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A B S T R A C T

Background: Kidney disease modeling and assessment of drug-induced kidney injury can be advanced using
three-dimensional (3D) microfluidic models that recapitulate in vivo characteristics. Fluid shear stress (FSS) has
been depicted as main modulator improving in vitro physiology in proximal tubule epithelial cells (PTECs). We
aimed to elucidate the role of FSS and primary cilia on transport activity and morphology in PTECs.
Methods: Human conditionally immortalized PTEC (ciPTEC-parent) was cultured in a microfluidic 3D device,
the OrganoPlate, under a physiological peak FSS of 2.0 dyne/cm2 or low peak FSS of 0.5 dyne/cm2. Upon a 9-day
exposure to FSS, albumin-FITC uptake, activity of P-glycoprotein (P-gp) and multidrug resistance-associated
proteins 2/4 (MRP2/4), cytotoxicity and cell morphology were determined.
Results: A primary cilium knock-out cell model, ciPTEC-KIF3α−/−, was successfully established via CRISPR-Cas9
genome editing. Under physiological peak FSS, albumin-FITC uptake (p= .04) and P-gp efflux (p= .002) were
increased as compared to low FSS. Remarkably, a higher albumin-FITC uptake (p= .03) and similar trends in
activity of P-gp and MRP2/4 were observed in ciPTEC-KIF3α−/−. FSS induced cell elongation corresponding
with the direction of flow in both cell models, but had no effect on cyclosporine A-induced cytotoxicity.
Conclusions: FSS increased albumin uptake, P-gp efflux and cell elongation, but this was not attributed to a
mechanosensitive mechanism related to primary cilia in PTECs, but likely to microvilli present at the apical
membrane.
General significance: FSS-induced improvements in biological characteristics and activity in PTECs was not
mediated through a primary cilium-related mechanism.

1. Introduction

Recent advances in kidney-on-a-chip or renal microfluidic device
technology have demonstrated great potential for kidney disease
modeling and assessment of drug-induced kidney injury (DIKI) by re-
capitulating the in vivo tissue characteristics. Three-dimensional (3D)
kidney models, ranging from microfluidic devices to bioprinted prox-
imal tubules allowed, culturing of renal cells under flow and in com-
bination with an extracellular matrix (ECM), advancing in vitro mod-
eling [1–5]. Such models have also gained interest for implementation

in pre-clinical drug safety assessment to improve DIKI prediction at
early stages of drug development.

Although DIKI has been described for all parts of the nephron [6],
drugs mainly affect the proximal tubule epithelial cells (PTECs) as many
xenobiotics are actively secreted by membrane transporters present in
the cells of this segment, which increases the exposure of cells [7]. This
active secretion of xenobiotics is mediated by transport proteins ex-
pressed at the basolateral membrane facing the blood vessels or at the
apical membrane facing the lumen, and are categorized as members of
the ATP-binding cassette (ABC) or solute carrier (SLC) transporter
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families. Uptake of organic anions is mediated via organic anion
transporter 1 and 3 (OAT1, SLC22A6; OAT3, SLC22A8), expressed at
the basolateral membrane, and their efflux is facilitated via multidrug
resistance-associated proteins 2 and 4 (MRP2, ABCC2; MRP4, ABCC4)
and breast cancer resistance protein (BCRP, ABCG2) at the apical
membrane. Uptake of organic cations is mediated by basolateral uptake
via organic cation transporter 2 (OCT2; SLC22A2) and apical efflux
mainly via multidrug and toxin extrusion proteins 1 and 2-k (MATE1,
SLC47A1; MATE2-k, SLC47A2), while efflux of larger cations is medi-
ated by P-glycoprotein (P-gp, ABCB1). Upon glomerular filtration, re-
uptake of proteins, such as albumin, takes places in PTECs through
receptor-mediated endocytosis involving megalin (LRP) and cubilin
(CBN), which are expressed at the apical membrane [8]. Most renal
drug transporter studies have been performed in conventional two-di-
mensional static cell cultures, although recently this has also been ad-
dressed in 3D kidney models [1,2,9,10].

Fluid shear stress (FSS) was shown to be important for improving in
vitro biological activity and cell morphology in 3D kidney models [1–3].
PTECs are apically exposed to a pulsatile flow, generated by the
pumping action of the heart and the intrarenal hemodynamic control
leading to glomerular filtration, which results in FSS [11]. This affects
the organization of the cytoskeleton of renal cells, as demonstrated in
vitro and in vivo [12–14]. In addition, it was demonstrated that FSS
stimulated polarization of PTECs and their transformation into a co-
lumnar-shaped morphology as found in vivo [1–3]. Exposing PTECs to
FSS resulted in increased albumin uptake and P-gp activity [1,2,15,16],
as well as increased transcellular transport of organic cations mediated
via a concerted action of OCT2 and MATE1 [17].

This shift towards a more in vivo-like morphology in PTECs has been
attributed to FSS, which is sensed by microvilli, glycocalyx and the
primary cilium present at the apical membrane [18]. Primary cilia in-
creased in number in primary collecting duct cells and kidney organoids
when cultured under flow [2,19]. Interestingly, enhanced albumin
uptake and organic cation transport was not observed in transient
chemically-deciliated cells that were exposed to flow [15,17].

