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abstract

Article Chronology:

Promising renal replacement therapies include the development of a bioartiﬁcial kidney using
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functional human kidney cell models. In this study, human conditionally immortalized proximal
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tubular epithelial cell (ciPTEC) lines originating from kidney tissue (ciPTEC-T1 and ciPTEC-T2)
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were compared to ciPTEC previously isolated from urine (ciPTEC-U).
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Subclones of all ciPTEC isolates formed tight cell layers on Transwell inserts as determined by
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transepithelial resistance, inulin diffusion, E-cadherin expression and immunocytochemisty. Extra-
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cellular matrix genes collagen I and -IV α1 were highly present in both kidney tissue derived matured

Bioartiﬁcial kidney

cell lines (po0.001) compared to matured ciPTEC-U, whereas matured ciPTEC-U showed a more

Regenerative nephrology

pronounced ﬁbronectin I and laminin 5 gene expression (po0.01 and po0.05, respectively). Expression

Transport

of the inﬂux carrier Organic Cation Transporter 2 (OCT-2), and the efﬂux pumps P-glycoprotein (P-gp),

ECM

Multidrug Resistance Protein 4 (MRP4) and Breast Cancer Resistance Protein (BCRP) were conﬁrmed in
the three cell lines using real-time PCR and Western blotting. The activities of OCT-2 and P-gp were
sensitive to speciﬁc inhibition in all models (po0.001). The highest activity of MRP4 and BCRP was
demonstrated in ciPTEC-U (po0.05). Finally, active albumin reabsorption was highest in ciPTEC-T2
(po0.001), while Naþ-dependent phosphate reabsorption was most abundant in ciPTEC-U (po0.01).
In conclusion, ciPTEC established from human urine or kidney tissue display comparable functional
PTEC speciﬁc transporters and physiological characteristics, providing ideal human tools for bioartiﬁcial
kidney development.
& 2014 Elsevier Inc. All rights reserved.
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Introduction

Materials and methods

Worldwide, about 2 million people suffering from renal disorders
are treated with hemo- or peritoneal dialysis and this number still
increases. Main factors contributing to this increase are aging, an
increased incidence of diabetes mellitus and hypertension [1–3].
Known limitations of the current dialysis methods as treatment
modalities are related to the relatively poor clearance of proteinbound uremic retention solutes [4]. Up to now, a large number of
compounds have been classiﬁed as uremic retention solutes [5]
and their accumulation may have severe clinical implications,
such as renal ﬁbrosis, bone disorders, cardiovascular disease and
mental disorders [6]. The preferred treatment of patients with
end-stage renal disease (ESRD) is transplantation [7], which
improves their quality of life and substantially reduces costs
associated with extended dialysis [8]. However, a tremendous
shortage of donor organs as well as complications arising from
immunosuppressive treatment and organ rejection after transplantation are profound problems worldwide [9–11].
To replace kidney function, tissue engineering is a promising
avenue of research to overcome the limitations of currently
available renal replacement therapies [12]. The development of
functional and stable human renal epithelial cell models that are
able to actively excrete uremic retention solutes, is a promising
step towards a bioartiﬁcial kidney device. In the kidney, a
heterogeneous cell system is present of which the proximal
tubular epithelial cells (PTEC) play an important role in the
excretion of endo- and xenobiotics, including uremic retention
solutes. The excretory pathway is mediated via a complex interplay involving solute carriers, like OCT-2 (SLC22A2), OAT-1
(SLC22A6) and OAT-3 (SLC22A8) [13], and ATP-binding cassette
efﬂux pumps, such as p-glycoprotein; P-gp (ABCB1), MRP4
(ABCC4) and BCRP (ABCG2) [14]. Besides waste product excretion,
reabsorption of ﬁltered solutes, such as phosphate, glucose, urate
and albumin, occurs in PTEC [15–18].

Chemicals and cell culture materials

In our group, a stable PTEC cell line isolated from human urine
was developed (ciPTEC-U) [19]. This cell line demonstrated functional characteristics of important in- and efﬂux transporters as
well as active albumin and sodium-dependent phosphate transport
[19], and has proven to be valuable in elucidating renal pathological
mechanisms [20–23] and in studying renal physiological transport
pathways [24–26]. However, as this cell line originates from urine,
it could be argued that ciPTEC-U might not reﬂect the physiological
situation as close as cells directly derived from kidney tissue. Cells
originating from urine are often thought to be exfoliated from
tissue due to apoptosis-induced loss of function [27]. Recently it
was shown that overcrowding of epithelial cells due to proliferation
and migration, induces the extrusion of living cells to maintain
homeostasis in epithelial cell numbers [28]. The aim of this study
was to compare ciPTEC-U [19] with newly established human
proximal tubular epithelial cell lines from human kidney tissue
with respect to important functional properties. Human PTEC were
isolated from nephrectomised kidneys followed by subcloning and
immortalization techniques. Characterizing the newly established
human proximal tubular epithelial cell lines will allow us to
determine whether the sample source inﬂuences renal functional
properties of cell lines in culture. Insights in these characteristics
allows to identify the most suitable cell line for further development of a bioartiﬁcial kidney device.

All chemicals were purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands) unless stated otherwise. Cell culture plates were
purchased from Greiner Bio-One (Monroe, NC) and Transwell
inserts were obtained from Corning Costar (cat. no 3460, New
York, NY).

Ethics statement
The kidney tissue used for cell line development in this study was
obtained from non-transplanted donors, after given informed
consent. These organs could not be transplanted due to quality
loss of the veins during surgery. No clinical history of renal
disorders or any other chronic disease were identiﬁed.

