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Abstract In earlier studies, we have characterized a new-
ly developed cell line derived from the renal proximal
tubule epithelial cells (RPTEC) of a healthy human male
donor in order to provide an improved in vitro model
with which to investigate human diseases, such as can-
cer, that may be promoted by toxicant exposure. The
RPTEC/TERT1 cell line has been immortalized using
the human telomerase reverse transcriptase (hTERT) cat-
alytic subunit and does not exhibit chromosomal abnor-
malities (Evercyte Laboratories). We have previously
conducted single-compound and binary mixture experi-
ments with the common environmental carcinogens, cad-
mium (Cd), and benzo[a]pyrene (B[a]P). Cells exhibited
cytotoxic and compound-specific responses to low con-
centrations of B[a]P and Cd. We detected responses after
exposure consistent with what is known regarding these
cells in a normal, healthy kidney including significant
gene expression changes, BPDE-DNA adducts in the
presence of B[a]P, and indications of oxidative stress in
the presence of Cd. The RPTEC/TERTI1 cell line was
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also amenable to co-exposure studies due to its sensitiv-
ity and compound-specific properties. Here, we review
our earlier work, compare our findings with commonly
used renal cell lines, and suggest directions for future
experiments. We conclude that the RPTEC/TERTI1 cell
line can provide a useful tool for future toxicological
and mixture studies.
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Kidney and Renal Pelvis Cancer

Kidney and renal pelvis cancer is one of only five cancers with
an increasing incidence of 3—4 % or more per year over the
last several decades [1]. Additionally, approximately 90 % of
kidney cancer diagnoses are classified as a specific type of
kidney cancer, renal cell carcinoma (RCC) [1, 2]. Risk factors
for RCC are largely environmental and include obesity, ciga-
rette smoking, and hypertension. Only 2 % of RCC cases can
be directly attributed to genetic factors such as von-Hippel
Lindau (VHL) disease in which patients exhibit specific mu-
tations in the VHL gene [3—-5]. However, the majority of RCC
cases are found in patients with no familial history. Thus,
environmental risk factors play a significant role in the devel-
opment of RCC.

RCC originates in the renal proximal tubule epithelial cells
of the kidney. These cells perform vital tasks in the body such
as reabsorption of essential nutrients including glucose, small
amino acids, sodium, and water from filtrate as well as aid in
pH regulation of the body. However, because the renal system
primarily filters and concentrates many substances, the kidney
is potentially exposed to a variety of DNA damaging agents.
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In particular, the renal proximal tubule epithelial cells are sen-
sitive to DNA damage because they are the first cells to re-
ceive the filtrate after the glomerulus [6, 7]. Additionally, the
high metabolic capacity and detoxification properties of renal
proximal tubule epithelial cells in comparison to other renal
cell types increase their probability of exposure to xenobiotics
and xenobiotic metabolites [8].

Environmental Contamination and Exposure
to Renal Genotoxicants

Two environmental toxicants strongly implicated in the devel-
opment of RCC are the heavy metal, cadmium (Cd), and the
polycyclic aromatic hydrocarbon, benzo[a]pyrene (B[a]P).
Each of these toxicants works through distinctly different
mechanisms to cause DNA damage in the kidney.

Cadmium

Cd is a divalent heavy metal, a hazardous environmental con-
taminant, a group I carcinogen, and a known renal toxicant [1,
9]. Because Cd is neither metabolized nor rapidly excreted by
the body, it bioaccumulates in target organs with a half-life of
10-30 years. The kidney, a primary target organ of Cd toxic-
ity, filters and reabsorbs Cd in the proximal tubules as a com-
plex bound to the metallothionein (MT-Cd) protein. Here, it
increases in concentration over time until the cellular burden is
exceeded and Cd is released due to progressive renal cell
destruction and injury [1, 10, 11]. An increased body burden
of Cd correlates with an elevated risk of developing RCC.
Accordingly, kidney tissue sections of renal cancer patients
show greater levels of Cd than those from patients who died
of other causes [2, 11, 12].