In this study, we used human conditionally immortalized PTEC
(ciPTEC) in a microfluidic device, the OrganoPlate, to study the long-
term effects of exposure to different strengths of pulsatile FSS.
Furthermore, we established a stable primary cilium knock-out cell line
via CRISPR-Cas9 genome editing to deplete KIF3α, a subunit of the
primary cilium motor complex kinesin-II, which is required for the
assembly of the primary cilium [20]. We aimed to elucidate the role of
FSS on drug transport activity, albumin uptake and epithelial cell
morphology in ciPTEC-parent in comparison to the primary cilium
knock-out ciPTEC line in the OrganoPlate. The aim of this study was to
evaluate the role of FSS on tubular transport, albumin uptake and cell
morphology in ciPTEC, and whether this was mediated through pri-
mary cilium-mediated signaling.

2. Materials and methods

2.1. Cell culture

CiPTEC-parent were obtained as previously described [21]. Pro-
liferating cells were sub-cultured using 1:2 to 1:6 dilutions at 33 °C and
5% (v/v) CO2 in T75 cell culture flasks (Greiner Bio-One, Alphen aan
den Rijn, The Netherlands). Medium was refreshed every 2–3 days and
consisted of a 1:1 mixture of Dulbecco's modified Eagle's medium and
Nutrient mixture F-12 without phenol red (DMEM/F-12, Life Technol-
ogies, Paisly, UK), supplemented with insulin (5 μg/mL, Sigma-Aldrich,
Zwijndrecht, The Netherlands), transferrin (5 μg/mL, Sigma-Aldrich),
selenium (5 ng/mL, Sigma-Aldrich), hydrocortisone (36 ng/mL, Sigma-
Aldrich), epidermal growth factor (10 ng/mL, Sigma-Aldrich) trio-io-
dothyrine (40 pg/mL, Sigma-Aldrich), 1% (v/v) penicillin/strepto-
mycin (Life Technologies) and 10% (v/v) fetal calf serum (FCS, Greiner
Bio-One) further referred to as PTEC complete medium. Cells were used

for experiments from passage numbers 34 to 58.
To culture cells in a 3D environment under FSS, ciPTEC-parent was

cultured in a microfluidic platform, the two-lane OrganoPlate®
(Mimetas, Leiden, The Netherlands). A two-lane OrganoPlate consists of
96 chips, which are divided in a gel channel and a perfusion channel
(Fig. 1A). Per chip, an ECM of collagen I (4 mg/mL, Cultrex 3D Collagen
I Rat Rail, R&D Systems, Minneapolis, MN, USA) was injected and upon
polymerization, 40,000 cells in a suspension of 2 μL were pipetted in
the medium channel outlet, as described before [9]. For background
correction, chips containing no cells were used by adding 2 μL of PTEC
complete medium per chip. Upon seeding, 50 μL of PTEC complete
medium was added to the medium channel outlet. The OrganoPlate was
placed vertically to allow cells to attach to the ECM at 33 °C and 5% (v/
v) CO2 for 5 h. Then, 50 μL of PTEC complete medium was added to the
medium channel outlet. Perfusion was started by placing the Organo-
Plate at 33 °C and 5% (v/v) CO2 on a perfusion rocker mini (Mimetas) to
generate a pulsatile bi-directional flow induced by leveling (Fig. 1B).
Normal flow was induced by leveling at a 7° angle and 8min interval,
corresponding to a pulsatile flow with a peak FSS of 2.0 dyne/cm2,
which is within range of FSS used in other studies on PTECs and esti-
mation of FSS in vivo [10,22]. Low flow was induced by leveling at a 2°
angle and 15min interval, corresponding to a peak FSS of 0.5 dyne/
cm2, which is used as minimal flow required for waste removal and
supply of nutrients and oxygen.

On day 3 after seeding, medium in chips were refreshed with PTEC
complete medium without penicillin/streptomycin, and placed at 37 °C
and 5% (v/v) CO2 on a perfusion rocker mini, to allow cell differ-
entiation under the corresponding flow (Fig. 1C). Medium was re-
freshed every 2–3 days. On day 9 after seeding, experiments were
performed while maintaining the corresponding flow on the perfusion
rocker during experimental incubations described below (Fig. 1C).

Fig. 1. Schematic presentation of a two-lane chip in the OrganoPlate and ex-
perimental set-up, (A) consisting of a gel channel (red) and a perfusion channel
(blue). The gel channel is accessible through the gel channel inlet (1) and the
perfusion channel is accessible through the medium channel inlet (2) or outlet
(3). Cells cultured in the perfusion channel at the extracellular (ECM)-medium
interface, indicated by the black box, were exposed to full fluid shear stress
(FSS) and set as the region of interest (ROI) in our experiments. (B) FSS was
induced by a bi-directional pulsatile flow generated by leveling, of which the
peak FSS was influenced by the angle of the platform and the interval of change
of position. Settings at normal flow resemble physiological FSS experienced by
cells in vivo, while settings for low flow were chosen only to have minimal flow
for waste removal and supply of nutrients and oxygen. (C) Cells were cultured
under FSS at 33 °C for 3 days to allow cell proliferation followed cell maturation
at 37 °C for 6 days. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