Isolation and culture of ciPTEC from kidney tissue
Puriﬁcation and isolation of renal epithelial cells from kidney
tissue was performed as described previously [29]. In short,
epithelial cells were isolated by a gradient sieving procedure
and subjected to collagenase digestion [30]. The collected primary
fraction was transferred to supplemented PTEC culture media:
phenol-red free DMEM-HAM's F12 medium (catalogue number
11039, Lonza, Basel, Switzerland) containing 10% (v/v) FCS (Greiner Bio-One, Monroe, NC), 5 μg/ml insulin, 5 μg/ml transferrin,
5 ng/ml selenium, 36 ng/ml hydrocortisone, 10 ng/ml EGF and
40 pg/ml tri-iodothyronine. Primary cells were immortalized
within the ﬁrst two passages. Immortalization was performed
using a combination of hTERT and SV40t as described previously
[19,31]. To obtain a homogeneous culture, cells were subcloned
using irradiated NIH 3T3 ﬁbroblast as non-dividing feeder cells
[31]. After culturing for 2 weeks at 33 1C, 5% (v/v) CO2, single cell
clones were visible and picked using cloning discs drained in
trypsin-EDTA (MP Biomedicals, Solon, OH). Single cell clones were
transferred to a well plate and grown until conﬂuency at 33 1C, 5%
(v/v) CO2. Optimal seeding conditions were determined for each
obtained ciPTEC line in well plates and Transwell inserts (50 mg/
ml collagen IV coating for ciPTEC-U (C6745-1 ml)) by testing
morphological characteristics and monolayer integrity properties
using a cell density range (data not shown). According to the
conditions described previously [19], ciPTEC were cultured for
24 h at 33 1C 5% (v/v) CO2 to proliferate and subsequently
transferred to 37 1C, 5% (v/v) CO2 for 7 days to mature. Up to at
least 40 cell passage numbers were used to investigate proliferation and functional properties following prolonged culturing.
Phase contrast images were captured using a Leica DM IL phase
contrast microscope.

Immunocytochemistry
To investigate morphology and polarization characteristics of the
ciPTEC monolayers, immunocytochemistry was performed using
cells cultured on polyester Transwell inserts. Matured ciPTEC were
ﬁxed using 2% (w/v) paraformaldehyde in HBSS supplemented
with 2% (w/v) sucrose for 5 min and permeabilized in 0.3% (v/v)
triton X-100 in HBSS for 10 min. To prevent non-speciﬁc binding of
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antibodies, cells were exposed to block solution containing 2%
(w/v) bovine serum albumin fraction V (Roche, Woerden, The
Netherlands) and 0.1% (v/v) tween-20 in HBSS for 30 min. Cells
were incubated with antibodies diluted in block solution against
the tight junction protein zonula occludens 1 (ZO-1, 1:50 dilution,
Invitrogen, Carlsbad, CA) for 1 h, followed by incubation with goatanti-rabbit-Alexa488 conjugate (1:200, Life Technologies Europe
BV, Bleiswijk, The Netherlands) for 30 min. Finally, DAPI nuclei
staining (300 nM, Life Technologies Europe BV) was performed for
5 min. Protein expression and localization were examined using the
Olympus FV1000 Confocal Laser Scanning Microscope (Olympus,
Tokyo, Japan) and images were captured using the Olympus software FV10-ASW version 1.7. Next, cell size measurements were
performed using Image J software (version 1.40g).
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Biosystems). The quantitative PCR reactions were performed using
the CFX96 Real Time PCR system (Bio-Rad Laboratories, Veenendaal, The Netherlands) and data were analyzed using the CFX
Manager software (Bio-Rad Laboratories). The mRNA expression
levels of extracellular matrix (ECM) genes were investigated using
primer sets (Table S2) and SybrGreen PCR Master Mix (Qiagen). The
quantitative PCR reactions were performed using the ABI 7900HT
sequence detection system (Applied Biosystems, Nieuwekerk a/d
IJssel, The Netherlands). Data of matured cells were normalized to
expression levels of the reference gene GAPDH, and were expressed
as fold increase compared to matured ciPTEC-U [19]. To compare
expression levels from the proliferating towards matured stage per
cell line, data of matured cells were expressed as fold increase
compared to the corresponding proliferating cells (Supplementary
Figs. S1 and S2).

Transepithelial barrier functions
Transepithelial resistance of matured ciPTEC monolayers on
Transwell inserts was measured using the Millicell electrical
resistance volt-ohm system (Millipore, Billerca, MA). Measurements were performed as described in the manufacturer's protocol. To determine the tightness of the ciPTEC monolayers, inulin–
FITC (Sigma-Aldrich) diffusion was measured of matured ciPTEC
cultured on Transwell inserts. Both apical and basolateral compartments were washed once with HBSS buffer (Life Technologies
Europe BV), prior to 0.1 mg/ml inulin–FITC in HBSS basolateral
exposure for 1 h at 37 1C, 5% (v/v) CO2. Fluorescence was detected
by measuring samples (200 ml) at excitation wavelength 485 nm
and emission wavelength 535 nm, using a CytoFluor II Microplate
reader (MTX Lab Systems, Vienna, VA).
To investigate monolayer development further, the presence of
E-cadherin, a calcium-dependent cell–cell adhesion protein abundantly expressed in PTEC cells [32], was investigated in proliferating and matured cells. After harvesting, cells were ﬁxed and
permeabilized using 4% (w/v) PFA and 0.1% (v/v) saponin in HBSS
on ice for 10 min. After centrifuging, cell pellets were resuspended in rat anti-E-cadherin antibody (1:100 in HBSS) and
incubated at rT for 30 min. Next, cells were centrifuged again
and pellets were resuspended in goat anti-rat Alexa 488 conjugate (1:200, Life Technologies Europe BV, Bleiswijk, The Netherlands) and incubated at rT for 30 min. After a ﬁnal centrifuge step,
cells were resuspended in HBSS buffer and measured using a
ﬂowcytometer (FACSCalibur BD, software BD CellQuest Pro version 6.0, Becton Dickinson, Franklin Lakes, NJ) gating on live cells
(a total of 15,000 cells counted). Separate cell fractions were
incubated solely with goat anti-rat Alexa 488 conjugate and signal
measured was set as a negative control. Next to the extracted
geometric mean data, representative ﬂowcytometer histograms
are shown to illustrate signal intensities (Alexa 488/FL1 signal).

