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Abstract: Kidney toxicity is a major problem both in drug development and clinical settings. It is difficult to predict nephrotoxicity
in part because of the lack of appropriate in vitro cell models, limited endpoints, and the observation that the activity of membrane
transporters which plays important roles in nephrotoxicity by affecting the pharmacokinetic profile of drugs is often not taken into
account. We developed a new cell model using pseudo-immortalized human primary renal proximal tubule epithelial cells. This cell
line (SA7K) was characterized by the presence of proximal tubule cell markers as well as several functional properties, including
transporter  activity  and  response  to  a  few  well-characterized  nephrotoxicants.  We  subsequently  evaluated  a  group  of  potential
nephrotoxic compounds in SA7K cells and compared them to a commonly used human immortalized kidney cell line (HK-2). Cells
were treated with test compounds and three endpoints were analyzed, including cell viability, apoptosis and mitochondrial membrane
potential. The results showed that most of the known nephrotoxic compounds could be detected in one or more of these endpoints.
There  were  sensitivity  differences  in  response  to  several  of  the  chemicals  between HK-2 and  SA7K cells,  which  may relate  to
differences in expressions of key transporters or other components of nephrotoxicity pathways. Our data suggest that SA7K cells
appear as promising for the early detection of renal toxicants.
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INTRODUCTION

Humans are exposed to a variety of drugs, natural products, industrial chemicals and environmental pollutants that
can induce nephrotoxicity, leading to acute renal failure. Twenty percent of the episodes of acquired acute renal failure
in the community and hospitals settings are caused by drugs [1 - 3]. The mechanisms underlying nephrotoxicity are
complex and include tubular cell toxicity, altered intraglomerular hemodynamics, crystal nephropathy, inflammation,
thrombotic  microangiopathy  and  rhabdomyolysis  [4  -  6].  Animal  models  have  the  limitations  of  high-cost,  low-
throughput  and  sometimes  inconsistent  prediction  of  human  toxicity  [7].  In  vitro  cell-based  assays  that  are  target-
specific and mechanism-oriented represent a promising alternative to animal toxicology studies [8]. There is still a great
need  for  the  development  of  new  in  vitro  cell  models  for  evaluating  and  predicting  drug  or  chemical-induced
nephrotoxicity.

Proximal  tubule  cells  are  a  common  site  of  drug-induced  kidney  injury  due  to  their  exposure  to  circulating
chemicals  and  their  role  in  transporter-mediated  drug  clearance  [9].  Tubular  cell  toxicity  is  commonly  caused  by
impaired tubular transport, mitochondrial dysfunction, increased oxidative stress and production of free radicals [6, 10].

* Address correspondence to this author at the 9800 Medical Center Drive, National Center for Advancing Translational Sciences, National Institutes
of Health, Bethesda, MD 20892-3370 USA, Tel: 301-217-5718, E-mail: mxia@mail.nih.gov

http://benthamopen.com
http://crossmark.crossref.org/dialog/?doi=10.2174/2213988501711010001&domain=pdf
http://www.benthamopen.com/CCGTM/
http://dx.doi.org/10.2174/2213988501711010001
mailto:mxia@mail.nih.gov


20   Current Chemical Genomics and Translational Medicine, 2017, Volume 11 Li et al.

There are numerous transporters expressed on both the basolateral and apical membranes of the renal tubule epithelium,
which  systematically  mediate  renal  elimination  of  drugs.  The  basolateral  membrane  transporters  include  both  the
organic anion (e.g. OAT1, OAT3, OATP4C1) and the organic cation transporter families (e.g. OCT2), which mediate
the  uptake  of  anionic  and  cationic  drugs  from the  blood  into  proximal  tubule  cells.  Apical  membrane  transporters
function both to secrete drugs into the urine and to reabsorb compounds from the urine back into the proximal tubule
cells.  These  transporters  include  the  multidrug  and  toxin  extrusion  proteins  (MATE1,  MATE2-K),  the  multidrug
resistance protein 1 (MDR1, P-glycoprotein or  P-gp),  multidrug resistance-associated proteins (MRP2, MRP4),  the
oligopeptide transporters (PEPT1, PEPT2), additional organic anion and cation transporters (OAT4, OCTN1, OCTN2)
and a urate transporter (URAT1). Localization, expression, substrates and inhibitors of these renal drug transporters
have  been  reviewed  [11].  Several  known  nephrotoxicants,  such  as  cephalosporin,  cisplatin,  adefovir  dipivoxil,
cyclosporine A and ifosfamide, have been shown to be directly transported by or interact with renal transporters [12 -
15].

Several in vitro cell models have been developed and used for nephrotoxicity evaluation. However, there are no
validated or regulatory approved in vitro models available for predicting nephrotoxicity [16]. Human embryonic kidney
293 (HEK293), porcine kidney (LLC-PK1), human kidney-2 (HK-2), and hRPTEC/TERT1 are cell lines that have been
previously used in nephrotoxicity evaluation [17 - 19]. More recently, human induced pluripotent stem cell-derived
renal  cells  have  been  used  to  study  nephrotoxicity  [20].  Most  of  these  cell-based  models  have  not  been  fully
characterized  for  relevant  transporter  expression  nor  have  they  been  reported  to  have  activity  for  some  key  drug
transporters.  For  example,  in  HK-2 cells,  the  expression of  uptake transporters  (OAT1,  OAT3 and OCT2) was not
detected and the expression of the apical efflux transporters (P-gp, MRPs) was low relative to human cortical tissue
levels [21]. The RPTEC/TERT1 cell line expressed relevant transporters at both the mRNA and protein levels [22], but
the establishment of functional transport assays was not successful with this cell line [16]. Immortalized cell lines are
reported  to  be  less  sensitive  than  human  primary  renal  proximal  tubular  cells  and  insensitive  to  well-known
nephrotoxicants  [23],  which  may  be  due  in  part  to  changes  in  drug  transporter  expression  associated  with
immortalization [24]. Therefore, interest remains high in finding or developing better in vitro renal cell model systems.

An alternative approach to generating kidney cell  lines  involves targeting cell  cycle  proteins in  order  to  enable
bypass of cellular senescence. Here we report the generation of a human kidney proximal tubule cell line (SA7K) via
zinc finger nuclease-mediated knockout of a cell cycle protein. This pseudo-immortalized cell line had extended cell
doubling capacity and was characterized in terms of kidney-specific functional properties, such as response to a limited
number  of  known  human  nephrotoxicants,  as  well  as  uptake  and  efflux  transporter  activities.  Results  from  these
preliminary studies prompted us to consider whether SA7K cells were suitable for higher throughput screening assays
for nephrotoxicity. For this purpose, the current study was designed to evaluate the response of SA7K cells to a group
of  nephrotoxic  compounds.  Cell  viability,  apoptosis  and  mitochondrial  membrane  potential,  were  assessed  in  both
SA7K and the human kidney HK-2 cells. The HK-2 cell line was used as a comparator cell line.

