutually protective via the formation and biliary excretion of [(GS).AsSe]. However, the
influence of selenium on human arsenic hepatobiliary transport has not been studied using
optimal human in vitro models. In this chapter, human HepaRG cells, a surrogate for primary
human hepatocytes were used to investigate selenium (selenide, selenite, selenomethionine,
methylselenocysteine) effects on arsenic hepatobiliary transport. When HepaRG cells were
treated with arsenite and selenide, the mutual toxicity antagonism ratios were highest
compared to the other selenium forms investigated. Significant levels of arsenic biliary
excretion were detected with a BEI of 14%, and this was stimulated to 32% by selenide.
Selenide also stimulated arsenite biliary excretion. Arsenic biliary excretion was also lost in the
presence of other selenium forms. Interestingly, methylselenocysteine stimulated arsenic
sinusoidal efflux by ~1.6-fold. Arsenic canalicular and sinusoidal efflux were temperature- and
GSH-dependent and inhibited by the MRP-inhibitor, MK571. ABCC2 knockdown experiments
revealed that MRP2 accounted for all detectable biliary efflux of arsenic in the presence and
absence of selenide.

Methylation of arsenic and selenium is important for both toxicity and elimination.

Therefore, arsenic and selenium methyltransferases could also be knocked down in similar
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manner to how ABCC2 was knocked down in this chapter. Then, the role of arsenic and
selenium methylation could be characterized using arsenic and selenium speciation by mass
spectrometry.

Other factors influencing arsenic elimination should be studied. Inter-individual
variability is a common theme in arsenic-induced toxicity. Since As3MT variants have been
studied in human populations and are linked to urinary arsenic metabolites as well as arsenic-
induced diseases, it would be logical to express As3MT variants in As3MT-knockdown cells. A
plasmid containing a different antibiotic selection gene would be required to express the
As3MT variant in addition to the WT-As3MT knockdown. Since minimal arsenic methylation is
expected to occur, we should expect to see an increase in As(GS)s3 transport, and perhaps
increased efflux of [(GS),AsSe] in the presence of selenium. We should also see decreased
efflux of methylated arsenic species from the As3MT-knockdown cells.

Establishing the role of arsenic uptake transporters in a human hepatic model (e.g.,
AQP9) would also be beneficial to future studies, which could possibility lead to studying

polymorphic variants of arsenic uptake transporters.

Chapter 3: Sinusoidal efflux of arsenic by human HepaRG cells is
stimulated by methylselenocysteine

In Chapter 2, methylselenocysteine (MeSeCys) unexpectedly increased sinusoidal efflux
of arsenic from human HepaRG cells, which was further investigated in this chapter. We aimed
to further characterize arsenic sinusoidal efflux in the presence of MeSeCys in HepaRG cells.
Arsenic sinusoidal efflux was stimulated ~1.6-fold in the presence of MeSeCys, and this was also

observed in sandwich-cultured human hepatocytes. Sinusoidal efflux decreased by 27%, 57%,
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31% and 35% after glutathione depletion, temperature reduction, addition of MK571 (general
MRP inhibitor), and ceefourin-1 (MRP4 inhibitor), respectively. Arsenic efflux from HepaRG cells
stably expressing ABCC4-targeted shRNA was decreased by ~¥30% and MeSeCys was lost,
relative to MRP4-replete controls. Therefore, sinusoidal efflux of arsenic was at least in part
MRP4-mediated, and the stimulatory effect of MeSeCys on arsenic sinusoidal efflux was
completely MRP4-mediated.

Future directions should aim to determine the species of arsenic and selenium
transported by human MRP4 upon sinusoidal stimulation by MeSeCys. Some efforts have been
made to address this and are summarized in Appendix 1. Establishment of an analytical method
for selenium speciation to provide more insight into chemical species present after treatment
with arsenite and MeSeCys would be valuable. It would also be extremely beneficial to perform
selenium speciation analysis on selenium-enriched lentils that have been previously used in
selenium-supplementation trials, as well as the ones that are ongoing to provide insight into
which selenium species are most beneficial.

Cytotoxicity studies using ABCC4-knockdown HepaRG cells, as well as knockdowns of
methyltransferases for arsenic and selenium metabolism could provide some insight on the
influence of methylation and transport on arsenic and selenium toxicity. The parental HepaRG
cells are expected to be more resistant to arsenite (higher ECso value) compared to the ABCC4-
knockdown cells. Assessing cytotoxicity in the presence of different combinations of
concentrations of arsenite in the presence of MeSeCys using Combenefit will also be useful.

Lastly, inter-individual variability in susceptibility to arsenic-induced diseases can be

investigated. There have been previous studies of MRP4 variants (Banerjee et al., 2016), but not
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in @ human hepatic cell model. ABCC4-knockdown HepaRG cells could potentially be used as a
model for studying the effect of these previously characterized MRP4 variants on arsenic
transport, and how it might be influenced by selenium. Of particular interest are C171G- and
Y556C-MRP4 as they had higher transport activity of MMA(GS), and DMAY, respectively,
relative to WT-MRP4 (Banerjee et al., 2016). Two other noteworthy variants are K304N- and
G187W-MRP4, which had lower transport of MMA(GS), and DMAV relative to WT-MRP4

(Banerjee et al., 2016).