Gene expression of relevant transporters and extracellular
matrix proteins in ciPTEC
Total RNA was isolated from proliferating and matured cells using
TRIzol (Life Technologies Europe BV) and chloroform extraction
according to the manufacturer's protocol. The Omniscript RT kit
(Qiagen, Venlo, The Netherlands) was used to synthesize cDNA. The
mRNA expression levels of PTEC transporter genes were detected
using gene speciﬁc primer-probe sets (Table S1, Applied Biosystems, CA, USA) and TaqMan Universal PCR Master Mix (Applied

Determination of proximal tubular speciﬁc transporter
proteins
To detect proteins of interest in proliferating and matured cells,
membrane fractions were obtained by ultracentrifugation. Conﬂuent cell layers cultured in T175 ﬂasks were harvested and homogenized in 30 ml buffer containing 18 mM Tris–HCl (pH 7.4), 6 mM
EGTA, 0.3 M mannitol and protease inhibitors (100 mM phenylmethane sulphonylﬂuoride, 5 mg/ml aprotinin, 5 mg/ml leupeptin,
and 5 mg/ml pepstatin). The suspension was homogenized using a
tight ﬁtting Dounce homogenizer (Kimble Chase LLC, Vineland, NJ)
followed by ultracentrifugation (Sorval WX80, Thermo Fisher
Scientiﬁc, Walhtam, MA) at 100,000g for 45 min at 4 1C. Finally,
the membrane pellets were resuspended in 100 ml RIPA buffer
containing 1% (w/v) Igepal CA630, 0.5% (w/v) Na-deoxycholate, 0.1%
(v/v) SDS (Amersham Biosciences, NJ, USA) and protease inhibitors
(0.01% (v/v) phenylmethane sulphonylﬂuoride, 3% (v/v) aprotinin
and 1 mM sodium orthovanadate). The amount of total protein was
measured using the Bio-Rad protein detection reagent system (BioRad Laboratories). Protein expression of Organic Cation Transporter
2 (OCT-2), P-glycoprotein (P-gp), Multidrug Resistance Protein 4
(MRP4) and Breast Cancer Resistance Protein (BCRP) was investigated by Western blotting using 12%, 6%, 6% and 10% (w/v) sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
respectively. The iBlot Dry Blotting System (Life Technologies
Europe BV) was used for transferring proteins from the gels onto
a nitrocellulose membrane. To prevent non-speciﬁc binding of
antibodies, membranes were blocked in PBS supplemented with
0.1% (v/v) tween-20 (PBS-T) and 5% (w/v) milk powder (Campina,
Woerden, The Netherlands) for 30 min. Subsequently, membranes
were washed three times in PBS-T. Next, membranes were incubated for 1.5 h with rabbit anti-OCT-2 antibody (1:500, Alpha
Diagnostic International, San Antonio, TX), mouse anti-P-gp antibody (1:200, Abcam, Cambridge, UK), rabbit anti-MRP4 antibody
(1:100, M49, [33]) or mouse anti-BCRP (1:200, Abcams, Cambridge,
UK). As a loading control mouse anti-β-actin (1:100,000) or rabbit
anti-Na,K-ATPase antibody (α-subunit, 1:2,000, C356-M09 [34]) was
used. Subsequently, after three washing steps in PBS-T, membranes
were exposed to secondary antibodies Alexa ﬂuors 680 goat antirabbit IgG (1:10,000, Life Technologies Europe BV), IRDye 800 goat
anti-mouse IgG (1:10,000, Rockland, PA) or IRDye 800 goat antirabbit IgG (1:10,000, Rockland, PA) for 1.5 h. Fluorescence was
quantiﬁed using the Odyssey Infrared Imaging System (version 2.1,
LICORs Biosciences, Lincoln, NE). Data of proliferating and matured
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cells were normalized to protein expression levels of the loading
control and plotted in absolute pixel intensities.

Transport assays of renal in- and efﬂux proteins
The activity of the renal OCT inﬂux proteins was measured as
previously described by Schophuizen et al. [26]. In short, harvested matured cell suspensions were exposed to the ﬂuorescent
OCT substrate 4-(4-(dimethylamino)styryl)-N-methylpyridinium
iodide (ASPþ) in the presence or absence of 5 mM OCT inhibitor
tetrapentylammonium chloride (TPA). Data plotted were corrected for cell numbers.
The activity of the renal efﬂux protein P-gp in ciPTEC was
examined by measuring the amount of calcein accumulation [35].
In short, matured cells were exposed to 1 mM calcein-AM (Life
Technologies Europe BV) in the presence or absence of 5 mM P-gp
inhibitor PSC833 (Tocris Biosciences, Bristol, UK) for 1 h at 37 1C,
5% (v/v) CO2. Fluorescence in lysed cells was measured and data
plotted were corrected for protein concentrations.
To evaluate transport characteristics of the renal efﬂux transporters BCRP and MRP4 [33,36], ciPTEC were exposed to kynurenic acid, the end product of tryptophan metabolism. Kynurenic
acid is a known uremic retention solute and a substrate for both
renal efﬂux transporters [24,25]. To investigate the transport
properties of these proteins, cells were cultured in 24 well plates
and matured monolayers were gently washed three times using
Krebs–Henseleit buffer supplemented with 10 mM Hepes (pH 7.4,
adjusted with Tris–HCl). Subsequently, cells were pre-incubated
with supplemented Krebs–Henseleit buffer in the presence or
absence of 5 mM KO143, a known BCRP inhibitor [37], and 5 mM
MK 571 a known MRP inhibitor [38] (Alexis Biochemicals, Leiden,
The Netherlands) at 37 1C, 5% (v/v) CO2 for 2 h. After pre-incubation, cells were exposed to 10 mM 3H-kynurenic acid (Scopus
Research BV, Wageningen, The Netherlands) at 37 1C for 2 h. The
uptake was terminated by washing the cells 3 times with ice-cold
supplemented Krebs–Henseleit buffer. Cells were lysed using 0.1%
(v/v) triton X-100. To each sample 2 ml of scintillation liquid was
added and radioactivity was detected using liquid scintillation
counting. Counts measured in supplemented Krebs–Henseleit
buffer (blank) were subtracted and data plotted were corrected
for protein concentrations.

