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Abstract
The main physiological functions of renal proximal tubule cells in vivo are reabsorption of essential nutrients from the 
glomerular filtrate and secretion of waste products and xenobiotics into urine. Currently, there are several established 
cell lines of human origin available as in vitro models of proximal tubule. However, these cells appeared to be limited in 
their biological relevance, because essential characteristics of the original tissue are lost once the cells are cultured. As 
a consequence of these limitations, primary human proximal tubule cells constitute a suitable and a biologically more 
relevant in vitro model to study this specific segment of the nephron and therefore, these cells can play an important 
role in renal regenerative medicine applications. Here, we describe a protocol to isolate proximal tubule cells from 
human nephrectomies. We explain the steps performed for an in-depth characterization of the cells, including the study 
of markers from others segments of the nephron, with the goal to determine the purity of the culture and the stability 
of proteins, enzymes, and transporters along time. The human proximal tubule cells isolated and used throughout 
this study showed many proximal tubule characteristics, including monolayer organization, cell polarization with the 
expression of tight junctions and primary cilia, expression of proximal tubule–specific proteins, such as megalin and 
sodium/glucose cotransporter 2, among others. The cells also expressed enzymatic activity for dipeptidyl peptidase 
IV, as well as for gamma glutamyl transferase 1, and expressed transporter activity for organic anion transporter 1, 
P-glycoprotein, multidrug resistance proteins, and breast cancer resistance protein. In conclusion, characterization of 
our cells confirmed presence of putative proximal tubule markers and the functional expression of multiple endogenous 
organic ion transporters mimicking renal reabsorption and excretion. These findings can constitute a valuable tool in the 
development of bioartificial kidney devices.
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Introduction

Chronic kidney disease (CKD) is a severe health problem 
that affects around 10%–15% of the adult population 
worldwide.1,2 In this disease, the impaired renal function 
promotes the accumulation of endogenous uremic metabo-
lites.3,4 The treatment during stages I–IV of CKD is 
focused on delaying the evolution of the disease, at the 
same time that preventing or treating all the associated 
complications. In the final stage of CKD, known as end-
stage renal disease (ESRD), renal replacement therapy 
(RRT) such as dialysis or kidney transplantation is neces-
sary to maintain life in these patients. However, dialysis is 
insufficient to remove large and protein-bound uremic tox-
ins, and cannot replace active secretion/absorption of 
metabolites and the endocrine function played by renal 
tubule cells.5 Furthermore, organ transplantation is cur-
rently affected by a huge organ shortage, as well as graft 
failure.6

One of the most important achievements in the area of 
kidney regenerative medicine has been the development of 
bioartificial kidneys (BAKs). This technology represents 
the intersection between regenerative medicine and RRT.7

The term bioartificial kidney (BAK) was introduced in 
1987 by Aebischer et al.8 and identifies a system able to 
support or replace the natural filtrating process of the kid-
ney. A BAK design combines a conventional hemofilter 
with a bioreactor unit that contains proximal tubule (PT) 
cells, designated renal assist device (RAD).9,10 The differ-
ences between BAKs developed up to now are based on 
the supporting membrane and the renal cells used. The bio-
material field has experienced a rapid advancement in the 
last decade, and currently the availability of materials des-
ignated to successfully support cell growth in membranes 
is diverse. Materials most commonly used are hollow fib-
ers made of polyethersulfone (PES), polyvinylpyrrolidone 
(PVP), polysulfone (PSF), or their copolymers.11,12 More 
importantly, the successful development of a BAK directly 
depends on the cell source used to replace the transporter 
function of the kidneys.13,14 Among the different cell types 
located in the kidney, the PT cells play a major role in the 
reabsorption of filtered substances, such as glucose and 
amino acids,15 and in the excretion of xenobiotics, such as 
environmental chemicals, drugs, or endogenous waste 
products originating from metabolism, by secreting them 
into the urine.16,17

Morphologically, the PT epithelium consists of polar-
ized epithelial cells.18,19 The apical cell membrane con-
tains a brush border. The cytosol of the PT cells contains 
a large number of mitochondria reflecting the high levels 
of energy required to execute their specialized functions. 
For their secretory role, PT cells are equipped with a 
range of transporters, consisting of multiple carriers with 
overlapping substrate specificities that cooperate in baso-
lateral uptake and luminal secretion.20 For instance, 