Chapter 4: Naturally occurring variants of MRP2/ABCC2 differentially
modulate the transport of arsenic triglutathione (As(GS)3) and the
seleno-bis (S-glutathionyl) arsinium ion [(GS),AsSe]"

Inorganic arsenic is a proven human carcinogen that causes lung, skin, and bladder
cancer. In addition to causing cancer, chronic exposure to arsenic also leads to a myriad of
adverse health effects. There is likely a genetic component in susceptibility to arsenic-induced
diseases as different outcomes between individuals with similar exposure histories are
observed. In this chapter, 13 non-synonymous MRP2 variants were investigated for their
influence on MRP2 level, plasma membrane localization, transport of As(GS)s, and [(GS).AsSe]
by membrane vesicles, and accumulation of arsenic alone and in the presence of selenium
(selenide and selenite). The variants R412G-, V1188E-, C1515Y- and V1188E/C1515Y-MRP2
were similar to WT-MRP2 for protein levels, cell surface localization, and transport activity.
S789F- and A1450T-MRP2 were not detected at the cell surface, so functional characterization

was not performed.
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T1477M-MRP2 had 40% less As(GS)s transport activity compared to WT-MRP2. R353H-,
R1181L-, and P1291L-MRP2 had increased [(GS).AsSe] transport by 160%, 145% and 170%
compared to WT-MRP2, respectively. In contrast, V417I- and R1150H- had [(GS),AsSe]
transport that was 59% and 37% of WT-MRP2, respectively.

Future directions of this study could include generating stable cell lines so that cellular
imaging studies by immunofluorescence imaging using properly polarized cell lines could be
performed. Endoplasmic reticulum markers such as calnexin and Golgi apparatus markers such
as giantin could be used for cellular localization studies by immunofluorescence imaging. This
would give some insight to where in the cell the variants have mis-localized to. Scaffolding
proteins thought to be responsible for trafficking to the plasma membrane such as NHERF1
could be probed for by immunoblotting. Alternatively, ABCC2-knockdown HepaRG cells could
also be used as an in vitro model for studying these variants as they are polarized and form
canalicular networks. The MRP2 variants could be expressed in the ABCC2-knockdown HepaRG
cells using a plasmid with a different selection gene. The effect of these variants on the
transport of other clinically relevant substrates such as methotrexate could be studied. Since
human MRP2 transports MMA(GS),, future studies could include studying the effect of MRP2
variants on MMA(GS), transport.

Lastly, this work should be applied to in vivo models. Feces, urine, and blood could be
collected from humanized mice expressing MRP2 variants after treatment with selenium and
arsenic to determine the effect of these variants in an in vivo model. Eventually, small
population studies involving genotyping individuals alongside selenium-supplementation could

be performed to study the effects of MRP2 variants in vivo.
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Overall Significance

Overall, this thesis has strengthened the understanding of arsenic hepatobiliary
transport by further characterizing the important roles of human MRP2 and MRP4 in arsenic
efflux. The influence of selenium on arsenic hepatobiliary transport has also been further
characterized. A greater understanding of how genetic variants could contribute to inter-
individual variability in susceptibility to arsenic-induced disease has also been achieved.

All these components help us to better understand which form of selenium would be
most efficacious when designing selenium-supplementation trials. For individuals with certain
MRP2 variants, we are able to better predict whether they would benefit from selenium-

supplementation as well as their susceptibility to arsenic-induced diseases.
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Appendix A: Determining the Species of
Arsenic Transported by Human MRP4
Upon Sinusoidal Stimulation by
Methylselenocysteine
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Introduction

In Chapter 3, the arsenic sinusoidal efflux in the presence of methylselenocysteine
(MeSeCys) was characterized. Arsenic sinusoidal efflux was stimulated by the presence of
MeSeCys from both human HepaRG cells and from sandwich cultured human hepatocytes
(SCHH). We demonstrated that this process is glutathione-dependent and transporter-
mediated. Arsenic efflux in the presence and absence of MeSeCys, was also diminished in the
presence of ceefourin-1, an MRP4 inhibitor. There was also decreased arsenic sinusoidal efflux
from ABCC4 knockdown HepaRG cells, and the stimulatory effect of MeSeCys was lost.
Therefore, MeSeCys stimulated sinusoidal efflux is MRP4-mediated. The following steps of this
study were initiated to determine the species of arsenic transported by MRP4 upon stimulation
by MeSeCys. In this section, | describe preliminary results of membrane vesicle transport (using
MRP4 over-expressed in HEK293T cells) work as well as arsenic speciation from parental and

ABCC4 knockdown HepaRG cells treated with arsenite and MeSeCys.