Albumin and phosphate uptake assays
To investigate albumin uptake mediated by endocytosis, matured
ciPTEC were exposed to serum free medium for 4 h at 37 1C, 5%
(v/v) CO2. Subsequently, cells were exposed to 50 mg/ml BSA–FITC
and incubated at 37 1C, 5% (v/v) CO2 for 30 min. In addition,
experiments were performed at 4 1C to inhibit endocytosis. After
the incubation period, cells were harvested and centrifuged at
1500g for 5 min. The cell pellet was resuspended in 4% (w/v)
paraformaldehyde in PBS. Finally, intracellular albumin was
measured using a ﬂowcytometer (FACSCalibur BD, software BD
CellQuest Pro version 6.0, Becton Dickinson, Franklin Lakes, NJ)
gating on live cells (15,000 cells counted). Data was analyzed
using FlowJo software (version 9.2) and relative net uptake data
was plotted next to the actual ﬂowcytometer histograms.
Phosphate uptake was performed in conﬂuent monolayers cultured at 33 1C and 37 1C, 5% (v/v) CO2 with 32PO4 (Perkin Elmer,
Waltham, MA) as described earlier by Malmstrom et al. [19,39].
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Cells were cultured in 24 well plates and gently washed three times
using wash buffer (20 mM Hepes, 5.6 mM CaCl2, 10.8 mM KCl,
2.4 mM MgCl2, 274 mM NaCl) at 37 1C. To determine the sodiumdependent uptake of phosphate, experiments were performed in
the absence of sodium by replacing NaCl with 274 mM N-methylD-glucamine. The uptake buffer was added for 5 min at 37 1C
consisting of wash buffer, supplemented with 0.22 mM phosphate
with 1.0 mCi/mL 32PO4 added as tracer. The uptake was terminated
by washing the cells ﬁve times with ice-cold wash buffer. Cells were
lysed using 0.5 ml 0.05 M Naþ-deoxycholate in 0.1 M NaOH. To each
sample 2 ml of scintillation liquid was added and radioactivity
was detected using liquid scintillation counting. Counts measured
in wash buffer (blank) were subtracted and data plotted were
corrected for protein concentrations.

Data analysis
All data are expressed as mean7S.E.M. Statistical analysis was
performed using one-way ANOVA analysis followed by Dunnett's
Multiple Comparison test or, where appropriate, an unpaired t
test with GraphPad Prism version 5.02 (La Jolla, CA). A p-value of
o0.05 was considered signiﬁcant.

Results
Successful development of ciPTEC lines from human
kidney tissue isolates
To appreciate the functional capacity of ciPTEC-U [19], new PTEC
cell lines were generated from human kidney tissue and characterized to compare with ciPTEC-U. PTEC isolates were obtained
from three different kidney donors and primary cells were grown
successfully. All cell cultures that were immortalized using SV40t
and hTERT, were found resistant to both hygromycin B and
geneticin (G418) thereby conﬁrming successful transduction.
Next, cells were subcloned to obtain homogenous cell lines after
which cell proliferation could be maintained for up to at least cell
passage 42 without morphological changes. From the original
three kidney isolates, different subclones were obtained. Based on
mRNA expression levels of PTEC transporters, morphology and
monolayer tightness, two out of twenty six kidney subclones were
selected (ciPTEC-T1 and -T2) for detailed characterization. The
ciPTEC-T1 and -T2 originated from the same donor and were
compared in great detail with ciPTEC-U [19]. Fig. 1a represents a
ﬂow chart of the isolation and selection procedure performed in
this study. Representative phase contrast images of the selected
clones ciPTEC-T1 and -T2 are shown in Fig. 1b. Transduction of
kidney tissue derived cultures with hTERT solely did not result in
suitable cell lines as determined by morphology and cell proliferation (data not shown).

Morphological characteristics and extracellular matrix
investigation
Optimal seeding conditions to obtain conﬂuent layers of ciPTEC in
well plates and Transwell inserts were determined as indicated in
Table 1. A collagen IV coating of 50 mg/ml stimulated the development of a homogeneous tight layer of ciPTEC-U on Transwell
inserts. Interestingly, no coating was necessary for ciPTEC-T1 and
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Fig. 1 – (a) Flow chart of clone selection. Schematic overview of the cell isolation process from kidney tissue upon establishment of
clonal cell lines. Cells were isolated from three donors and 26 subclones were selected in a ﬁrst round. These subclones were
characterized morphologically, but also gene expression levels of PTEC speciﬁc transporters were investigated. Transduction of
kidney tissue derived cultures with hTERT solely did not result in suitable cell lines as determined by morphology and cell
proliferation. Finally, two clones from the same donor obtained after combined SV40 and hTERT transductions were chosen for
detailed characterization (ciPTEC-T1 and -T2), based on PTEC speciﬁc morphological characteristics and highest gene expression
levels of PTEC transporters. (b) Representative phase contrast images of ciPTEC. Proliferating (331C, 5% (v/v) CO2) and fully matured
(7 days at 37 1C, 5% (v/v) CO2) ciPTEC-U passage 40 (I), -T1 passage 38 (II), and -T2 passage 42 (III) are shown.

Table 1 – Optimal ciPTEC seeding density in well plates and
Transwell inserts.
Cell line

Well plates seeding
density (cells  cm  2)

Transwell inserts seeding
density (cells  cm  2)

ciPTEC-U
ciPTEC-T1
ciPTEC-T2

4.8  104
1.9  104
1.9  104

1.3  105
0.6  105
0.6  105

ciPTEC cultured at indicated densities resulted in tight monolayer
formation upon 7 days maturation.

-T2 to develop a homogeneous cell monolayer on the inserts
(Fig. 2a–c). In well plates, conﬂuent ciPTEC monolayers were
obtained without any additional coatings.
The tight junction protein zonula occludens-1 (ZO-1) in PTEC is
a marker for the integrity and polarity of the cell layer. Furthermore, tight junctions contain interacting proteins that regulate
differentiation, proliferation and gene expression, indicating an
important role in PTEC functionality [40]. Cells cultured on

