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Abbreviations

BCRP, breast cancer resistance protein; Bcrp KO, Berp knockout; Cd, cadmium; CAT, catalase;
DMT1, divalent metal transporter 1; EV, empty vector; GSH, glutathione; HEK293, human
embryonic kidney 293 cells; HO-1, heme oxygenase; ICP-MS, inductively coupled plasma mass
spectrometry; MATEL/2K, multidrug and toxin extrusion protein; MDR1, multidrug resistance
protein 1; MT-1A and 2A, metallothionein 1A and 2A; NQO1, NAD(P)H quinone
dehydrogenase 1; Nrf2, NF-E2-related factor 2; OCT2, organic cation transporter 2; PI,
propidium iodide; ROS, reactive oxygen species; PBS, phosphate-buffered saline; SOD-1,
superoxide dismutase 1; TRXR, thioredoxin reductase; WT, wild-type; ZIP8/14, iron and zinc

transporter 8/14
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Abstract

Exposure to the environmental pollutant cadmium is ubiquitous as it is present in cigarette smoke
and the food supply. Over time, cadmium enters and accumulates in the kidneys where it causes
tubular injury. The breast cancer resistance protein (BCRP, ABCG?2) is an efflux transporter that
mediates the urinary secretion of pharmaceuticals and toxins. The ABCG2 genetic variant Q141K
exhibits altered membrane trafficking which results in reduced efflux of BCRP substrates. Here,
we sought to 1) evaluate the in vitro and in vivo ability of BCRP to transport cadmium and
protect kidney cells from toxicity, and 2) determine whether this protection is impaired by the
Q141K variant. Cadmium concentrations, cellular stress, and toxicity were quantified in
HEK293 cells expressing an empty vector (EV), BCRP wild-type (WT), or variant (Q141K)
gene. Treatment with CdCl, resulted in greater accumulation of cadmium and apoptosis in EV
cells relative to WT cells. Exposure to CdCl, induced expression of stress-related genes and
proteins including MT-1A/2A, NQOI1, and HO-1 to a higher extent in EV cells compared to WT
cells. Notably, the Q141K variant protected against CdCl,-induced activation of stress genes and
cytotoxicity, but this protection was to a lesser magnitude than observed with WT BCRP. Lastly,
concentrations of cadmium in the kidneys of Berp KO mice were 40% higher than in WT mice,
confirming that cadmium is an in vivo substrate of BCRP. In conclusion, BCRP prevents the
accumulation of cadmium and protects against toxicity, a response that is impaired by the

Q141K variant.

Significance Statement. The BCRP transporter lowers cellular accumulation of the toxic heavy
metal cadmium. This protective function is partially attenuated by the Q141K genetic variant in

the ABCG2 gene.
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Introduction

The heavy metal cadmium is a high priority environmental pollutant classified as a chemical of
public concern as well as a human carcinogen (World health Organization, 2020). The US ATSDR
ranked cadmium seventh on its most recent list of dangerous substances (Agency for Toxic
Substances and Disease Registry, 2020, January 17). Cigarette smoking is the most significant
source of cadmium exposure, with additional exposure through ingestion of contaminated foods
and water (Berglund et al., 1994; Becker et al., 2002; Mannino et al., 2004; reviewed in Satarug
and Moore, 2004; reviewed in Mezynska and Brzoska, 2018). As a result, cadmium levels in
blood, placenta, and kidneys are consistently higher in smokers than nonsmokers (Becker et al.,

2002; Mannino et al., 2004; Kutlu et al., 2006; Ebert-McNeill et al., 2012).

After absorption, the cadmium ion (Cd?*) is rapidly taken up by the liver and kidneys where it
forms complexes with the small, cysteine-rich, metal-binding protein metallothionein (MT) or
glutathione (GSH) to be released back into the circulation or retained in tissues (Hansen et al.,
2006; Leverrier et al., 2007; Klaassen et al., 2009). Once in the circulation, Cd*-MT can be
readily filtered by the glomerulus and reabsorbed by proximal tubules using endocytosis (Zalups,
2000; Zalups and Barfuss, 2002). Cadmium exposure induces MT production by the liver and
kidneys, which is considered a protective response to prevent the toxicity from free Cd** (Liu et
al., 1995; Park et al., 2001). With chronic exposure, most Cd®* accumulates in the kidneys due to
filtration and uptake mediated by transporters (Park et al., 2002; Satarug et al., 2002; Uetani et
al., 2006; Soodvilai et al., 2011; Fujishiro et al., 2012). Uptake transporters include the organic

cation transporter 2 (OCT2), divalent metal transporter 1 (DMT1) and zinc/iron protein 8/14
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(ZIP8/14). Therefore, as a result of active uptake, the kidneys are considered to be a target organ

by chronic Cd*" toxicity.

Cd?**-mediated nephrotoxicity is multifactorial and involves direct DNA damage, oxidative stress
and lipid peroxidation, and depletion of intracellular GSH levels (Liu and Jan, 2000; Ikediobi et
al., 2004; Lopez et al., 2006). Moreover, Cd** inhibits the mitochondrial electron transport chain,
resulting in generation of reactive oxygen species (ROS), mitochondrial dysfunction, and
activation of protein kinases that trigger cellular stress or death (Thevenod and Friedmann, 1999;
Ikediobi et al., 2004; Shih et al., 2004). Cd** also has high affinity for sulfhydryl groups of
antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and glucose-6-
phosphate dehydrogenase (G6PD), leading to inhibition of their antioxidant activity (Geret et al.,
2002; Kasperczyk et al., 2012). To combat these responses, cells activate transcription factors
sensitive to redox signaling including nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB), activator protein 1 (AP-1) and NF-E2—related factor 2 (Nrf2) to limit the extent of
Cd**-induced ROS and kidney injury (Casalino et al., 2007; Thijssen et al., 2007; He et al.,
2008). Therefore, tissue tolerance mechanisms enable adaptation to Cd?* toxicities (Thijssen et

al., 2007; reviewed in Nemmiche, 2017).

Several transporters including the multidrug resistance protein 1 (MDR1) and multidrug and
toxin extrusion protein (MATEL/2K) localized in the luminal membrane of kidney proximal
tubule cells have been reported to efflux Cd** and/or thiol-conjugated complexes in vitro
(Kimura et al., 2005; Yang et al., 2017). In addition to these transporters, BCRP (breast cancer
resistance protein, ABCG2) is also expressed in the kidneys where it facilitates the urinary
secretion of drugs and toxins (reviewed in Klaassen and Aleksunes, 2010; reviewed in George et

al., 2017). Prior studies have suggested that BCRP may efflux Cd*" and protect cells from
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subsequent injury. Following exposure of pregnant rats to Cd®*, BCRP protein is down-regulated
in the placenta (Liu et al., 2016). Likewise, in human placental BeWo cells and MCF-7 cells that
overexpress BCRP, Cd?* inhibits the efflux of BCRP substrates (Kummu et al., 2012). It is
important to note that BCRP exhibits interindividual variation due to the nonsynonymous
polymorphism C421A (Q141K) in the ABCG2 gene. The Q141K variant has been associated
with altered pharmacokinetics of the chemotherapeutic drug gefitinib and hypolipidemic drug
rosuvastatin (Cusatis et al., 2006; Keskitalo et al., 2009b). Cells expressing the Q141K variant
have reduced in vitro efflux of substrates compared to cells expressing wild-type BCRP (Xiao et
al., 2015; Bircsak et al., 2016). In the present study, we sought to characterize the ability of
BCRP to transport Cd** from kidney cells and prevent subsequent toxicity. In addition, the effect

of the genetic variant Q141K on Cd®* transport mediated by BCRP was also evaluated in vitro.
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Materials and Methods

Reagents and Chemicals. Unless specified, chemicals and reagents were purchased from the

Sigma Chemical Co. (St. Louis, MO).

