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Abstract: Cadmium (Cd) is an environmental toxicant with serious public health consequences
due to its persistence within arable soils, and the ease with which it enters food chains and then,
accumulates in human tissues to induce a broad range of adverse health effects. The present review
focuses on the role of zinc (Zn), a nutritionally essential metal, to protect against the cytotoxicity
and carcinogenicity of Cd in urinary bladder epithelial cells. The stress responses and defense
mechanisms involving the low-molecular-weight metal binding protein, metallothionein (MT), are
highlighted. The efflux and influx transporters of the ZnT and Zrt-/Irt-like protein (ZIP) gene families
are discussed with respect to their putative role in retaining cellular Zn homeostasis. Among fourteen
ZIP family members, ZIP8 and ZIP14 mediate Cd uptake by cells, while ZnT1 is among ten ZnT family
members solely responsible for efflux of Zn (Cd), representing cellular defense against toxicity from
excessively high Zn (Cd) intake. In theory, upregulation of the efflux transporter ZnT1 concomitant
with the downregulation of influx transporters such as ZIP8 and ZIP14 can prevent Cd accumulation
by cells, thereby increasing tolerance to Cd toxicity. To link the perturbation of Zn homeostasis,
reflected by the aberrant expression of ZnT1, ZIP1, ZIP6, and ZIP10, with malignancy, tolerance to Cd
toxicity acquired during Cd-induced transformation of a cell model of human urothelium, UROtsa,
is discussed as a particular example.

Keywords: bladder cancer; cadmium; metal homeostasis; metallothionein; tolerance; urothelium;
UROtsa; zinc; zinc transporters

1. Introduction

Cadmium (Cd) is a redox inert divalent metal that has no known biological role in
humans [1–4]. Diet is a primary exposure source for non-smoking populations [1–4], whilst
cigarette smoke is an additional source of Cd among those who smoked. Cd exists in
cigarette smoke as a non-volatile oxide form (CdO), and a volatile metallic form with
high transmission rates [5]. Of further concern, the electronegativity of Cd is similar to
that of zinc (Zn), a nutritionally essential metal, whereas its ionic radius is similar to
calcium (Ca) [3,4]. Hence, Cd can enter the body from the gut and lungs through the metal
transporter systems and pathways evolved for acquisition and storage of Zn, Ca, and other
nutritionally essential metals such as iron (Fe) and manganese (Mn) [3,4,6–8].

Metal transporters of the Zrt- and Irt-related protein (ZIP) family, such as ZIP8 and
ZIP14, mediate Cd uptake by various cell types [9–11]. High blood Cd has been associated
with certain variants of the ZIP8 and ZIP14 genes [12]. Of concern, Cd exhibits higher
affinity than Zn for sulfur-containing ligands that include all amino acids, peptides and
proteins with functional thiol (-SH) groups, notably cysteine, glutathione (GSH), metal
binding protein metallothionein (MT), and zinc-finger transcription factors [13,14]. The
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perturbation of cellular Zn homeostasis may account, in large part, for the wide range of
diversity of the toxic effects of Cd because of the key role of Zn in the regulation of cell
growth, differentiation, apoptosis, and defense mechanisms. The Zn mimicking effects of
Cd may also account for its carcinogenicity in multiple organs such as the lungs, prostate,
breast, pancreas and urinary bladder [1–4].

This review focuses on the interplay of Zn and its transporters, contributing to the car-
cinogenicity of Cd in the urinary bladder epithelium. Early experimental studies showing
the contribution of Zn and MT to Cd tolerance are briefly discussed. Emergent evidence for
tolerance to Cd toxicity through the upregulation of metal efflux transporters concomitant
with the downregulation of influx transporters is emphasized together with data from
in vitro studies, demonstrating that long-term exposure to low-level environmental Cd,
producing blood and urinary Cd at concentrations no greater than 1 µM, could cause cells
to undergo malignant transformation.

2. Zinc, Zinc Transporters, and Metallothionein

Zinc (Zn), a redox inert divalent metal, is the second most abundant metal in the
human body after iron (Fe) [15–18]. Zn is considered as a type-2 nutrient which is required
for normal cellular metabolism [17]. Most of the body Zn (95%) is found within cells
where it is the integral component of many metalloproteins involved in the regulation of
cell growth, differentiation, apoptosis, and defense mechanisms [16–18]. The antioxidant
enzyme, superoxide dismutase 1 (SOD1), is an example of Zn involvement in cellular
defense mechanisms against oxidative stress [19]. Because metals cannot be synthesized
nor degraded by the body, they must be acquired from the diet. To assimilate Zn from
the diet, transporter systems and pathways specific to Zn have evolved [20] together with
mechanisms to store and maintain the homeostasis of Zn in cells and to safeguard against
deficiency or toxicity from excessively high Zn intake [21,22].