Materials and Methods

Materials

3As-arsenate (> 5.6 Ci/mg) was purchased from Los Alamos Meson Production Facility (Los
Alamos, NM). [6,7-3H(N)]-estradiol-17p-glucuronide (41.4 Ci/mmol) was purchased from
PerkinElmer (Woodbridge, ON). Estradiol-173-glucuronide (E>-173G), N-(2-
Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPEs), polyvinylidene difluoride
membranes, sodium(meta) arsenite, MeSeCys, bovine serum albumin (BSA), reduced

glutathione (GSH), William’s E media, dimethyl sulfoxide (DMSO), hydrocortisone 21-
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hemisuccinate sodium salt, fetal bovine serum (FBS), standard Hanks’ balanced salt solution
(HBSS), Ca?*/Mg?*-free HBSS, buthionine sulfoximine (BSO), sodium bicarbonate (NaHCO3),
Immobilon Crescendo Western HRP substrate, and puromycin dihydrochloride were purchased
from MilliporeSigma (Oakville, ON, Canada). The MISSION® shRNA plasmid DNA glycerol stocks
of TRC2 pLKO.5-puro empty vector control plasmid, pLKO.5-puro non-mammalian shRNA
control plasmid (non-target), and ABCC4 KD clones targeting the coding sequence of ABCC4
TRCN#0000005264 (NM_005845) (5264) and TRCN#0000297334 (NM_005845) (7334) were
also purchased from Millipore Sigma (Oakville, ON, Canada). Triton X-100 was purchased from
Fisher Scientific (Fair Lawn, NJ). GlutaMAX supplement, human recombinant insulin and
Pierce™ bicinchoninic acid (BCA) protein assay reagent were purchased from Thermo Scientific
(Rockford, IL). Creatine kinase, creatine phosphate, GSH reductase, NADPH, Complete Mini
EDTA-free protease inhibitor cocktail tablets, X-tremeGENES transfection reagent were
purchased from Roche, Applied Sciences (Indianapolis, IN).

Antibodies

The MRP4 specific rat monoclonal antibody (Mal-10) was purchased from Abcam Inc.
(Cambridge, MA). The Na*/K*-ATPase mouse monoclonal (H-3/SC-48345) was purchased from
Santa Cruz Biotechnology (Dallas, TX). The IgG (H+L) cross-adsorbed goat anti-mouse and anti-
rat HRP conjugated polyclonal secondary antibodies were purchased from ThermoFisher
Scientific (Waltham, MA).

Preparation of reagents
Arsenite and MeSeCys were freshly prepared for all experiments by dissolving in sterile

phosphate buffered saline (PBS) before serial dilutions of each compound in growth media for

219



immediate use. "3As-arsenite was reduced from 73As-arsenate with metabisulfite-thiosulfate
reducing agent, as previously described [1].

Preparation of plasma membrane enriched vesicles from HEK293T cells.

The HEK293T cell line was purchased from the American Type Culture Collection (ATCC)
(Manassa, VA) and maintained in Dulbecco’s modified Eagle’s medium containing 7.5% FBS in a
humidified incubator with 95% air and 5% CO,. The pcDNA3.1(+)-MRP4-WT was constructed as
previously described using MRP4 cDNA that was a kind gift from Dr. Dietrich Keppler [2,3].

HEK293T cells were transfected using the calcium phosphate method, as previously
described [4], with minor modifications. HEK293T cells were seeded onto 150 mm tissue culture
plates at a density of 4.5 x 10° cells. After 24 hr, a solution of 18 pug of DNA (WT-MRP4 or empty
vector) was added to 162 pL of CaCly, which was then added to 1.14 mL of HEPES buffer (275
mM NaCl, 1.5 mM Na;HPQas, and 55 mM HEPES, pH 7.0). This DNA solution was added dropwise
to the cells. The cell culture media was changed 24 hr later.

Seventy-two hr post-transfection plasma membrane enriched vesicles were prepared from
HEK293T cells expressing WT-MRP4 or empty vector, as previously described [5]. After
preparation, membrane vesicles were stored at -80°C. An aliquot containing 0.5 pg of protein
was subjected to SDS-PAGE (6%) followed by immunoblot as described (Chapter 3, section

3.3.8) to check for MRP4 levels.

Vesicular transport assays

3H-E217PBG vesicular transport assay

ATP-dependent transport of *H-E217G by empty vector and WT-MRP4 plasma enriched

membrane vesicles was measured as previously described [6,7]. In brief, membrane vesicles (5
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ug) were incubated with 3H-E217BG (1 uM, 50 nCi) in transport buffer (adenosine triphosphate
(ATP) or adenosine monophosphate (AMP) (4 mM), MgCl, (10 mM), creatine phosphate (10
mM), creatine kinase (100 pg/mL), NADPH (0.35 mM), Tris (50 mM, pH 7.4), sucrose (250 mM))
at 37°C for 90 sec. Transport was stopped by diluting the reaction using 800 uL of ice-cold Tris-
sucrose buffer (50 mM Tris, 250 mM sucrose, pH 7.4). Samples were filtered over glass fibre
filters (type A/E) and were washed twice with 3.5 mL of Tris-sucrose buffer. Once dry, the filters
were placed in scintillation vials and subjected to liquid scintillation counting using a Microbeta?
counter (PerkinElmer). ATP-dependent transport was calculated by subtracting AMP-dependent

transport from ATP-dependent transport.