MATERIALS AND METHODS

Compounds

Test  compounds  used  for  the  assays  were  identified  from the  literature.  All  test  compounds  and  reagents  were
obtained from Sigma-Aldrich (St. Louis, MO) unless specified otherwise. Each compound was prepared and serially
diluted  in  DMSO  in  1536-well  microplates  to  yield  11  concentrations.  The  final  concentration  of  the  34  well-
characterized compounds related to nephrotoxicity and 10 compounds showing renal toxicity in the 5 μL assay volume
ranged from 31.2 nM to 184 μM and 0.7 nM to 46 μM, respectively.

Generation of SA7K Cells and Cell Culture

Human primary kidney proximal tubule epithelial cells were obtained from Zen-Bio Inc. (Research Triangle Park,
NC). Zinc finger nuclease (ZFN) pairs were delivered into the SA7K cells by nucleofection. Cells were split into two
pools,  one for population doubling studies and the other for FACS sorting (single-cell  isolation).  Cells were sorted
based on negative selection for carboxyfluorescein succinimidyl ester (CFSE), a dye that distinguishes fast growing
cells  from slow growing ones.  Cells  that  did not  have detectable  CFSE were single-cell  sorted into 96-well  plates.
Clones with the desired mutation were identified initially by fragmentation analysis and later confirmed by sequencing
of  the  targeted  area.  SA7K  cells  were  cultured  in  RPTEC  Complete  Supplement  medium  while  nephrotoxicity
experiments were carried out  using RPTEC Tox Supplement medium (Sigma-Aldrich).  HK-2 cells  were purchased
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from ATCC (Manassas, VA) and cultured in keratinocyte growth medium (Lonza Inc, Mapleton, IL).

Characterization of SA7K Cells

Immunocytochemical (ICC) Staining

Cells were plated on 4 well culture slides at 0.125×106 cells/well for 2 days. Cells were stained with anti-
CD13 (ab7417, mouse monoclonal WM15 from Abcam, Cambridge, MA) for 1 hour at room temperature.
Cells were rinsed with Tris buffered saline with Tween 20 (TBST) and then incubated with Donkey Anti
–Mouse FITC antibody from Jackson ImmunoResearch (West Grove, PA) for 1 hour. Cells were rinsed with
TBST and imaged.
Gamma-glutamyl transpeptidase (GGT) Activity

GGT activity was measured by following the release of para nitroanilide (pNA) from gamma glutamyl-p-
nitroanilide  using  glutamyltransferase  (GGT)  activity  colorimetric  assay  kit  from  Sigma-Aldrich.  HPTC
(1x106) or SA7K cells (1x106) were homogenized in 200 µL of ice-cold GGT assay buffer. Ten µL of these
samples combined with 90 µL of GGT substrate solution were added to assay plate. Absorbance changes
(418 nm) of the assay plate were measured every 20 minutes at 37 °C for 2 hours in incubation.
Response to Parathyroid Hormone (PTH)

PTH was obtained from Prospec (New Brunswick, NJ). After overnight incubation with 0.1 mM IBMX (3-
isobutyl-1-methylxanthine, phosphodiesterase inhibitor), cells were treated with 1-1000 nM PTH for 15 or
30 minutes. Intracellular cyclic AMP (cAMP) was measured using cAMP direct EIA kit from Arbor Assays
(Ann Arbor, MI).
Albumin Uptake

FITC-labeled albumin was added to cell incubations and was then incubated for 15, 30 and 60 minutes at
4°C or 37°C. Cells were washed 8 times with ice cold Ringers Solution (pH 7.3) and lysed with 0.1% Triton
X100 in 1X MOPS. Fluorescence was measured at 485/520 nm.
Measurement of Transporter Expression

HPTC, SA7K and HK-2 cells were seeded on 24-well plates at 0.125×106 cells/well and cultured for 3 days prior to
RNA extraction (RNeasy Protect Mini Kit,  Qiagen, Valencia,  CA). Total  extracted RNA was quantified and purity
verified using the Thermo Scientific NanoDrop 2000 Spectrophotometer. RNA (150 ng) were analyzed per reaction, in
triplicate, using the Applied Biosystems’ TaqMan® RNA-to-CT™ 1-step kit in MicroAmp® optical 96-well reactions
plates. GAPDH was used as the negative control. Taqman® gene expression assay probes were acquired from Thermo
Fisher Scientific (Waltham, MA).

Transporter Assay

SA7K cells were seeded on BD Falcon 24-well plates at 0.5×106 cells/well for 2 days. For uptake assays (OAT1 and
OCT2), cells were pre-incubated with inhibitor (probenecid or doxepin, where indicated) for 10 min at 37°C. Substrates
(p-aminohippuric acid (PAH) for OAT1, amantadine for OCT2) were added and incubated for another 10 minutes at
37°C. The reactions were stopped with ice-cold buffer followed by washing 3 times with ice-cold HBSS. Samples were
extracted with 250 μL methanol and analyzed by liquid chromatography–tandem mass spectrometry (LC/MS/MS). For
efflux assays (P-gp and MRP2), cells were pre-incubated with inhibitor (verapamil or MK571, where indicated) for 30
minutes at 37°C, then incubated with substrate with or without the inhibitor for another 10 minutes. Substrates used
were SN-38 for MRP2 and digoxin for P-gp. Samples were extracted with 250 μL methanol and dried under nitrogen.
Samples were resuspended in 125 µL of 50% acetonitrile and analyzed by LC-MS/MS.

Cell Viability Assay

The cell viability of SA7K and HK-2 cells was measured using a CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Madison, WI) after compound treatment. The change of intracellular ATP content indicates the number of
metabolically competent cells. The SA7K and HK-2 cells were seeded at 2,000 cells/5 μL/well in 1536-well white,
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solid  bottom  plates  (Greiner  Bio-One,  North  America,  NC)  using  a  Multidrop  Combi  (Thermo  Fisher  Scientific,
Waltham, MA).  After  the cells  were incubated at  37°C for  5 hours,  23 nL of  compounds at  11 concentrations was
transferred to the assay plates by a Pintool station (Kalypsys, San Diego, CA). DMSO was used as a vehicle control and
tetraoctylammonium  bromide  was  used  as  a  positive  control.  For  the  15  well-known  compounds  the  plates  were
incubated for 48 hours at 37°C, followed by the addition of 5 μL per well of CellTiter-Glo reagent. After 30 minutes of
incubation  in  dark  at  room  temperature,  the  luminescence  intensity  was  measured  using  a  ViewLux  plate  reader
(PerkinElmer, Shelton, CT).