Currently, Cd is ranked seventh out of 275 priority hazard-
ous substances assessed by the Agency for Toxic Substances
and Discase Registry (ATSDR) and the Environmental
Protection Agency (EPA) because of its toxicity and potential
for human exposure [3-5, 13]. Dietary intake constitutes the
majority of Cd exposure in nonsmokers with approximately
30 pg consumed daily, and smokers have approximately twice
the body burden of Cd [6, 7, 14-16]. Although acute Cd
exposure is not known to be responsible for carcinogenic ef-
fects, chronic low dose Cd exposure is suspected to act
through multiple mechanisms to initiate and promote cancer
development at several sites in both humans and animals. This
includes cancers of the urinary bladder, breast, kidney, lung,
pancreas, and prostate [8, 16-25].

Primarily, because of its structural similarity to the essential
element zinc (Zn), Cd can substitute for Zn with up to a 1000-
fold higher binding constant for some proteins such as
xeroderma pigmentosum A (XPA), a protein responsible for

recognizing structure-distorting DNA damage in the nucleo-
tide excision repair (NER) process [24]. Once substitution
occurs, Cd stabilizes these proteins through thiol binding of
cysteine residues resulting in decreased functionality and
DNA binding ability [24, 26]. Because many DNA damage
recognition and repair proteins rely on an active Zn-finger
domain for proper DNA binding as well as recruitment of
cofactors, Cd exposure may significantly and deleteriously
affect genome maintenance and integrity.

In addition to impaired processing of genetic damage, low
doses of Cd are known to promote cellular proliferation and
inhibit apoptosis [19]. Cd influences cellular proliferation by
increasing reactive oxygen species (ROS) production. ROS
increase cellular oxidative stress and act as second messengers
to stimulate cell growth receptor-mediated pathways [10, 27].
Studies conducted in primary rat proximal tubular cells have
confirmed Cd’s role in ROS production and an altered gluta-
thione homeostasis at low concentrations of Cd exposure [28].
It is suspected that MAPK is activated in response to cellular
stress, namely ROS, induced by Cd, which leads to aberrant
cell growth signaling [14, 19, 27, 29]. In accordance with
carcinogenic hallmarks, Cd inhibits apoptosis by decreasing
functionality of the Zn-finger-dependent apoptotic regulator
protein, p53 [20].

The genetic insult due to Cd alone provides a simplistic
explanation for tumorigenesis. However, in a biological sys-
tem, these factors become part of a complex process. In addi-
tion to environmental Cd contamination, the human body en-
counters other exogenous carcinogens every day, both man-
made and natural.

Benzo[a]pyrene

BJa]P is a representative compound of the polycyclic aromatic
hydrocarbon (PAH) class and, like Cd, is a group I carcinogen
[30]. B[a]P is found ubiquitously in the environment as a by-
product of incomplete combustion. Exposure routes include
cigarette smoke, char-grilled meats, especially red meat, coal,
wood fires, and automobile exhaust among many others [31].
Because of its toxicity and frequency of human exposure,
B[a]P is currently ranked near Cd as number 8 out of 275
priority hazardous substances monitored by the ATSDR [32].

Previous studies have found that as B[a]P intake increased
through consumption of char-grilled meat, the risk of RCC
increased more than twofold [33, 34]. In humans, B[a]P is
metabolized by the phase I metabolic enzymes Cytochrome
P450s, CYP1Al and CYP1BI, and microsomal epoxide hy-
drolase (EPHX1) to the ultimate carcinogen (+)-benzo[a]-
pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) [35, 36]. This
epoxide reacts with the N7 position of guanine and the N7
and N3 positions of adenine forming bulky DNA adducts
[36]. Therefore, after biotransformation, B[a]P metabolites
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act directly as genotoxicants. Under normal cellular condi-
tions, the majority of adducts formed after B[a]P exposure
and metabolism are detected and repaired by the NER path-
way. However, when DNA repair is functioning at a decreased
capacity, mutagenic potential increases as unrepaired damage
is more likely to become permanent in the genome [37].