Vesicular transport assays with 2 As-arsenite, 2As(GS)3, "3As + MeSeCys, 3As +
MeSeCys + GSH, and *C-DMAY.

ATP-dependent transport of "3As-arsenite, 72As(GS)3, "3As-arsenite + MeSeCys, "3As-arsenite
+ MeSeCys + GSH by WT-MRP4 enriched vesicles were measured as previously described with
modifications [5]. 73As-arsenite was reduced from ’As-arsenate as described in [1] and
3As(GS)3 was prepared as previously described [5]. For 73As-arsenite + MeSeCys, 50 uM of
MeSeCys was combined with 73As-arsenite (50 nCi, 50 pM). For "3As-arsenite + MeSeCys + GSH,
3As-arsenite (50 nCi, 50 pM) was combined with MeSeCys (50 uM). Then this mixture was
combined with GSH dissolved in Tris-sucrose buffer (150 mM). The "3As-arsenite + MeSeCys +
GSH was either used right away or was used after an hour-long incubation at room
temperature.

ATP-dependent transport studies were performed as described in Chapter 4 with minor

modifications. Membrane vesicles (20 pg) were incubated with the various substrates described
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in the previous paragraph in transport buffer (ATP or AMP (4 mM), MgCl, (10 mM), creatine
phosphate (10 mM), creatine kinase (100 pg/uL), glutathione reductase (5 pg/mL), NADPH (0.35
mM), Tris (50 mM, pH 7.4), sucrose (250 mM)) at 37°C for 3 min. Transport was stopped and

guantified as described above.

High-performance liquid chromatography-inductively coupled plasma mass

spectrometry analysis of arsenic methylation in HepaRG cells

Fully differentiated HepaRG cells in 24-well plates were treated with growth media (no
DMSO) containing 1 uM MeSeCys + 1 uM arsenite for 24 hr. After 24 hr, this media was
collected and stored at -80°C until analysis. The HepaRG cells were washed six times with ice
cold growth media and then 37°C growth media was added. The plates were incubated for 1 hr,
allowing efflux of arsenic metabolites to occur. After 1 hr, the efflux media was collected and
immediately placed at -80°C until analysis.

An Agilent 1100 series high-performance liquid chromatography (HPLC) system,
consisting of a pump, degasser, autosampler, column temperature control, and reverse-phased
Cis column (ODS-3, 150 mm x 4.6 mm, 3 uM particle size; Phenomenex, Torrance, CA), was
used for separation of arsenicals. The column was equilibrated with the mobile phase,
consisting of 5 mM tetrabutylammonium, 5% methanol, and 3 mM malonic acid (pH 5.85), for
at least 0.5 hr before sample injection. The flow rate of the mobile phase was 1.2 ml/min. The
injection volume of samples and standards was 50 pL. The column temperature was maintained
at 50°C. The effluent from the HPLC column was directly introduced into the nebulizer of a
7500ce inductively coupled plasma mass spectrometer (ICP-MS) (Agilent Technologies, Japan)

using a PEEK tubing. The collision cell of the ICP-MS instrument was operated in helium mode.

222



Helium at a flow rate of 3.5 ml/min was introduced to the octopole reaction cell to reduce
isobaric and polyatomic interferences. The ICP was operated at a radio-frequency power of
1550 W, and the flow rate of argon carrier gas was 0.9-1.0 L/min. Arsenic was monitored at m/z
75. Chromatograms from HPLC separation with ICP-MS detection were recorded and analyzed
using the ChemStation software (Agilent Technologies, Santa Clara, CA). Peak areas from the
analysis of samples were calibrated against those of arsenic standards to obtain concentrations
of individual arsenic species in the samples. Certified reference material #18 “Human Urine”
was used for quality control. The measured concentrations were in good agreement with the

certified values.

Results and Discussion

To study MRP4 in an isolated system and further characterize the stimulatory effect of
MeSeCys on arsenic export, plasma membrane enriched vesicles were prepared from HEK293T
cells expressing empty vector and WT-MRP4. Successful over-expression of MRP4 was
determined by SDS-PAGE, followed by immunoblot (Fig A.1A). ATP-dependent transport of the
established MRP4 substrate 3H-E,17BG [7-9] was detected (33 + 10 pmol/mg protein/min) for
MRP4-enriched vesicles, with no significant uptake by the empty vector control (Fig A.1B).