uptake of organic anions is mediated by members of the 
solute carrier (SLC) family, known as organic anion 
transporters 1 and 3 (OAT1/3; SLC22A6 and A8) and the 
bidirectional organic anion transporting peptide 4C1 
(OATP4C1; SLCO4C1).21,22 Cellular efflux of organic 
anions is facilitated by members of the ATP-binding cas-
sette (ABC) transporter family, known as the multidrug 
resistance proteins 2 and 4 (MRP2/4; ABCC2 and 
ABCC4), and breast cancer resistance protein (BCRP; 
ABCG2), through ATP-dependent transport.23,24 In the 
case of organic cations, the uptake is mediated by 
SLCC22 family of organic cation transporters (OCTs), 
located at the basolateral membrane of PT. At the apical 
membrane, the SLC47 multidrug and toxin extrusion 
(MATE) proteins are expressed.25,26 ABC transporters 
permeability (P)-glycoprotein (ABCB1; MDR1/P-gp) 
and the BCRP (ABCG2) are also involved in the apical 
transport of some uncharged and cationic substrates.27–29 
Biochemically, PT cells are characterized by the expres-
sion of markers as megalin, sodium/glucose cotransporter 
2 (SGLT-2), gamma glutamyl transferase gamma gluta-
myl transferase 1 (GGT1), dipeptidyl peptidase IV 
(DPPIV), aminopeptidase M (APM), among others.30,31

Taking into account the physiological role played by 
these cells in vivo, well-characterized PT cell cultures are 
needed to study different aspects of renal physiology, phar-
macology, and for the implementation of these cells in the 
development of BAKs. Currently, there are several estab-
lished cell lines of human origin available as in vitro mod-
els of PT.17 These cell lines have the ability to proliferate 
indefinitely or at least between 20 and 80 passages and are 
used as a cost-effective tool in basic research. However, 
these cell lines are less used as a biologically essential tool, 
basically because important characteristics of the original 
tissue are lost once the cells are in culture. A good example 
of a continuous epithelial cell line with altered characteris-
tics compared with the original tissue is the MDCK line 
(Madin–Darby canine kidney epithelial cells) derived 
from the kidney of a cocker spaniel. This cell line forms an 
epithelium in culture, but not a basement membrane, typi-
cal for the kidney. This is because MDCK has lost the 
capability to bring these proteins to the basolateral side of 
the epithelium in an insoluble form and to interlace them 
three dimensionally into a functional basement mem-
brane.32 Primary human PT cells (hPTC) constitute a good 
in vitro model to overcome the limitations and to study this 
specific segment of the nephron and more importantly, 
they constitute a more biologically relevant option. For 
this reason, many researchers have focused on the devel-
opment of procedures for the isolation and characteriza-
tion of hPTC.33–36

Here, we have developed a novel protocol for the isola-
tion and phenotypical characterization of proximal tubular 
cells from healthy human nephrectomies. The hPTC 
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isolated and used throughout this study showed many 
characteristics of PT, including monolayer organization, 
cell polarization with the expression of tight junctions and 
primary cilia, expression of the specific PT proteins, as 
megalin and SGLT-2, among others. They also expressed 
enzymatic activity for DPPIV, as well as GGT1. Moreover, 
the cells expressed transporter activity for OAT1, P-gp, 
MRP, and BCRP. Hence, hPTC constitute a powerful tool 
for the development of BAK applications, as well as in 
vitro transport studies in pharmacology/toxicology, and 
studies of renal physiology and pathology.

Material and methods

Isolation protocol of human proximal tubular 
cells

Primary renal cortical cells were isolated from healthy sec-
tions of human kidney obtained under patient consent from 
discarded organs after radical nephrectomies. The proce-
dure was approved by the regional committee on human 
research (Comité de Ética en Investigación Clínica de 
Aragón, CEICA).

The protocol used for the isolation of hPTC was adapted 
from preceding reports in the literature, and consisted of 
the following steps:

1. Cortical samples were decapsulated and dissected 
to obtain 1-mm3 fragments.

2. The resultant fragmented tissue was transferred to 
a Falcon tube containing ice-cold EBSS (Earle’s 
balanced salt solution) medium (Lonza, Spain) and 
centrifuged at 4ºC, 400 g during 8 min to remove 
waste material.

3. The fragments were then digested in 6.25 mL of 
complete EBSS medium with 0.025% colla-
genase type I (Sigma, Germany), incubated at 
37ºC for 10 min with continuous agitation and 
oxygenation.

4. Large pieces of undigested tissue were allowed to 
sediment before collecting the cell and tubule sus-
pension, which was centrifuged at 1000 g for 
10 min, and subsequently, the pellet was resus-
pended and maintained in ice-cold EBSS medium 
and 0.2% of bovine serum albumin (BSA; Sigma). 
Steps 3 and 4 were repeated four times or until all 
tissue had been digested.

5. Collected cell/tubule suspension in ice-cold EBSS-
BSA was sieved through a 100-µm cell strainer (to 
remove undigested tissue and large tubule or aggre-
gates). Material retained by the filter was collected, 
and was used to start primary cultures. The filtrate 
was further sieved through a 40-µm cell strainer. 
The resulting filtrate was pelleted at 1000 g for 
5 min.