2.1. Zinc Transporters, Deranged Zinc Homeostasis and Cancer

To retain normal cellular metabolism and its tissue-specific, specialized functions,
intracellular Zn concentrations are kept within a narrow range [15–18]. Accordingly, influx,
efflux, subcellular compartmentalization (storage) and trafficking of Zn are coordinately
regulated. These processes are mediated by metal transporters, encoded by two gene
families—the Solute-Linked Carrier 30A (SLC30A) and the Solute-Linked Carrier 39A
(SLC39A) [23,24]. The SLC39A family, also known as the Zrt-/Irt-like protein (ZIP) family,
comprises 14 members, designated as ZIP1 to ZIP14 [23]. The SLC30A family, also known
as Cation Diffusion Facilitators (CDF), comprises 10 members, designated as ZnT1 to
ZnT10 [24]. Among ten SLC30A (ZnT) members, ZnT1 is solely responsible for Zn efflux,
and overexpression of ZnT1 results in low intracellular Zn levels [25]. Of note, dysregulated
cellular Zn homeostasis and aberrant expression of ZnT1, ZIP1, ZIP4, ZIP6, ZIP7, and ZIP10
have increasingly been observed in various types of cancer, including urinary bladder,
prostate, pancreatic and breast cancers [25–30].

2.2. Putative Zinc Transporters Involved in Tolerance to Cadmium Toxicity

Among fourteen ZIP family members, ZIP8 and ZIP14 have been shown to mediate
Cd uptake by cells [9–11]. Among ten ZnT family members, only ZnT1 has been shown
to be solely responsible for an efflux of Cd [22,31]. In theory, upregulation of the efflux
transporter ZnT1 concomitant with downregulation of influx transporters such as ZIP8
and ZIP14 can prevent the accumulation of Cd in cells, leading to Cd tolerance. To date,
there are a few studies that link individual Zn transporters to resistance/sensitivity to
Cd toxicity. The results of these studies are summarized as follows. Treatment of rat
liver epithelial cells, TRL1215, with cyproterone, a synthetic steroidal antiandrogen with
a structure related to progesterone, reduced Cd accumulation and decreased sensitivity
to Cd toxicity [32]. However, the molecular basis for the reduction in Cd accumulation in
TRL1215 cells treated with cyproterone was not investigated. In another study, silencing of
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ZnT1 expression increased Cd accumulation and enhanced Cd toxicity [31]. In yet another
study, a reduction in Cd accumulation and Cd resistance was attributed to a decrease in
ZIP8 expression, assessed by ZIP8 mRNA and protein levels [33]. Downregulation of ZIP8
was suggested to be a common feature of cells resistant to Cd [34]. It was determined
that expression of the ZIP8 gene is regulated by an epigenetic mechanism; expression of
the ZIP8 gene is diminished in a DNA hypermethylation state [34]. In a different report,
downregulation of ZIP8 expression was linked to resistance to Cd toxicity following an
increment of intracellular GSH concentration [35].

2.3. Metallothionein-Metal Complexes

MTs, a group of low-molecular-weight (6–7 kDa) metal binding proteins, are highly
conserved and ubiquitously expressed at varying levels [34–36]. This group of proteins
contains an unusually high molar content of cysteine whose sulfur atoms participate
in the sequestration of nutritionally essential metals, Zn and copper (Cu), for storage
purposes [37,38]. In theory, up to 7 atoms of Zn2+ (Cd2+) or 12 atoms of Cu2+ can be
sequestered per molecule of MT, and metal–MT complexes are designated as Zn7MT
(Cd7MT) or Cu12MT [37,38]. However, several species of mixed metal complexes such as
Cd3Cu3ZnMT, Cd4CuZn2MT and Cd6CuMT are formed under in vivo conditions with
different Cd exposure levels [38].