Therefore, the plasma membrane enriched vesicles were functional.
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Figure A.1: Evaluating the presence of functional MRP4 in plasma membrane enriched vesicles
expressing empty vector or WT-MRP4. (A) Membrane vesicles (0.5 pg) expressing empty vector and
WT-MRP4 were subjected to SDS-PAGE (6%) and transferred to a PVDF membrane. Immunoblotting was
performed using the MRP4-specific rat monoclonal antibody Myl-10 (1:2000). The Na*/K*-ATPase mouse
monoclonal antibody (H-3) was used as a sample loading control (1:10 000). Secondary antibodies were
conjugated with horseradish peroxidase and a chemiluminescent substrate was added to visualize
signals. (B) Vesicles (5 ug) were incubated with *H-E217BG (1 uM, 50 nCi) for 90 sec at 37 °C. Bars
represent mean activity + SD from triplicate determinations in a single experiment.

To investigate the species of arsenic being transported by MRP4, the conditions used in the
HepaRG transport experiments were replicated in membrane vesicle transport experiments.
Since the HepaRG cells were treated with 7*As-arsenite in the presence and absence of
MeSeCys, it was logical to begin the investigation by treating the cells with these compounds.
There was also strong evidence that MeSeCys-dependent and -independent arsenic sinusoidal
efflux in HepaRG cells is GSH-dependent. Therefore, GSH was added to 3As-arsenite and
MeSeCys. There was no ATP-dependent transport activity detected in all of the conditions
investigated ("3As-arsenite alone, 7*As-arsenite + MeSeCys, "3As-arsenite + MeSeCys + GSH,
3As-arsenite + MeSeCys + GSH pre-incubated, and with 73As(GS); (Fig A.2A). Plasma membrane
vesicles expressing empty vector and WT-MRP1 were included as negative and positive

controls, respectively because WT-MRP1 has been demonstrated to transport 7>As(GS)3 [10,11].
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As expected, no ATP-dependent transport activity was detected from membrane vesicles
expressing empty vector. The membrane vesicles expressing WT-MRP1 transported 3As(GS)3
with an activity of 76 £ 22 pmol/mg protein/min (Fig A.2A).

Since there was no ATP-dependent transport activity detected from membrane vesicles
after mimicking the conditions used in efflux studies, HepaRG cells were treated in the same
manner as efflux studies where 73As-arsenite (1 uM, 100 nCi) in the presence and absence of
MeSeCys (1 uM) were added to the cells for an hour. After the hour, this media was used for
plasma membrane vesicle transport. ABCC4-knockdown HepaRG cells (clone #7334) was also
treated in parallel to be used as a negative control. However, no ATP-dependent transport
activity was detected in any of the conditions tested (Fig A.2B), likely because the radioactivity
was too dilute.

Previously, Banerjee et al. demonstrated that human MRP4 is a high affinity transporter of
DMAV using plasma membrane enriched vesicles expressing human MRP4 (K of 0.22 +0.15
UM, Vmax of 32 + 3 pmol/mg protein/min) [2,7]. Banerjee et al. used ICP-MS to detect transport
activity of DMAY, where small quantities of DMAY could be detected [2,7]. In contrast, the
specific activity of 1*C-DMAY was very low, so transport needed to be performed at orders of
magnitude greater than the Km, so it is possible that saturation occurred. In the future, molar
ratios of DMAY and MeSeCys could be optimized, along with time points and including

glutathione, using a more suitable method such as ICP-MS.
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Figure A.2 Evaluating ATP-dependent of various arsenic substrates in the presence and absence of
MeSeCys by WT-MRP4. Vesicles (20 ug) were incubated in transport buffer for 5 min at 37°C containing
the following substrates: (A) 1 uM, 100 nCi of each:’3As, 73As + MeSeCys, "3As + MeSeCys + GSH pre-
incubated for 1 hr, 73As + MeSeCys + GSH, 73As(GS)s. Empty vector and WT-MRP1 expressing vesicles
were incubated for 1 min. Bars represent mean activity + SD from triplicate determinations in a single
experiment. (B) HepaRG cell efflux media from parental or ABCC4-knockdown cells after treatment with
3As-arsenite (1 uM, 100 nCi) + MeSeCys (1 uM) for 1 hr. (C) DMAY (100 uM, 40 nCi) + MeSeCys (10 uM).
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Finally, arsenic speciation was performed after treatment of the cells with arsenite and
MeSeCys in attempts to gain more insight into the arsenic species transported. HepaRG cells
were treated with arsenite (1 uM) or MeSeCys (1 uM) and in combination for 24 hr. Then cells
were washed with arsenic-free growth media, and then replaced, and cells were incubated for
1 hr at 37°C. This media was also collected for analysis by HPLC-ICP-MS. In the culture media
collected after 24 hr of treatment with arsenite, MMA was the major metabolite in cells treated
with arsenic in the presence and absence of MeSeCys, accounting for 40-60% of total arsenic
(Fig A.3A). In the ABCC4-knockdown cells, MMA was also the major metabolite in cells treated
with arsenite in the presence and absence of MeSeCys. However, MMA accounted for 15-30%
of total arsenic (Fig A.3A). Less than 1% of DMA was detected after treatment of parental and
ABCC4-knockdown cells in the presence and absence of MeSeCys (FigA.3A).