6. Cell suspensions were washed twice in PBS (with-
out Ca2+/Mg2+) (Lonza, Spain) and centrifuged for 
5 min at 500 g.

7. Cells were initially seeded on 6-well plates and 
cultured with renal complete culture medium 
(RCM)37 containing Dulbecco’s modified Eagle’s 
medium (DMEM) and Ham’s F12, 2% (v/v) fetal 
calf serum (FCS), 100 units/mL penicillin, 
100 units/mL streptomycin, 0.25 µg/mL ampho-
tericin, 5 µg/mL insulin, 5 µg/mL transferrin, 10 ng/
mL selenium, 5 × 10-8 M dexamethasone, 10-9 M 
tri-iodothyronine (T3), and 10 ng/mL epidermal 
growth factor (EGF) at 37°C under 5% CO2 in a 
humidified atmosphere. The culture medium was 
renewed after 24 h in order to eliminate non-adher-
ent and residual cells.

Biobanking of hPTC cells

Passage and maintenance of hPTC cells. Cultures of hPTC 
were subcultured until 80%–90% confluency. First, cells 
were washed with phosphate buffered saline (PBS; with-
out Ca2+/Mg2+) and then incubated with 0.25% trypsin 
(Lonza, BE02-007E) at 37ºC in a 5% CO2 incubator until 
detached. After that, cells were resuspended in RCM 
medium to stop the effect of trypsin, centrifuged at 117 g 
for 5 min and counted using a Neubauer cytometer. 
Approximately 4000 cells/cm2 were seeded in each pas-
sage. The growth medium was changed twice weekly until 
confluency was reached. Doubling times were calculated 
from cell number at seeding and subpassing. Cells were 
tested for mycoplasm in first passage.

Cell freezing and thawing. The cell and tubule suspension 
used to initiate the primary cultures was designed as P0. 
First passage (P1) was amplified to obtain a high number 
of cells, which subsequently were aliquoted and stored fro-
zen under liquid nitrogen. For experimentation purposes, 
cells were thawed and seeded directly on the selected con-
tainers. Freezing and thawing procedures followed stand-
ard protocols. Cells were frozen and stored in DMEM 
supplemented with 20% fetal bovine serum (FBS) and 
10% dimethyl sulfoxide (DMSO), at a concentration of 
0.5 × 106 cells/mL.

Analysis of phenotypic markers expression 
by reverse transcriptase–polymerase chain 
reaction (RT-PCR)

Total RNA was extracted from 25,000 cells growing dur-
ing 7 days in each cellular passage, following manufac-
turer instructions (RNA Purification; Norgen Biotek, 
Canada), and concentrations were determined using a 
NanoDrop spectrophotometer (Thermo Sci, Spain). RNA 
transcripts were retrotranscribed into cDNA through the 
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commercial kit High-Capacity cDNA Reverse Trans-
cription Kit (4387406; Applied Biosystems, Spain) accord-
ing to manufacturer’s instructions. First, primers were 
validated for each individual marker, using RNA from 
unprocessed human kidney tissue, under same PCR con-
ditions (buffers, magnesium, cycler settings). RT-PCR 
was set up using the commercial kit DSF-Taq (Bioron, 
Germany). After an initial denaturation step at 94°C for 
2 min, 40 cycles of 45 s at 94°C, 30 s of hybridization at 
62°C, and 1.30 min of extension at 72°C were carried 
out. A final extension period of 5 min was performed at 
74°C. RT-PCR products were loaded onto 2% agarose 
gels, stained with ethidium bromide and visualized under 
a G:BOX (Syngene, Spain) with an ultraviolet light 
integrated.

For multiplex PCR, four sets of three markers each 
were developed. Phenotypic markers were grouped to 
allow size discrimination of the amplicons (covering the 
70–400 bp range). Markers included in the mixes repre-
sent phenotypes of interest: renal epithelium (kidney-
specific (KSP) cadherin), PT (GGT1, megalin, 
aminopeptidase N (APN), SGLT-2, DPPIV), and mark-
ers of dedifferentiation or contamination (aSMA, THP, 
NKCC2, NCC, AQP2). Mix 3 included an internal 

control (glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH)) (Table 1).

Immunofluorescence

The hPTC were seeded at a density of 8000 cells/cm2 on 
glass coverslips and cultured until confluence was 
reached. The hPTC monolayers were fixed by using 4% 
paraformaldehyde, permeabilized in 0.2% Triton X-100 
and incubated in a quenching solution (50 mM NH4Cl). 
Afterward, cells were incubated with the blocking solu-
tion (phosphate-buffered saline (PBS), 0.1% Tween 20, 
0.1% BSA, and 10% goat serum) and then with antibod-
ies against the tight junction protein zonula occludens 1 
(ZO-1) (1:40; Santa Cruz Biotechnology, Spain) and 
acetylated tubulin (1:1000; Sigma), following incuba-
tion with secondary goat anti-rabbit-Alexa 488 (1:1000; 
Invitrogen, Spain) or goat anti-mouse-Alexa 555 
(1:1000; Invitrogen). Coverslips were mounted in 
Vectashield Hard SetTM Mounting Medium (H-1400; 
VectorLabs, UK) supplemented with 4,6-diamidino-
2-phenylindole (DAPI) (1:1000; Molecular Probes, 
Invitrogen). Images were taken using an Olympus  
IX81 inverted fluorescence microscope. Full image 

Table 1. Primers used in RT-PCR multiplex analysis.