There are at least 16 MT isoforms in humans that belong to four major isoforms: MT-
1–MT-4 [36]. Among these, MT-1 and MT-2 are expressed in most tissues, kidney tubular
epithelial cells and leucocytes included [36,39–41]. Each isoform exhibits preferential
binding affinity for Zn and Cu; MT-3, expressed abundantly in kidneys and neurons, has a
higher binding affinity for Cu than MT-1 and MT-2 [42–44]. The genetic variants of MT are
associated with variability in the urinary excretion of Cd, Zn and Cu [45]. Expression of
MT-1 and MT-2 is inducible through the metal responsive transcription factor (MTF) and
the metal response element (MRE) located in the promoters of the MT genes [36].

2.4. Zinc (Cadmium) as a Concomitant Inducer of MT and ZnT1

A study in rats, published in 1984, showed that MT expression was not detectable
in the livers of Zn-deficient rats [46]. This finding indicates that MT synthesis is induced
by Zn [46]. A study in humans, published in 1998, showed increased expression of MT in
erythrocytes and monocytes from men, aged 19–35 years, who received Zn supplements at
a dose of 50 mg per day for 18 days [47]. Several studies have then examined levels of MT
and Zn transporters expressed by various blood cell types (peripheral blood mononuclear
cells, T lymphocytes, monocytes, and erythrocytes) in an attempt to determine if MT and/or
Zn transporter reflects Zn status better than plasma Zn levels [41]. The levels of ZIP1 and
ZnT1 expressed by subtypes of white blood cells in response to Zn supplementation or
depletion varied largely among studies, while changes in MT expression were consistent
across studies [41]. It is likely that the inconsistent responses to Zn supplementation
or depletion, reflected by changes in the variable expression levels of ZIP1 and ZnT1,
could be related to differences in Cd exposure among study subjects, given that Cd is a
potent inducer of MT [48,49]. Furthermore, Cd and Zn are both found to be inducers of
ZnT1 [22,50,51]. Overexpression of ZnT1 decreased intracellular zinc concentrations [25].
Conversely, silencing of ZnT1 expression increased Cd accumulation and enhanced Cd
toxicity [31].

2.5. Metallothionein as a ‘Double-Edged Sword’

It is widely believed that MTs are involved in the homeostasis of Zn and Cu and
protection against oxidative damage and heavy metal toxicity. Because Cd exerts toxicity in
the unbound state, i.e., as free Cd2+ ions, complexes of Cd and MT (CdMT) are often viewed
as a detoxified form. However, although the expression of MT in hepatocytes prevents
acute toxicity, studies using a normal rat liver epithelial cell line, TRL1215, demonstrated
that Zn2+ ions or Cd2+ ions that were bound to MT, for example as Cd4CuZn2MT, could
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be substituted and released by nitric oxide (NO) [49,52]. The NO-induced release of
Cd2+ ions previously sequestered in MT implies that hepatotoxicity may occur long after
exposure [53]. Furthermore, hepatic CdMT can serve as an endogenous source of Cd
in a similar way to bone being a reservoir of lead [4,54,55]. CdMT can be released into
the circulation and delivered to kidneys, inducing nephrotoxicity long after exposure
cessation [4,56,57]. In a Thai study, elevated MT transcript levels expressed by leucocytes
were associated with reduced nephrotoxicity, assessed with urinary excretion levels of
albumin and β2-microglobulin [39]. In light of new knowledge, the finding of this Thai
study could be reinterpreted to suggest a lower Cd accumulation in those with higher
MT expression due to concomitant ZnT1 induction by Cd, leading to increased efflux of
Cd. Simultaneous upregulation of ZnT1 and MT in response to Cd is a cellular adaptive
mechanism to resist Cd-induced cytotoxicity.

It was shown in another study that Cd did not substitute Zn in the antioxidant enzyme,
SOD1, but it reduced the activity of SOD1 in human embryonic kidney cells (HEK293T)
through MT induction and perturbation of Zn homeostasis [19]. In another study in mice,
an increased susceptibility to lung injury after a prolonged exposure to cigarette smoke
was attributable to a disturbed Zn homeostasis resulting from an insufficient Zn intake
or overexpression of ZIP8 [58]. Of relevance, evidence for Cd-induced derangement of
cellular homeostasis of Zn and Cu has been reported in Australian [59], Thai [60,61], and
Korean [62] studies.