Characterizing a New Tool for Exposure Science
and Cancer Research

In order to provide the most appropriate information regarding
human health and risk assessment, it is important to conduct
experiments that are representative of biologically relevant
conditions. Until now, the majority of human in vitro models
have relied on cells which retain the ability to proliferate due
to a tumorigenic phenotype or those which have been immor-
talized with a viral vector. Although these cell lines have pro-
vided tools for experimentation, their altered genotype does
not truly represent healthy, normal cells within the body.
Additionally, transformation of normal cells with viral vectors
has been shown to increase genetic instability and alter DNA
repair mechanisms [38]. These studies demonstrate the need
for improved in vitro models that more accurately reflect mu-
tagenic effects that xenobiotics may have on normal cells.

Recently, Evercyte Laboratories (Vienna, Austria) success-
fully isolated and immortalized renal proximal tubule epithe-
lial cells (RPTEC) from a normal, healthy male donor [39]. By
using only the catalytic subunit of the endogenous human
telomerase reverse transcriptase (hTERT) enzyme for immor-
talization, telomere length is stabilized, and normal cells are
prevented from senescing without viral transformation [40].
Evercyte Laboratories has characterized the functional prop-
erties of this hTERT immortalized renal cell line, RPTEC/
TERT1. The cells retain normal renal proximal tubule func-
tionality, characteristics, and genomic stability for over 90
population doublings. Although the RPTEC/TERTT cell line
has been immortalized and functionally well characterized,
studies using these cells as a toxicological model for exposure
science have been limited. Therefore, we aimed to develop a
system that better models the mutagenic effects that occur in
normal cells following exposure to DNA damaging agents.
Our goal was to use this cell line to study an environmentally
relevant chemical mixture exposure scenario and a binary
mixture of B[a]P and Cd and to evaluate cellular responses,
DNA damage, and mutagenesis.

Discussion
In previous studies, we demonstrated the sensitivity of the

RPTEC/TERT]1 cell line to concentrations of B[a]P and Cd
as low as 1 nM and 3 uM, respectively [41, 42]. Cells showed
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significant increases in the expression of genes encoding
B[a]P metabolizing enzymes (CYPIAI, CYPIBI) after
B[a]P exposure and heavy metal responsive genes (M7IA
and MTIIA) after Cd exposure. Increased gene expression
and activity of CYP enzymes in response to B[a]P exposure
indicates that these cells appear to have active aryl hydrocar-
bon receptor (AhR) signaling. The detection of BPDE-DNA
adducts after B[a]P exposure also strongly indicates involve-
ment of the AhR bioactivation pathway. AhR is known to
activate a large number of downstream effectors after ligand
binding, many of which are associated with bioactivation of
carcinogens [43].

Interestingly, in the presence of Cd and B[a]P as a binary
mixture, BPDE-DNA adduct levels were lower at the highest
concentrations studied, 1 puM Cdx1 uM B[a]P, than adduct
levels observed following treatment with 1 uM B[a]P alone.
Corresponding activation of the NRF2-antioxidant response
in 1 uM Cdx1 uM BJ[a]P groups supports the hypothesis that
the activation of compensatory or detoxification mechanisms
led to either an increase in DNA damage repair or a reduction/
detoxification of DNA damaging metabolites [44].
Specifically, increased expression of NRF2 targets, including
the antioxidant responsive genes, glutamate-cysteine ligase,
catalytic subunit (GCLC), heme oxygenase 1 (HMOX]I), and
NAD(P)H dehydrogenase, quinone 1 (NQOI), was detected
in RPTEC/TERT1 cells after 24 h. When total glutathione
(GSH) was examined as an indicator of oxidative stress, all
co-exposure conditions containing 1 M Cd resulted in sig-
nificantly increased levels of GSH in comparison to untreated
controls [42].