Caspase 3/7Assay

Caspase activity was measured in SA7K and HK-2 cells after 24 h compound treatment using a Caspase-Glo 3/7
Assay  kit  (Promega,  Madison,  WI).  The  SA7K  and  HK-2  cells  were  dispensed  in  assay  medium  at  2,000  cells/5
μL/well in 1536-well white plates using a Multidrop Combi. After the cells were incubated at 37°C for 5 hours, 23 nL
of  compounds  was  added  via  the  Pintool  station.  Staurosporine,  a  caspase  inducer,  was  used  as  a  positive  control.
Treated  cells  were  incubated  for  24  hours  at  37°C,  followed  by  the  addition  of  5  μL  per  well  of  Caspase-Glo  3/7
reagent. After 30 minutes of incubation at room temperature, the luminescence intensity of the plates was measured
using a ViewLux plate reader.

Mitochondrial Membrane Potential Assay

The Mitochondrial Membrane Potential Assay (Codex Biosolutions, Montgomery Village, MD) is a fluorescence-
based assay that quantifies the mitochondrial membrane potential changes. The SA7K and HK-2 cells were dispensed at
2000 cells/5 µL/well in 1536-well black clear-bottom assay plates. The assay plates were incubated at 37°C overnight
before 23 nL of compound was transferred from the compound plate to the assay plate via a Pintool station. The assay
plates were incubated for 1 hour at 37°C, followed by the addition of 5 μL/well of dye-loading solution. After the assay
plates  were  incubated  at  37°C  for  30  minutes,  fluorescence  intensity  at  490  nm  excitation  and  535  nm  emission
wavelengths were measured using an EnVision plate reader (PerkinElmer, Shelton, CT). Data were expressed as the
ratio of 590 nm/535 nm emissions.

Data Analysis

Data were analyzed as described previously [25, 26]. Briefly, data were normalized to DMSO controls (0%) and the
maximal response of  positive control  compounds (100% or -  100%) and corrected by applying a NCATS in house
pattern correction algorithm [27].  Concentration response data for  each compound were fitted to the Hill  equation,
yielding  concentrations  of  half-maximal  effective  or  inhibitory  concentration  (EC50/IC50)  and  maximal  response
(efficacy).

RESULTS

Generation and Characterization of SA7K Cell Line

In the present study, we modified human primary renal proximal tubule epithelial cells (HPTC) by knocking out a
cell cycle regulatory protein using ZFN technology, thereby enabling extended cell proliferation. The resulting clones
demonstrated an extended population doubling capacity compared with HPTC (passage 2) as illustrated in Fig. (1A).
SA7K clone was selected based primarily on growth and morphological characterization. This clone exhibited normal
epithelial morphology including dome formation, which is indicative of transepithelial solute transport (Fig. 1B). The
proximal tubule origin of the cells was confirmed by expression of the transmembrane biomarker aminopeptidase N
(CD13) as shown in Fig. (1C). Several additional proximal tubule specific functional properties were also evaluated in
the SA7K cells. Albumin resorption from the urinary filtrate is thought to occur via cubilin/megalin receptors located on
the apical membrane of proximal tubule cells [28]. SA7K cells demonstrated time- and temperature-dependent albumin
uptake  using  FITC-labeled  albumin  (Fig.  1D).  Proximal  tubules  are  known to  respond  to  the  parathyroid  hormone
(PTH) by increasing calcium resorption and phosphate secretion through a cAMP-dependent mechanism [29]. Exposure
of SA7K cells to the PTH resulted in a concentration- and time-dependent increase in cAMP, suggesting PTH receptor
expression (Fig. 1E). Gamma glutamyl transpeptidase (GGT) is an enzyme located on the brush border (apical) surface
of proximal tubules [30]. GGT activity was detected by monitoring cleavage of gamma glutamyl-p-nitroanilide and was
comparable to HPTC (Fig. 1F).
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Fig. (1). Growth, morphological and functional characterization of SA7K cells. (A) Normal epithelial morphology of SA7K cells,
including dome formation; (B) Expression of the proximal tubule marker aminopeptidase N (CD13) in SA7K cells; (C) Extended
population  doublings  in  ZFN-modified  SA7K  versus  HPTC  cells;  (D)  Uptake  of  Albumin-FITC;  (E)  Response  to  Parathyroid
Hormone (PTH); (F) GGT Activity in HPTC versus SA7K cells. Scale bar: 50 µm.

Transporter Expression in SA7K Cells

Transporters play an important role in the uptake/secretion mechanisms of proximal tubule cells, and may contribute
to elevated, potentially toxic intracellular concentration of drugs or metabolites. As noted above, immortalized renal cell
lines have been reported to have low or non-detectable levels of one or more drug transporters [21]. Therefore, the
mRNA expression levels of the major uptake and efflux drug transporters were measured in SA7K and HK-2 cells (Fig.
2). Nine transporters were detected at various levels in the SA7K cells, with the notable exception of OAT1 and OAT3.
The highest levels of expression were observed for P-gp, MRP4, OATP4C1 OCTN1 and OCTN2 (threshold cycle, CT,
values ranging from 21-26), while lower levels were observed for MATE1, MATE2-K, MRP2 and OCT2 (CT values
from 27-32). Seven out of the nine transporters measured were higher in SA7K cells than HK-2 (Fig. 2B) . In addition,
the expression profile of uptake and efflux transporters in SA7K cells was similar to that of the early passage human
primary donor cells used as source material.
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Fig. (2). Expression profile of transporters. (A) HPTC versus SA7K cells; (B) SA7K versus HK-2 cells. The mRNA levels of nine
known proximal tubule transporters were measured by RT-PCR in HPTC, SA7K and HK-2 cells.

Functional Activity of Transporters in SA7K Cells

It  is  well-known that  mRNA levels  do  not  always  correlate  with  transporter  protein  levels  or  activity  [31].  To
functionally assess the transporters, we measured the activities of two uptake and two efflux transporters. Uptake of the
OCT2 substrate amantadine and the OAT1 substrate PAH were readily observed in SA7K cells (Fig. 3A, B). While
doxepin  (10  µM)  inhibited  amantadine  uptake  by  46%,  probenecid  inhibited  PAH  uptake  by  64%  and  78%  at
concentrations of  10 µM and 100 µM, respectively.  Interestingly,  OAT-dependent  uptake was observed in  spite  of
undetectable mRNA levels. The activity of the OATs was highly dependent on the culture conditions used. For the
efflux transporters, P-gp-mediated efflux of digoxin was inhibited with 50 and 100 µM verapamil, leading to a 1.8-fold
and 2.5-fold increase in intracellular digoxin, respectively (Fig. 3C). Similarly, MRP2-mediated efflux of SN-38 was
inhibited  using  10  µM  MK571,  leading  to  a  50%  increase  in  intracellular  SN-38  (Fig.  3D).  Thus,  SA7K  cells
maintained functional activity for both uptake and efflux transporters, suggesting their potential use in studying drug-
transporter interactions and evaluating renal toxicants.