3. Cadmium as a Risk Factor for Bladder Cancer

Urothelial carcinoma ranks the ninth most common cancer worldwide, and bladder
cancer is a common type of urothelial cancer [63–68]. Owing to its high recurrence rates
(30–70%), frequent cystoscopy and urine cytology are required [64–66]. Consequently,
bladder cancer is the fifth highest cancer treatment and the highest care cost per patient in
the U.S., although it ranks the sixth most common cancer in the U.S. [64]. In most cases,
the cancer originates from the transitional cells of bladder mucosal epithelium, and it is
named transitional cell carcinoma (TCC) [63]. One-third of bladder cancer cases manifested
as non-papillary tumors with high invasive and metastasis potential, while two-thirds
manifested as non-invasive, resettable papillary tumors [63].

In the past, the majority of bladder cancer was associated with workplace exposure
to aromatic amines, polycyclic hydrocarbons and heavy metals [63,64]. In recent times,
workplace exposure accounted for 5–15% of bladder cancer cases in Europe with cigarette
smoking arising as a predominant risk factor [69]. Blood Cd levels in cigarette smokers
were higher than non-smokers by 2- to 6-fold [2]. In Italy, workplace exposure contributed
to 4–10% of bladder cancer cases [70].

In a Spanish study of 1219 newly diagnosed bladder cancer cases and 1271 controls,
cigarette smoking accounted for nearly all excess bladder cancer risk in men [69]. In a
Belgian study of 172 bladder cancer cases and 395 non-cancer controls, the mean blood Cd
in bladder cancer cases was 1.6-fold higher than the mean blood Cd in controls of 0.7 µg/L.
The risk of bladder cancer was increased by 5.7-fold as blood Cd rose from the lowest tertile
to the highest tertile [71] after adjustment for gender, age, smoking habits, and workplace
exposure [71]. In a German study, the median urinary Cd in bladder cancer cases was
2.25-fold higher than controls of 0.8 µg/L [72].

3.1. Cadmium-Induced Cell Transformation: An In Vitro Carcinogenicity Test

The carcinogenicity of Cd has been tested in vitro using human cells, including RWPE-
1 prostate epithelium [73], UROtsa urothelium [74,75], MCF-10A breast epithelium [76–78],
BEAS bronchial epithelium [79], and HPDE pancreatic ductal epithelium [80]. It is notable
that Cd concentrations used to induce cell transformation in vitro varied by 10-fold. Cd
concentration, as high as 10 µM, was required to transform prostate epithelial cells [73],
whereas 2.5 µM Cd was needed to cause malignant transformation of breast epithelium [76].
In contrast, urothelial, bronchial and pancreatic ductal epithelium became malignant cells
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after prolonged exposure to Cd as low as 1 µM [80]. These data suggest that variability
among cell types in their capacities to tolerate Cd could be related to the levels of metal
transporters involved in the influx and efflux of Cd. In addition, it could be related to
expression levels of other stress response proteins that are induced by Cd such as MT and
heme oxygenase-1 (HO-1) [39,40].

A 10-fold increase in the expression levels of the oncogenes, c-myc and c-jun, together
with a change in DNA methylation state was observed in transformed TRL1215 rat liver
epithelial cells [81,82]. Global DNA hypomethylation and overexpression of c-myc and
Kras were observed in transformed MCF-10 cells [76]. In transformed RWPE-1 cells, the ex-
pression of the tumor suppressor genes (RASSF1A and p16) were diminished, but the DNA
(cytosine-5-)-methyltransferase 3b (DNMT3b) gene was overexpressed, leading to a general-
ized DNA hypermethylation state [76]. Cd seemingly affected the expression of oncogenes
through epigenetic mechanisms rather than oxidative stress-induced mechanisms [81,82].

3.2. UROtsa Cell Line as a Cell Model to Dissect the Carcinogenicity of Cadmium

Prolonged exposure to 1 µM Cd caused UROtsa cells to transform to cancer cells [71],
and the tumors generated in nude mice from injected transformed UROtsa cells (a hetero-
transplant experiment) displayed gene expression profiles similar to the basal subtype of
muscle invasive bladder cancer [72]. Microarray (the Affymetrix 133 Plus 2.0 chip) data
indicated that at least 285 genes are upregulated and 215 genes are downregulated during
Cd-induced cellular transformation [83]. The UROtsa cell line is non-tumorigenic, derived
from the ureter epithelium of a 12-year-old female donor, immortalized with SV40 large
T-antigen [84]. The UROtsa cells display the phenotypic and morphologic characteristics of
primary transitional epithelial cells of the bladder [85].