Studies examining responses of healthy primary human
kidney epithelial cells to Cd exposure and other
nephrotoxicants demonstrate findings similar to our results
with the RPTEC/TERTT cell line [45, 46]. In healthy primary
human kidney cells, Cucu et al. (2011) found that exposure to
concentrations as low as 0.5 pM Cd significantly increased
MTIA gene expression after 3 h followed by a subsequent
decline after 24 h. Additionally, significant increases in
HMOXI gene expression were demonstrated after exposure
to 0.5 uM Cd indicating an oxidative stress response [45]. A
study by Li et al. (2013) compared healthy primary human
kidney cells to two commonly used virally immortalized kid-
ney cell lines, human kidney 2 (HK-2) and Lewis lung cancer-
porcine kidney 1 (LLC-PK1). Pro-inflammatory responses
were measured after cells were exposed to ranges of nephro-
toxic and non-nephrotoxic chemicals, drugs, and heavy
metals. Results showed that primary human kidney cells more
accurately predicted renal injury than the virally immortalized
cell lines [46]. In our own studies, using HK-2 cells as a
comparative model, we found low-level constitutive gene ex-
pression of drug metabolizing enzymes, CYPIAI and
CYP1B1, which were not induced after exposure to concen-
trations of B[a]P [41]. We hypothesize that viral
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transformation may have disrupted the expression of these and
other genes. Other studies confirm a lack of canonical metal-
lothionein expression in HK-2 cells in comparison to primary
human proximal tubule cells [47].

Ideally, primary human renal cells would be used more
frequently to assess human renal pathogenesis and toxicity;
however, some challenges prevent such studies from becom-
ing more common. Primary human cells are difficult to obtain
directly from donors especially if the cells should be healthy
and free of disease. Although there are commercially available
primary human cells, the finite number of growth cycles of
any primary cell presents a challenge for ongoing research and
reproducibility. Lastly, the properties of the same cell type
sampled from different individuals may vary greatly, poten-
tially reducing the reliability of repeated experiments. The
RPTEC/TERT!1 cell line may provide an improved model
and suitable alternative to the experimental and biological
difficulties of virally transformed and primary renal cell lines.

Limitations and Future Directions

While the RPTEC/TERT! cell line has been appropriate for
the studies presented here, we acknowledge its intrinsic limi-
tations. First, as with any in vitro cell line, the accuracy with
which the cell line represents the tissue of origin is question-
able. Although the RPTEC/TERTT1 cell line was isolated from
a healthy, normal donor and its renal properties were very well
characterized by Wieser et al. (2008), it would be desirable to
also characterize TERT1 with respect to copy number, expres-
sion level, and insertion location in the genome. Future studies
may focus on characterization of the cell line regarding
TERT!1 immortalization. This information would more fully
describe the cell line and address possibilities of insertional
mutagenesis. Second, based on the scope of our experiments,
the RPTEC/TERT]1 cell line functioned as we would expect
renal proximal tubule cells in the body. However, it is impor-
tant to note that the kidneys are comprised of many different
cell types that work together to perform renal functions [8].
While RPTECs are important for studies pertaining to renal
metabolism, biotransformation, pH balance, nutrient reab-
sorption, heavy metal uptake, and renal cancer, the totality
of cells in the kidney may need to be taken into consideration
when extrapolating to in vivo comparisons. Third, while we
proposed to ultimately determine the mutagenic potential of
adducts alone and those formed in the presence of Cd, the
RPTEC/TERT1 cell line proved difficult to adapt to the
well-established HPRT! gene mutation assay. Using this cell
line for gene mutation analysis requires additional optimiza-
tion. Because the cell line was isolated from a normal, healthy
donor, it would be ideal to be able to use it as a model to study
the genotoxic progression from toxicant exposure to gene mu-
tation and potentially tumorigenesis. Thus, alternative

methods and additional analyses are currently being explored
to establish this cell line as a mutational model.

Additionally, potential studies could examine in greater
detail the DNA damage detected due to BPDE-DNA adducts.
We did not expect the reduction of adducts under co-exposure
conditions with Cd. While we hypothesize that this may be
due to a protective antioxidant and detoxification response
due to the presence of both compounds, it would be suitable
to confirm the mutagenicity of the adducts under B[a]P alone
and in combination with Cd. Although there were fewer ad-
ducts detected at the highest concentration of B[a]P under co-
exposure in comparison to B[a]P alone, those adducts that
remained may have proportionally increased mutagenic po-
tential resulting from Cd inhibition of DNA repair that could
initiate carcinogenesis. Future experiments should therefore
characterize Cd’s role in affecting XPA’s ability to repair
BPDE-DNA adducts. Studies have shown Cd’s ability to sub-
stitute for Zn in XPA thereby decreasing cellular DNA repair
capacity [24, 26]. Testing DNA repair capacity and XPA’s
interaction with Cd would identify potential consequences
that may promote carcinogenesis under these exposure sce-
narios. Likewise, defining the amounts of intracellular Cd af-
ter exposure could indicate Cd’s affects on cellular health. Cd
is known to offset the oxidative balance within cells leading to
ROS and oxidative DNA damage. Closer examination of Cd’s
role in oxidative stress in the RPTEC/TERT1 cell line and
RCC development may explain effects seen under co-
exposure.