Assessment of Well-characterized Nephrotoxicants

To  evaluate  the  nephrotoxicity,  SA7K  and  HK-2  cells  were  both  exposed  to  a  group  of  34  well-characterized
compounds, 15 of which are known to be toxic to proximal tubule cells, 10 of which are not directly toxic for PT cells
and  nine  of  which  are  non-nephrotoxic  compounds  (20);  all  34  compounds  were  used  to  treat  cells  at  various
concentrations  ranging  from  31.2  nM  to  184  µM.  After  exposure,  cell  viability,  cell  apoptosis  and  mitochondrial
membrane potential (MMP) were determined. To determine cell viability, the endpoint for evaluating cytotoxicity was
the measurement of cellular ATP content. Caspase 3/7 induction in cells is an indicator of cell apoptosis, which can be
employed  to  evaluate  the  toxicity  of  compounds.  Mitochondrial  damage  and  dysfunction  are  known  to  be  closely
related to  kidney diseases  [32].  Therefore,  mitochondrial  function represents  an initial  step in  predicting exposure-
related toxicity of compounds that potentially reduce the mitochondrial membrane potential (MMP) [26]. Out of the 15
nephrotoxicants tested, 10 showed nephrotoxic effects in the three endpoints tested (Table 1). The other five compounds
including  gentamicin,  5-fluorouracil,  tobramycin,  ifosfamide  and  tenofovir  were  negative  in  our  assays  (data  not
shown); however, the reported IC50s of these 5 compounds were much higher than the highest concentration used in our
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study [20]. Among the 10 positive compounds confirmed in our study, eight and seven compounds showed cytotoxic
effects in HK-2 and SA7K cells respectively. In the caspase 3/7 and MMP assays, SA7K cells showed higher sensitivity
than HK-2 cells, and the three endpoints were complementary in predicting nephrotoxicity. The other 19 compounds
were  inactive  (supplemental  Table  1)  in  viability  and  caspase  3/7  assays  except  atorvastatin  and  triiodothyronine;
atorvastatin  showed  cytotoxicity  and  apoptosis  induction  in  both  SA7K  cells  and  HK-2  cells  and  triiodothyronine
showed cytotoxicity only in HK-2 cells. Moreover, four compounds out of 19, including triiodothyronine, atorvastatin,
ibuprofen and lindane decreased MMP in SA7K and HK-2 cells, indicating good specificity of SA7K cells. Ibuprofen
and  lindane  are  nephrotoxic  compounds  that  are  not  directly  toxic  to  PT cells,  implicating  their  induction  of  renal
toxicity  may  occur  through  the  mitochondria  related  pathway.  Therefore,  MMP  assays  might  be  a  good  endpoint
through which to evaluate nephrotoxicity. Thus, multiple assays employing cell viability, cell apoptosis and MMP may
be a promising avenue for early detection of nephrotoxicity for compounds with a high potency.

Fig. (3). Functional Characterization of Uptake and Efflux Transporter Activity in SA7K cells. (A) Uptake of PAH by OAT-1 and
inhibition by probenecid; (B) Uptake of amantadine by OCT2 and inhibition by doxepin; (C) Inhibition of MDR1-mediated efflux of
digoxin by verapamil; (D) Inhibition of MRP2-mediated efflux of SN-38 by MK571. Substrate concentrations used were 10 µM in
each experiment.

Table 1. Cytotoxicity of well-characterized human nephrotoxicants in HK-2 and SA7K Cells.

Nephrotoxicants Cell viability (IC50, µM) Caspase 3/7 (EC50, µM) MMP (IC50, µM)
HK-2 SA7K HK-2 SA7K HK-2 SA7K

Cyclosporine A 19.92±4.17 Inactive Inactive 11.12±1.80 Inactive 10.34±1.86
Potassium dichromate 65.75±14.83 18.65±5.27 Inactive 23.39±1.90 Inactive 72.54±4.91
Cadmium (II) chloride 26.98±4.60 65.23±11.73 Inactive Inactive Inactive Inactive
Citrinin 78.2±0 87.75±0 Inactive 98.46± 0 78.56±9.03 73.96±6.01
Adefovir dipivoxil 64.65±4.38 91.71±11.69 63.23±14.46 84.57±5.51 Inactive 78.21±0
Puromycin 1.30±0.64 3.95±0.64 3.37±0.22 2.55±0.82 Inactive 5.28±2.68
Arsenic trioxide 13.15±1.07 17.19±4.29 Inactive 15.16±6.0 Inactive Inactive
Rifampin 84.57±5.51 69.70±0 Inactive 82.98±6.75 26.89±3.70 15.67±5.70
Tacrolimus Inactive Inactive Inactive Inactive 49.93±0 22.30±0
Tetracycline Inactive Inactive Inactive Inactive Inactive 9.85±0
Data are presented as mean ± SD from two to three experiments. Compounds showing no concentration response were defined as inactive.
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Evaluation of Other Related Nephrotoxic Compounds in HK-2 and SA7K Cells

To further evaluate SA7K cells, we tested 10 more compounds, which have been reported to be associated with
renal  dysfunction,  including  camptothecin  [33],  sunitinib  malate  [34],  sulfinpyrazone  [35],  mitomycin  C  [36],
vinblastine  sulfate  [37],  doxorubicin  [38],  taxol  [39],  ochratoxin  A  [40],  ergotamine  [41],  and  digoxin  [42].  The
potencies of these compounds are listed in Table 2. Among these 10 compounds tested in the viability assay, seven
compounds displayed toxicity utilizing the HK-2 cells, while six compounds showed toxicity in the SA7K cells. In the
caspase 3/7 assay, five compounds exhibited an increase in caspase 3/7 activity when treating the HK-2 cells, whereas
six compounds showed an increase in this endpoint in the SA7K cells. In the MMP assay, five compounds decreased
MMP  in  both  HK-2  and  SA7K  cells.  With  respect  to  the  IC50  values,  there  were  several  compounds  that  showed
differences in sensitivity between HK-2 and SA7K. For example, Ochratoxin A, camptothecin, and doxorubicin showed
different  dose-response  curves  in  HK-2  and  SA7K  cells  (Fig.  4A-C).  These  different  responses  may  be  related  to
differences in expression of the renal transporters or other related components of nephrotoxicity pathways.