Transwell inserts, were stained against ZO-1 and the protein
expression was examined using confocal microscopy. A clear ZO-1
expression was visible for all three cell lines (Fig. 2a–c). A z-scan
depicts the ﬂuorescent signal of tight junction expression at
the cell boundaries in each ciPTEC model, but most abundantly in
ciPTEC-U, and conﬁrms polarization of the cells. Next to this, we
determined cell diameter and observed a larger span for matured
ciPTEC-T1 (19.4 mm70.8, po0.001; Fig. 2b) and -T2 (21.7 mm70.6,
po0.001; Fig. 2c) as compared to matured ciPTEC-U (10.9 mm70.6;
Fig. 2a). Both ciPTEC cell lines isolated from kidney tissue showed a
larger span compared to ciPTEC-U when cultured in similar
uncoated cell culture ﬂasks, at both temperatures (Fig. 1b). This
indicates that cell size differences were not inﬂuenced by a collagen
IV coating but may possibly be source related.
Cell monolayer tightness was examined further by determination
of the paracellular permeability of the cell monolayers using the
diffusion marker inulin [41]. ciPTEC cultured on Transwell inserts
were basolaterally exposed to inulin-FITC. No differences were
observed in inulin ﬂux between the ciPTEC-U versus kidney tissue
derived cell lines, as shown in Table 2. Furthermore, the epithelial
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Fig. 2 – Expression of ZO-1 protein in ciPTEC. Representative confocal images of ZO-1 (green) in the x–y and y–z planes are shown
(nuclei are stained with DAPI (blue)) in matured (37 1C) ciPTEC cultured on Transwell inserts. (a–c) The expression of ZO-1 (green
ﬂuorescent) was determined at the cell boundaries and was most abundantly present in ciPTEC-U (a). Furthermore, the average
cell diameter was measured, demonstrating a signiﬁcantly larger cell size of ciPTEC-T1 and -T2 as compared to ciPTEC-U. Note:
ciPTEC-U were cultured on collagen IV coated surfaces, whereas ciPTEC-T1 and -T2 were cultured on uncoated Transwell inserts.
nnn
¼ po0.001, using one-way ANOVA analysis followed by Dunnett's multiple comparison test.
Table 2 – Transepithelial barrier functions of ciPTEC.
barrier integrity was investigated by measuring the transepithelial
electric resistance (TEER). Cell lines were cultured on Transwell
inserts and the TEER was measured in matured cells (Table 2).
CiPTEC-T1 demonstrated a higher resistance (14074 Ω/cm2,
po0.05) as compared to ciPTEC-U (12473 Ω / cm2), whereas
no signiﬁcant differences were observed between ciPTEC-T2
(12674 Ω/cm2) and ciPTEC-U.
The cell–cell adhesion protein E-cadherin was clearly present in
the models tested (Fig. 3) in proliferating (light gray histogram) as
well as in matured (dark gray histogram) ciPTEC compared to the
negative control (black histogram), emphasizing the abundant
epithelial characteristics of these models. Interestingly, matured
ciPTEC showed a more heterogeneous population compared to
proliferating ciPTEC. Based on geometric mean data extracted from
these histograms, only matured ciPTEC-T1 showed a more abundant
prevalence of E-cadherin when compared to proliferating ciPTEC-T1.
To gain more insight in complexes involved in cell development
[42,43], the presence of ECM genes was investigated. The mRNA
expression levels of collagen I and –IV αI, ﬁbronectin I and laminin
5 (LAMA5; alpha-5 subunit of laminin-10, -11 and -15) were
detected in matured ciPTEC-U, -T1 and -T2. Interestingly, signiﬁcant differences were observed between the cell lines. In matured
ciPTEC-T1 and -T2 a higher expression of collagen I – and IV αI
(Fig. 4a and b, po0.001) was observed compared to matured
ciPTEC-U. Whereas ﬁbronectin I and laminin 5 expression was
lower in matured kidney tissue derived cell lines (ﬁbronectin I
ciPTEC-T1 and -T2: po0.01, laminin 5 ciPTEC-T2: po0.05, ciPTECT1: not signiﬁcant) compared to ciPTEC-U. In Supplementary Fig.
S1, mRNA expression levels of these genes in proliferating versus
matured cells are shown. Matured tissue derived cell lines
showed an increased collagen I αI (Fig. S1a; po0.001), ﬁbronectin
I (Fig. S1c; po0.001) and laminin 5 (Fig. S1d; po0.05) gene
expression, whereas matured ciPTEC-U showed a less pronounced
genetic ECM proﬁle. Interestingly, collagen IV αI (Fig. S1b) gene
expression upon maturation was lower (po0.001) in each cell line
compared to proliferating cells.

Cell line

Inulin diffusion (pmol  min  1  cm  2)

TEER (Ω/cm2)

ciPTEC-U
ciPTEC-T1
ciPTEC-T2

9.370.4
8.070.7
9.270.5

12473
14074n
12674

Monolayer integrity was measured using inulin ﬂux and transepithelial
electric resistance determination.
n
po0.05, using one-way ANOVA analysis followed by Dunnett's
multiple comparison test. Data presented are means of three
independent experiments and expressed as mean7S.E.M.

Gene and protein expression levels of PTEC speciﬁc
transporters
The excretion of endo- and xenobiotics in the proximal tubular
system is mediated via various important in- and efﬂux transporters
like OCT-2, P-gp, MRP4 and BCRP [13,14]. The presence of these PTEC
speciﬁc transporters was investigated on gene and protein level in
matured ciPTEC-U, -T1 and -T2. The mRNA expression levels of most
transporters (Fig. 5) were comparable between the three matured
cell lines, except for OCT-2 in ciPTEC-T1 (po0.05) and BCRP in
ciPTEC-T2 (po0.05) which showed a higher expression as compared
to matured ciPTEC-U. In Supplementary Fig. S2, mRNA expression
levels of these genes in proliferating versus matured cells are shown.
Each matured cell line showed an increased OCT-2 gene expression
(Fig. S2a; ciPTEC-U and -T1 po0.05, ciPTEC-T2 po0.001), whereas
P-gp (Fig. S2b) and MRP4 (Fig. S2c) gene expressions were more
abundant only in matured tissue-derived cell lines (P-gp ciPTEC-T1
po0.01, ciPTEC-T2 po0.05; MRP4 ciPTEC-T2 po0.01). Although
not signiﬁcant, the gene expression of BCRP (Fig. S2d) showed less
expression upon maturation in each cell line.
In fully differentiated cells, a non-signiﬁcant but recurrent
trend in abundancy of transport protein expression was observed,
which points towards a somewhat higher expression of the
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Fig. 3 – E-cadherin expression in proliferating and matured ciPTEC. (a–c) Representative E-cadherin ﬂowcytometer histograms
(FL1/Alexa 488 signal – Log scale) were shown in the upper panel of proliferating (light gray histogram) and matured (dark gray
histogram) cells in the tested models. As a negative control (black histogram) ciPTEC were treated according to the protocol but
the ﬁrst antibody incubation step was excluded. (b; lower panel) Upon maturation (black bar), ciPTEC-T1 showed a higher
geometric mean as compared to proliferating ciPTEC-T1 (white bar). (a–c; upper panel) Nevertheless, upon maturation all models
clearly showed a more heterogeneous population regarding E-cadherin expression compared to proliferating cells. Data are shown
as mean7S.E.M. of three independent experiments. n ¼ po0.05 using an unpaired t test.