Mix Marker Primers sequences Amplicon Information provided

1 Megalin F: CATCCCAAGCGAATGGATCTG
R: CAGTACAATCCACATCGCCATC

185 bp PT brush border protein

KSP F: TCCCATGCCTACCTCACCTT
R: TTGCAGCGACACACGATCA

125 bp Renal epithelial cadherin

DPPIV F: TACTACTGGCTGGGTTGGAAG
R: TGTCTGTAACCTTCTTCATTGCTG

102 bp PT brush border enzyme

2 APN F: GAACGATCTCTTGAGCACATGAG
R: GAAGAGGGTGTTGTTCAGCG

232 bp PT brush border enzyme

GAPDH F: TTGACGCTGGGGCTGGCATT
R: GTGCTCTTGCTGGGGCTGGT

157 bp Endogenous control

GGT1 F: TGAGCCCAGAAGTGAGAGCAGTTG
R: ATGTCCACCAGCTCAGAGAGGGT

 85 bp PT brush border enzyme

3 THP F: GAGTGTCACCTGGCGTACTG
R: CATGGGTTTCATTCCTCGTCAAC

358 bp TAL luminal protein

ASMA F: CTACAATGAGCTTCGTGTTGCC
R: GCGTCCAGAGGCATAGAGAG

172 bp Myofibroblast

SGLT-2 F: ACGCCTGATTCCCGAGTTCT
R: AGAACAGCACAATGGCGAAGT

110 bp PT glucose transporter

4 AQP-2 F: ATCACGCCAGCAGACATCC
R: AGCACGTAGTTGTAGAGGAGGG

350 bp CD water channel

NKCC2 F: TGGGGAGTCATGCTCTTCATTCGC
R: CCACGAACAAACCCGTTAGTTGC

149 bp TAL sodium transporter

NCC F: CACCAAGAGGTTTGAGGACATG
R: GACAGTGGCCTCATGCCTTGAA

 70 bp DT sodium transporter

PT: proximal tubule; KSP: kidney-specific cadherin; DPPIV: dipeptidyl peptidase IV; APN: aminopeptidase N; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase; GGT1: gamma glutamyl transferase; TAL: thick ascending limb; SGLT-2: sodium/glucose cotransporter 2; CD: 
collecting ducts.
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brightness and contrast adjustments and channel over-
lays were produced by using Photoshop (Adobe, USA) 
and ImageJ.

Immunocytochemistry

About 8000 cells/cm2 were plated on glass coverslips and 
maintained until reaching confluence. The hPTC cell mon-
olayers were fixed with 4% paraformaldehyde and per-
meabilized with 0.1% Triton X-100. Endogenous 
peroxidase activity was quenched by incubating the sam-
ple with 3% H2O2. Non-specific binding sites were blocked 
by incubation with PBS and 1 drop of normal goat serum 
from Vectastain Elite ABC kit (VectorLabs), and cells 
were incubated with primary antibodies diluted in 
blocking solution: GGT1 (1:50; Abcam, USA), megalin 
(1:50; SantaCruz Biotechnology, Spain), calbindin 28 
(CB-28) (1:50; Sigma), and alpha smooth muscle actin 
(α-SMA) (1:50; Sigma). Control samples were incu-
bated in the absence of primary antibody. Following 
treatment with biotinylated secondary antibodies 
(1:200; VectorLabs), cells were incubated with 
Vectastain Elite ABC kit (VectorLabs) and Sigmafast 
DAB kit (Sigma). Cells were counterstained with hema-
toxylin-eosin (VectorLabs) and mounted in Vectashield 
Hard SetTM Mounting Medium (H-1400; VectorLabs). 
Images were taken using an Olympus IX81 inverted 
microscope. Control and stained source images acquired in 
the same session were merged into a single image file, in 
which brightness and contrast was adjusted by using 
Photoshop (Adobe).

Flow cytometry

Confluent hPTC monolayers were washed twice with 
PBS and trypsinized. The 5 × 105 live cells were labeled 
with PE-conjugated anti-CD13 (Acris, Germany), FITC-
conjugated anti CD26 (Acris), and APC-conjugated anti-
CD10 (Immunostep, Spain), CD13+ (Acris) in 50 µL of 
PBS. Cells were pelleted by centrifugation and stained 
with propidium iodide to determine cell viability. The 
labeled cells were analyzed using a flow cytometer (BD 
FACSAria).