Table 2. Evaluation of nephrotoxic compounds in HK-2 and SA7K Cells.

Compounds Cell viability (IC50, µM) Caspase 3/7 (EC50, µM) MMP (IC50, µM)
HK-2 SA7K HK-2 SA7K HK-2 SA7K

Camptothecin 0.69±0.09 0.75±0.14 0.47±0.05 1.92±0.54 6.26±0.51 14.54±3.63
Sunitinib malate 18.03±3.09 12.65±3.06 Inactive 7.33±1.78 Inactive Inactive
Sulfinpyrazone 22.21±1.81 Inactive Inactive Inactive 14.82±1.28 11±4.15
Mitomycin C 10.11±0.66 7.53±2.90 23.79±4.44 6.38±0.42 Inactive Inactive
Vinblastine Sulfate Inactive Inactive Inactive 0.57±1.86 Inactive Inactive
Doxorubicin 3.89±0.50 2.51±0.74 2.64±0.79 2.75±0.35 0.39±0.19 1.18±0.51
Taxol Inactive Inactive 0.04±0.01 0.67±0.29 34.08±4.45 35.87±2.34
Ochratoxin A 0.04±0 17.00±1.38 0.15±0.06 Inactive Inactive Inactive
Ergotamine Inactive Inactive Inactive Inactive 17.64±1.43 16.16±2.75
Digoxin 0.03±0.008 0.61±0.19 Inactive Inactive Inactive Inactive
Data are presented as mean ± SD from two to three experiments.

Fig. (4). Concentration response curves of selected compounds in HK-2 and SA7K cells. (A) Effect of ochratoxin A on cell viability;
(B) Effect of campothecin on caspase 3/7; (C) Effect of doxorubicin on MMP.
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DISCUSSION

In this study, we developed and validated an in vitro cell model (SA7K) for nephrotoxicity prediction. The cell line
was created from human primary proximal tubule cells by ZFN-mediated knock out of a key cell cycle protein, thus
enabling extended population doublings. Renal drug transporters play an important role in the absorption, elimination,
metabolism, and toxicity of many prescribed drugs.  The SA7K cells  maintained similar expression level of several
uptake and efflux transporters as well as CYP3A4 when compared to human primary proximal tubule cells at early
passages. In addition, transporting functionality of uptake and efflux transporters was observed. Cell viability, Caspase
3/7  and  mitochondrial  membrane  potential  were  used  as  endpoints  to  identify  nephrotoxicity  in  a  1536-well  plate
format. The mRNA levels of OAT1 and OAT3 from the current study were not detected, however, it has been reported
that gene expression of OAT1 and OAT3 was rapidly lost in other cell culture experiments [43]. Interestingly, OAT-
dependent uptake was observed in our study and the reason for this discrepancy remains to be clarified.

The data presented here identified a difference in compound responses when comparing SA7K and HK-2 cells.
HK-2 cells  have been reported to lack the function of  several  uptake and efflux transporters  [21].  Transporters  are
important  for  the uptake/secretion mechanisms of proximal tubule cells,  affecting the intracellular  concentration of
drugs or metabolites that play a vital role in the toxicity of numerous compounds. OAT1 and OCT2, expressed on the
basolateral membrane of proximal tubule cells, are responsible for transporting the anionic and cationic small molecules
into  the  epithelial  cells,  while  P-gp  and  MRP2  can  protect  cells  by  excreting  potentially  toxic  xenobiotics  [44].
Camptothecin is a substrate of both P-gp and MRP2 [45], while doxorubicin is a substrate of P-gp [46]. Therefore,
camptothecin and doxorubicin may accumulate at increased levels and have a higher potency in HK-2 cells. Ochratoxin
A can  be  transported  into  the  cell  by  OAT1 and  OAT3,  while  also  being  secreted  by  MRP2 and  BCRP [47].  The
different response ochratoxin A generated between HK-2 and SA7K remains to be elucidated. Therefore, transporters
should be considered in the development of in vitro cell models for nephrotoxicity prediction. In addition, the role of
transporters in drug-induced nephrotoxicity still needs further study.

SA7K  cells  performed  well  when  identifying  the  well-characterized  and  reported  nephrotoxic  compounds.
Compared  with  the  HK-2  cells,  SA7K  cells  were  able  to  detect  a  similar  percentage  of  known  and  suspected
nephrotoxicants  and  displayed  specificity  in  this  regard.  Compared  with  a  single  endpoint  assay,  our  assay  which
employs three endpoints was more sensitive, and therefore is amenable for high throughput screening. Measuring MMP
is considered as the first  step in predicting exposure-related toxic effects [26].  Therefore,  the MMP assay was first
applied to predict nephrotoxicity in our study and indicated high sensitivity. Many known nephrotoxicants that did not
show activity in our assay had higher IC50s values than the concentrations we used in the current study. For example, the
reported IC50s of gentamicin, 5-fluorouracil, tobramycin, ifosfamide and tenofovir are at millimolar levels [20], but in
our 1536-well screens, compounds were only tested from nanomolar to micromolar level.

In  summary,  SA7K cells  maintained proximal  tubule  cell  markers  as  well  as  several  functional  properties.  The
presence of functional uptake and efflux transporters coupled with toxicant sensitivity suggest that this cell line may be
useful for drug-transporter interactions and for the early detection of renal toxicants.

CONFLICT OF INTEREST

Toni Steiner, Maureen Bourner, Michael Mitchell, and David C Thompson, are current employees in Sigma-Aldrich
Corporation and provided SA7K cells to the National Institutes of Health,  Bethesda, MD. No potential  conflicts of
interest were disclosed by the other authors.

ACKNOWLEDGEMENTS

This work was supported by the Intramural Research Program of the National Center for Advancing Translational
Sciences, National Institutes of Health and the interagency agreement IAG #NTR 12003 from the National Institute of
Environmental Health Sciences/Division of the National Toxicology Program to the National Center for Advancing
Translational  Sciences,  National  Institutes  of  Health.  We  also  like  to  thank  Caitlin  Lynch  for  proof  reading  the
manuscript.

The views expressed in this paper are those of the authors and do not necessarily reflect the statements, opinions,
views,  conclusions,  or  policies  of  the  National  Center  for  Advancing  Translational  Sciences,  the  NIH,  or  the  U.S.
government. Mention of trade names or commercial products does not constitute endorsement or recommendation for
use.