J. Vriend, et al. BBA - General Subjects 1864 (2020) 129433

2



2.2. Knock-out of KIF3α in ciPTEC

A ciPTEC line exhibiting stable knock-out of KIF3α, a component of
the primary cilium kinesin-II motor complex, was obtained via CRISPR-
Cas9 gene-editing. The primers were designed using the human KIF3α
target sequence GGTCATATTGCAAAAGCGGAGG, as previously de-
scribed [23], and obtained from Biolegio (Nijmegen, The Netherlands).
The annealed primers were ligated into the pSpCas9(BB)-2A-GFP
(PX458) plasmid (gift from Feng Zhang, Addgene 48138) [24]. This
resulting plasmid was transformed in Stbl3 competent cells (Invitrogen,
Carlsbad, CA, USA). The sequence was confirmed and the yield of the
plasmid was increased subsequently. Next, ciPTECs were seeded at
60,000 cells/cm2 in 6-well plates 24 h prior transfection. CiPTECs were
then transfected with 2.5 μg PX458 plasmid, containing the target se-
quence, per well using Lipofectamin 3000 reagent (Invitrogen) in Opti-
MEM I (Invitrogen) serum-free medium at 33 °C and 5% (v/v) CO2.
After 48 h, green fluorescent protein-positive cells were sorted on a
Becton Dickinson (BD) FACS Aria (BD Bioscience, Breda, The Nether-
lands) and single cells were plated in 96-well plates. Cells were cultured
at 33 °C and 5% (v/v) CO2 to 80–90% confluency. After approximately
3 weeks genomic DNA was extracted using QIAamp DNA mini kit
(Qiagen, Venlo, The Netherlands) and the sequence was pre-amplified
using PCR (forward primer: GCAAAACTTTTACCATGGAAGG, reverse
primer: TCCAAATAAGACACTCGAACCA) at 63 °C for 35 cycles with Q5
high-fidelity polymerase (New England Biolabs, Ipswich, MA, USA).
PCR products were treated with ExoSAP-IT (Applied Biosystems,
Bleijswijk, The Netherlands) and sequenced using the primers described
above. One clone containing the targeted knock-out was obtained, es-
tablishing the ciPTEC-KIF3α−/− cell line. CiPTEC-KIF3α−/− cells were
cultured in T75 cell culture flasks and in the OrganoPlate as described
above for ciPTEC-parent cells.

2.3. Western blotting of KIF3α

Knock-out of KIF3α was measured on protein level using Western
blotting in proliferated and matured ciPTEC-parent and ciPTEC-
KIF3α−/−. Proliferating cells were cultured at 33 °C and 5% (v/v) CO2

to 80–90% confluency, as above described. To obtain a matured cell
monolayer, cells were seeded at 55,000 cells/cm2 in a T75 cell culture
flask, cultured at 33 °C and 5% (v/v) CO2 for 1 day, and subsequently
cultured at 37 °C and 5% (v/v) CO2 for 7 days to allow cells to differ-
entiate. Cell pellet was harvested, resuspended in cold (4 °C) buffer
containing 1% (v/v) IGEPAL® CA-630 (Sigma-Aldrich), 0.5% (w/v) so-
dium deoxycholate (Sigma-Aldrich), 0.1% (w/v) sodium dodecyl sulfate
(SDS, Serva, Heidelberg, Germany), 1 mM phenylmethanesulfonyl
fluoride (PMSF, Sigma-Aldrich), 3% (v/v) aprotinin from bovine lung
(Sigma-Aldrich) and 1mM sodium orthovanadate (Sigma-Aldrich).
Next, 1% (v/v) DNase I (Invitrogen) was added and samples were in-
cubated on ice for 30min. Protein levels were measured using a Bio-
Rad protein assay (Bio-Rad, Veenendaal, The Netherlands), according
the manufacturer's protocol, and samples were loaded on a 10% (w/v)
poly-acrylamide SDS-PAGE gel for electrophoresis. Membranes were
incubated with primary antibodies against KIF3α (monoclonal, 1:1000,
rabbit, Abcam, Cambridge, UK) or β-actin (clone AC-15, 1:10,000,
mouse, Sigma-Aldrich), as loading control, at 4 °C overnight, followed
by incubation with corresponding secondary antibodies IRDye® 800CW
NHS ester goat anti-rabbit (1:10,000, Li-Cor Biosciences, Lincoln, NE,
USA) or Alexa Fluor® 680 donkey anti-mouse (1:10,000, Invitrogen) at
room temperature for 1 h. Fluorescence was detected using the Odyssey
scanner CLx (Li-Cor Biosciences).

2.4. Albumin-FITC uptake

Uptake of albumin-fluorescein isothiocyanate conjugate (albumin-
FITC, 50 μg/mL, Sigma-Aldrich) was determined with or without bo-
vine serum albumin (BSA, 10mg/mL, Roche, Almere, The

Netherlands). Albumin-FITC and Hoechst33342 (Life Technologies)
were dissolved in Tris-HCl (10mM, Invitrogen) pH 7.0 and milli-Q
water, respectively. Dilutions of albumin-FITC and Hoechst33342 were
prepared in PTEC serum-free medium, BSA was dissolved directly in
PTEC serum-free medium. Chips were first washed by adding 50 μL
PTEC serum-free at 37 °C to medium channel inlet and outlet and
subsequently perfused twice. Perfusion in chips during washing was
induced by pipetting 20 μL and 80 μL to the medium channel inlet and
outlet, respectively. Albumin uptake was performed at 37 °C and 5% (v/
v) CO2 for 4 h. Next, cell nuclei were stained with Hoechst33342
(20 μg/mL) in cold (4 °C) PTEC serum-free medium, perfusion was in-
duced by adding 20 μL and 80 μL to the medium channel inlet and
outlet, respectively. Albumin-FITC uptake in chips was imaged im-
mediately after staining of cell nuclei.