Fig. 4 – Expression of extracellular matrix genes in matured ciPTEC models. (a and b) Both cell lines derived from kidney tissue
showed a higher gene expression of collagen I α1 (a) and -IV α1 (b) compared to ciPTEC-U. (c) In ciPTEC-T1 and -T2, a lower gene
expression of ﬁbronectin I was observed compared to ciPTEC-U. (d) In ciPTEC-T2, a lower gene expression of laminin 5 was
observed compared to ciPTEC-U. Expression levels were corrected for corresponding GAPDH mRNA levels and data are expressed as
fold change and compared to ciPTEC-U. Data are presented as means of three independent experiments7S.E.M. n ¼po0.05,
nn
¼po0.01, nnn ¼ po0.001, using an ANOVA analysis followed by Dunnett's multiple comparison test.

investigated transporters as compared to the corresponding
proliferating cells (Fig. 6). The expression levels between the
different cell lines in their proliferating or matured state was not
signiﬁcantly different.

Functional transport in ciPTEC
To functionally characterize OCTs, we used a recently established
assay based on the uptake of the ﬂuorescent marker substrate
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Fig. 5 – Expression of proximal tubular speciﬁc transporters in matured ciPTEC models. (a) In ciPTEC-T1 a higher OCT-2 gene
expression was observed compared to ciPTEC-U. (b and c) No signiﬁcant differences in P-gp (b) and MRP4 (c) gene expressions were
observed between the three cell lines. (d) In ciPTEC-T2 a higher BCRP gene expression was observed compared to ciPTEC-U.
Expression levels were corrected for corresponding GAPDH mRNA levels and data were expressed as fold change and compared to
ciPTEC-U. Data are presented as means of three independent experiments7S.E.M. n ¼po0.05, nn ¼ po0.01, using an ANOVA analysis
followed by Dunnett's multiple comparison test.

ASPþ in ciPTEC suspensions [26]. All three cell lines showed a
clear ASPþ uptake, which was sensitive to inhibition by TPA
(po0.001), indicating active OCTs present in each ciPTEC model
(Fig. 7a). To compare the activity between the cell lines, the net
ASPþ uptake was calculated, which was higher in ciPTEC-U (8078
RFU/1,000 cells) compared to ciPTEC-T1 (5372 RFU/1,000 cells;
po0.05), whereas no difference was observed between ciPTEC-U
and -T2 (net transport 7175 RFU/1,000 cells).
The functional expression of P-gp was examined by measuring
intracellular accumulation of calcein in matured cells, as
described earlier [35]. The inhibitor PSC833 was used to obtain
accumulated intracellular ﬂuorescent signals due to P-gp inhibition (Fig. 7b). An increased accumulation was determined in all
ciPTEC cell lines (po0.001), indicating functional P-gp present in
each ciPTEC model. To compare the activity between the cell
lines, the net calcein ﬂuorescence was determined and a clearly
higher calcein accumulation was observed in both cell lines
established from kidney tissue (ciPTEC-T1 7.370.6 RFU  103  mg
protein  1  cm  2; po0.01 and ciPTEC-T2 7.270.4 RFU  103  mg
protein  1 cm  2; po0.05) compared to ciPTEC-U (5.370.4
RFU  103  mg protein  1  cm  2).
The functional properties of BCRP and MRP4 were investigated by
exposing matured ciPTEC models to kynurenic acid (Fig. 7c). The
compounds MK571 in combination with KO143 were used as MRP4
and BCRP inhibitors, respectively [37,38]. A higher accumulation was
observed in ciPTEC-U in the presence of inhibitors (po0.05). In both
tissue derived cell lines, kynurenic acid accumulation was slightly
increased in presence of the inhibitors but this effect was not
signiﬁcant. To investigate and compare the BCRP and MRP4 properties
between matured ciPTEC models, the net accumulation of kynurenic
acid was calculated and compared to ciPTEC-U (1.170.4 pmol 
mg protein  1  cm  2), but no differences were observed (ciPTEC-T1

0.770.6 pmol  mg protein  1  cm  2, ciPTEC-T2 0.970.3 pmol  mg
protein  1  cm  2).
In addition to uremic toxin excretion, proximal tubule cells also
play an important role in renal reabsorption processes. Wilmer
et al. [44] and Gorvin et al. [12] previously reported on the
presence of megalin in ciPTEC-U and speciﬁc megalin mediated
albumin endocytosis was conﬁrmed with the megalin-blocker
recombinant receptor-associated protein (RAP). The temperaturesensitive reabsorption of albumin was investigated in the three
cell lines (Fig. 8a; upper panel). The reabsorption was similar
in ciPTEC-T1 as compared to ciPTEC-U, whereas ciPTEC-T2
demonstrated a higher uptake of albumin (Fig. 8a; lower panel;
po0.001).
Another PTEC feature concerns sodium-dependent phosphate
re-absorption, mediated via NaPi-IIa and NaPi-IIc and driven by
the free energy provided by the electrochemical gradient for Naþ.
The transporters are located at the luminal side of proximal
tubular cells [16]. The mRNA expression of both phosphate
transporters was conﬁrmed in proliferating and matured cells
(Fig. S3) and uptake in matured ciPTEC-U, -T1 and -T2 was studied
(Fig. 8b). Sodium-dependent phosphate uptake was found to be
lower in ciPTEC-T1 and -T2 (po0.01) as compared to ciPTEC-U.
In proliferating cells sodium-dependent phosphate uptake was
determined as well (Fig. S4), furthermore, the uptake was clearly
higher in matured cells as compared to proliferating cells.