28   Current Chemical Genomics and Translational Medicine, 2017, Volume 11 Li et al.

REFERENCES

[1] Kaufman J, Dhakal M, Patel B, Hamburger R. Community-acquired acute renal failure. Am J Kidney Dis 1991; 17(2): 191-8.
[http://dx.doi.org/10.1016/S0272-6386(12)81128-0] [PMID: 1992662]

[2] Nash K, Hafeez A, Hou S. Hospital-acquired renal insufficiency. Am J Kidney Dis 2002; 39(5): 930-6.
[http://dx.doi.org/10.1053/ajkd.2002.32766] [PMID: 11979336]

[3] Bellomo R. The epidemiology of acute renal failure: 1975 versus 2005. Curr Opin Crit Care 2006; 12(6): 557-60.
[http://dx.doi.org/10.1097/01.ccx.0000247443.86628.68] [PMID: 17077686]

[4] Schetz M, Dasta J, Goldstein S, Golper T. Drug-induced acute kidney injury. Curr Opin Crit Care 2005; 11(6): 555-65.
[http://dx.doi.org/10.1097/01.ccx.0000184300.68383.95] [PMID: 16292059]

[5] Naughton CA. Drug-induced nephrotoxicity. Am Fam Physician 2008; 78(6): 743-50.
[PMID: 18819242]

[6] Zager RA. Pathogenetic mechanisms in nephrotoxic acute renal failure. Semin Nephrol 1997; 17(1): 3-14.
[PMID: 9000545]

[7] Rangarajan A, Weinberg RA. Opinion: Comparative biology of mouse versus human cells: modelling human cancer in mice. Nat Rev Cancer
2003; 3(12): 952-9.
[http://dx.doi.org/10.1038/nrc1235] [PMID: 14737125]

[8] Huang  R,  Xia  M,  Sakamuru  S,  et  al.  Modelling  the  Tox21  10  K  chemical  profiles  for  in  vivo  toxicity  prediction  and  mechanism
characterization. Nat Commun 2016; 7: 10425.
[http://dx.doi.org/10.1038/ncomms10425] [PMID: 26811972]

[9] Lohr JW, Willsky GR, Acara MA. Renal drug metabolism. Pharmacol Rev 1998; 50(1): 107-41.
[PMID: 9549760]

[10] Markowitz GS, Perazella MA. Drug-induced renal failure: a focus on tubulointerstitial disease. Clin Chim Acta 2005; 351(1-2): 31-47.
[http://dx.doi.org/10.1016/j.cccn.2004.09.005] [PMID: 15563870]

[11] Morrissey KM, Stocker SL, Wittwer MB, Xu L, Giacomini KM. Renal transporters in drug development. Annu Rev Pharmacol Toxicol 2013;
53: 503-29.
[http://dx.doi.org/10.1146/annurev-pharmtox-011112-140317] [PMID: 23140242]

[12] Wilmes A, Bielow C, Ranninger C, et al. Mechanism of cisplatin proximal tubule toxicity revealed by integrating transcriptomics, proteomics,
metabolomics and biokinetics. Toxicol In Vitro 2015; 30(1 Pt A): 117-27.
[http://dx.doi.org/10.1016/j.tiv.2014.10.006] [PMID: 25450742]

[13] Crean D, Bellwon P, Aschauer L, et al. Development of an in vitro renal epithelial disease state model for xenobiotic toxicity testing. Toxicol
In Vitro 2015; 30(1 Pt A): 128-37.
[http://dx.doi.org/10.1016/j.tiv.2014.11.015] [PMID: 25536518]

[14] Wilmes A, Limonciel A, Aschauer L, et al. Application of integrated transcriptomic, proteomic and metabolomic profiling for the delineation
of mechanisms of drug induced cell stress. J Proteomics 2013; 79: 180-94.
[http://dx.doi.org/10.1016/j.jprot.2012.11.022] [PMID: 23238060]

[15] Ciarimboli G, Holle SK, Vollenbröcker B, et al. New clues for nephrotoxicity induced by ifosfamide: preferential renal uptake via the human
organic cation transporter 2. Mol Pharm 2011; 8(1): 270-9.
[http://dx.doi.org/10.1021/mp100329u] [PMID: 21077648]

[16] Tiong HY, Huang P, Xiong S, Li Y, Vathsala A, Zink D. Drug-induced nephrotoxicity: clinical impact and preclinical in vitro models. Mol
Pharm 2014; 11(7): 1933-48.
[http://dx.doi.org/10.1021/mp400720w] [PMID: 24502545]

[17] Shaw G, Morse S, Ararat M, Graham FL. Preferential transformation of human neuronal cells by human adenoviruses and the origin of HEK
293 cells. FASEB J 2002; 16(8): 869-71.
[PMID: 11967234]

[18] Ryan MJ, Johnson G, Kirk J, Fuerstenberg SM, Zager RA, Torok-Storb B. HK-2: an immortalized proximal tubule epithelial cell line from
normal adult human kidney. Kidney Int 1994; 45(1): 48-57.
[http://dx.doi.org/10.1038/ki.1994.6] [PMID: 8127021]

[19] Wilmer MJ, Ng CP, Lanz HL, Vulto P, Suter-Dick L, Masereeuw R. Kidney-on-a-chip technology for drug-induced nephrotoxicity screening.
Trends Biotechnol 2016; 34(2): 156-70.
[http://dx.doi.org/10.1016/j.tibtech.2015.11.001] [PMID: 26708346]

[20] Li Y, Kandasamy K, Chuah JK, et al. Identification of nephrotoxic compounds with embryonic stem-cell-derived human renal proximal
tubular-like cells. Mol Pharm 2014; 11(7): 1982-90.
[http://dx.doi.org/10.1021/mp400637s] [PMID: 24495215]

[21] Jenkinson SE, Chung GW, van Loon E, Bakar NS, Dalzell AM, Brown CD. The limitations of renal epithelial cell line HK-2 as a model of
drug transporter expression and function in the proximal tubule. Pflugers Arch 2012; 464(6): 601-11.
[http://dx.doi.org/10.1007/s00424-012-1163-2] [PMID: 23014881]