In the 1 hr efflux media, MMA was still the major metabolite in the parental HepaRG cells after
treatment with arsenite in the presence and absence of MeSeCys. MMA accounted for about
50% of total arsenic (Fig A.3B). Similar findings were observed in the ABCC4-knockdown cells
(Fig A.3B). Interestingly, DMA accounted for 0.6% of total arsenic in parental HepaRG cells in
the presence and absence of MeSeCys but was not detected in ABCC4-knockdown cells (Fig
A.3B). In all conditions, various unknown species of arsenic were detected (Fig A.3A and B).
Despite these modest differences in arsenic methylation, no conclusions could be drawn from
this single experiment. Banerjee et al. [2] previously demonstrated that MRP4 does not
transport inorganic arsenic (or in the form of As(GS)s), MMA'", DMA", or MMAV. Therefore, we
expected to see similar amounts of these species effluxed from parental and ABCC4-knockdown

cells. Since MMA(GS), and DMAY are substrates of human MRP4, we expected more efflux of
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these species from parental cells compared to ABCC4 knockdown cells. Since stimulation of
arsenic efflux by MeSeCys is MRP4-mediated, we also expected to see more efflux of MMA(GS)2
and DMAV in the presence of MeSeCys in parental HepaRG cells compared to when cells were
treated with arsenite only. However, arsenic-glutathione conjugates were not detected likely
due to their chemical instability in culture media and during sample handling and storage. Some
of the MMA"' in the media could have been derived from MMA(GS),. Efflux of DMA was absent
in ABCC4 knockdown cells, which is consistent with DMAY being a human MRP4 substrate [2].
However, due to the instability of trivalent arsenic species during sample handling, storage, and
preparation for analysis, arsenic species in culture media were simply referred to as DMA,
without valency designation. It is also possible that the arsenic species transported have not

been previously identified as an MRP4 substrate.
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Figure A.3: Methylation of arsenic effluxed into culture media of fully differentiated parental and
ABCC4-knockdown cells treated with arsenite (1 uM) £ MeSeCys (1 uM). Individual data points are
shown. (A) Parental and ABCC4-knockdown HepaRG cells were washed and treated with arsenic-free
media for 24 hr at 37°C prior to analysis by HPLC-ICP-MS. (B) Parental and ABCC4-knockdown HepaRG
cells were washed and treated with arsenic-free media for 1 hr at 37°C prior to analysis by HPLC-ICP-MS.

229



References

[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

P.F. Reay, C.J. Asher, Preparation and purification of 74As-labeled arsenate and arsenite
for use in biological experiments, Analytical Biochemistry. 78 (1977) 557-560.
https://doi.org/10.1016/0003-2697(77)90117-8.

M. Banerjee, M.W. Carew, B.A. Roggenbeck, B.D. Whitlock, H. Naranmandura, X.C. Le,
E.M. Leslie, A Novel Pathway for Arsenic Elimination: Human Multidrug Resistance
Protein 4 (MRP4/ABCC4) Mediates Cellular Export of Dimethylarsinic Acid (DMAV) and
the Diglutathione Conjugate of Monomethylarsonous Acid (MMAIII), Molecular
Pharmacology. 86 (2014) 168-179.

M. Rius, A.T. Nies, J. Hummel-Eisenbeiss, G. Jedlitschky, D. Keppler, Cotransport of
reduced glutathione with bile salts by MRP4 (ABCC4) localized to the basolateral
hepatocyte membrane, Hepatology. 38 (2003) 374-384.
https://doi.org/10.1053/jhep.2003.50331.

C.A. Chen, H. Okayama, Calcium phosphate-mediated gene tranfer: A highly efficient
transfection system for stably transforming cells with plasmid DNA, Biotechniques. 6
(1988) 632—-638.

M.W. Carew, E.M. Leslie, Selenium-dependent and -independent transport of arsenic by
the human multidrug resistance protein 2 (MRP2/ABCC2): Implications for the mutual
detoxification of arsenic and selenium, Carcinogenesis. 31 (2010) 1450-1455.

D.W. Loe, K.C. Almquist, S.P.C. Cole, R.G. Deeley, ATP-dependent 17B-Estradiol 17-(B-D-
Glucuronide) Transport by Multidrug Resistance Protein (MRP), Journal of Biological
Chemistry. 271 (1996). https://doi.org/10.1074/jbc.271.16.9683.

M. Banerjee, V. Marensi, G. Conseil, X.C. Le, S.P.C. Cole, E.M. Leslie, Polymorphic
variants of MRP4/ABCC4 differentially modulate the transport of methylated arsenic
metabolites and physiological organic anions, Biochemical Pharmacology. 120 (2016)
72-82.