Cell Culture. Human embryonic kidney 293 (HEK293) cells stably expressing an empty vector
(EV, pcDNA 3.1), the wild-type (WT) human BCRP/ABCG2 gene, or the C421A
BCRP/ABCG2 variant were generously provided by Dr. Robert Robey from the National Cancer
Institute at the National Institutes of Health in Bethesda, MD (Morisaki et al., 2005; Bircsak et
al., 2016). Cells were cultured in Dulbecco’s modified Eagle medium (ThermoFisher Scientific,
Carlsbad, CA) supplemented with 1% penicillin-streptomycin, 10% fetal bovine serum (Atlanta

Biologicals, Norcross, GA), and 0.2 mg/ml geneticin (ThermoFisher Scientific).

Cadmium Accumulation. HEK293 EV, BCRP WT, and BCRP Q141K cells (1x10°/well) were
seeded on poly-D-lysine coated 6-well plates (Fisher Scientific, Pittsburgh, PA) overnight and
treated with cadmium chloride (CdCl,, 0.1-1 uM) for 30 min (uptake period). In humans
exposed to cadmium through the environment, the mean circulating concentration of cadmium
was ~20 nM (Staessen et al., 1994; Olsson et al., 2002; Chen et al., 2006). However,
concentrations as high as 0.12-0.5 uM have been observed in smokers and individuals exposed
occupationally (Hassler et al., 1983; Nishijo et al., 2004). Therefore, we selected in vitro
concentrations within the low micromolar range (0.5 and 1 uM) for the present study. Following
washing cells with phosphate-buffered saline (PBS), untreated culture media was added for 60
min (efflux period). Following washing and centrifugation, cell pellets were incubated with lysis
buffer (20 mM Tris-HCI, 5 mM EDTA, 150 mM NacCl, and 1% Triton-100) on ice for 10 min.
Following lysis of cells, supernatants were obtained by centrifugation (9000g x 2 min) and used

for quantification of cadmium accumulation (inductively coupled plasma-mass spectrometry,
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ICP-MS analysis) and normalized to concentration of protein (bicinchoninic acid, BCA, protein

assay).

Animal Treatment. Wild-type (WT) C57BL/6 mice were obtained from Charles River
Laboratories (Wilmington, MA). Bcrp knockout (KO) mice were obtained from Taconic
Biosciences (Taconic, NY) and backcrossed to the 027 C57BL/6 strain (Charles River
Laboratories, Wilmington, MA) until over 99% congenic (Rutgers RUCDR Infinite Biologics,
Piscataway, NJ). Groups of 13- to 20-week-old adult WT (n= 7-10) and Bcrp KO (n= 9-12) male
and female mice were administered (i.p.) a single dose of either 5 ml/kg of saline vehicle (0.9%
NaCl) or 5.5 mg/kg of CdCl,. The in vivo dose (5.5 mg/kg CdCl;) was chosen based off previous
literature (Li et al., 2011; Micali et al., 2018; Chen et al., 2021) with a goal of sufficient detection
using ICP/MS. Kidneys and plasma were collected at 24 h after CdCl, administration. Tissues
were snap frozen and stored at —80°C. Renal and plasma cadmium concentrations in WT and
Bcrp KO mice were quantified by ICP-MS analysis. The Institutional Animal Care and Use
Committee approved these experiments under protocol #09-037.

ICP-MS analysis. Intracellular cadmium concentrations were quantified using ICP-MS analysis.
In brief, samples (50 pl) were mixed with concentrated ultra high-purity nitric acid (100 pl,
VWR, Radnor, PA) and sonicated for 60 min, followed by digestion using a CEM microwave
system (CEM, Matthews, NC) for 30 min at 300 W (50-75% power). Samples were diluted with
MilliQ water to produce an acid concentration of 5% HNOj3 for analysis via ICP-MS (approx.
dilution factor = 40x). Cadmium concentrations in digested samples were quantified using a Nu
AttoM high resolution ICP-MS, at low resolution (300). Conditions were operated at RF power
of 1550 W, carrier gas flow of 1 L/min Ar, and nebulizer gas flow of ~36 psi Ar. Three replicates

of masses *°Cd, ***Cd, and **2Cd were quantified in deflector jump mode with 5 ms peak dwell
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time, 250 sweeps, and 2 cycles, and averaged (RSD <5%). Calibration standards were prepared
each day with cadmium concentrations ranging between 0.001-10 ppb, in 5% HNOs, with an
instrument detection limit <0.005 ppb. Sample concentrations were extrapolated using a linear
regression through at least 5 standards, with a correlation coefficient > 0.999 for all runs. Quality
control standard (NIST A) were quantified after every sixth sample to account for instrument
drift and monitor reproducibility, and reproduced with RSD <5% (n=4-15 dependent on batch
size). Matrix matched standards (cadmium-spiked control) were measured to account for matrix

effects (91-103% yield).

Cell Viability and Cytotoxicity Assays. Cells (5x10°/well) were seeded in poly-D-lysine coated
96-well plates overnight and exposed to increasing concentrations of CdCl, (0-10 uM) for 48 h.
CdCl; is readily soluble in cell culture media. Cell viability and cytotoxicity were determined
using the alamarBlue and propidium iodide (PI) staining assays, respectively. AlamarBlue
reagent is a redox indicator dye that evaluates the metabolic activity of cells. After treatment of
cells with vehicle or CdCl,, alamarBlue reagent (resazurin, dissolved in PBS) was added and
incubated with culture media for 3 h. Following incubation, fluorescence was measured at
570/585 nm (excitation/emission) using a Spectramax M3 microplate reader (Molecular Devices,
San Jose, CA). The percentage of viable cells was calculated by comparing fluorescence reading
for each treatment relative to control cell (no CdCl; treatment). PI is a fluorescent dye that is not
permeable across the plasma membrane of viable cells, and in turn, is routinely used to detect
and quantify dead or dying cells. Following treatment with CdCl; (0-10 puM), cells were stained
with Pl (1 pg/ml, Sigma) and Hoechst 33342 (3 uM, a fluorescent stain for labeling DNA,

Nexcelom Bioscience, Lawrence, MA). The percentage of dead cells (Pl-stained) was calculated
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using a Celigo Imaging Cytometer (Nexcelom Bioscience) and normalized to the total number of

cells stained with Hoechst 33342.

RNA Isolation and mRNA Quantification. CdCl,-treated cells (0-1 uM, 24 h) or the kidneys of
WT and Bcrp KO mice were homogenized using a TissueLyser LT (Qiagen, Valencia, CA). Total
RNA was isolated using RNAzol RT (Sigma) according to the manufacturer’s protocol. The
concentration of total RNA was measured by UV spectrophotometry (260/280 nm) using a
Nanodrop spectrophotometer 2000 (Thermo Fisher Scientific). Messenger RNA expression of
human HO-1 (heme oxygenase-1), NQO1 (NAD(P)H quinone oxidoreductase 1), MT-1A/2A
(metallothionein 1A/2A), SOD-1, TRXR (thioredoxin reductase), DMTL1, ZIP8/14 or mouse Bcrp,
Matel, Mdrla/lb (multidrug resistance protein 1a/1b), Oct2, Dmtl, and Zip8/14 was quantified
by qPCR assay using Sybr Green to detect amplified products in an ABI ViiA 7 system (Applied
Biosystems, Carlesbad, CA). Ct values were converted to AACt by normalizing to reference
genes, human 18S or mouse ribosomal protein L13a (Rpll3a). Primers are listed in
Supplementary Tables 1 and 2.