2.5. 3D fluorescent efflux assays P-gp and MRP2/4

Activities of MRP2/4 and P-gp were determined as described for
ciPTEC in 2D and 3D cell culture [9,25]. MRP2/4 activity was mea-
sured using 5-chloromethylfluorescein diacetate (CMFDA, 1.25 μM, Life
Technologies), which freely diffuses into the cell and is then metabo-
lized into the fluorescent glutathione-methylfluorescein (GS-MF), a
substrate for MRP2/4. A combination of PSC833 (5 μM, Tocris, Bristol,
UK), MK571 (10 μM, Sigma-Aldrich) and KO143 (10 μM, Sigma-Al-
drich) was used to inhibit efflux of CMFDA and GS-MF via P-gp, MRP2/
4 and BCRP, respectively. Calcein-acetoxymethyl (calcein-AM, 2 μM,
Life Technologies) was used to determine P-gp activity with or without
the presence of inhibitors PSC883 (5 μM) or cyclosporine A (CsA,
30 μM, Sigma-Aldrich). Calcein-AM, a P-gp substrate, is cell membrane
permeable and metabolized into the fluorescent calcein by cellular es-
terase. Stocks of CMFDA, calcein-AM, PSC833, KO143 and CsA were
prepared in DMSO (Sigma-Aldrich). MK571 was dissolved in milli-Q
water. All dilutions were prepared in Krebs-Henseleit buffer (Sigma-
Aldrich) and HEPES (10mM, Sigma-Aldrich) at pH 7.4, further referred
to as KHH. Cells were exposed to corresponding vehicles, final con-
centration of DMSO did not exceed 0.3% (v/v). Prior to exposure, chips
were washed and perfused using KHH at 37 °C as described above. In-
cubation with CMFDA or calcein-AM with inhibitors or vehicle were
then performed at 37 °C and 5% (v/v) CO2 for 1 h. After incubation,
chips were perfused and cell nuclei were stained with Hoechst33342
(20 μg/mL) in cold (4 °C) KHH containing PSC833 (5 μM), MK571
(10 μM), KO143 (10 μM), to block any further efflux, directly followed
by imaging of intracellular GS-MF and calcein accumulation per chip.

2.6. Gene expression

RNA from chips in the OrganoPlate was extracted as described be-
fore [9]. Briefly, RNA from cells cultured in the OrganoPlate were
isolated using the RNeasy Micro Kit (Qiagen). Complementary DNA
(cDNA) was attained using Moloney Murine Leukemia Virus (M-MLV,
Invitrogen) reverse transcriptase, according to the manufacturer's pro-
tocol. Gene expression levels of drug transporters ABCB1
(hs01067802_m1), ABCC2 (hs00166123_m1), ABCC4
(hs00195260_m1), SLC22A2 (hs01010723_m1), SLC47A1
(hs00217320_m1), SLC47A2 (hs00945650_m1) and endocytosis re-
ceptors LRP (hs00189742_m1) and CBN (hs00153607_m1) were as-
sessed. In addition, gene expression levels of claudin-2 (CLDN2,
hs002526665_s1), a component of the tight junction in PTECs; heme
oxygenase-1 (HO-1, HMOX1, hs01110250_m1), an oxidative stress
marker; and hypoxia inducible factor 1 alpha (HIF1α, HIF1A,
hs00153153_m1), a hypoxia marker, were measured. Expression levels
of GADPH (hs99999905_m1) and HPRT1 (Hs02800695_m1) were used
as reference genes. Gene specific primer-probe sets and TaqMan Uni-
versal PCR Master Mix were purchased from Applied Biosystems.
Quantitative PCR (qPCR) reactions were measured using CFX96-Touch
Real-Time PCR System (Bio-Rad) and analyzed using Bio-Rad CFX
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Manager (version 3.1). Gene expression levels were normalized to ex-
pression levels of GAPDH and expressed as fold difference compared to
average gene expression levels in cells cultured under normal flow from
three independent experiments.

2.7. Immunofluorescent staining

For immunofluorescent staining, chips were fixated, washed and
blocked as described previously [9]. Briefly, cells were treated with
primary antibodies against pericentrin (1:500, rabbit, Abcam), a cen-
trosome marker; acetylated-tubulin (clone 6-11B-1, 1:1000, mouse,
Sigma-Aldrich), a component of the primary cilium; and zona occlu-
dens-1 (ZO-1, 1:125, rabbit, Life Technologies), a tight junction protein.
Next, chips were exposed to corresponding secondary antibodies, using
Alexa Fluor® 647 goat anti-rabbit (1:250, Life Technologies), Alexa
Fluor® 488 goat anti-mouse (1:250, Life Technologies) and Alexa Fluor®
488 goat anti-rabbit (1:250, Abcam), respectively. Additionally, cell
nuclei and F-actin were stained using DAPI (300 nM, Life Technologies)
and ActinRed 555 (Life Technologies), according to the manufacturer's
protocol, in Hank's balanced salt solution (HBSS, Life Technologies),
respectively. Fluorescent images were acquired using a Zeiss LSM880
laser scanning confocal microscope (Carl Zeiss, Jena, Germany). Z-
stacks of pericentrin and acetylated-tubulin were acquired using a ×40
water immersion objective, over a range of 18 μm with a 1 μm interval.
Per image, nuclei and primary cilia were counted, and then expressed
as number of primary cilia observed as percentage of total nuclei count.
The average length of primary cilia (in μm) was determined for 10
primary cilia per image. For imaging of ZO-1, Z-stacks were imaged
using ×40 water immersion objective, over a range of 20 μm with a
0.57 μm interval. Reconstructions of PTEC tubules in the OrganoPlate
were obtained by imaging F-actin using a ×20 objective over a range of
160 μm with a 2 μm interval. Z-stacks were combined and maximum
intensity was displayed in Fiji software (version 1.51n) [26]. For 3D
renderings, images were adjusted for windows and level and projected
in 3D animations in Fiji.