Several lines of evidence have established the UROtsa cell line as a suitable cell model
of urinary bladder epithelium. Expression of MT-1 and MT-2 isoforms in this cell line is
induced by Cd [86]. These results have been replicated in a study using normal human
urothelial (NHU) cells [50], in which the specific MT isoforms induced by Cd have been
identified. However, expression of MT-3 in NHU was not detectable [50], although MT-3
isoform was expressed by parental UROtsa cells and transformed UROtsa cells [87–89].
Of interest, Cd-induced expression of the ZnT1 gene was observed in non-differentiated
and differentiated NHU cells [50], and such ZnT1 induction by Cd has been replicated in
UROtsa cells [51].

3.3. Zinc Transporters Expressed by Parental UROtsa Cells

In this section, data from three publications by Sens et al. [71] and Satarug et al. [30,51]
recapitulate the evidence of a perturbation of cellular zinc homeostasis following low
environmental exposure to Cd, producing blood Cd concentrations no greater than 1 µg/L.
Published data showing the effects of Cd2+ on expression levels of 19 zinc transporters in
UROtsa cells are reproduced (Table 1).

Expression levels of 19 zinc transporters in two batches of UROtsa cell cultures were
qualitatively similar. The Golgi zinc transporter ZnT7 was expressed in the highest abun-
dance: 734 and 758 transcripts per 1000 copies of β-actin gene transcripts in batch I and II,
respectively. ZIP8, ZIP14, ZnT1 and ZnT5 genes expressed by batch I cells were 0.1, 83, 181,
and 150 transcripts per 1000 copies of β-actin gene transcripts, and the corresponding ZIP8,
ZIP14, ZnT1 and ZnT5 expressed by batch II cells were 2.1, 146, 365 and 510 copies per
1000 copies of β-actin gene, respectively. Based on the putative role of ZnT1 as the sole Cd
efflux transporter, and ZIP8 and ZIP14 as Cd influx transporters, lower expression levels of
ZIP8 than ZIP14 suggested that ZIP14 and ZnT1 could contribute to Cd accumulation by
UROtsa cells. Despite low levels of transcripts, ZIP8 protein expression in UROtsa cells
was detectable by Western blot analysis [90].
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Table 1. Expression levels of zinc transporter genes in a cell culture model of human urothelial (UROtsa) cells at basal state
and 24 h after exposure to 1, 2 and 4 µM cadmium.

Zinc Transporters
Number of Transcripts in 1000 β-Actin

Batch I, 0 µM Cd2+ Batch II, 0 µM Cd2+ 1 µM Cd2+ 2 µM Cd2+ 4 µM Cd2+

SLC30A family
ZnT1 181 ± 23 365 ± 38 3007 ± 465 1434 ± 146 1216 ± 153 ***
ZnT2 0.01 ± 0.001 0.06 ± 0.01 73 ± 15 16 ± 1.9 11 ± 1.5 ***
ZnT3 0.03 ± 0.007 0.15 ± 0.01 0.24 ± 0.05 0.10 ± 0.02 0.10 ± 0.02 *
ZnT4 1.6 ± 0.26 11.4 ± 0.8 10 ± 1 8.7 ± 1 6.2 ± 0.5 **
ZnT5 150 ± 19 510 ± 30 1038 ± 132 495 ± 54 568 ± 91 **
ZnT6 4.5 ± 0.15 65 ± 8 77 ± 6 63 ± 13 57 ± 12
ZnT7 734 ± 28 758 ± 76 1007 ± 136 706 ± 44 488 ± 63 *

ZnT10 0.04 ± 0.005 1.1 ± 0.2 2.4 ± 0.2 1.7 ± 0.2 1.1 ± 0.1 ***

SLC39A family
ZIP1 19.5 ± 2.0 82 ± 9 99 ± 15 55 ± 10 59 ± 12 *
ZIP2 0.02 ± 0.004 1.2 ± 0.1 0.8 ± 0.2 0.4 ± 0.1 0.2 ± 0.03 ***

ZIP3A 9.1 ± 0.4 19 ± 1 23 ± 2.3 17 ± 1.7 14 ± 1.3 *
ZIP3B 0.48 ± 0.05 4.1 ± 0.2 6.2 ± 0.7 4.4 ± 0.2 4.2 ± 0.4 *
ZIP4 0.18 ± 0.04 0.06 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.06 ± 0.01
ZIP5 0.01 ± 0.003 0.01 ± 0.001 0.01 ± 0.003 0.01 ± 0.002 0.01 ± 0.002
ZIP6 18.3 ± 2.6 92 ± 8 133 ± 12 80 ± 9 75 ± 10 **
ZIP7 121 ± 9.5 204 ± 25 342 ± 69 149 ± 32 94 ± 21 ***
ZIP8 0.09 ± 0.01 2.1 ± 0.2 2.6 ± 0.3 2.0 ± 0.2 2.7 ± 0.4