Protein Isolation and Western Blot Analysis. Cells were treated with CdCl;, (0-1 uM) for 24 h
and lysed in buffer containing 20 mM Tris-HCI, 5 mM EDTA, 150 mM NacCl, 1% Triton 100
and 1% protease inhibitor cocktail. Protein concentrations of cell lysates were quantified using
the BCA protein assay kit (ThermoFisher Scientific). For Western blotting, cell lysates (15-25 pg
of protein/sample) were separated by SDS-PAGE and transferred overnight (4°C) onto a
nitrocellulose membrane. After blocking with 5% nonfat dry milk in PBS with 0.5% Tween 20
(PBS/T), membranes were incubated with primary antibodies against BCRP (ALX-801-036-
C100), HO-1 (ADI-SPA-895-F) (Enzo Life Sciences, Farmingdale, NY), NQO1 (ab80588),

MT1/2 (ab12228), SOD-1 (ab13498), or TRXR (ab18840) (Abcam, Cambridge, MA) followed

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

by incubation with species-appropriate secondary antibodies for 1 to 2 h. SuperSignal West Dura
chemiluminescent substrate (ThermoFisher Scientific) was added to membranes in order to
detect luminescence on a FluorChem E system (Protein Simple, San Jose, CA). Intensity of
target protein bands was semi-quantified and normalized to Na*/K* ATPase (ab76020, Abcam,
Cambridge, MA) levels.

Data Analysis. The concentration of CdCl; at half-maximal inhibition for cell viability (LCs)
was calculated using nonlinear regression best curve fitting analysis (GraphPad Prism 6.0
Software, San Diego, CA). Identification of statistical outliers within treatment groups was
performed using GraphPad QuickCalcs. Individual data were expressed as mean + SD and
analyzed by t-test or two-way ANOVA with Newman-Keuls multiple comparison test using
GraphPad Prism software (version 6; GraphPad Software Inc). Significance was set at p < 0.05

for all analyses.
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Results

Concentration-Dependent Accumulation and Toxicity of CdCl, in HEK293 Empty Vector
(EV) and BCRP Wild-type (BCRP WT) Cells. We have previously characterized the
expression and function of BCRP in HEK293 cells transfected with EV and human
BCRP/ABCG2 WT gene (Xiao et al., 2015; Bircsak et al., 2016; Szilagyi et al., 2019). To test
whether CdCl; is a novel substrate of BCRP, the intracellular concentration of cadmium was
quantified in EV and BCRP WT cells following CdCl, treatment (Fig 1A). Compared to EV
cells, BCRP WT cells had 30-50% lower intracellular cadmium accumulation at each
concentration of CdCl; tested. Consistent with this finding, the lower cadmium accumulation in
BCRP WT cells resulted in higher cell viability (Fig 1B) and less extensive cell death (Fig 1C).
Using the alamarBlue assay, the LCs for CdCl,-induced cytotoxicity at 48 h in BCRP WT cells
was 24 uM, which was 6-fold higher than that calculated for EV cells (3.6 pM). Overexpression
of BCRP decreased apoptosis in BCRP WT cells with a 50-80% reduction in Pl staining

compared to EV cells.

The transporters DMT1 and ZIP8/14 mediate uptake of Cd** across the apical side of proximal
tubule cells (Park et al., 2002; Fujishiro et al., 2012). We quantified mRNA levels of both
transporters in EV and BCRP WT cells and observed no differences in expression
(Supplementary Fig 1). Expression of MDR1 protein, a previously identified Cd?* efflux
transporter (Kimura et al., 2005), was undetectable by Western blot analysis in both cell lines as

well (data not shown).

Concentration-Dependent Up-Regulation of Oxidative and Cellular Stress Pathways in EV

and BCRP WT Cells Treated with CdCl,. Oxidative stress is one mechanism implicated in
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the pathogenesis of Cd**-induced hepatic and renal toxicity (reviewed in Shaikh et al., 1999;
Nemmiche, 2017). For these experiments, EV and BCRP WT cells were treated with two
different concentrations of CdCl, (0.5 and 1 puM) for 24 h and expression of genes involved in
cellular defense and detoxification against oxidative (HO-1, NQO1, SOD-1, TRXR) and metal
stress (MT-1A, MT-2A) were quantified using gPCR (Fig 2A). In EV cells, expression of
cytoprotective genes HO-1 and NQO1 showed a concentration-dependent increase, whereas no
change was observed in BCRP WT cells. In response to heavy metal exposure, cells typically up-
regulate the expression of metal sequestration genes MT-1A/2A. As expected, CdCl, exposure
led to varying increase in MT-1A and 2A mRNAs in both EV and BCRP WT cells. In response
to 1 pM CdCl;, treatment, the mRNA expression of MT-1A and 2A was up-regulated over 20-
fold and 100-fold, respectively, in EV cells. However, in BCRP WT cells, induction of MT-1A
(10-fold) and MT-2A (25-fold) was lower. The mRNA expression of other antioxidant enzymes,

SOD-1 and TRXR, was not remarkably modulated by CdCl; treatment in either cell line.

Regulation of oxidative and cellular stress-related proteins in response to CdCl, for 24 h was also
assessed (Fig 2B). As expected, BCRP protein was only expressed in BCRP WT cells, and not in
EV cells. Consistent with data shown in Fig 2A, CdCl; treatment increased HO-1, NQO1, MT-
1/2 and SOD-1 protein expression in a concentration-dependent manner in EV cells, but not in
BCRP WT cells. Interestingly, lower basal levels of HO-1 protein were observed in BCRP WT
cells. Despite no changes in mRNA levels at 24 h (Fig 2A), the protein expression of TRXR was

similarly up-regulated by CdCl, (1 uM) in both EV and BCRP WT cells.
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CdCl; Accumulation and Toxicity in BCRP Q141K Cells. The Q141K polymorphism in the
ABCG2/BCRP gene reduces efflux of some BCRP substrates (Xiao et al., 2015) and has been
associated with altered pharmacokinetics in patients (Cusatis et al., 2006; Keskitalo et al., 2009b;
Bircsak et al., 2018). We and others have previously shown that overexpression of the BCRP
Q141K gene decreases the extent of in vitro efflux for two BCRP substrates, the mycoestrogen
zearalenone and the dye Hoechst 33342 (Xiao et al., 2015; Bircsak et al., 2016) (Supplementary
Fig 2). Thus, through further experiments we aimed to determine whether the Q141K variant
alters efflux of Cd** and in turn, its toxicity compared to WT BCRP. Similar to data shown in
Fig 1A, overexpression of WT BCRP in HEK293 cells reduced cadmium accumulation by 40%
(Fig 3A). By comparison, cells expressing the Q141K variant, exhibited only a 20% reduction of
cadmium accumulation compared to HEK EV cells. Consequently, the LCs for CdCl, treatment
in BCRP Q141K cells was 10.9 uM at 48 h, which was 2-fold lower than that observed in BCRP
WT cells (21.8 uM), and 1.5-fold higher than EV cells (Fig 3B). In addition, the extent of CdCl,-
induced apoptosis was greatest in EV cells followed by BCRP Q141K cells with BCRP WT cells

exhibiting the lowest sensitivity (Fig 3C).