Determination of enzyme activity in live 
cultured cells

GGT1 and DPPIV enzymatic activities were determined 
by measuring the release of p-nitroaniline from specific 
enzyme substrates. GGT1 activity was assessed using 
2 mM y-glutamyl-p-nitroanilide (GGpN; Sigma) and 
50 mM glycylglycine (Sigma) in 1 mL HBSS (Hank’s bal-
anced salt solution). DPPIV activity was determined using 
1 mM Gly-Pro-p-nitroanilide (GPpN; Sigma) in 1 mL 

HBSS. The hPTC growing in 96-well plates were incu-
bated in the presence of enzyme substrates during 1 h at 
37ºC in a plate reader, set to record absorbance at 405 nm 
every 20 min. The results were expressed as mmol 
p-nitroaniline/h/cm2.

Drug transporter assays

The hPTC were seeded at a density of 8000 cells/cm2 in 
96-well plates and maintained at 37°C in a 5% CO2 atmos-
phere during 7 days until confluence was reached. To 
determine the uptake by the OAT1 transporter, cells were 
incubated with 5 µM fluorescein (Sigma) during 40 min at 
37ºC. To inhibit OAT1 transporter, cells were pre-incu-
bated using 100 µM probenecid (Sigma) during 15 min, 
followed by incubation with the inhibitor and fluorescein 
(5 µM) during 40 min at 37ºC. After the incubation, cells 
were washed with HBSS buffer, lysed in 0.1 M NaOH 
under shaking for 20 min. Fluorescence was measured in a 
plate reader at 485 nm of excitation and 535 nm of emis-
sion. The same procedure was used to determine the activ-
ity of BCRP, but with Ko143 (15 µM) to inhibit efflux 
before acquiring fluorescence.

The activity of ABC efflux transporters P-gp and MRP 
was determined by measuring the accumulation of the 
typical cell viability substrate calcein (Sigma).38 Cells 
were incubated with 1.25 µM calcein-AM in the presence 
or absence of the inhibitors PSC-833 (6 µM; Tocris, UK) 
or MK571 (50 µM; Tocris) at 37ºC for 40 min. Then, cells 
were washed with HBSS buffer and lysed with a solution 
containing 1% Triton X-100. The resulting fluorescence 
was measured in a plate reader at 488 nm of excitation and 
518 nm of emission.

Data analysis

All experiments were performed at least in three independ-
ent replicates. Data are expressed as mean ± SD of multi-
ple replicates. Statistical analysis was performed using 
two-tailed Student’s t-test in Microsoft Excel. Differences 
between groups were considered to be statistically signifi-
cant when p < 0.05.

Results

Evolution of hPTC morphology through 
subcultivation

All kidney samples from nephrectomies processed to iso-
late PT cells contained viable single cells with the ability 
to proliferate into cell colonies and eventually form a con-
fluent cell monolayer. Small colonies were formed 
2–3 days after isolation (Supplementary Figure 1). To 
reach a confluent cell monolayer, cells needed to grow on 
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average approximately 7 days for each passage. Primary 
cultures showed the typical cobblestone appearance of 
epithelial cells in passages 1, 2, and 3 and a heterogene-
ous morphology in passage 4 (Figure 1(a)). Doubling 
time expressed in hours was determined for each passage 
number, showing an increase dependency per cell pas-
sage (Figure 1(b)).

Transcriptional expression of phenotypic 
markers in hPTC

The phenotype of the isolated hPTC was evaluated by 
using multiplex RT-PCR. In this study, multiplex PCR 
applied analyzed 12 reactions combined in 4 mixes of 3 
targets each; an endogenous control was included. The 

Figure 1. Morphology progression and doubling time in cultured hPTC. (a) Representative phase contrast images of primary 
cells in passage 1 (P1), passage 2 (P2), passage 3 (P3), and passage 4 (P4). Cells maintained epithelial morphology and form a 
characteristic monolayer till passage 3. (b) Doubling times of hPTC over passages were calculated from cell numbers at seeding and 
subculturing and are expressed in hours (mean ± SD, n = 3).
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selected primers were specific for PT, but also for other 
segments of the nephron (Table 1). Analysis started at iso-
lated tubule/cell suspension (passage 0) used to seed the 
primary culture (passage 1), with the goal to determine the 
initial purity of the fractions (Figure 2(a)). At passage 0, all 
the markers analyzed in the different mixes of multiplex 
PCR were present in the sample, indicating the presence of 
all cortical nephron segments.

Cultured hPTC used for the experiments were ana-
lyzed from passages 1 to 4 (Figure 2(b)) to determine 
cell phenotypic stability over time. In agreement with 
their in vivo expression, RT-PCR results showed that 
hPTC were positive for megalin, KSP cadherin, DPPIV, 
SGLT-2, APN, and GGT1, all specific PT markers, at 
passages 1–4, indicating that these cells maintain phe-
notypic characteristics of PT. Also, over the four pas-
sages, NCC and NKCC2 expression was preserved, 
indicating either the presence of cells from others seg-
ments of the nephron, or some level of transdifferentia-
tion. However, the expression of THP and AQP2 was 
lost from passage 2.