ZIP10 5 ± 0.3 54 ± 4 30 ± 8 14 ± 3 14 ± 3 ***
ZIP14 83.4 ± 10.5 146 ± 19 218 ± 24 158 ± 26 128 ± 19 *

Numbers are values for mean ± standard error of mean for the number of transcripts for each individual zinc transporter gene relative to
1000 transcripts of the β-actin gene. Expression levels of zinc transporters are as reported by Satarug et al. [30,51]. Kruskal–Wallis test was
used to derive p-values and those ≤ 0.05 identified a statistically significant effect of Cd2+; * p = 0.01–0.05; ** p = 0.001; *** p = <0.001.

3.4. Upregulation of ZnT1 and Acquired Resistance to Cadmium

It is increasingly apparent that epigenetic changes, DNA methylation included, are
especially frequent in urothelial carcinoma [91]. In this section, published data showing
that Cd in low concentrations (0.01–1 µM) induced expression of ZnT1 in UROtsa cells are
reproduced and discussed together with those showing Cd resistance acquired after treat-
ment with an inhibitor of DNA methylation, 5-aza-2′-deoxycytidine (aza-dC), producing a
DNA hypomethylation state [30,51].

Among three Cd concentrations tested, 1 µM Cd induced ZnT1 (Figure 1A). An
increment of Cd2+ concentrations from 0.1 to 1.5 µM produced progressive increases in
expression levels of ZnT1 (Figure 1B). The highest fold induction within 24 h was 8.8,
achieved with 1.5 µM Cd concentration. Exposure to 0.25 µM Cd for 48 h induced ZnT1
expression to the same extent achieved with 24-h exposure to 1.5 µM Cd. Of note, 24-h
exposure to 1 µM Cd resulted in a 7.5-fold increase in ZnT1 expression. However, ZnT1
fold induction declined from 7.5 at 24 h to 1.4 at 48 h, suggesting cytotoxicity of 1 µM Cd
when exposure was continued for a further 24 h.

UROtsa cells treated with aza-dC 24 h prior to Cd exposure exhibited tolerance to
Cd toxicity (Figure 1C). The concentration of Cd causing 50% loss of cell viability was
increased from 2.5 to 5 µM Cd. Treatment with aza-dC did not affect ZnT1 expression nor
did the extent of Cd-induced ZnT1 expression (Figure 1D). Furthermore, the resistance
to Cd toxicity was observed 96 h after aza-dCd treatment [48]. This may suggest the rate
of Cd efflux may have exceeded or equaled to the rates of Cd influx. In theory, however,
intracellular Cd-to-Zn ratio would be an important contributor to an efflux of Cd, given
that ZnT1 mediates the efflux of both Zn and Cd [22,25,31].
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Figure 1. Change in expression of the ZnT1 gene in response to cadmium and inhibition of DNA methylation. (A) Expression
levels of the ZnT1 gene as a function of exposure durations and Cd2+ concentrations; (B) expression levels of the ZnT1 gene
24 h and 48 h after exposure to various Cd2+ concentrations; (C) resistance to Cd toxicity in aza-dC-treated cells; (D) changes
in ZnT1 expression in aza-dC-treated cells. Fold change or a ratio was defined as the number of transcripts of a given gene
relative to β-actin in treated cells divided by number of transcripts of the same gene relative to β-actin control cells (0 µM
Cd2+). ZnT1 expressions in (A,B) were from different batches of cells. The effect of 48-h exposure was not assessed for 0.1
and 1.5 µM Cd2+ concentrations (B).

4. Insights from Transformed UROtsa Cells

Seven transformed UROtsa clones have been produced from independent UROtsa cell
culture batches and they are named as UTCd1–UTCd7 [68]. The average doubling times of
UTCd2, 3, 4, 5, and 6 ranged between 16.4 and 20.7 h. These doubling times were shorter
than those of the parent UROtsa cells, with an average doubling time of 33.2 h. UTCd1
and UTCd7 had average doubling time lengths in the same range as the parental UROtsa
cells. By subcutaneous injection, all seven transformed UROtsa clones formed tumors
characteristic of TCC in nude mice. Of seven transformed clones, UTCd1 formed tumors in
all five nude mice. UTCd3 and UTCd 7 formed tumors in four mice, while UTCd5 formed
tumors in three mice, and the remaining clones (UTCd2, 4, 6) formed tumors in two mice.
Transcript levels of ZnT and ZIP Zn transporters expressed by UTCd1-UTCd7 relative to
parental UROtsa cells are reproduced in Table 2.
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Table 2. Expression of zinc transporter genes in seven transformed UROtsa clones relative to non-tumorigenic parent
UROtsa cells.