B. Whitlock, Arsenic Cellular Handling by Human Multidrug Resistance Protein 1
(MRP1/ABCC1) and MRP4 (ABCC4), 2021.

230



[9] B.D. Whitlock, E.M. Leslie, Efflux transporters in anti-cancer drug resistance: Molecular
and functional identification and characterization of multidrug resistance proteins
(MRPs/ABCCs), in: Drug Efflux Pumps in Cancer Resistance Pathways: From Molecular
Recognition and Characterization to Possible Inhibition Strategies in Chemotherapy,
2020: pp. 31-65. https://doi.org/10.1016/b978-0-12-816434-1.00002-4.

[10] C.B. Shukalek, D.P. Swanlund, R.K. Rousseau, K.E. Weigl, V. Marensi, S.P.C. Cole, E.M.
Leslie, Arsenic Triglutathione [ As ( GS ) 3 ] Transport by Multidrug Resistance Protein 1 (
MRP1 / ABCC1) Is Selectively Modified by Phosphorylation of Tyr920 / Ser921 and
Glycosylation of Asn19 / Asn23 s, Molecular Pharmacology. 90 (2016) 127-139.

[11] E.M. Leslie, A. Haimeur, M.P. Waalkes, Arsenic transport by the human multidrug
resistance protein 1 (MRP1/ABCC1): Evidence that a tri-glutathione conjugate is
required, Journal of Biological Chemistry. 279 (2004) 32700-32708.
https://doi.org/10.1074/jbc.M404912200.

231



Appendix B: Further Characterization of
Localization of Naturally Occurring

MRP2/ABCC2 Variants using
Immunofluorescence Imaging
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Introduction

In Chapter 4, cellular localization of selected naturally occurring ABCC2 variants were
characterized using immunoblots of plasma membrane enriched vesicles as well as cell surface
biotinylation. In attempts to further characterize cellular localization, immunofluorescence
staining was performed on variants that had levels different than WT-MRP2 either in whole cell
lysates or at the cell surface, or both. Therefore, immunofluorescence staining was performed
on the following: empty vector, WT-MRP2, R353H-, R417I-, S789F-, R1150H-, R1181L-, N1244K-,

P1291L-, A1450T-, and T1477M-MRP2.

Materials and Methods

Materials

The porcine kidney collecting duct cell line (LLC-PK1) was from the ATCC and was
maintained in DMEM/F12 media supplemented with 4 mM L-Glutamine and 10% FBS. The
rabbit anti-Calnexin polyclonal antibody (C4731) and 4’6-Diamidino-2-phenylindole (DAPI),
ProLong™ Gold Anti-Fade Mountant were purchased from Millipore Sigma (Oakville, ON,
Canada). The rabbit anti-giantin polyclonal antibody was from Cedarlane (Burlington, ON,
Canada). The IgG (H+L) highly cross-adsorbed Alexa Fluor™ 488 conjugated goat anti-mouse and
Alexa Fluor™ 594 goat anti-rabbit antibodies purchased from Invitrogen (Waltham, MA).

Expression and cellular localization of WT- and variant-MRP2 proteins in LLC-PK1

cells

LLC-PK1 cells were seeded on poly-L-lysine coated glass coverslips in 6-well plates at a

density of 3 x 10° cells/well. Twenty-four hrs later, cells were transiently transfected with 1 pg
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empty vector, WT-MRP2, or variant-MRP2 DNA using 3 pL X-tremeGENE9, as per the
manufacturer’s instructions. Cells were cultured for 7-9 days post-transfection, followed by
washing three times with PBS and then fixation with 100% methanol at -20°C for 20 min. Then
cells were washed twice with PBS and blocked using 4% BSA/0.1% Triton-X100 for 1 hr. The
coverslips were incubated with anti-human MRP2 antibody (M:zI-4) (1:250) either alone or in
combination with either anti-calnexin (1:250) or anti-giantin (1:250). After this, the coverslips
were washed twice with 0.4% BSA/0.1% Triton-X100. Then the coverslips were incubated for 1
hr with Alexa Fluor™ 488-conjugated anti-mouse IgG (1:500) to detect MRP2, and Alexa Fluor™
594-conjugated anti-rabbit IgG (1:500) to detect either calnexin or giantin along with DAPI
(1:500) to visualize cell nuclei. Following this incubation, coverslips with washed twice with
0.4% BSA/0.1% Triton-X100. Then the coverslips were carefully mounted on slides with
mounting medium. The slides were left to dry in the dark and then placed in a -20°C freezer
until imaging.

Cells were imaged on a spinning disk confocal microscope (WaveFX, Quorum Technologies,
Guelph, ON, Canada) with set up and image acquisition as previously described [1,2]. Images

were acquired and visualized using Volocity (Improvision, PerkinElmer, Waltham, MA).

Results and Discussion

Cellular localization studies were performed in Chapter 4. Inmunoblot analysis of whole
cell lysates demonstrated that S789F-, R1150H-, N1244K-, P1291L-, and A1450T-MRP2 had
lower levels than WT. In plasma membrane enriched vesicles, V4171-MRP2 had higher levels
than WT-MRP2, whereas N1244K- and P1291L-MRP2 had lower levels than WT-MRP2, which

was consistent with what was found in whole cell lysates. R353H-, R1181L-, and T1477M-MRP2
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had reduced levels in plasma membrane enriched vesicles but levels were similar to WT-MRP2
in whole cell lysates.