http://dx.doi.org/10.1016/S0272-6386(12)81128-0
http://www.ncbi.nlm.nih.gov/pubmed/1992662
http://dx.doi.org/10.1053/ajkd.2002.32766
http://www.ncbi.nlm.nih.gov/pubmed/11979336
http://dx.doi.org/10.1097/01.ccx.0000247443.86628.68
http://www.ncbi.nlm.nih.gov/pubmed/17077686
http://dx.doi.org/10.1097/01.ccx.0000184300.68383.95
http://www.ncbi.nlm.nih.gov/pubmed/16292059
http://www.ncbi.nlm.nih.gov/pubmed/18819242
http://www.ncbi.nlm.nih.gov/pubmed/9000545
http://dx.doi.org/10.1038/nrc1235
http://www.ncbi.nlm.nih.gov/pubmed/14737125
http://dx.doi.org/10.1038/ncomms10425
http://www.ncbi.nlm.nih.gov/pubmed/26811972
http://www.ncbi.nlm.nih.gov/pubmed/9549760
http://dx.doi.org/10.1016/j.cccn.2004.09.005
http://www.ncbi.nlm.nih.gov/pubmed/15563870
http://dx.doi.org/10.1146/annurev-pharmtox-011112-140317
http://www.ncbi.nlm.nih.gov/pubmed/23140242
http://dx.doi.org/10.1016/j.tiv.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25450742
http://dx.doi.org/10.1016/j.tiv.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25536518
http://dx.doi.org/10.1016/j.jprot.2012.11.022
http://www.ncbi.nlm.nih.gov/pubmed/23238060
http://dx.doi.org/10.1021/mp100329u
http://www.ncbi.nlm.nih.gov/pubmed/21077648
http://dx.doi.org/10.1021/mp400720w
http://www.ncbi.nlm.nih.gov/pubmed/24502545
http://www.ncbi.nlm.nih.gov/pubmed/11967234
http://dx.doi.org/10.1038/ki.1994.6
http://www.ncbi.nlm.nih.gov/pubmed/8127021
http://dx.doi.org/10.1016/j.tibtech.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26708346
http://dx.doi.org/10.1021/mp400637s
http://www.ncbi.nlm.nih.gov/pubmed/24495215
http://dx.doi.org/10.1007/s00424-012-1163-2
http://www.ncbi.nlm.nih.gov/pubmed/23014881


Evaluation of Human Renal Proximal Tubule Epithelial Cells Current Chemical Genomics and Translational Medicine, 2017, Volume 11   29

[22] Aschauer L, Carta G, Vogelsang N, Schlatter E, Jennings P. Expression of xenobiotic transporters in the human renal proximal tubule cell line
RPTEC/TERT1. Toxicol In Vitro 2015; 30(1 Pt A): 95-105.
[http://dx.doi.org/10.1016/j.tiv.2014.12.003] [PMID: 25500123]

[23] Wu Y, Connors D, Barber L, Jayachandra S, Hanumegowda UM, Adams SP. Multiplexed assay panel of cytotoxicity in HK-2 cells for
detection of renal proximal tubule injury potential of compounds. Toxicol In Vitro 2009; 23(6): 1170-8.
[http://dx.doi.org/10.1016/j.tiv.2009.06.003] [PMID: 19523510]

[24] Li Y, Oo ZY, Chang SY, Huang P, Eng KG, Zeng JL, et al.  An in vitro  method for the prediction of renal proximal tubular toxicity in
humans. Toxicol Res-Uk 2013; 2: 352-65.
[http://dx.doi.org/10.1039/c3tx50042j]

[25] Xia M, Huang R, Witt KL, et al. Compound cytotoxicity profiling using quantitative high-throughput screening. Environ Health Perspect
2008; 116(3): 284-91.
[http://dx.doi.org/10.1289/ehp.10727] [PMID: 18335092]

[26] Attene-Ramos MS, Huang R, Michael S, et al. Profiling of the Tox21 chemical collection for mitochondrial function to identify compounds
that acutely decrease mitochondrial membrane potential. Environ Health Perspect 2015; 123(1): 49-56.
[PMID: 25302578]

[27] Wang  Y,  Huang  R.  (2016).  Correction  of  microplate  data  from  high  throughput  screening.  In:  Zhu  H,  Xia  M,  Eds.  High-Throughput
Screening Assays in Toxicology. Humana Press 1473.

[28] Verroust PJ, Christensen EI. Megalin and cubilinthe story of two multipurpose receptors unfolds. Nephrol Dial Transplant 2002; 17(11):
1867-71.
[http://dx.doi.org/10.1093/ndt/17.11.1867] [PMID: 12401836]

[29] Toutain  H,  Vauclin-Jacques  N,  Fillastre  JP,  Morin  JP.  Isolation  of  a  pure  suspension  of  proximal  tubular  cells  from the  rabbit  kidney:
morphological, biochemical and metabolic assessment. Cell Biol Int Rep 1989; 13(8): 701-10.
[http://dx.doi.org/10.1016/0309-1651(89)90046-5] [PMID: 2805082]

[30] Lebargy F, Bulle F, Siegrist S, Guellaen G, Bernaudin JF. Localization by in situ hybridization of gamma-glutamyl transpeptidase mRNA in
the rat kidney using 35S-labeled RNA probes. Lab Invest 1990; 62(6): 731-5.
[PMID: 1972767]

[31] Ohtsuki  S,  Schaefer  O,  Kawakami  H,  et  al.  Simultaneous  absolute  protein  quantification  of  transporters,  cytochromes P450,  and UDP-
glucuronosyltransferases as a novel approach for the characterization of individual human liver: comparison with mRNA levels and activities.
Drug Metab Dispos 2012; 40(1): 83-92.
[http://dx.doi.org/10.1124/dmd.111.042259] [PMID: 21994437]

[32] Che R, Yuan Y, Huang S, Zhang A. Mitochondrial dysfunction in the pathophysiology of renal diseases. Am J Physiol Renal Physiol 2014;
306(4): F367-78.
[http://dx.doi.org/10.1152/ajprenal.00571.2013] [PMID: 24305473]

[33] Li  W,  Lam M, Choy D,  Birkeland A,  Sullivan ME,  Post  JM.  Human primary renal  cells  as  a  model  for  toxicity  assessment  of  chemo-
therapeutic drugs. Toxicol In Vitro 2006; 20(5): 669-76.
[http://dx.doi.org/10.1016/j.tiv.2005.09.016] [PMID: 16289493]

[34] Jhaveri KD, Flombaum CD, Kroog G, Glezerman IG. Nephrotoxicities associated with the use of tyrosine kinase inhibitors: a single-center
experience and review of the literature. Nephron Clin Pract 2011; 117(4): c312-9.
[http://dx.doi.org/10.1159/000319885] [PMID: 21051905]

[35] Docci D, Mambelli M, Manzoni G, Turci F, Salvi G. Acute renal failure secondary to sulfinpyrazone treatment after myocardial infarction.
Nephron 1984; 37(3): 213-4.
[http://dx.doi.org/10.1159/000183248] [PMID: 6738772]

[36] Wen MC, Chen CH, Ho WL. Mitomycin C-induced renal insufficiency: a case report. Kaohsiung J Med Sci 2003; 19(6): 317-21.
[http://dx.doi.org/10.1016/S1607-551X(09)70479-6] [PMID: 12873041]

[37] Hejazi S. Study of nephrotoxic effects of vincristine treatment in mice. Eur J Cancer 2013; 49: S99.