Our results demonstrated canonical responses to one heavy
metal, Cd, and one PAH, B[a]P. Based on the cellular respon-
siveness to both of these compounds, it is possible that this
cell line would exhibit canonical responses to similar classes
of toxicants. Future experiments may be directed to examine
other metals known to cause renal toxicity such as chromium,
mercury, lead, platinum, and uranium as well as other carci-
nogenic PAHs [8, 9, 31, 32, 48]. The RPTEC/TERT1 cell line
would be useful for exploring these and other nephrotoxicants
in binary and increasingly complex environmentally relevant
mixtures. Lastly, as stated previously, we have found the cell
line to behave as we would expect in the body. However, it
would be ideal to conduct comparative experiments between
the RPTEC/TERTT1 cell line and/or primary human kidney
cells and/or animal models.

Conclusions

In vitro systems which retain inherent functional properties
and mirror canonical responses in tissues are invaluable tools
with which to more accurately assess environmentally rele-
vant exposure conditions. Our studies have demonstrated ini-
tial properties of the RPTEC/TERT1 immortalized cell line as
a suitable model for experimentation involving toxicant
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response, metabolic activation, and DNA damage. We con-
clude that the RPTEC/TERTT1 cell line is amenable to numer-
ous applications and treatment conditions for further study of
nephrotoxicity.

Funding Funding was provided in part by a generous grant from the
Baton Rouge Area Foundation, Baton Rouge, LA.

Funding was provided in part by a grant and cooperative agreement
from the NIH/NIEHS 1U19ES20677-01. Its contents are solely the re-
sponsibility of the authors and do not necessarily represent the official
views of the NIEHS or NIH.

Funding and support was provided in part by the Tulane Cancer
Center and the Louisiana Cancer Research Consortium.

This work was supported in part by the Gulf Region Health Outreach
Program (GRHOP), which is funded by the Deepwater Horizon Medical
Benefits Class Action Settlement approved by the US District Court in
New Orleans on January 11, 2013.

Contflict of Interest
interest.

The authors declare that they have no conflict of

References

1. Howlader N, Noone AM, Krapcho M et al. SEER Cancer Statistics
Review, 1975-2011, National Cancer Institute. based on November
2013 SEER data submission, posted to the SEER web site, April
2014
2. American Cancer Society (2012) Cancer facts and figures.
American Cancer Society, Atlanta, pp 1-68
3. Arjumand W, Sultana S (2012) Role of VHL gene mutation in
human renal cell carcinoma. Tumour Biol 33:9-16. doi:10.1007/
s13277-011-0257-3
4. Linehan WM, Rubin JS, Bottaro DP (2009) VHL loss of function
and its impact on oncogenic signaling networks in clear cell renal
cell carcinoma. Int J Biochem Cell Biol 41:753-756. doi:10.1016/j.
biocel.2008.09.024
5. Grieb SMD, Theis RP, Burr D et al (2009) Food groups and renal
cell carcinoma: results from a case—control study. J] Am Diet Assoc
109:656-667. doi:10.1016/j.jada.2008.12.020
6. Prasad SR, Narra VR, Shah R et al (2007) Segmental disorders of
the nephron: histopathological and imaging perspective. Br J
Radiol 80:593-602. doi:10.1259/bj1/20129205
7.  Motzer RJ, Bander NH, Nanus DM (1996) Renal-cell carcinoma. N
Engl J Med 335:865-875. doi:10.1056/NEJIM199609193351207
8. Lohr JW, Willsky GR, Acara MA (1998) Renal drug metabolism.
Pharmacol Rev 50:107-141
9. (2012) IARC Monographs on the evaluations of carcinogenic risks
to humans. A review of human carcinogens: chemical agents and
related occupations. 111-138
10. Rani A, Kumar A, Lal A, Pant M (2014) Cellular mechanisms of
cadmium-induced toxicity: a review. Int J Environ Health Res 24:
378-399. doi:10.1080/09603123.2013.835032
11. Il'yasova D, Schwartz GG (2005) Cadmium and renal cancer.
Toxicol Appl Pharmacol 207:179-186. doi:10.1016/j.taap.2004.
12.005
12. Waalkes MP (2003) Cadmium carcinogenesis. Mutat Res Fundam
Mol Mech Mutagen 533:107-120. doi:10.1016/j.mrfmmm.2003.
07.011
13. Moulis J-M, Thévenod F (2010) New perspectives in cadmium
toxicity: an introduction. Biometals Int J Role Met lons Biol
biochem Med. doi:10.1007/s10534-010-9365-6