2.8. Cell viability

Cells were exposed to CsA (30 μM) or corresponding vehicle (0.2%
(v/v) DMSO) on day 8 after seeding at 37 °C and 5% (v/v) CO2 for 24 h.
Stocks of propidium iodide (Sigma-Aldrich) and YO-PRO-1 (Life
Technologies) were dissolved in milli-Q water and DMSO, respectively.
Next, necrotic cells were stained with propidium iodide (1 μg/mL),
apoptotic cells with YO-PRO-1 (2 μM), and cell nuclei with
Hoechst33342 (20 μg/mL) in KHH at 37 °C for 20min. Perfusion in
chips was initiated by adding 20 μL and 80 μL to the medium channel
inlet and outlet, respectively.

2.9. Intracellular calcium staining

To measure intracellular levels of Ca2+ upon culturing under
normal flow, cells in chips were stained with Fluo-4, AM (Life
Technologies), which was dissolved in DMSO. Before staining, chips
perfused once with KHH at 37 °C, as described above. Next, cells were
stained with Fluo-4, AM (10 μM) and Hoechst33342 (20 μg/mL) at
37 °C and 5% (v/v) CO2 for 20min followed by incubation at room
temperature for 20min. For measurement of intracellular levels of Ca2+

upon induction of fluid flow in situ, 40 μL of medium was transferred
from the medium outlet to the medium inlet, followed by direct mea-
surement of fluorescence intensity of Fluo-4. Final concentration of
DMSO was 1% (v/v) in all conditions.

2.10. Fluorescent live-cell imaging and analysis

For live-cell imaging, a BD Pathway 855 high-throughput micro-
scope (BD Bioscience) with a ×10 objective was used. Fluorescence

intensity of albumin-FITC, GS-MF, calcein, Fluo-4 and YO-PRO-1 were
acquired using a 488 nm excitation filter and 520 nm emission filter.
Hoechst33342 images were acquired with a 360 nm excitation filter
and a 460 nm emission filter. Propidium iodide staining was imaged
using a 548 nm excitation filter in combination with a 645 nm emission
filter.

To quantify accumulation of albumin-FITC, GS-MF and calcein,
images were corrected for background intensity, using an image of a
chip containing no cells and treated with corresponding probes. Per
chip, intensity was determined and cell nuclei count was determined by
masking Hoecsht33342 images upon background correction in Fiji.
Then, average fluorescence intensity, corrected for cell nuclei count,
was normalized to fluorescent/nuclei count ratio in control of normal
flow in same experiment.

Cell morphology was assessed using intracellular calcein staining
upon background correction as above described. Cell surface area, as-
pect ratio and circularity were all determined by creating a cell mask of
calcein staining in Fiji. Per image, 10 single-cells were selected and cell
surface area (in μm2), aspect ratio (major axis divided by minor axis)
and circularity ((4π*area)/perimeter2) were determined.

For cell viability, Hoechst33342, YO-PRO-1 and propidium iodide
images were corrected for background and cell nuclei were counted in
Hoechst33342 images in Fiji, as described above. A mask of
Hoechst33342 images was used to determine YO-PRO-1 and propidium
iodide positive cells, corresponding to count of dead cells. Cell viability
was then calculated as percentage of live cells compared to total
number of cell nuclei.

For each chip, Fluo-4 images were corrected for background by
subtracting average intensity from a region of background pixels con-
taining no fluorescent signal. Integrated density per chip was de-
termined and corrected for cell nuclei count in Fiji.

2.11. Statistical analysis

Data are presented as mean ± SEM for 2 to 3 chips per condition
from three independent experiments (n=3), unless stated otherwise.
Statistics were performed using GraphPad Prism version 8 (San Diego,
CA, USA). Means of normal flow were found to be significantly different
compared to low flow in the same cell line if p < .05, using an un-
paired two-sided Student's t-test, unless stated otherwise.

Table 1
Gene expression levels of drug transporters, endocytosis receptors, tight junc-
tion proteins and oxidative status markers in ciPTEC-parent.

Gene Ct values 2-ΔΔCt

Normal flow Low flow Normal flow Low flow

GAPDH 18.9 ± 0.2 19.0 ± 0.1
HPRT1 26.2 ± 0.1 26.0 ± 0.1 1.0 ± 0.1 0.8 ± 0.0
ABCB1 27.7 ± 0.3 28.0 ± 0.5 1.0 ± 0.2 0.8 ± 0.2
ABCC2 33.9 ± 0.2 33.8 ± 0.1 1.0 ± 0.1 1.0 ± 0.3
ABBC4 25.2 ± 0.1 25.6 ± 0.1 1.0 ± 0.0 0.7 ± 0.1*
SLC22A2 36.4 ± 0.4 36.7 ± 0.6 1.1 ± 0.3 0.9 ± 0.3
SLC47A1 31.9 ± 1.0 32.4 ± 1.0 1.5 ± 0.9 1.0 ± 0.6
SCL47A2 33.7 ± 1.1 33.2 ± 0.9 1.7 ± 1.2 1.8 ± 1.0
LRP2 38.5 ± 0.6 38.8 ± 0.5 1.2 ± 0.5 0.9 ± 0.3
CBN 32.2 ± 0.4 32.2 ± 0.3 1.0 ± 0.1 0.9 ± 0.1
CLDN2 27.5 ± 0.2 27.2 ± 0.5 1.0 ± 0.1 1.3 ± 0.4
HMOX1 25.4 ± 0.7 25.2 ± 0.2 1.4 ± 0.8 1.1 ± 0.3
HIF1A 20.4 ± 0.1 20.8 ± 0.1 1.0 ± 0.2 0.7 ± 0.2