Oxidative and Cellular Stress Gene and Protein Expression in BCRP Q141K Cells Treated
with CdCl,. Subsequent studies assessed the ability of cells expressing the BCRP Q141K variant
to up-regulate cellular stress genes and proteins in response to CdCl, treatment (Fig 4).
Consistent with data shown in Fig 2, CdCl, (1 uM) increased HO-1, NQO1, MT-1A/2A mRNA
levels in EV cells, with little to no change in expression observed in BCRP WT cells. Notably,
BCRP Q141K cells treated with CdClI, did exhibit up-regulation of NQO1, MT-1A, and MT-2A

MRNAS.
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Total expression of BCRP protein in cell lysates was similar in BCRP Q141K and WT cells as
we have previously reported (Xiao et al., 2015; Bircsak et al., 2016) (Fig 4B). As expected,
CdCl; increased the protein expression of HO-1, NQO1, and MT-1/2 (5-fold, 2-fold, and 20-fold,
respectively) in EV cells, but in BCRP WT cells, CdCl, only modestly induced MT protein
expression by 1.5-fold with no change in HO-1 or NQO1 levels (Fig 4B). Following CdCl,
treatment, the protein expression of HO-1, NQO1, and MT-1/2 was also up-regulated in BCRP
Q141K cells (2-fold, 0.5-fold and 6-fold, respectively). Importantly, the protein expression of
HO-1, NQO1, and MT-1/2 in BCRP Q141K cells was increased to a higher magnitude than that

observed in BCRP WT cells (Fig 4B).

Renal and Plasma Cd®* Concentrations in WT and Bcrp KO Mice. Berp is highly expressed
in both male and female rodent kidneys (Tanaka et al., 2005). To determine whether Bcrp can
transport Cd®* in vivo, concentrations of cadmium were quantified in kidneys and plasma of WT
and Bcrp KO mice at 24 h after a single administration (ip, 5.5 mg/kg) (Fig 5). There was no
difference in cadmium concentrations observed between sexes within each genotype and are
shown together. No notable difference in cadmium plasma concentrations was observed in WT
and Bcrp KO mice, suggesting similar distribution between the two genotypes. By comparison,
concentrations of cadmium in the kidneys of Bcrp KO mice were 40% higher than in WT mice
consistent with the in vitro data. Notable, the mRNA expression of other cadmium uptake (Oct2,
Dmtl, and Zip8/14) and efflux transporters (Matel and Mdrla/lb) was similar between

genotypes (Supplementary Fig 3).
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Discussion

In the present study, we demonstrated in vitro that cells expressing BCRP had lower intracellular
cadmium accumulation, resistance to CdCl,-induced cytotoxicity, and lesser induction of stress-
related gene expression compared to control cells expressing EV. Consistently, concentrations of
cadmium in the kidneys of Bcrp KO mice were higher than in WT mice, indicating that BCRP
participates in the efflux of Cd?* in kidneys, and can potentially protect against Cd** toxicity. In
addition, the BCRP gene variant Q141K suppressed CdCl,-induced activation of stress genes and
cytotoxicity compared to the EV cells, but the extent of decrease was less than that observed
with the WT BCRP protein. Therefore, the reduced function variant Q141K in BCRP/ABCG2

results in greater Cd®* accumulation and heightened susceptibility to renal cell injury.

BCRP has multiple drug binding sites, and transports a wide range of structurally diverse
substrates including chemotherapeutic agents, organic anion conjugates and chemical toxicants.
In kidney, Cd®* and its complexes (Cd**-MT, Cd**-GSH or cysteine) are filtered, and reabsorbed
into the proximal tubular cells via endocytosis or transport (Dudley et al., 1985; Soodvilai et al.,
2011). However, the current ICP/MS method is unable to resolve whether Cd is conjugated to
other molecules. Future studies are needed to identify the exact Cd species or conjugates

transported by BCRP.

After chronic exposure to low concentrations of environmental or dietary cadmium, Cd** is
absorbed from the gastrointestinal tract, and largely binds to albumin and other thiol-containing
proteins such as GSH, cysteine, or homocysteine in the circulation, and is transported to the

liver. MTs are small cysteine-rich proteins that contribute to metal homeostasis and protect
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against the toxicity of heavy metals including DNA damage and oxidative stress. In humans,
MTs have four main isoforms: MT-1, MT-2, MT-3, and MT-4. The major isoforms, MT-1 and
MT-2, are present in most tissues (reviewed in Takahashi, 2012; reviewed in Ruttkay-Nedecky et
al., 2013). In the liver, Cd** rapidly induces the synthesis of endogenous MTs, which in turn bind
to and sequester Cd?*, thereby limiting its toxicity (Liu et al., 1995; Park et al., 2001; Klaassen et
al., 2009). The conjugated and bound forms of cadmium are not toxic by themselves, but the free
divalent form of Cd (Cd*") liberated from the complexes imparts cellular toxicity (Barbier et al.,
2005). In the current study, MT-1/2 protein was undetectable in unstimulated control cells. After
cells were treated with CdCl, (1 uM) for 24 h, MT-1A/2A mRNA and protein expression was
dramatically induced, with up-regulation of gene expression over 20-fold and 100-fold for MT-
1A and 2A, respectively, in EV cells. However, in the cells expressing WT BCRP protein,
induction of MT-1A (10-fold) and MT-2A (25-fold) gene expression was attenuated. Due to the
ability of BCRP WT cells to efficiently lower cadmium intracellular accumulation, the need to

activate cellular protective mechanisms such as MTs synthesis was reduced.

Cd?* is a toxic metal ion that can compete with essential metal ions such as Fe®*, Zn**, Cu®* or
Ca?* and once inside cells, initiate free radical chain reactions by blocking mitochondrial
electron transport, deplete endogenous redox scavengers, and inhibit antioxidant enzymes
culminating in cell death (reviewed in Patra et al., 2011; reviewed in Thevenod and Wolff,
2016). Over the past two decades, Nrf2 has become recognized as a key cellular defense system
that counteracts oxidative stress, apoptosis, and inflammation. Cadmium activates Keapl/Nrf2
signaling and up-regulates downstream heat shock and antioxidant enzymes HO-1 and
Glutamate-Cysteine Ligase Catalytic Subunit (GCLC), leading to protection against Cd*'-

induced apoptosis in rat kidney cells and mouse hepatoma cells (He et al., 2008; Chen and
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Shaikh, 2009). Following exposure of male chickens to Cd?*, a coordinated activation of Nrf2
target genes (NQO1, HO-1, SOD, CAT and GCLC) was evident within the kidneys (Ge et al.,
2019). In the present study, in response to low concentrations of CdCl, (0.5 and 1 pM), the
MRNA and protein expression levels of HO-1 and NQO1 were remarkably increased in EV cells,
whereas no change was observed in BCRP WT cells. These findings are consistent with the
lower intracellular accumulation of cadmium owing to the ability of BCRP to efflux Cd**. This
in turn resulted in less activation of Nrf2 signaling in kidney cells expressing BCRP. These data
point to cellular efflux by BCRP as a key initial defense mechanism that can reduce the need to

activate intracellular defenses such as Nrf2.

One of the earliest insights into BCRP function was its ability to interact with porphyrins such as
heme. HO-1 is a heat shock protein inducible by Nrf2 as well as the rate-limiting enzyme
involved in heme degradation. Expression of HO-1 is also inducible in the presence of heme
(Turner et al., 1998; Immenschuh and Ramadori, 2000). In the current study, basal mMRNA and
protein expression of HO-1 was notably lower in cells expressing BCRP protein. This is
presumably a result from BCRP efflux of heme leading to reduced intracellular levels (Jonker et

al., 2002; Krishnamurthy et al., 2004).