Discussion
In this study, human conditionally immortalized proximal tubular
epithelial cell lines were successfully developed from kidney
tissue. Characterization of the newly established human cell lines
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Fig. 6 – Protein expression of OCT-2, P-gp, MRP4 and BCRP in membrane fractions of ciPTEC-U, -T1 and -T2. (a–d) Although not
signiﬁcant, all matured (black bars) ciPTEC showed a slight increased OCT-2 (a), P-gp (b), MRP4 (c) and BCRP (d) expression
compared to proliferating (white bars) ciPTEC. Signal intensities were corrected for the corresponding reference protein, which
was used as a loading control and expression was analyzed semi-quantitative by measuring pixel intensity. Note that due to
Western blot conditions Na,K-ATPase appears in multiple bands (b and c). Hence, for semi-quantiﬁcation the intensity between 100
and 120 kDa was used as a reference. To semi-quantify the OCT-2 expression, β-actin was used as a reference protein since the
molecular mass of β-actin (42 kDa) is more within the mass range of OCT-2 (60 kDa) than Na,K-ATPase (112 kDa). The blots
presented are representative for protein expression in the ciPTEC models. Data are presented as means of three independent
experiments7S.E.M and statistical analysis was performed using an ANOVA analysis followed by Dunnett's multiple
comparison test.

and comparison with a cell line isolated from urine revealed that
cells from both sources comparably maintain renal physiological
properties. A broad range of parameters was endogenously
present in the three cell lines, including the ability to form tight
monolayers, ECM deposition and diverse transport activities. On a
functional level, the cells isolated from kidney tissue were able to
compete with the previously characterized cell line isolated from
urine (ciPTEC-U), while collagen I and -IV α1 gene expression was
more pronounced in cells derived from renal tissue samples.
To maintain homeostatic cell numbers in the epithelium, live cell
extrusion can take place in epithelial cells into the tubular lumen
[28]. Although viable cells can be exfoliated in urine, their release
might be the result of reduced capability to excrete ECM proteins as
demonstrated in this study. The cell lines derived from kidney tissue
showed a more pronounced endogenous expression of collagen I
and -IV α1 as compared to ciPTEC-U, and monolayer formation of
the urine derived cell line was clearly improved by collagen IV
coating of culture material. These ﬁndings suggest that despite the
more abundant gene expression of both ﬁbronectin I and laminin 5
in matured ciPTEC-U, lower levels of essential collagen I and IV α1
expression prevents these cells from developing tight monolayers.
In the kidney, the ECM proteins play an important role in intracellular signaling including cell proliferation, survival and migration as
well in repair [42,43]. Therefore, it could be argued, that ciPTEC-U
has limited properties with respect to ECM and related signaling

functions. However, based on the functional data and E-cadherin
expression obtained in this study, ciPTEC-U nicely competes with
the cells originally derived from kidney tissue. Functionally active
OCT-2, P-gp, MRP4 and BCRP mediated transport was detected in all
models tested, and no superior cell line with respect to the activity
of the investigated transport proteins was identiﬁed. Furthermore,
active albumin reabsorption and sodium-dependent phosphate
uptake were measured in ciPTEC-U, ciPTEC-T1 and -T2, with only
small variations between the cell lines.
Gene and protein expressions of OCT-2, P-gp, MRP4 and BCRP
transporters conﬁrmed the endogenous presence of these proteins in ciPTEC-U, -T1 and -T2. The small differences between the
three cell models most likely reﬂect the biovariability. Importantly, the ciPTEC models showed an extensive endogenous
expression proﬁle upon maturation, emphasizing the differentiation capacity of these human PTEC lines by immortalization using
the temperature sensitive SV40 tsA58 antigen. In the panel of
transporters tested, only BCRP was less abundantly present in
matured cells as compared to proliferating cells (Supplementary
Fig. S2d). This observation can be explained by the role of this
efﬂux pump in kidney regeneration where it has a distinct
function during cell development and a less prominent expression upon maturation [45].
Interestingly, although the gene expression levels of the four
transporters investigated were lower in matured ciPTEC-U as
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compared to matured ciPTEC-T1 and -T2, their protein expressions and activities were almost equal in the three models. These
observations might reﬂect differences in post-transcriptional or
-translational regulation of the transport proteins. The ﬁrst step
from mRNA to protein can be inﬂuenced by epigenetic alterations
in signaling molecules, such as Wnt proteins and DNA-binding
factors which play a key role in proximal tubular cell development
[46]. The differences in the next step from inactive to a functional
and active transport protein can possibly be inﬂuenced by an
altered activity of kinases and/or phosphatases responsible for
phosphorylation and dephosphorylation, respectively [47]. Future
research directed towards these pathways should reveal how the
four transporters can be modulated in the cell lines.
Robust transport activity was undoubtedly proven for OCTs and
P-gp, while the activity of MRP4 and BCRP was less pronounced
with the assay used. For the latter transporters the combined
substrate kynurenic acid [24] was used in combination with
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inhibitors for MRP4 and BCRP. A plausible explanation for the
limited effect of both inhibitors on kynurenic acid accumulation
may be the absence of a speciﬁc uptake transporter for kynurenic
acid. The uremic metabolite was proven to be an equally potent
substrate for the basolaterally expressed organic anion transporters 1 (OAT-1) and -3 (OAT-3) [48]. OAT1 and OAT3 form
important inﬂux transporters in proximal tubular cells and
determinants in the excretion of a variety of organic anions,
including waste products from normal metabolism and drugs
[49,50]. Unfortunately, these transporters are absent on gene,
protein and functional levels in the immortalized cell lines
isolated from both urine and kidney tissue (data not shown).
Although the expression of OATs has been observed in primary
proximal tubular cells [51], the levels decrease dramatically
during the ﬁrst days of culturing and are lost after cell passaging
(unpublished observations). This phenomenon has already been
described in 1990 by Miller [52] and has, as of yet, not been
solved. Stable expression of these OATs in renal cell lines may not
only be of importance for studying regenerative nephrology, but
may also be of great value for drug development in pharmaceutical industry. Next to the OAT transporters, OATP4C1 is another
known anion uptake transporter expressed at the basal membrane of proximal tubule cells [53]. The gene expression was
studied in these cell lines and the expression of OATP4C1
was conﬁrmed in matured cells (an average C(t) value of
27.270.1 was detected). Assays to demonstrate the functionality
of this transporter are in progress. To study the role of transporters in disposition of new pharmaceutical entities and to identify
potential drug-drug interactions, a need exists for human models