Levels of mRNA of drug transporters (ABCB1, ABCC2, ABCC4, SLC22A2,
SLC47A1, SLC47A2), albumin endocytosis receptors (LRP2, CBN), a tight
junction component (CLDN2) and oxidative status markers (HMOX1, HIF1A).
Student's t-test normal flow vs. low flow, *p < .05.
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3. Results

3.1. Fluid shear stress-induced increased albumin uptake and P-gp activity

When ciPTECs were cultured in OrganoPlates, clear tubular epi-
thelial monolayers were formed under normal flow conditions, as de-
monstrated by F-actin staining (Video S1). When exposed to low flow,

cells also formed a monolayer on the bottom of the OrganoPlate per-
fusion channel, which was not formed at the ECM-medium interface
(Video S1).

Upon exposure of ciPTEC-parent to normal or low flow, we de-
termined the gene expression levels (Table 1) of relevant drug trans-
porters (ABCB1, ABCC2, SLC22A2, SLC47A1, SLC47A2), and receptors
megalin (LRP2) and cubilin (CBN). Expression of ABCC4 was

Fig. 2. Albumin uptake and efflux activity of P-glycoprotein (P-gp) and multidrug resistance-associated proteins 2 and 4 (MRP2/4) in ciPTEC-parent cultured under
normal and low flow in the OrganoPlate. (A) Representative images of intracellular accumulation of albumin-fluorescein isothiocyanate conjugate (albumin-FITC),
glutathione-methylfluorescein (GS-MF) and calcein. Albumin-FITC uptake was visible in all conditions but was decreased upon exposure with bovine serum albumin
(BSA, 10mg/mL) in normal FSS. Accumulation of GS-MF, which corresponds to efflux activity of MRP2/4, was evident in all conditions and increased upon
incubation with a mixture of inhibitors PSC833 (5 μM), MK571 (10 μM), KO143 (10 μM). P-gp activity was determined via accumulation of calcein. Accumulation
was observed in all conditions and increased upon exposure to cyclosporine A (CsA, 30 μM) or PSC833 (5 μM). To enhance contrast for presentation, display ranges of
albumin-FITC, GS-MF and calcein images were set to 0 to 600, 0 to 900 and 0 to 1800, respectively. Gray scale values were converted to look-up table (LUT) color
fire. Scale bar represents 50 μm, scale in all images are equal. Fluorescent signal was quantified, corrected for nuclei count, using Hoechst33342 (20 μg/mL), and
normalized to fluorescence measured in vehicle in normal flow for (B) albumin-FITC, (C) GS-MF and (D) calcein. Student's t-test normal flow vs. low flow, *p < .05,
**p < .01.
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upregulated under normal flow as compared to low flow, whereas ex-
pression of megalin, cubilin and other drug transporters were in-
dependent of flow rate. Next, albumin uptake and efflux activities of
MRP2/4 and P-gp were assessed in ciPTEC-parent, cultured under
normal or low flow (Fig. 2A). Cubilin- and megalin-mediated albumin
uptake was determined using albumin-FITC (Fig. 2A), which was de-
creased 0.65 ± 0.04-fold upon co-incubation with BSA (10mg/mL)
under normal flow (Fig. 2B). When ciPTEC-parent were cultured under
normal flow, albumin uptake was increased in (p= .04) as compared to
low flow (Fig. 2B), which was abolished upon co-incubation with BSA
(p= .03) (Fig. 2B).

MRP2/4 activity was measured using GS-MF, which is a typical
substrate for both transporters and a fluorescent metabolite of the cell
membrane permeable CMFDA [25]. Accumulation of GS-MF was ob-
served in all conditions evaluated (Fig. 2A) and was increased upon
exposure to a combination of inhibitors PSC833 (5 μM), MK571 (10 μM)

and KO143 (10 μM), demonstrating inhibition of GS-MF efflux
(Fig. 2C). This resulted in a 2.9 ± 0.3-fold and 2.1 ± 0.6-fold in-
creased accumulation of GS-MF compared to vehicle in normal and low
flow, respectively. A trend towards increased efflux of GS-MF was
visible in normal flow compared to low flow (Fig. 2C) but was, how-
ever, not found to be significantly different in vehicle (p= .06) or upon
inhibition (p= .07).

P-gp activity was determined using a similar method based on cal-
cein-AM, which can freely diffuse in the cell and is a substrate for P-gp,
but can also be metabolized into calcein, a fluorescent substrate for
MRP2/4 [25]. In all conditions tested, intracellular accumulation of
calcein was observed (Fig. 2A). Accumulation of calcein was increased
by 3.8 ± 0.4-fold and 2.9 ± 0.7-fold upon co-incubation with CsA
(30 μM), a known P-gp inhibitor [27], compared to vehicle in normal
and low flow, respectively (Fig. 2D). Likewise, a 2.9 ± 0.3-fold and
2.6 ± 0.5-fold increased accumulation of calcein was observed upon