Gene Expression/Phenotypes
Cadmium-Transformed UROtsa Clones

UTCd1 UTCd2 UTCd3 UTCd4 UTCd5 UTCd6 UTCd7

SLC30A gene family
ZnT1 ↑ ↓ ↓ ↓ ↓ ↓ ↓
ZnT2 ↑ ↓ ↓ ↔ ↑ ↑ ↓
ZnT3 ↑ ↓ ↓ ↓ ↓ ↓ ↓
ZnT4 ↑ ↓ ↓ ↔ ↑ ↓ ↓
ZnT5 ↔ ↓ ↓ ↔ ↔ ↔ ↓
ZnT6 ↑ ↓ ↓ ↓ ↓ ↔ ↓
ZnT7 ↔ ↓ ↓ ↓ ↔ ↓ ↓
ZnT10 ↑ ↔ ↔ ↔ ↑ ↑ ↑

SLC39A gene family
ZIP1 ↓ ↓ ↓ ↔ ↔ ↔ ↓
ZIP2 ↓ ↓ ↓ ↓ ↓ ↓ ↓

ZIP3A ↔ ↓ ↓ ↓ ↔ ↔ ↓
ZIP3B ↔ ↔ ↓ ↔ ↔ ↔ ↓
ZIP4 ↓ ↓ ↓ ↓ ↓ ↓ ↓
ZIP5 ↓ ↓ ↓ ↓ ↔ ↓ ↔
ZIP6 ↑ ↔ ↓ ↔ ↔ ↑ ↓
ZIP7 ↔ ↔ ↓ ↔ ↔ ↔ ↓
ZIP8 ↓ ↑ ↑ ↑ ↑ ↑ ↑

ZIP10 ↑ ↔ ↓ ↔ ↑ ↑ ↓
ZIP14 ↑ ↓ ↓ ↔ ↔ ↔ ↓

Phenotypes
Doubling time (h) 27.8 18.8 * 16.4 * 20.7 * 18.2 * 16.9 * 27.1

§ Heterotransplant (sc) 5/5 2/5 4/5 2/5 3/5 2/5 4/5
Histology TCC TCC TCC TCC TCC TCC TCC

§ Heterotransplant (ip) + − − − − − −
Histology TCC

The symbol ↑, ↓ or ↔ denotes an increase, a decrease or no change in levels of expression, compared with parent UROtsa cells.
TCC = transitional cell carcinoma. * Indicates a statistically significant difference from the average doubling time for the parent UROtsa of
33.2 h. Expression levels of Zn transporters are as reported by Satarug et al. [30]. § Tumor transplantation conducted via subcutaneous (sc)
and intraperitoneal (ip) injections are as reported by Sens et al. [68]. The symbol + or − denotes a positive or a negative test result for
tumor formation in nude mice.

By intraperitoneal injection, only the UTCd1 clone showed the propensity to invade
other tissues. UTCd6 had a doubling time 40% shorter than UTCd1 (16.9 h vs. 27.8 h) but
it had lower malignancy potential as this clone formed tumors in only two mice, while
UTCd1 formed tumors in all five nude mice. Herein, expression profiles of ZnT and ZIP
classes in this UTCd1 clone are recapitulated, together with those of UCdT6 that had
shorter doubling time but were lacking invasive potential (Figure 2).

UTCd1 and UTCd6 both showed elevated expression levels of ZIP6 and ZIP10, known
to regulate cell migration [92–94], but only UTCd1 exhibited invasiveness. These data
suggest that ZIP1 downregulation, together with ZIP14 upregulation, may also be required
to gain the invasive propensities that UTCd1 exhibited. Decreased ZIP1 expression and zinc
depletion were associated with the onset of prostate cancer, whereas ZIP1 overexpression
decreased malignancy potential [95].