Despite MIX1 gave positive results for megalin when 
tested on renal tissue, this marker was not detected in cul-
tured hPTC when analyzed as part of the MIX1. However, 
single RT-PCR analysis confirmed a weak megalin 
expression in hPTC in all passages tested (Figure 2(c)), in 
good agreement with its detection using alternative 

techniques (ICC immunocytochemistry, see below). The 
RT-PCR quantification of the bands in each mix is showed 
as Supplementary Figure 2A.

To demonstrate the purity of our isolated hPTC, in 
Supplementary Figure 2B the results of a multiplex PCR 
analysis performed in a commercial RPTEC-TERT1 cell 
line were added, where specific markers from PT and other 
nephron segments can be identified.

Immunofluorescence analysis of epithelial 
markers

The analysis of ZO-1 was performed to confirm the epithe-
lial origin of the cells, emphasizing cell polarity. The 
expression of ZO-1 showed a characteristic distribution at 
the cell–cell boundaries (Figure 3(a)) identifying the tight 
junctions between the cells.

An antibody against acetylated tubulin was used to 
detect primary cilia. These organelles are present in 
polarized epithelial cells and are necessary for fluid 
mechanosensing-mediated regulation of tubular mor-
phology and function.39 The expression of acetylated 
tubulin confirmed that hPTC exhibited the primary cil-
ium (Figure 3(b)). Thus, cultured hPTC form confluent 
monolayers of polarized cells, expressing tight junctions 
and primary cilium, both specific markers of epithelial 
cells, at least, until passage 3.

Figure 2. Transcriptional profiling by multiplex RT-PCR. The box on the left represents the combination of markers used in each 
mix analyzed. (a) Analysis of starting material (P0) shows the expression of markers of cortical nephron segments (L: Ladder).  
(b) Expression of markers across passages 1–4. RNA from whole human kidney was used as control. PT markers were present 
from passage 1 to passage 4, along with markers from other nephron segments as NKCC2 and NCC. (c) Individual RT-PCR analysis 
for megalin shows weak expression in P1–P4 of hPTC cells (L: Ladder).
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Immunocytochemistry characterization

Other markers with predominant cytosolic expression 
were assessed by immunocytochemistry in fixed cells. 
Expression of specific markers for PT (GGT1 and mega-
lin), distal tubule (CB-28), and myofibroblast (αSMA) 
was tested in samples from the first three passages. The 
hPTC showed a positive and a homogeneous expression 
for GGT1 and megalin. On the other hand, the expres-
sion of CB-28 in hPTC was weakly positive in some 
cells. The expression of αSMA was confirmed over the 
cell passages. These results confirmed that the hPTC 
constituted of a partly heterogeneous population because 
despite positive PT-specific markers, markers represent-
ative for other cell types were also present (Figure 4).

Flow cytometry analysis

Flow cytometry was used to analyze the relative expression 
of three specific markers with extracellular epitopes 

expressed in the brush border of PT cells: CD13 (APN), 
CD10 (common acute lymphocytic leukemia antigen 
(CALLA)), and CD26 (DPPIV). We found that 
86.2% ± 7.6% of hPTC cells were positive for CD13, 
98.7% ± 0.8% for CD26, and 62.0% ± 1.5% for CD10. 
Importantly, 82.6% ± 6.8% of hPTC were simultaneously 
labeled for CD13/CD26 (Figure 5(a)), and 61.1% ± 0.14% 
of hPTC were simultaneously labeled for CD13/CD26/
CD10 (Figure 5(b)), which confirmed the PT phenotype of 
most of hPTC cells.

PT-specific enzyme activities in hPTC

The activity of two enzymes selectively expressed at 
the PT, GGT1, and DPPIV was quantified for this arti-
cle in a high cell passage (P3) of our hPTC by measur-
ing the liberation rate of p-nitroaniline from specific 
substrates. GGT1 activity, determined as p-nitroaniline 
liberation from GGpN in the presence of Gly-Gly, was 
110 ± 27 mmol/h/cm2 (mean ± SD; n = 23) (Figure 6). 
This activity was similar to that observed in a hepato-
cyte cell line and several fold over the background 
activity observed in a mesenchymal cell line (data  
not shown). Data about the GGT1 activity throughout 
cell passages were also showed in Supplementary 
Figure 4.

For DPPIV, the activity in hPTC was determined to 
be 83.9 ± 16 mmol/h/cm2 (mean ± SD; n = 4). These 
results demonstrate the presence of functional GGT1 
and DPPIV, specific enzymes for PT cells, in our iso-
lated hPTC.