In the current study, immunofluorescence staining of LLC-PK1 cells expressing empty
vector, WT-MRP2 or variant MRP2 was performed. LLC-PK1 cells were chosen for their small
nuclei, ability to polarize, and their use in previous studies of MRP2 [1]. First, MRP1-GFP was
used to optimize the transfection method. Our transfection method was suitable because

MRP1-GFP was detected (Fig B.1).

Fig B.1 Fluorescent microscopy of LLC-PK1 cells transiently expressing MRP1-GFP. LLC-PK1 cells were
transfected with MRP1-GFP DNA. After 72 hr, cells were imaged using fluorescence microscopy. Images
are shown at 100X magnification (left panel) and 400X magnification (right panel).

MRP2 was detected in all slides, but the staining was present co-localized with the
endoplasmic reticulum and Golgi markers in the YZ planes (Fig B.2 and Fig B.3). The staining
could have been due to lack of polarization in the cells. Similar staining patterns have been
observed in other studies, such as one where the hepatic apical transporter, bile salt export
pump (BSEP/ABCB11) was detected after expression in LLC-PK1 cells [2] .

Overall, there was less MRP2 staining in S789F-, R1150H-, R1181L-, P1291L-, A1450T- and

T1477M-MRP2 variants (Fig B.2 and Fig B.3), which is consistent with findings in Chapter 4.
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There was also expectedly no MRP2 detected in cells expressing empty vector (Fig B.2 and Fig
B.3). Cells were also stained with calnexin, an endoplasmic reticulum marker. Calnexin was
detected in all slides (Fig B.2). When MRP2 and calnexin were merged, there seemed to be
more co-localization between MRP2 and calnexin in S789F- and A1450T-MRP2 (Fig B.2E & J).
These data are consistent with studies in Chapter 4, where these two variants did not appear to
traffick to the plasma membrane. R417I-MRP2 stained most similarly to WT-MRP2 (Fig B.2D).
As for the other variants, it was difficult to determine if they were co-localized with the ER
marker due to low expression of the variant combined with quality of the staining. It is likely
that there is some degree of co-localization between MRP2 and calnexin for the variants
R353H-, R1150H-, R1181L-, and N1244K-MRP2 (Fig B.2).

When cells were stained with giantin, a marker for the Golgi apparatus, giantin was
expectedly detected in all cells (Fig B.3). However, there did not seem to be any co-localization
between giantin and MRP2 for any of the variants (Fig B.3). Therefore, none of the MRP2
variants appeared to be mislocalized to the Golgi. In a study by Hirouchi et al. using LLC-PK1
cells, V4171-MRP2 was localized to the apical surface, and S789F- and A1450T-MRP2 were
localized intracellularly [1]. Wen et al. performed immunofluorescence staining to study cellular
localization in Flp-In HEK293 cells and observed lower levels of S789F-MRP2 compared to WT-
MRP2 [3]. However, no staining with ER or Golgi markers were performed in these studies [1,3].
Future studies using polarized cells that stably express the selected variants should be used to

allow longer periods for proper polarization to occur.
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Figure B.2: Immunofluorescence confocal microscopy of LLC-PK1 cells expressing selected MRP2
variants, WT-MRP2 or empty vector stained with MRP2, calnexin, and DAPI. LLC-PK1 cells were
transfected with empty vector, WT-MRP2 or selected variant-MRP2 DNA. Then 7-9 days later, cells were
fixed and MRP2 was detected using mAb Mzl-4 and Alexa Fluor® 488-conjugated secondary antibody
(green). Nuclei were stained with DAPI (blue). Calnexin was detected using anti-calnexin antibody
followed by Alexa Fluor™ 594-conjugated secondary antibody (red). Selected fields are shown, with
fields indicated with i showing MRP2, ii showing calnexin, and iii showing co-localization of MRP2 with
calnexin. Scale bars represent 10 uM at 600X magnification.
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Figure B.3: Immunofluorescence confocal microscopy of LLC-PK1 cells expressing selected MRP2
variants, WT-MRP2 or empty vector stained with MRP2, giantin, and DAPI. LLC-PK1 cells were
transfected with empty vector, WT-MRP2 or selected variant-MRP2 DNA. Then 7-9 days later, cells were
fixed and MRP2 was detected using mAb Mzl-4 and Alexa Fluor® 488-conjugated secondary antibody
(green). Nuclei were stained with DAPI (blue). Giantin was detected using anti-giantin antibody followed
by Alexa Fluor™ 594-conjugated secondary antibody (red). Selected fields are shown, with fields
indicated with i showing MRP2, ii showing giantin, and iii showing co-localization of MRP2 with giantin.
Scale bars represent 10 uM at 600X magnification.
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