BCRP localizes to the apical membrane of renal proximal tubules where it participates in the
renal excretion of xenobiotics, dietary mutagens, and carcinogens (reviewed in Nakanishi and
Ross, 2012; reviewed in Jani et al., 2014). BCRP is markedly expressed in mouse kidneys
(Tanaka et al., 2005; Huls et al., 2008) and immunostaining demonstrates its enrichment in the

brush-border membrane of cortical proximal tubules (Huls et al., 2008). However, the relative
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abundance of BCRP expression in human kidneys is less clear as contradictory reports have been
published by different laboratories. In healthy human kidneys, low mRNA levels of BCRP were
found, and the protein expression was almost undetectable by western blot with the monoclonal
BCRP antibody BXP-21 (Doyle and Ross, 2003). Consistently, by using quantitative targeted
proteomics, BCRP protein was detected in human kidney cortex, but at levels below the lower
limit of quantification (Prasad et al., 2016; Oswald et al., 2019). However, in another study, Huls
et al., reported detectable BCRP expression in human kidney membranes and in the isolated
human proximal tubular cells using western blot analysis with the BXP-9 antibody. Likewise,
immunofluorescent staining with the BXP-9 antibody revealed BCRP in the brush border
membranes of human proximal tubules (Huls et al., 2008). Furthermore, efflux of the Hoechst
33342 dye from primary human proximal tubule cells was impaired by BCRP inhibitors,
fumitremorgin C and nelfinavir (Huls et al., 2008). In addition to this study, quantifiable BCRP
protein expression, albeit low, has been demonstrated using nanoLC-MS/MS (Fallon et al.,
2016). Recognizing these conflicting results, it would be prudent to determine whether BCRP
can efflux cadmium from primary human proximal tubule epithelial cells similar to what was

observed in overexpressing cells as well as mouse kidneys.

Several ABCG2 polymorphisms have been identified and associated with alterations in BCRP
expression/function both in vitro and in vivo (Kobayashi et al., 2005; Furukawa et al., 2009;
Woodward et al., 2013). Among these genetic variants, the Q141K (C421A) is the most well-
studied and characterized, and found at allele frequencies around 30% in Asians and 10% in
Caucasians (Zamber et al., 2003; Kobayashi et al., 2005; Bircsak et al., 2018). In HEK293 cells

expressing Q141K, the efflux of the BCRP substrate glyburide was reduced compared to cells

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

expressing WT BCRP (Pollex et al., 2010). Murine fibroblast PA317 cells transfected with the
BCRP Q141K variant showed remarkably decreased protein expression and greater topotecan
accumulation compared with WT cells (Imai et al., 2002). Several clinical studies have also
revealed that individuals expressing the Q141K variant experience altered pharmacokinetics and
increased risk of drug-related adverse effects (reviewed in Giacomini et al., 2013; reviewed in
Hira and Terada, 2018). For example, individuals heterozygous for Q141K exhibit a 22%
reduction in the apparent clearance of the BCRP substrate and anticancer drug imatinib
compared with patients homozygous for the reference allele (Petain et al., 2008). Likewise, the
estimated area under the plasma concentration-time curve from 0 h to infinity (AUCO—o0) of the
BCRP substrate and hypolipidemic drug fluvastatin was larger in participants with the A/A
variant genotype than in those with the C/A or C/C genotype (Keskitalo et al., 2009a). Our
previous studies have also demonstrated that BCRP protein expression levels in the cell surface
of HEK?293 cells transfected with Q141K decreased by 50% compared to the WT cells (Bircsak
et al., 2016). The variant Q141K corresponded with 40%-50% lower BCRP protein in the
421C/A and 421A/A human term placentas compared with WT (421C/C) (Bircsak et al., 2018)
and reduced in vitro efflux of zearalenone (Xiao et al., 2015). Consistent with these previous
studies, the current study revealed higher cadmium accumulation and greater cytotoxicity in
HEK293 transfected with the BCRP Q141K variant compared to WT BCRP. In turn, cells
expressing BCRP Q141K up-regulated alternate cytoprotective pathways (notably, NQO1, MT-
1A, and MT-2A) compared to cells capable of cadmium efflux by WT BCRP. Therefore, the
reduced function Q141K variant in the BCRP/ABCG2 transporter may not confer sufficient

protection against Cd**-induced injury in vivo. While this study focused largely on Cd** efflux by
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kidney cells, the findings likely have broader impact as BCRP is expressed in the intestinal tract,

brain, and placenta.

In summary, the lower cadmium accumulation and resistance of BCRP WT cells to CdCl,
cytotoxicity indicate that BCRP participates in the cellular efflux of Cd*" and protects against

injury. However, this protective response is limited by the reduced function Q141K variant.

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446

This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

Authorship Contributions

Participated in research design: Wen, Aleksunes

Conducted experiments: Wen, Kozlosky, Zhang, Doherty
Contributed new reagents or analytic tools: Buckley, Aleksunes
Performed data analysis: Wen, Kozlosky, Doherty, Buckley

Wrote or contributed to the writing of the manuscript: Wen, Barrett, Aleksunes

202 '6 1Udy U0 SfeuINOr 1 3dSY e B10'SfeuIno fiadse"puup WwoJj papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

References

Agency for Toxic Substances and Disease Registry (2020, January 17) ATSDR’s Substance
Priority List,.

Barbier O, Jacquillet G, Tauc M, Cougnon M, and Poujeol P (2005) Effect of heavy metals on,
and handling by, the kidney. Nephron Physiol 99:p105-110.

Becker K, Kaus S, Krause C, Lepom P, Schulz C, Seiwert M, and Seifert B (2002) German
Environmental Survey 1998 (GerES I1): environmental pollutants in blood of the
German population. Int J Hyg Environ Health 205:297-308.

Berglund M, Akesson A, Nermell B, and Vahter M (1994) Intestinal absorption of dietary
cadmium in women depends on body iron stores and fiber intake. Environ Health
Perspect 102:1058-1066.

Bircsak KM, Gupta V, Yuen PY, Gorczyca L, Weinberger Bl, Vetrano AM, and Aleksunes LM
(2016) Genetic and Dietary Regulation of Glyburide Efflux by the Human Placental
Breast Cancer Resistance Protein Transporter. J Pharmacol Exp Ther 357:103-113.

Bircsak KM, Moscovitz JE, Wen X, Archer F, Yuen PYS, Mohammed M, Memon N,
Weinberger Bl, Saba LM, Vetrano AM, and Aleksunes LM (2018) Interindividual
Regulation of the Breast Cancer Resistance Protein/ABCG2 Transporter in Term Human
Placentas. Drug Metab Dispos 46:619-627.

Casalino E, Calzaretti G, Landriscina M, Sblano C, Fabiano A, and Landriscina C (2007) The
Nrf2 transcription factor contributes to the induction of alpha-class GST isoenzymes in
liver of acute cadmium or manganese intoxicated rats: comparison with the toxic effect
on NAD(P)H:quinone reductase. Toxicology 237:24-34.

Chen C, Han X, Wang G, Liu D, Bao L, Jiao C, Luan J, Hou Y, Xu Y, Wang H, Zhang Q, Zhou
H, Fu J, and Pi J (2021) Nrf2 deficiency aggravates the kidney injury induced by
subacute cadmium exposure in mice. Arch Toxicol 95:883-893.

Chen J and Shaikh ZA (2009) Activation of Nrf2 by cadmium and its role in protection against
cadmium-induced apoptosis in rat kidney cells. Toxicol Appl Pharmacol 241:81-89.

Chen L, Jin T, Huang B, Nordberg G, and Nordberg M (2006) Critical exposure level of
cadmium for elevated urinary metallothionein--an occupational population study in
China. Toxicol Appl Pharmacol 215:93-99.

Cusatis G, Gregorc V, Li J, Spreafico A, Ingersoll RG, Verweij J, Ludovini V, Villa E, Hidalgo
M, Sparreboom A, and Baker SD (2006) Pharmacogenetics of ABCG2 and adverse
reactions to gefitinib. J Natl Cancer Inst 98:1739-1742.

Doyle L and Ross DD (2003) Multidrug resistance mediated by the breast cancer resistance
protein BCRP (ABCG2). Oncogene 22:7340-7358.

Dudley RE, Gammal LM, and Klaassen CD (1985) Cadmium-induced hepatic and renal injury in
chronically exposed rats: likely role of hepatic cadmium-metallothionein in
nephrotoxicity. Toxicol Appl Pharmacol 77:414-426.