Fig. 3. Characteristics of proximal tubule epithelial cells (PTECs) in ciPTEC-parent and ciPTEC-KIF3α−/− exposed to normal and low flow. (A) Protein levels of
KIF3α in ciPTEC, demonstrated by Western blotting, in proliferating ciPTEC at 33 °C and matured ciPTEC at 37 °C. Representative image of Western blot of one of
three experiments performed, β-actin was used as loading control. (B) Number of ciliated cells and (C) cilia length in ciPTEC-parent. (D) Expression of acetylated-
tubulin (green), a component of primary cilia; pericentrin (magenta), a centrosome marker; and nuclei (DAPI, blue) in ciPTEC-parent and (E) ciPTEC-KIF3α−/−.
Primary cilia are annotated with white arrows. (F) Staining of tight junction protein zonula occludens 1 (ZO-1, green) and nuclei (blue) in ciPTEC-parent and (G)
ciPTEC-KIF3α−/−. Scale bar represents 20 μm in all images, images were scaled accordingly. Student's t-test normal flow vs. low flow, ***p < .001. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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exposure to PSC833 (5 μM), a model inhibitor of P-gp, compared to
vehicle in normal and low flow, respectively (Fig. 2D). Calcein-AM ef-
flux was significantly enhanced in normal flow compared to low flow in
vehicle (p= .002) and upon co-incubation with PSC833 (p= .01), in-
dicating that P-gp activity was enhanced under normal flow in ciPTEC-
parent (Fig. 2D). However, this increased efflux was not significant
upon exposure to CsA (p= .18).

3.2. Knock-out of primary cilium kinesin-II motor complex KIF3α

Long-term effects of primary cilium-mediated response on tubular
functional parameters have never been studied in detail. We, therefore,
established a primary cilium knock-out cell line by deletion of KIF3α in
ciPTEC via CRISPR-Cas9 genome editing. KIF3α is a component of the
kinesin-II motor complex, responsible for transport along the primary
cilium, and has been shown to effectively knock-out the primary cilium
in vitro and in vivo [20,23,28,29].

Like ciPTEC-parent, clear tubular epithelial monolayers were
formed by ciPTEC-KIF3α−/− under normal and low flow conditions, as
demonstrated by F-actin staining (Video S1). Successful knock-out of
the primary cilium in ciPTEC was confirmed by protein expression le-
vels (Fig. 3A). In ciPTEC-parent, primary cilia were clearly visible by
staining of co-localized pericentrin and acetylated-tubulin, and the
number of ciliated cells was similar when cells were cultured under
normal (59 ± 5%) or low (56 ± 6%) flow (Fig. 3B, D). Interestingly,
the length of primary cilia under normal flow (4.1 ± 0.2 μm) increased
compared to low flow (2.4 ± 0.1 μm) in ciPTEC-parent (Fig. 3C). Upon
knock-out of KIF3α, primary cilia were absent (Fig. 3E), further con-
firming our knock-out cell line. In both cell lines, ZO-1 was found to be
located more pronounced towards the cytosol upon culturing under
normal flow, while localization was more at lateral membranes when
cultured under low flow (Fig. 3F, G).

Ca2+ ions are key in cell signaling and their influx is mainly
mediated through the primary cilium [30,31]. Consequently, cytosolic
levels of Ca2+ were measured in ciPTEC-parent and ciPTEC-KIF3α−/−.
Intracellular Ca2+ levels were similar in both cell lines when cultured
under normal and low flow (p= .99 and p= .72, respectively), de-
monstrating that levels of cytosolic Ca2+ were not affected by primary
cilium knock-out (Fig. S1A). Immediate flow in situ did not result in
considerable increased levels of cytosolic Ca2+ in both cell lines over
time (Fig. S1B).

3.3. Albumin uptake and transport activity of MRP2/4 and P-gp are not
affected in a primary cilium knock-out model

Gene expression levels of drug transporters (ABCB1, ABCC2,
SLC22A2, SLC47A1, SLC47A2), LRP2 and CBN in both flow conditions
were similar in ciPTEC-KIF3α−/−, although a significant up-regulation
of ABCC2 compared to low flow was observed (Table 2). Next, we
studied whether the increased albumin uptake and P-gp activity in
normal flow could be explained by a primary cilium-mediated response
towards FSS. Therefore, cubilin- and megalin-mediated albumin uptake
and activities of the efflux transporters MRP2/4 and P-gp were mea-
sured in ciPTEC-KIF3α−/− when cultured under normal and low flow
(Fig. 4A).

With normal flow, albumin-FITC uptake (0.74 ± 0.04-fold) was
decreased upon co-incubation with BSA (Fig. 4B). In line with ciPTEC-
parent, a significantly increased albumin-FITC uptake was observed in
control (p= .03) in normal flow compared to low flow (Fig. 4B), but
not upon co-incubation with BSA (p= .32).

MRP2/4 activity was inhibited upon exposure to PSC833, MK571
and KO143, as indicated by a 3.0 ± 0.3-fold and 2.4 ± 0.6-fold in-
creased GS-MF accumulation compared to vehicle in normal and low
flow, respectively (Fig. 4C). Similar to ciPTEC-parent, increased efflux
of GS-MF was visible in normal flow compared to low flow (Fig. 4C),
but was not significantly different in vehicle (p= .11) or upon inhibi-
tion (p= .44).

Accumulation of calcein was increased by 3.5 ± 0.3-fold and
3.4 ± 0.4-fold compared to vehicle in normal flow after incubation
with CsA or PSC833, respectively (Fig. 4D). Furthermore, under low
flow, retention of calcein was increased by 2.8 ± 1.0-fold and
2.2 ± 0.7-fold compared to vehicle after incubation with CsA or
PSC833, respectively (Fig. 4D). Statistical differences between normal
and low flow in vehicle (p= .09) or upon co-incubation with CsA
(p= .45) or PSC833 (p= .82) were not found.