[38] Lahoti TS, Patel D, Thekkemadom V, Beckett R, Ray SD. Doxorubicin-induced in vivo nephrotoxicity involves oxidative stress-mediated
multiple pro- and anti-apoptotic signaling pathways. Curr Neurovasc Res 2012; 9(4): 282-95.
[http://dx.doi.org/10.2174/156720212803530636] [PMID: 22873725]

[39] Rabah SO. Acute Taxol nephrotoxicity: Histological and ultrastructural studies of mice kidney parenchyma. Saudi J Biol Sci 2010; 17(2):
105-14.
[http://dx.doi.org/10.1016/j.sjbs.2010.02.003] [PMID: 23961065]

[40] Hope JH, Hope BE. A review of the diagnosis and treatment of Ochratoxin A inhalational exposure associated with human illness and kidney
disease including focal segmental glomerulosclerosis. J Environ Public Health 2012; 2012: 835059.

[41] Damstrup L, Jensen TT. Retroperitoneal fibrosis after long-term daily use of ergotamine. Int Urol Nephrol 1986; 18(3): 299-301.
[http://dx.doi.org/10.1007/BF02082717] [PMID: 3771129]

[42] Pincus M. Management of digoxin toxicity. Aust Prescr 2016; 39(1): 18-20.
[http://dx.doi.org/10.18773/austprescr.2016.006] [PMID: 27041802]

http://dx.doi.org/10.1016/j.tiv.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25500123
http://dx.doi.org/10.1016/j.tiv.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19523510
http://dx.doi.org/10.1039/c3tx50042j
http://dx.doi.org/10.1289/ehp.10727
http://www.ncbi.nlm.nih.gov/pubmed/18335092
http://www.ncbi.nlm.nih.gov/pubmed/25302578
http://dx.doi.org/10.1093/ndt/17.11.1867
http://www.ncbi.nlm.nih.gov/pubmed/12401836
http://dx.doi.org/10.1016/0309-1651(89)90046-5
http://www.ncbi.nlm.nih.gov/pubmed/2805082
http://www.ncbi.nlm.nih.gov/pubmed/1972767
http://dx.doi.org/10.1124/dmd.111.042259
http://www.ncbi.nlm.nih.gov/pubmed/21994437
http://dx.doi.org/10.1152/ajprenal.00571.2013
http://www.ncbi.nlm.nih.gov/pubmed/24305473
http://dx.doi.org/10.1016/j.tiv.2005.09.016
http://www.ncbi.nlm.nih.gov/pubmed/16289493
http://dx.doi.org/10.1159/000319885
http://www.ncbi.nlm.nih.gov/pubmed/21051905
http://dx.doi.org/10.1159/000183248
http://www.ncbi.nlm.nih.gov/pubmed/6738772
http://dx.doi.org/10.1016/S1607-551X(09)70479-6
http://www.ncbi.nlm.nih.gov/pubmed/12873041
http://dx.doi.org/10.2174/156720212803530636
http://www.ncbi.nlm.nih.gov/pubmed/22873725
http://dx.doi.org/10.1016/j.sjbs.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23961065
http://dx.doi.org/10.1007/BF02082717
http://www.ncbi.nlm.nih.gov/pubmed/3771129
http://dx.doi.org/10.18773/austprescr.2016.006
http://www.ncbi.nlm.nih.gov/pubmed/27041802


30   Current Chemical Genomics and Translational Medicine, 2017, Volume 11 Li et al.

[43] Nieskens TT, Peters JG, Schreurs MJ, et al. A human renal proximal tubule cell line with stable organic anion transporter 1 and 3 expression
predictive for antiviral-induced toxicity. AAPS J 2016; 18(2): 465-75.
[http://dx.doi.org/10.1208/s12248-016-9871-8] [PMID: 26821801]

[44] Moss DM, Neary M, Owen A. The role of drug transporters in the kidney: lessons from tenofovir. Front Pharmacol 2014; 5: 248.
[http://dx.doi.org/10.3389/fphar.2014.00248] [PMID: 25426075]

[45] Lalloo AK, Luo FR, Guo A, et  al.  Membrane transport  of  camptothecin:  facilitation by human P-glycoprotein (ABCB1) and multidrug
resistance protein 2 (ABCC2). BMC Med 2004; 2: 16.
[http://dx.doi.org/10.1186/1741-7015-2-16] [PMID: 15125776]

[46] Dean M. ABC transporters, drug resistance, and cancer stem cells. J Mammary Gland Biol Neoplasia 2009; 14(1): 3-9.
[http://dx.doi.org/10.1007/s10911-009-9109-9] [PMID: 19224345]

[47] Anzai N, Jutabha P, Endou H. Molecular mechanism of ochratoxin a transport in the kidney. Toxins (Basel) 2010; 2(6): 1381-98.
[http://dx.doi.org/10.3390/toxins2061381] [PMID: 22069643]

© 2017 Li et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a
copy of which is available at: (https://creativecommons.org/licenses/by/4.0/legalcode). This license permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.

http://dx.doi.org/10.1208/s12248-016-9871-8
http://www.ncbi.nlm.nih.gov/pubmed/26821801
http://dx.doi.org/10.3389/fphar.2014.00248
http://www.ncbi.nlm.nih.gov/pubmed/25426075
http://dx.doi.org/10.1186/1741-7015-2-16
http://www.ncbi.nlm.nih.gov/pubmed/15125776
http://dx.doi.org/10.1007/s10911-009-9109-9
http://www.ncbi.nlm.nih.gov/pubmed/19224345
http://dx.doi.org/10.3390/toxins2061381
http://www.ncbi.nlm.nih.gov/pubmed/22069643
https://creativecommons.org/licenses/by/4.0/legalcode

	Development and Application of Human Renal Proximal Tubule Epithelial Cells for Assessment of Compound Toxicity 
	INTRODUCTION
	MATERIALS AND METHODS
	Compounds
	Generation of SA7K Cells and Cell Culture
	Characterization of SA7K Cells
	Immunocytochemical (ICC) Staining
	Gamma-glutamyl transpeptidase (GGT) Activity
	Response to Parathyroid Hormone (PTH)
	Albumin Uptake

	Measurement of Transporter Expression
	Transporter Assay
	Cell Viability Assay
	Caspase 3/7Assay
	Mitochondrial Membrane Potential Assay
	Data Analysis

	RESULTS
	Generation and Characterization of SA7K Cell Line
	Transporter Expression in SA7K Cells
	Functional Activity of Transporters in SA7K Cells
	Assessment of Well-characterized Nephrotoxicants
	Evaluation of Other Related Nephrotoxic Compounds in HK-2 and SA7K Cells

	DISCUSSION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