Drug transporter assays

Presence of organic ion transporters is a main character-
istic of PT cells, highly relevant in studies of drug dispo-
sition and nephrotoxicity screening, and was examined 
in hPTC cells. OAT1 activity was determined as probene-
cid-sensitive fluorescein uptake.40 Figure 7(a) shows 
fluorescein uptake by hPTC cells, which was sensitive to 
inhibition by probenecid, indicating the functional pres-
ence of OAT1 in hPTC. Next, BCRP-mediated fluores-
cein efflux was determined by using an inhibitor of 
BCRP (Ko143). The use of this inhibitor increased three-
fold the retention of fluorescein (Figure 7(b)), demon-
strating the presence of this transporter in hPTC  
as well.

The activity of P-gp and MRP transporters was deter-
mined by measuring the retention of Calcein in the pres-
ence of specific transporter inhibitors. To this end, 
hPTC cells were incubated with calcein-AM in the pres-
ence of inhibitors MK571 (MRP) and PSC833 (P-pg), 
respectively. As shown in Figure 7(c), an increase in the 

Figure 3. The hPTC express epithelial markers. 
Immunofluorescence analysis of hPTC cells seeded on 
coverslips, 7 days after seeding. Cells were analyzed at passage 
3. (a) Expression of epithelial marker ZO-1 confirmed the 
formation of tight junctions. (b) The analysis of acetylated 
tubulin showed the expression of primary cilia (brighter dots 
in red).
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fluorescence intensity was observed when cells were 
incubated with calcein-AM, indicating that the mole-
cule penetrated the cell membrane and was converted 
into the fluorescent calcein. The use of inhibitors pro-
moted the intracellular accumulation of calcein. MK571, 
an inhibitor of MRP, increased the fluorescence 

intensity in a ratio of 1.98. PSC833, an inhibitor of 
P-gp, increased the accumulation of fluorescence in a 
ratio of 1.70 as compared with the substrate in the 
absence of inhibitors. These results confirmed the func-
tional presence of MRP and PgP transporter activity in 
hPTC cells.

Figure 4. The hPTC expression of putative protein markers. Representative images of immunocytochemical analysis performed 
at passage 3. The expression of brush border markers GGT1 and megalin was highly positive compared with the control and 
confirmed that hPTC maintain the proximal tubular phenotype. The expression of CB-28, a distal nephron marker, was weakly 
positive compared with the control. The marker αSMA is a specific marker for myofibroblast. Its presence in hPTC indicates 
partial transition to a mesenchymal phenotype. The quantification of the immunocytochemical analysis is showed in Supplementary 
Figure 3.
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Discussion

There is an unmet need for the culture of large numbers of 
differentiated PT cells that can be used in biomedical stud-
ies or to seed BAK devices. Here, we describe a simple, 
cost-effective, and robust method to isolate PT cells from 
human nephrectomies and for the simple and quick in-
depth characterization of hPTC cultures.

The method we propose is based on a slightly modified 
isolation protocol involving selective sieving of enzymati-
cally dissociated cells. We did not include immunosepara-
tion techniques because they are not cost-effective. They 
yield lower cell numbers and use expensive reagents. With 
regard to preservation of PT phenotype, it is sometimes 
difficult to ascertain the quality of the produced materials 
since many reports fail to provide adequate information on 
the expression of non-epithelial markers or markers from 
non-PT nephron segments33,35,36,41–44 or are not compared 

to the phenotype of the starting material.12,33,41,45–50 Our 
study shows detailed phenotypic characterization, from 
the initial isolated cells to the resulting cultures, performed 
by using specific markers from PT segment, as well as 
markers from other segments of the nephron. PT pheno-
type was also evaluated by using different independent 
techniques, including morphological identification, 
RT-PCR, immunofluorescence, immunocytochemistry, 
cytochemical staining, FACS, functional assays, and drug 
transporters assays. We put particular emphasis in not only 
demonstrating transcript or protein expression, but also the 
conservation of enzyme and membrane transport activities 
that are instrumental for clinically relevant PT functions. 
We also designed a quick phenotypic profiling tool, based 
on multiplex RT-PCR, that allows us for quick and cost-
effective identification of changes in expression of rele-
vant markers.

Samples from human origin, obtained from altruistic 
donations, are valuable and are not always readily avail-
able. Thus, our protocol also focuses in optimizing the 
exploitation of the obtained cells, through sequential 
amplification and freezing of culture aliquots. We 
observed that the hPTC retained their PT epithelial phe-
notype and doubling time capacity after thawing, for at 
least two passages (P2–P3). Previous publications have 
reported the maintenance of human primary PT cells in 
culture up to passage 733,35,51 although evidence is gener-
ally not documented. Despite our primary cultures lose 
some phenotypic characteristics at passage 4 and appear 
to reach senescence, it ought to be taken into considera-
tion that we have a first amplification step, where cells 
probably undergo several doublings. Commercial sources 
report the phenotype can be maintained for 10–15 dou-
blings, which is similar to what we calculated for our cul-
tures. In summary, we demonstrate our method yields 

Figure 5. Expression of proximal tubule surface markers in hPTC. (a) Representative analysis by flow cytometry of specific 
markers of proximal tubule. More than 82% of hPTC were double positive for markers CD26 and CD13. (b) The double positive 
cell population identified in the image A was subsequently analyzed for CD10 expression, displaying 61.2% of triple positive cells.