@ Springer

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Joseph P (2009) Mechanisms of cadmium carcinogenesis. Toxicol
Appl Pharmacol 238:272-279. doi:10.1016/j.taap.2009.01.011
Jérup L, Akesson A (2009) Current status of cadmium as an envi-
ronmental health problem. Toxicol Appl Pharmacol 238:201-208.
doi:10.1016/j.taap.2009.04.020

Chen Y-C, Pu YS, Wu H-C et al (2009) Cadmium burden and the
risk and phenotype of prostate cancer. BMC Cancer 9:429. doi:10.
1186/1471-2407-9-429

Kriegel AM, Soliman AS, Zhang Q, et al. (2005) Serum cadmium
levels in pancreatic cancer patients from the East Nile Delta Region
of Egypt. Environ Health Perspect 1-7. doi:10.1289/ehp.8035
Huff J, Lunn RM, Waalkes MP et al (2007) Cadmium-induced
cancers in animals and in humans. Int J Occup Environ Health
13:202-212. doi:10.1179/0¢h.2007.13.2.202

Templeton DM, Liu Y (2010) Multiple roles of cadmium in cell
death and survival. Chem Biol Interact 188:267-275. doi:10.1016/].
¢bi.2010.03.040

Singh KP, Kumari R, Pevey C et al (2009) Long duration exposure
to cadmium leads to increased cell survival, decreased DNA repair
capacity, and genomic instability in mouse testicular Leydig cells.
Cancer Lett 279:84-92. doi:10.1016/j.canlet.2009.01.023
Takiguchi M, Achanzar WE, Qu W, et al. (2003) Effects of cadmi-
um on DNA-(Cytosine-5) methyltransferase activity and DNA
methylation status during cadmium-induced cellular transforma-
tion. Exp Cell Res 1-11. doi: 10.1016/S0014-4827(03)00062-4
Hartwig A, Schwerdtle T (2002) Interactions by carcinogenic metal
compounds with DNA repair processes: toxicological implications.
Toxicol Lett 127:47-54

Zhou T, Jia X, Chapin RE et al (2004) Cadmium at a non-toxic dose
alters gene expression in mouse testes. Toxicol Lett 154:191-200.
doi:10.1016/j.toxlet.2004.07.015

Kopera E, Schwerdtle T, Hartwig A, Ba W (2004) Co(1I) and Cd(II)
substitute for Zn(Il) in the zinc finger derived from the DNA repair
protein XPA, demonstrating a variety of potential mechanisms of
toxicity. Chem Res Toxicol 17:1452—-1458

Satarug S, Garrett SH, Sens MA, Sens DA (2010) Cadmium, envi-
ronmental exposure, and health outcomes. Environ Health Perspect
118:182-190. doi:10.1289/ehp.0901234

Schwerdtle T, Ebert F, Thuy C et al (2010) Genotoxicity of soluble
and particulate cadmium compounds: impact on oxidative DNA
damage and nucleotide excision repair. Chem Res Toxicol 23:
432-442. doi:10.1021/tx900444w

Beyersmann D, Hartwig A (2008) Carcinogenic metal compounds:
recent insight into molecular and cellular mechanisms. Arch
Toxicol 82:493-512. doi:10.1007/s00204-008-0313-y