Ebert-McNeill A, Clark SP, Miller JJ, Birdsall P, Chandar M, Wu L, Cerny EA, Hall PH,
Johnson MH, Isales C, Chutkan N, and Bhattacharyya MH (2012) Cadmium intake and
systemic exposure in postmenopausal women and age-matched men who smoke
cigarettes. Toxicol Sci 130:191-204.

Fallon JK, Smith PC, Xia CQ, and Kim MS (2016) Quantification of Four Efflux Drug
Transporters in Liver and Kidney Across Species Using Targeted Quantitative
Proteomics by Isotope Dilution NanoLC-MS/MS. Pharm Res 33:2280-2288.

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

Fujishiro H, Yano Y, Takada Y, Tanihara M, and Himeno S (2012) Roles of ZIP8, ZIP14, and
DMTL in transport of cadmium and manganese in mouse kidney proximal tubule cells.
Metallomics 4:700-708.

Furukawa T, Wakabayashi K, Tamura A, Nakagawa H, Morishima Y, Osawa Y, and Ishikawa T
(2009) Major SNP (Q141K) variant of human ABC transporter ABCG2 undergoes
lysosomal and proteasomal degradations. Pharm Res 26:469-479.

Ge J, Zhang C, Sun YC, Zhang Q, Lv MW, Guo K, and Li JL (2019) Cadmium exposure triggers
mitochondrial dysfunction and oxidative stress in chicken (Gallus gallus) kidney via
mitochondrial UPR inhibition and Nrf2-mediated antioxidant defense activation. Sci
Total Environ 689:1160-1171.

George B, You D, Joy MS, and Aleksunes LM (2017) Xenobiotic transporters and kidney injury.
Adv Drug Deliv Rev 116:73-91.

Geret F, Serafim A, Barreira L, and Bebianno MJ (2002) Effect of cadmium on antioxidant
enzyme activities and lipid peroxidation in the gills of the clam Ruditapes decussatus.
Biomarkers 7:242-256.

Giacomini KM, Balimane PV, Cho SK, Eadon M, Edeki T, Hillgren KM, Huang SM, Sugiyama
Y, Weitz D, Wen Y, Xia CQ, Yee SW, Zimdahl H, Niemi M, and International
Transporter C (2013) International Transporter Consortium commentary on clinically
important transporter polymorphisms. Clin Pharmacol Ther 94:23-26.

Hansen JM, Zhang H, and Jones DP (2006) Differential oxidation of thioredoxin-1, thioredoxin-
2, and glutathione by metal ions. Free Radic Biol Med 40:138-145.

Hassler E, Lind B, and Piscator M (1983) Cadmium in blood and urine related to present and
past exposure. A study of workers in an alkaline battery factory. Br J Ind Med 40:420-
425.

He X, Chen MG, and Ma Q (2008) Activation of Nrf2 in defense against cadmium-induced
oxidative stress. Chem Res Toxicol 21:1375-1383.

Hira D and Terada T (2018) BCRP/ABCG2 and high-alert medications: Biochemical,
pharmacokinetic, pharmacogenetic, and clinical implications. Biochem Pharmacol
147:201-210.

Huls M, Brown CD, Windass AS, Sayer R, van den Heuvel JJ, Heemskerk S, Russel FG, and
Masereeuw R (2008) The breast cancer resistance protein transporter ABCG2 is
expressed in the human kidney proximal tubule apical membrane. Kidney Int 73:220-225.

Ikediobi CO, Badisa VL, Ayuk-Takem LT, Latinwo LM, and West J (2004) Response of
antioxidant enzymes and redox metabolites to cadmium-induced oxidative stress in CRL-
1439 normal rat liver cells. Int J Mol Med 14:87-92.

Imai Y, Nakane M, Kage K, Tsukahara S, Ishikawa E, Tsuruo T, Miki Y, and Sugimoto Y
(2002) C421A polymorphism in the human breast cancer resistance protein gene is
associated with low expression of Q141K protein and low-level drug resistance. Mol
Cancer Ther 1:611-616.

Immenschuh S and Ramadori G (2000) Gene regulation of heme oxygenase-1 as a therapeutic
target. Biochem Pharmacol 60:1121-1128.

Jani M, Ambrus C, Magnan R, Jakab KT, Beery E, Zolnerciks JK, and Krajcsi P (2014)
Structure and function of BCRP, a broad specificity transporter of xenobiotics and
endobiotics. Arch Toxicol 88:1205-1248.

Jonker JW, Buitelaar M, Wagenaar E, Van Der Valk MA, Scheffer GL, Scheper RJ, Plosch T,
Kuipers F, Elferink RP, Rosing H, Beijnen JH, and Schinkel AH (2002) The breast

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

cancer resistance protein protects against a major chlorophyll-derived dietary phototoxin
and protoporphyria. Proc Natl Acad Sci U S A 99:15649-15654.

Kasperczyk A, Machnik G, Dobrakowski M, Sypniewski D, Birkner E, and Kasperczyk S (2012)
Gene expression and activity of antioxidant enzymes in the blood cells of workers who
were occupationally exposed to lead. Toxicology 301:79-84.

Keskitalo JE, Pasanen MK, Neuvonen PJ, and Niemi M (2009a) Different effects of the ABCG2
€.421C>A SNP on the pharmacokinetics of fluvastatin, pravastatin and simvastatin.
Pharmacogenomics 10:1617-1624.

Keskitalo JE, Zolk O, Fromm MF, Kurkinen KJ, Neuvonen PJ, and Niemi M (2009b) ABCG2
polymorphism markedly affects the pharmacokinetics of atorvastatin and rosuvastatin.
Clin Pharmacol Ther 86:197-203.

Kimura O, Endo T, Hotta Y, and Sakata M (2005) Effects of P-glycoprotein inhibitors on
transepithelial transport of cadmium in cultured renal epithelial cells, LLC-PK1 and
LLC-GA5-COL 150. Toxicology 208:123-132.

Klaassen CD and Aleksunes LM (2010) Xenobiotic, bile acid, and cholesterol transporters:
function and regulation. Pharmacol Rev 62:1-96.

Klaassen CD, Liu J, and Diwan BA (2009) Metallothionein protection of cadmium toxicity.
Toxicol Appl Pharmacol 238:215-220.

Kobayashi D, leiri I, Hirota T, Takane H, Maegawa S, Kigawa J, Suzuki H, Nanba E, Oshimura
M, Terakawa N, Otsubo K, Mine K, and Sugiyama Y (2005) Functional assessment of
ABCG2 (BCRP) gene polymorphisms to protein expression in human placenta. Drug
Metab Dispos 33:94-101.

Krishnamurthy P, Ross DD, Nakanishi T, Bailey-Dell K, Zhou S, Mercer KE, Sarkadi B,
Sorrentino BP, and Schuetz JD (2004) The stem cell marker Bcrp/ABCG2 enhances
hypoxic cell survival through interactions with heme. J Biol Chem 279:24218-24225.

Kummu M, Sieppi E, Wallin K, Rautio A, Vahakangas K, and Myllynen P (2012) Cadmium
inhibits ABCG2 transporter function in BeWo choriocarcinoma cells and MCF-7 cells
overexpressing ABCG2. Placenta 33:859-865.

Kutlu T, Karagozler AA, and Gozukara EM (2006) Relationship among placental cadmium,
lead, zinc, and copper levels in smoking pregnant women. Biol Trace Elem Res 114:7-17.

Leverrier P, Montigny C, Garrigos M, and Champeil P (2007) Metal binding to ligands:
cadmium complexes with glutathione revisited. Anal Biochem 371:215-228.