Figure 6. Activity of proximal tubule brush border enzymes 
GGT1 and DPPIV in hPTC. GGT1 and DPPIV activity were 
determined by measuring the p-nitroaniline liberated from 
the chemical substrates GGpN (n = 23) and GPpN (n = 4) 
respectively, after 60-min incubation. Data shown as mean ± SD.
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enough cells that can be biobanked and subsequently 
used in two different passages. This allows for flexible 
experimental design and optimal use of the donated 
material.

The analysis of the results confirmed sustained and 
stable expression of PT putative markers in hPTCs. 
Expression of markers from other segments of the 
nephron (NCC—distal convoluted tubule; NKCC2—
thick ascending limb of the loop of Henle; and CB-28—
collecting duct) and the myofibroblast marker αSMA 
suggested the presence of heterogeneous cell popula-
tions. However, we did not observe the formation of 

colonies with different morphologies, and microscopy 
analysis revealed the expression of different markers in 
the same cells. Thus, the most likely explanation is that 
conventional culture conditions select for cells with a 
degree of dedifferentiation or even transdifferentia-
tion.52,53 Similar observations have been reported previ-
ously and appear to be an unavoidable pay-off for 
achieving the proliferation required to obtain large num-
ber cells. On the other hand, we demonstrate that, together 
with well-known PT epithelium markers, hPTC exhibit 
strong brush-border enzymatic activity characteristic of 
PT in vivo, which is conserved through passaging of the 
cells. The presence of probenecid-sensitive influx of flu-
orescein in hPTC suggests the conservation of OAT1 
activity,54,55 an organic anion transporter which is used by 
PT cells to take up anionic drugs and toxins from blood. 
Transepithelial secretion relies further on transport of 
intracellularly captured substances through the luminal 
membrane. Our results demonstrate the efflux of differ-
ent substrates (calcein-AM, calcein, and fluorescein) is 
reduced in the presence of several known inhibitors of 
efflux pumps. We have thus demonstrated hPTC exhibit 
measurable activity of several of the main organic ion 
transport systems (BCRP, MRP, and P-gp) required for 
drug and toxin secretion, hence making them a suitable 
model for studies of drug and toxin handling and their 
effects on the PT. Even if the primary focus of a study 
involving PT primary cultures was not nephrotoxicity, 
determination of organic ion pathways should be included 
in the phenotypic characterization, since this is a feature 
that has been shown to be poorly conserved in most 
examples of primary culture protocols or continuous cell 
lines derived from PT.45,56–58

We have described a simple and cost-effective method 
to procure large numbers of renal primary cultured cells 
highly enriched with PT phenotypic characteristics. This 
model constitutes a powerful tool for future in vitro studies 
in renal physiology, pathology, pharmacology, toxicology, 
and regenerative nephrology, where still exists a demand 
for PT representative cell sources, because the PT cell lines 
available lack important characteristics of the original tis-
sue. Moreover, it is important to highlight that these cells 
could constitute a valuable tool in the development of alter-
native renal function replacement therapies like BAKs. 
Patients suffering from ESRD need novel therapies to ame-
liorate their health and quality of life. Currently, new strate-
gies as the use of BAK are really promising options for 
these patients,14 because it will replace essential renal func-
tions, and excrete waste products actively, by using PT-like 
cells seeded on hollow fiber membranes.59 PT cells are spe-
cialized in the excretion of xenobiotics and endogenous 
waste products from metabolism16,17 and importantly, these 
types of cells promote the excretion of protein-bound ure-
mic toxins that constitute excretion products not eliminated 
by standard dialysis treatment.60,61 In this context, the 

Figure 7. Drug transporter activity in hPTC. (a) Fluorescein 
accumulation in hPTC is decreased in the presence of 
probenecid, an inhibitor of OAT1 (n = 3). (b) Fluorescein 
accumulation in hPTC is increased in the presence of Ko143 
inhibitor, suggesting fluorescein leaves the cells through BCRP 
(n = 2). (c) Calcein uptake was increased in the presence of 
MRP (MK571) and P-pg (PSC833) inhibitors, indicating these 
transporters are active in hPTC (n = 4). Data are expressed as 
mean ± SD.
*p < 0.05; **p < 0.001 (two-tailed t-test).
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methods described herein to isolate, biobank, and charac-
terize hPTC are an appealing alternative to provide a source 
of cells for this type of technologies.
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