Expression of the ZIP6 and ZIP10 genes was increased in breast cancers with highly
invasive properties [91], suggesting the function of ZIP6 and ZIP10 to be analogous to
their homologous Drosophila fear of intimacy (foi) gene, involved in the control of cell
migration [93]. Likewise, increased ZIP6 expression in human cervical cancer cells was
associated with invasive properties through the MAPK/Snail-Slug signaling pathway [96].
Increased expression of ZIP4, ZIP11, ZnT1, or ZnT6 has been associated with poor prognosis
in patients with pancreatic adenocarcinoma [29].
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Figure 2. Expression profiles for zinc transporter genes in UTCd1 vs. UTCd6. Relative expression levels of ZIP zinc
transporters (A). Expression levels of ZnT zinc transporters (B). The ratio was defined as number of transcripts of a
given gene in each clone relative to β–actin/number of transcripts of the same gene in the parental UROtsa cell line
relative to β-actin. A ratio of 1, less than 1, or greater than 1 indicates no change, a decrease, or an increase in expression
levels, respectively, compared with the parent UROtsa cells. Expression levels of Zn transporters are as reported by
Satarug et al. [30].

The UTCd1 had a doubling time similar to parental UROtsa cells and it was the
only clone in which ZIP8 expression was reduced concomitantly with an increased ZnT1.
This UTCd1 clone may thus have acquired tolerance to Cd2+ toxicity, and the increased
ZnT1 gene expression potentially reflected perturbation of cellular zinc homeostasis. The
acquired Cd tolerance may have increased the probability of surviving in the continuing
presence of Cd, during which cells were induced to adapt. Furthermore, suppression of
ZnT1 expression by miR-411 resulted in the inhibition of growth and metastasis of bladder
cancer [97].

Several mechanisms have been postulated to explain how chronic exposure to Cd
increases cancer risk. These include oxidative stress, apoptosis resistance, defective DNA
damage repair, and altered gene expression [98]. Data from UROtsa cells reviewed herein
suggest that chronic exposure to low-level Cd induces cellular adaptive responses involving
MT, and Zn (Cd) transporters, notably ZnT1 efflux transporter, to acquire Cd tolerance.
This adaptive survival mechanism was also seen in rodent lung epithelial cells, in which the
ZIP8 gene was downregulated after chronic Cd exposure [99]. However, the diminished
ZIP8 expression also caused a reduction in cellular Zn uptake and Zn deficiency [99]. Thus,
immediate cell survival at the cost of a high intracellular Cd-to-Zn ratio elevating risk of
carcinogenicity could be a double-edged sword in cell response to Cd exposures.

In another study, a continuous exposure to 5 µM Cd2+ for 20 wks transformed the HPL-
1D, human peripheral lung epithelium, to cancer cells, displaying cancer cell characteristics;
decreased expression of the tumor suppressor genes p16 and SLC38A3 increased expres-
sion of the oncoproteins KRAS and NRAS and vimentin, the epithelial-to-mesenchymal
transition marker [100]. Most importantly, transformed HPL-1D cells exhibited Cd toler-
ance, evident from a diminished Cd accumulation, and increased expression of MT-1A,
MT-2A, HO-1, ZnT1, ZnT5 and ZIP8. Therefore, we argue that perturbation of Zn home-
ostasis through changes in the expression of Zn2+ (Cd2+) transporter genes is a universal
mechanism by which Cd induces malignant cell transformation.

5. Conclusions

The carcinogenicity of Cd in a cell culture model of human urothelium (UROtsa) could
be attributed, at least in part, to Cd-induced dysregulation of cellular zinc homeostasis,
reflected by the abnormal expression of multiple ZIP and ZnT Zn transporter genes.
Distinctively increased expression of ZnT1, ZnT4, ZnT6 and ZnT10 concomitant with a
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reduction in expression of ZIP1, ZIP8 and ZIP14 were seen in one transformed UROtsa clone
exhibiting a high invasiveness propensity. The high ZnT1 levels expressed by this particular
transformed UROtsa clone may suggest that tolerance to Cd could accompany the process
of cell transformation in the urothelium. The hypermethylation observed in bladder cancer
may also be involved, as it is linked to a downregulation of ZIP8 gene expression. Because
Cd is a weak mutagen, it is plausible that the effects of Cd on the expression of zinc
transporter genes seen in transformed UROtsa cells are through epigenetic mechanisms,
DNA methylation included. This conclusion is consistent with data from cancer genomics
showing that epigenetic changes are especially frequent in urothelial carcinoma.
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