Wang L, Cao J, Chen D et al (2009) Role of oxidative stress, apo-
ptosis, and intracellular homeostasis in primary cultures of rat prox-
imal tubular cells exposed to cadmium. Biol Trace Elem Res 127:
53-68. doi:10.1007/s12011-008-8223-7

Martin P, Pognonec P (2010) ERK and cell death: cadmium toxic-
ity, sustained ERK activation and cell death. FEBS J 277:39-46.
doi:10.1111/j.1742-4658.2009.07369.x

IARC Working Group on the evaluation of carcinogenic risks to
humans (2009) A review of human carcinogens. Part C: Arsenic,
metals, fibres, and dusts. http://monographs.iarc.fr/ENG/
Monographs/vol100C/mono 100C.pdf. Accessed 14 Dec 2014
Klassen CD Casarett and Doull’s toxicology: the basic science of
poisons, 7 ed. McGraw Hill, New York, New York

Agency for Toxic Substances Disease Registry (2013) Priority list
of hazardous substances. http://www.atsdr.cdc.gov/spl/index.html.
Accessed 14 Apr 2015

Daniel CR, Schwartz KL, Colt JS et al (2011) Meat-cooking muta-
gens and risk of renal cell carcinoma. Br J Cancer 105:1096-1104.
doi:10.1038/bjc.2011.343

Daniel CR, Cross AJ, Graubard BI et al (2012) Large prospective
investigation of meat intake, related mutagens, and risk of renal cell


http://dx.doi.org/10.1007/s13277-011-0257-3
http://dx.doi.org/10.1007/s13277-011-0257-3
http://dx.doi.org/10.1016/j.biocel.2008.09.024
http://dx.doi.org/10.1016/j.biocel.2008.09.024
http://dx.doi.org/10.1016/j.jada.2008.12.020
http://dx.doi.org/10.1259/bjr/20129205
http://dx.doi.org/10.1056/NEJM199609193351207
http://dx.doi.org/10.1080/09603123.2013.835032
http://dx.doi.org/10.1016/j.taap.2004.12.005
http://dx.doi.org/10.1016/j.taap.2004.12.005
http://dx.doi.org/10.1016/j.mrfmmm.2003.07.011
http://dx.doi.org/10.1016/j.mrfmmm.2003.07.011
http://dx.doi.org/10.1007/s10534-010-9365-6
http://dx.doi.org/10.1016/j.taap.2009.01.011
http://dx.doi.org/10.1016/j.taap.2009.04.020
http://dx.doi.org/10.1186/1471-2407-9-429
http://dx.doi.org/10.1186/1471-2407-9-429
http://dx.doi.org/10.1289/ehp.8035
http://dx.doi.org/10.1179/oeh.2007.13.2.202
http://dx.doi.org/10.1016/j.cbi.2010.03.040
http://dx.doi.org/10.1016/j.cbi.2010.03.040
http://dx.doi.org/10.1016/j.canlet.2009.01.023
http://dx.doi.org/10.1016/S0014-4827(03)00062-4
http://dx.doi.org/10.1016/j.toxlet.2004.07.015
http://dx.doi.org/10.1289/ehp.0901234
http://dx.doi.org/10.1021/tx900444w
http://dx.doi.org/10.1007/s00204-008-0313-y
http://dx.doi.org/10.1007/s12011-008-8223-7
http://dx.doi.org/10.1111/j.1742-4658.2009.07369.x
http://www.atsdr.cdc.gov/spl/index.html
http://dx.doi.org/10.1038/bjc.2011.343

RPTEC/TERT1 Cells as Models for Nephrotoxicology

71

3s.

36.

37.

38.

39.

40.

41.

carcinoma. Am J Clin Nutr 95:155-162. doi:10.3945/ajcn.111.
019364

Shimada T, Fujii-Kuriyama Y (2004) Metabolic activation of poly-
cyclic aromatic hydrocarbons to carcinogens by cytochromes P450
1A1 and 1B1. Cancer Sci 95:1-6

Xue W, Warshawsky D (2005) Metabolic activation of polycyclic
and heterocyclic aromatic hydrocarbons and DNA damage: a review.
Toxicol Appl Pharmacol 206:73-93. doi:10.1016/j.taap.2004.11.006
Lagerqvist A, Hakansson D, Lundin C et al (2011) DNA repair and
replication influence the number of mutations per adduct of poly-
cyclic aromatic hydrocarbons in mammalian cells. DNA Repair 10:
877-886. doi:10.1016/j.dnarep.2011.06.002