Li R, Yuan C, Dong C, Shuang S, and Choi MM (2011) In vivo antioxidative effect of
isoquercitrin on cadmium-induced oxidative damage to mouse liver and kidney. Naunyn
Schmiedebergs Arch Pharmacol 383:437-445.

Liu F and Jan KY (2000) DNA damage in arsenite- and cadmium-treated bovine aortic
endothelial cells. Free Radic Biol Med 28:55-63.

LiuL, Zhou L, Hu S, Zhou S, Deng Y, Dong M, Huang J, Zeng Y, Chen X, Zhao N, Li H, and
Ding Z (2016) Down-regulation of ABCG2 and ABCB4 transporters in the placenta of
rats exposed to cadmium. Oncotarget 7:38154-38163.

LiuY, LiuJ, Iszard MB, Andrews GK, Palmiter RD, and Klaassen CD (1995) Transgenic mice
that overexpress metallothionein-I are protected from cadmium lethality and
hepatotoxicity. Toxicol Appl Pharmacol 135:222-228.

Lopez E, Arce C, Oset-Gasque MJ, Canadas S, and Gonzalez MP (2006) Cadmium induces
reactive oxygen species generation and lipid peroxidation in cortical neurons in culture.
Free Radic Biol Med 40:940-951.

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

Mannino DM, Holguin F, Greves HM, Savage-Brown A, Stock AL, and Jones RL (2004)
Urinary cadmium levels predict lower lung function in current and former smokers: data
from the Third National Health and Nutrition Examination Survey. Thorax 59:194-198.

Mezynska M and Brzoska MM (2018) Environmental exposure to cadmium-a risk for health of
the general population in industrialized countries and preventive strategies. Environ Sci
Pollut Res Int 25:3211-3232.

Micali A, Pallio G, Irrera N, Marini H, Trichilo V, Puzzolo D, Pisani A, Malta C, Santoro G,
Laura R, Santoro D, Squadrito F, Altavilla D, Germana A, and Minutoli L (2018)
Flavocoxid, a Natural Antioxidant, Protects Mouse Kidney from Cadmium-Induced
Toxicity. Oxid Med Cell Longev 2018:9162946.

Morisaki K, Robey RW, Ozvegy-Laczka C, Honjo Y, Polgar O, Steadman K, Sarkadi B, and
Bates SE (2005) Single nucleotide polymorphisms modify the transporter activity of
ABCG2. Cancer Chemother Pharmacol 56:161-172.

Nakanishi T and Ross DD (2012) Breast cancer resistance protein (BCRP/ABCG?2): its role in
multidrug resistance and regulation of its gene expression. Chin J Cancer 31:73-99.

Nemmiche S (2017) Oxidative Signaling Response to Cadmium Exposure. Toxicol Sci 156:4-10.

Nishijo M, Satarug S, Honda R, Tsuritani I, and Aoshima K (2004) The gender differences in
health effects of environmental cadmium exposure and potential mechanisms. Mol Cell
Biochem 255:87-92.

Olsson IM, Bensryd I, Lundh T, Ottosson H, Skerfving S, and Oskarsson A (2002) Cadmium in
blood and urine--impact of sex, age, dietary intake, iron status, and former smoking--
association of renal effects. Environ Health Perspect 110:1185-1190.

Oswald S, Muller J, Neugebauer U, Schroter R, Herrmann E, Pavenstadt H, and Ciarimboli G
(2019) Protein Abundance of Clinically Relevant Drug Transporters in The Human
Kidneys. Int J Mol Sci 20.

Park JD, Cherrington NJ, and Klaassen CD (2002) Intestinal absorption of cadmium is
associated with divalent metal transporter 1 in rats. Toxicol Sci 68:288-294.

Park JD, Liu Y, and Klaassen CD (2001) Protective effect of metallothionein against the toxicity
of cadmium and other metals(1). Toxicology 163:93-100.

Patra RC, Rautray AK, and Swarup D (2011) Oxidative stress in lead and cadmium toxicity and
its amelioration. Vet Med Int 2011:457327.

Petain A, Kattygnarath D, Azard J, Chatelut E, Delbaldo C, Geoerger B, Barrois M, Seronie-
Vivien S, LeCesne A, Vassal G, and Innovative Therapies with Children with Cancer
European ¢ (2008) Population pharmacokinetics and pharmacogenetics of imatinib in
children and adults. Clin Cancer Res 14:7102-7109.

Pollex EK, Anger G, Hutson J, Koren G, and Piquette-Miller M (2010) Breast cancer resistance
protein (BCRP)-mediated glyburide transport: effect of the C421A/Q141K BCRP single-
nucleotide polymorphism. Drug Metab Dispos 38:740-744.

Prasad B, Johnson K, Billington S, Lee C, Chung GW, Brown CD, Kelly EJ, Himmelfarb J, and
Unadkat JD (2016) Abundance of Drug Transporters in the Human Kidney Cortex as
Quantified by Quantitative Targeted Proteomics. Drug Metab Dispos 44:1920-1924.

Ruttkay-Nedecky B, Nejdl L, Gumulec J, Zitka O, Masarik M, Eckschlager T, Stiborova M,
Adam V, and Kizek R (2013) The role of metallothionein in oxidative stress. Int J Mol
Sci 14:6044-6066.

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

Satarug S, Baker JR, Reilly PE, Moore MR, and Williams DJ (2002) Cadmium levels in the
lung, liver, kidney cortex, and urine samples from Australians without occupational
exposure to metals. Arch Environ Health 57:69-77.

Satarug S and Moore MR (2004) Adverse health effects of chronic exposure to low-level
cadmium in foodstuffs and cigarette smoke. Environ Health Perspect 112:1099-1103.

Shaikh ZA, Vu TT, and Zaman K (1999) Oxidative stress as a mechanism of chronic cadmium-
induced hepatotoxicity and renal toxicity and protection by antioxidants. Toxicol Appl
Pharmacol 154:256-263.

Shih CM, Ko WC, Wu JS, Wei YH, Wang LF, Chang EE, Lo TY, Cheng HH, and Chen CT
(2004) Mediating of caspase-independent apoptosis by cadmium through the
mitochondria-ROS pathway in MRC-5 fibroblasts. J Cell Biochem 91:384-397.

Soodvilai S, Nantavishit J, Muanprasat C, and Chatsudthipong V (2011) Renal organic cation
transporters mediated cadmium-induced nephrotoxicity. Toxicol Lett 204:38-42.

Staessen JA, Lauwerys RR, Ide G, Roels HA, Vyncke G, and Amery A (1994) Renal function
and historical environmental cadmium pollution from zinc smelters. Lancet 343:1523-
1527.

Szilagyi JT, Gorczyca L, Brinker A, Buckley B, Laskin JD, and Aleksunes LM (2019) Placental
BCRP/ABCG2 Transporter Prevents Fetal Exposure to the Estrogenic Mycotoxin
Zearalenone. Toxicol Sci 168:394-404.

Takahashi S (2012) Molecular functions of metallothionein and its role in hematological
malignancies. J Hematol Oncol 5:41.

Tanaka Y, Slitt AL, Leazer TM, Maher JM, and Klaassen CD (2005) Tissue distribution and
hormonal regulation of the breast cancer resistance protein (Bcrp/Abcg2) in rats and
mice. Biochem Biophys Res Commun 326:181-187.

Thevenod F and Friedmann JM (1999) Cadmium-mediated oxidative stress in kidney proximal
tubule cells induces degradation of Na+/K(+)-ATPase through proteasomal and endo-
/lysosomal proteolytic pathways. FASEB J 13:1751-1761.

Thevenod F and Wolff NA (2016) Iron transport in the kidney: implications for physiology and
cadmium nephrotoxicity. Metallomics 8:17-42.