Fig. 7 – Functional in- and efﬂux proteins in matured ciPTEC.
(a) OCT mediated ASPþ uptake was measured in matured
ciPTEC in the presence (black bars) or absence (white bars) of
an inhibitor, TPA (5 mM). All ciPTEC models showed ASPþ
uptake which was sensitive to inhibition by TPA, conﬁrming
speciﬁc OCT activity. In ciPTEC-T1 the net ASPþ uptake (values
without inhibitor subtracted from values in presence of TPA)
was lower compared to ciPTEC-U. (b) The P-gp activity in
matured ciPTEC was measured in the presence (black bars) or
absence (white bars) of a P-gp inhibitor, PSC833. An increased
accumulation of calcein was observed in all cell lines in the
presence of the P-gp inhibitor. Moreover, in ciPTEC-T1 and -T2
the net calcein accumulation (values without inhibitor
subtracted from values in presence of PSC833) was higher as
compared to ciPTEC-U. (c) The activity of MRP4 and BCRP in
matured ciPTEC was detected in the presence (black bars) or
absence (white bars) of the inhibitors, MK571 and KO143. A
signiﬁcant increased accumulation of kynurenic acid was
observed in ciPTEC-U in the presence of the inhibitors.
Although not signiﬁcant, a slightly increased accumulation of
kynurenic acid was detected in ciPTEC-T1 and -T2. The net
kynurenic acid accumulation (values without subtracted from
values in presence of both inhibitors) showed no differences
between the cell lines. Data are presented as means of three
independent experiments7S.E.M. n ¼ po0.05, nnn ¼po0.001
compared to data in the absence of inhibitors per cell line,
using an unpaired t test. #¼ po0.05, ##¼ po0.01 compared to
net activity in ciPTEC-U, using an ANOVA analysis followed by
Dunnett's multiple comparison test.
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Fig. 8 – Essential reabsorption of albumin and phosphate in
PTEC. (a; upper panel) The albumin reabsorption was detected
in matured cells incubated at 4 1C (blue histogram) and 37 1C
(red histogram) during experimental processing (15,000 cells
counted). The signal intensities obtained at 37 1C clearly
showed speciﬁc reabsorption in each model. (a; lower panel)
The net albumin reabsorption was determined in matured
ciPTEC and calculated by subtracting a-speciﬁc reabsorption
data detected at 4 1C from values determined at 37 1C. A
signiﬁcantly increased albumin reabsorption was observed in
ciPTEC-T2 as compared to ciPTEC-U. (b) The net sodiumdependent phosphate uptake was investigated in matured
ciPTEC and calculated by subtracting sodium-independent
uptake data from the uptake determined in presence of
sodium. A signiﬁcantly increased sodium-dependent
phosphate uptake was detected in ciPTEC-U compared to
ciPTEC-T1 and T2. Data are shown as mean7S.E.M. of three
independent experiments. nn ¼ po0.01, nnn ¼ po0.001, using
one-way ANOVA analysis followed by Dunnett's multiple
comparison test.

predictive for renal drug handling [44,54,55]. Future research will
be directed to further develop and optimize such models.
Next to the functional basal uptake and apical efﬂux transport,
active albumin reabsorption and sodium-dependent phosphate
uptake are essential processes occurring in human PTEC. Both
mechanisms were detected in our ciPTEC models, although
differences were observed between the cell lines. These ﬁndings
underline the heterogeneity with respect to their endocytosismediated albumin uptake via megalin, and NaPi-IIa and -IIc
mediated sodium-dependent phosphate uptake. As described
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before, post-transcriptional and -translational differences in these
cell lines might explain the observed variability.
Isolating functional renal epithelial cells from human urine and
applying conditional immortalization strategies could be a valuable
tool in tissue engineering for personalized medicine in patients
suffering from renal disorders, e.g. in development of a bioartiﬁcial
kidney device [12]. Indications exist that residual renal function in
CKD represents urine produced by tubular secretion rather than
glomerular ﬁltration [56]. Residual renal function is a predictor of
survival in patients treated with dialysis [57]. Retaining or improving
active tubular secretion processes may have profound effects on
clinical outcome of CKD patients and the use bioartiﬁcial devices
may be a good treatment alternative for this patient population [12].
However, the amount and the quality of functional cells in urine
originating from these patients might be questionable. In this study,
cells from healthy volunteers were transduced using hTERT in
combination with the temperature sensitive SV40t gene [19,31].
Although Wieser et al. [58] previously used a single transduction of
hTERT only to immortalize primary renal cells, in our laboratory this
method did not lead to successful immortalization and hTERT only
transductions resulted in dysmorphic cells. A great advantage of
using the combined immortalization strategy is that cells can remain
in their proliferating state at 331C, thereby providing an unlimited
cell source. Maturation can be initiated by transferring cells to 37 1C,
upon which the expression of SV40t in ciPTEC decreases [19] and
expression levels of PTEC speciﬁc proteins adequately increases
(Supplementary Figs. S1–S3). These ﬁndings support their suitability
for studying regenerative nephrology. However, the oncogene
transductions used require stringent biological safety regulation (e.
g. ﬁlters absorbing eventually disrupted cells) before implementing
in any clinical application, which is the focus of ongoing research
and obviously a thorough risk assessment is needed The use of
serum-free culture conditions might be favorable to reduce a
possible host immune response. However, culturing the ciPTEC
models using serum-free medium for more than 24 h induces
epithelial-to-mesenchymal transition (EMT) and results in a loss of
PTEC-speciﬁc characteristics (data not shown). Serum-replacement
compounds might be an appropriate alternative, but to this end
comprehensive research is required to study the possible effect in
these PTEC models prior to implementation.
In conclusion, the human renal lines established from urine and
kidney tissue display a comparable variety of functional PTEC
speciﬁc transporters with maintained reabsorption mechanisms.
Interestingly, a different ECM proﬁle was observed in the cell
lines isolated from kidney tissue as compared to the cell line
isolated from cells exfoliated in urine. The cell models presented
here could serve as valuable tools to study proximal tubule
physiology and pharmacology. Furthermore, the availability of
inexhaustible sources of functional human proximal tubule
epithelial cells could allow for further development and up
scaling of bioartiﬁcial kidney devices.
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