Yeager TR, Reddel RR (1999) Constructing immortalized human
cell lines. Curr Opin Biotechnol 10:465-469

Wieser M, Stadler G, Jennings P et al (2008) hTERT alone immor-
talizes epithelial cells of renal proximal tubules without changing
their functional characteristics. AJP: Renal Physiol 295:F1365—
F1375. doi:10.1152/ajprenal.90405.2008

Nugent CI, Lundblad V (1998) The telomerase reverse transcrip-
tase: components and regulation. Genes Dev 12:1073—1085
Simon BR, Wilson MJ, Wickliffe JK (2014) The RPTEC/TERT1
cell line models key renal cell responses to the environmental tox-
icants, benzo [a] pyrene and cadmium. Toxicol Rep. doi:10.1016/].
toxrep.2014.05.010

43.

44,

45.

46.

47.

48.

Simon BR, Wilson MJ, Blake DA et al (2014) Cadmium alters the
formation of benzy[a]pyrene DNA adducts in the RPTEC/TERT1
human renal proximal tubule epithelial cell line. Toxicol Rep 1:
391-400. doi:10.1016/j.toxrep.2014.07.003

Barouki R, Aggerbeck M, Aggerbeck L, Coumoul X (2012) The
aryl hydrocarbon receptor system. Drug Metabol Drug Interact 27:
3-8. doi:10.1515/dmdi-2011-0035

Wilmes A, Crean D, Aydin S et al (2011) Identification and dissec-
tion of the Nrf2 mediated oxidative stress pathway in human renal
proximal tubule toxicity. Toxicol In Vitro 25:613—622. doi:10.1016/
jtiv.2010.12.009

Cucu D, D'Haese PC, De Beuf A, Verhulst A (2011) Low doses of
cadmium chloride and methallothionein-1-bound cadmium display
different accumulation kinetics and induce different genes in cells
of the human nephron. Nephron Extra 1:24-37. doi:10.1159/
000330069

Li Y, Oo ZY, Chang SY et al (2013) An in vitro method for the
prediction of renal proximal tubular toxicity in humans. Toxicol Res
2:352. doi:10.1039/c3tx50042j

Kim D, Garrett SH, Sens MA et al (2002) Metallothionein isoform
3 and proximal tubule vectorial active transport. Kidney Int 61:
464-472. doi:10.1046/j.1523-1755.2002.00153 .x

Sipes IG, McQueen CA, Gandolfi AJ (1997) Comprehensive tox-
icology. Elsevier, Oxford

@ Springer


http://dx.doi.org/10.3945/ajcn.111.019364
http://dx.doi.org/10.3945/ajcn.111.019364
http://dx.doi.org/10.1016/j.taap.2004.11.006
http://dx.doi.org/10.1016/j.dnarep.2011.06.002
http://dx.doi.org/10.1152/ajprenal.90405.2008
http://dx.doi.org/10.1016/j.toxrep.2014.05.010
http://dx.doi.org/10.1016/j.toxrep.2014.05.010
http://dx.doi.org/10.1016/j.toxrep.2014.07.003
http://dx.doi.org/10.1515/dmdi-2011-0035
http://dx.doi.org/10.1016/j.tiv.2010.12.009
http://dx.doi.org/10.1016/j.tiv.2010.12.009
http://dx.doi.org/10.1159/000330069
http://dx.doi.org/10.1159/000330069
http://dx.doi.org/10.1039/c3tx50042j
http://dx.doi.org/10.1046/j.1523-1755.2002.00153.x

	The RPTEC/TERT1 Cell Line as an Improved Tool for In Vitro Nephrotoxicity Assessments
	Abstract
	Kidney and Renal Pelvis Cancer
	Environmental Contamination and Exposure to Renal Genotoxicants
	Cadmium
	Benzo[a]pyrene
	Characterizing a New Tool for Exposure Science and Cancer Research
	Discussion
	Limitations and Future Directions
	Conclusions
	References