Thijssen S, Cuypers A, Maringwa J, Smeets K, Horemans N, Lambrichts I, and Van Kerkhove E
(2007) Low cadmium exposure triggers a biphasic oxidative stress response in mice
kidneys. Toxicology 236:29-41.

Turner CP, Bergeron M, Matz P, Zegna A, Noble LJ, Panter SS, and Sharp FR (1998) Heme
oxygenase-1 is induced in glia throughout brain by subarachnoid hemoglobin. J Cereb
Blood Flow Metab 18:257-273.

Uetani M, Kobayashi E, Suwazono Y, Honda R, Nishijo M, Nakagawa H, Kido T, and Nogawa
K (2006) Tissue cadmium (Cd) concentrations of people living in a Cd polluted area,
Japan. Biometals 19:521-525.

Woodward OM, Tukaye DN, Cui J, Greenwell P, Constantoulakis LM, Parker BS, Rao A,
Kottgen M, Maloney PC, and Guggino WB (2013) Gout-causing Q141K mutation in
ABCG?2 leads to instability of the nucleotide-binding domain and can be corrected with
small molecules. Proc Natl Acad Sci U S A 110:5223-5228.

World health Organization (2020) International programme on chemical safety

Xiao J, Wang Q, Bircsak KM, Wen X, and Aleksunes LM (2015) In Vitro Screening of
Environmental Chemicals ldentifies Zearalenone as a Novel Substrate of the Placental
BCRP/ABCG2 Transporter. Toxicol Res (Camb) 4:695-706.

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

Yang H, Guo D, Obianom ON, Su T, Polli JE, and Shu Y (2017) Multidrug and toxin extrusion
proteins mediate cellular transport of cadmium. Toxicol Appl Pharmacol 314:55-62.

Zalups RK (2000) Evidence for basolateral uptake of cadmium in the kidneys of rats. Toxicol
Appl Pharmacol 164:15-23.

Zalups RK and Barfuss DW (2002) Simultaneous coexposure to inorganic mercury and
cadmium: a study of the renal and hepatic disposition of mercury and cadmium. J Toxicol
Environ Health A 65:1471-1490.

Zamber CP, Lamba JK, Yasuda K, Farnum J, Thummel K, Schuetz JD, and Schuetz EG (2003)
Natural allelic variants of breast cancer resistance protein (BCRP) and their relationship
to BCRP expression in human intestine. Pharmacogenetics 13:19-28.

Footnotes

This work was supported by the National Institutes of Environmental Health Sciences [Grants
RO1ES029275, F31ES032319, T32ES007148, and P30ES005022] and the National Center for
Advancing Translational Sciences [Grant UL1TR003017]. The authors have no conflicts of

interest to report.

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2021 as DOI: 10.1124/dmd.121.000446
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000446

Figure Legends

Figure 1. Concentration-Dependent Accumulation and Toxicity of CdCl, in HEK293 Empty
Vector (EV) and BCRP Wild-type (BCRP WT) Cells. (A) EV and BCRP WT cells were treated
with CdCl, (0-1 pM) for 30 min (uptake period), washed, and then incubated in fresh culture
media for 60 min (efflux period). Intracellular cadmium concentrations were quantified using
ICP-MS analysis and normalized to protein concentration. (B) EV and BCRP WT cells were
treated with CdCl, (0-25 uM) for 48 h. Cell viability was determined using the alamarBlue
assay. (C) EV and BCRP WT cells were treated with CdCl, (0-10 uM) for 48 h. Cells were
stained with propidium iodide (PI) and Hoechst 33342. The number of apoptotic cells (PI-
stained) was counted using a Celigo Imaging Cytometer and expressed as a percentage relative to
the total number of cells with nuclei stained by Hoechst 33342. Individual data are presented as
mean = SD (n= 3-5). * p < 0.05, compared to EV or BCRP WT control (0 or 0.1 uM CdCl,). T p

< 0.05, compared to EV cells treated with the same concentration of CdCl,.

Figure 2. Concentration-Dependent Up-Regulation of Oxidative and Cellular Stress Gene and
Protein Expression in EV and BCRP WT Cells Treated with CdCl,. EV and BCRP WT cells
were treated with CdCl; (0, 0.5, and 1 uM) for 24 h. (A) Total RNA was isolated using RNAzol
RT. The mRNA expression of HO-1, NQO1, MT-1A, MT-2A, SOD-1 and TRXR was quantified
by gPCR assay using Sybr Green to detect amplified products. Ct values were converted to AACt
by comparing to the reference gene 18S. Individual data are presented as mean = SD (n=6-9). (B)
Protein expression of BCRP, HO-1, NQO1, MT-1/2, SOD-1 and TRXR in cell lysates was
detected and semi-quantified using Western blot analysis. Na'/K* ATPase was used as a loading
control. Individual data are presented as mean + SD (n= 3). * p < 0.05, compared to 0 uM CdCl,.

T p <0.05, compared to EV cells treated with the same concentration of CdCl,.
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Figure 3. CdCl, Accumulation and Toxicity in BCRP Q141K Cells. (A) EV, BCRP WT, and
BCRP Q141K cells were treated with CdClI, (0.5 uM) for 30 min (uptake period), washed, and
then incubated in fresh culture media for 60 min (efflux period). Intracellular cadmium
concentrations were determined using ICP-MS analysis and normalized to protein concentration.
(B) EV, BCRP WT, and BCRP Q141K cells were treated with CdCl, (0-25 uM) for 48 h. Cell
viability was determined using the alamarBlue assay. (C) EV, BCRP WT, and BCRP Q141K
cells were treated with CdCl;, (0-10 uM) for 48 h. Cells were then stained with Pl and Hoechst
33342. The number of apoptotic cells (Pl-stained) were counted using a Celigo Imaging
Cytometer and expressed as a percentage relative to the total number of cells with nuclei stained
by Hoechst 33342. Individual data are presented as mean + SD (n= 4-6). * p < 0.05, compared to
EV, BCRP WT, or BCRP Q141K control (O uM or 0.1 puM of CdCl,). 1 p < 0.05, compared to
EV cells treated with the same concentration of CdCl,. & p <0.05 compared to BCRP WT cells

treated with the same concentration of CdCl..

Figure 4. Oxidative and Cellular Stress Gene and Protein Expression in BCRP Q141K Cells
Treated with CdCl,. EV, BCRP WT, and BCRP Q141K cells were treated with CdClI, (0 and 1
MM) for 24 h. (A) Total RNA was isolated using RNAzol RT. The mRNA expression of HO-1,
NQO1, MT-1A, MT-2A, SOD-1 and TRXR was quantified by gPCR assay using Sybr Green to
detect amplified products. Ct values were converted to AACt by comparing to the reference gene
18S. Individual data are presented as mean + SD (n=6-9). (B) Protein expression of BCRP, HO-
1, NQO1, MT-1/2, SOD-1 and TRXR in cell lysates was detected and semi-quantified using

Western blot analysis. Na'/K* ATPase was used as a loading control. Individual data are
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presented as mean = SD (n= 3). * p < 0.05, compared with 0 uM CdCl,. { p < 0.05, compared
with the corresponding EV cells with 1 uM CdCl;, treatment. & p <0.05 compared to BCRP WT

cells treated with 1 uM CdCl,.

Figure 5. Renal and plasma Cd** concentrations in WT and Bcrp KO mice. WT and Berp KO
mice were treated with CdCl, (5.5 mg/kg, ip). Kidney and plasma were collected at 24 h and
cadmium concentration was quantified using ICP-MS analysis. No differences in cadmium
concentrations were observed between sexes within each genotype and are shown together. Data
from each individual animal are presented along with mean £ SD (n= 7-12). * p < 0.05,

compared to WT mice.
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