3.4. FSS-induced changes in PTEC cell morphology

Expression of tight junction proteins, HMOX1 and HIF1A have
previously been shown to increase upon exposure to FSS [2,32–34].
Gene expression levels of CLDN2, as marker for intercellular tight
junction, were comparable in both flow conditions, as well as expres-
sion levels of oxidative stress marker HMOX1 and hypoxia marker
HIF1A in both ciPTEC-parent (Table 1) and ciPTEC-KIF3α−/−

(Table 2).
Exposure to flow has been associated with changes in cell mor-

phology and cell elongation corresponding to flow direction in 3D
kidney models [1,2,35]. Cell surface area, aspect ratio and circularity
were measured in single-cell masks of calcein staining in ciPTEC-parent
and ciPTEC-KIF3α−/− (Fig. 5A, B). Different cell densities were ob-
served in the flow conditions and cell lines (Fig. 5A, B). Cell surface
area decreased when culturing under normal flow in both ciPTEC-
parent and ciPTEC-KIF3α−/− (Fig. 5C, F). In addition, cell elongation
aligning with the axis flow direction was observed upon exposure to
normal flow, correlating with a higher aspect ratio in both cell lines
(Fig. 5D, G) and decreased circularity in ciPTEC-parent (Fig. 5E).

3.5. Cytotoxic response to cyclosporine A is not related to enhanced P-gp
activity under normal flow

CsA is a known nephrotoxicant and reported to induce damage to
the endoplasmic reticulum (ER) and mitochondria, and increases oxi-
dative stress in PTECs [36,37]. P-gp activity was decreased upon ex-
posure to CsA as demonstrated by the increased accumulation of calcein
in both ciPTEC-parent (Fig. 2D) and ciPTEC-KIF3α−/− (Fig. 4D). In
addition, P-gp activity was enhanced in ciPTEC-parent cultured under
normal flow in vehicle, although no difference in activity was found
after co-incubation with CsA (Fig. 2D). Since CsA-induced cytotoxicity

Table 2
Gene expression levels of drug transporters, endocytosis receptors, tight junc-
tion proteins and oxidative status markers in ciPTEC-KIF3α−/−.

Gene Ct values 2-ΔΔCt

Normal flow Low flow Normal flow Low flow

GAPDH 19.1 ± 0.2 19.1 ± 0.1
HPRT1 26.1 ± 0.2 25.9 ± 0.2 1.0 ± 0.1 0.9 ± 0.0
ABCB1 28.2 ± 0.1 28.2 ± 0.2 1.0 ± 0.1 1.0 ± 0.2
ABCC2 33.8 ± 0.1 34.4 ± 0.1 1.0 ± 0.1 0.7 ± 0.1*
ABBC4 25.7 ± 0.2 25.7 ± 0.3 1.0 ± 0.1 1.0 ± 0.1
SLC22A2 36.5 ± 0.1 35.9 ± 0.3 1.0 ± 0.1 1.5 ± 0.1
SLC47A1 31.6 ± 0.9 31.8 ± 0.9 1.4 ± 0.8 1.1 ± 0.6
SCL47A2 34.2 ± 1.2 33.6 ± 1.1 1.9 ± 1.4 2.2 ± 1.4
LRP2 39.2 ± 0.1 39.1 ± 0.0 1.0 ± 0.1 1.1 ± 0.2
CBN 32.3 ± 0.2 32.0 ± 0.3 1.0 ± 0.1 1.2 ± 0.1
CLDN2 27.9 ± 0.4 27.5 ± 0.3 1.1 ± 0.3 1.3 ± 0.1
HMOX1 25.2 ± 0.5 25.2 ± 0.2 1.1 ± 0.4 1.0 ± 0.1
HIF1A 20.3 ± 0.2 20.5 ± 0.3 1.0 ± 0.2 0.9 ± 0.3

Levels of mRNA of drug transporters (ABCB1, ABCC2, ABCC4, SLC22A2,
SLC47A1, SLC47A2), albumin endocytosis receptors (LRP2, CBN), a tight
junction component (CLDN2) and oxidative status markers (HMOX1, HIF1A).
Student's t-test normal flow vs. low flow, *p < .05.
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could have been more severe in low flow because of a lower P-gp ac-
tivity, we investigated the cytotoxic response to CsA (30 μM) after 24 h
in both flow conditions and cell lines (Fig. 6). In ciPTEC-parent
(Fig. 6A), cell viability was reduced upon CsA exposure at normal
(94 ± 1%) and low flow (95 ± 1%). Even though P-gp activity was
found to be decreased in low flow in ciPTEC-parent, this did not result
in an increased CsA-induced cytotoxicity (Fig. 6A). Interestingly,
ciPTEC-KIF3α−/− was more sensitive to CsA-induced cytotoxicity

compared to ciPTEC-parent, regardless of flow (Fig. 6B), resulting in
decreased cell viability when exposed to normal or low flow (both
71 ± 4%). This indicates that a primary cilium-associated mechanism,
other than triggered by flow, is involved in a more sensitive phenotype
of ciPTEC-KIF3α−/−.

Fig. 4. Albumin uptake and efflux activity of P-glycoprotein (P-gp) and multidrug resistance-associated proteins 2 and 4 (MRP2/4) in ciPTEC-KIF3α−/−, as cilium
knock-out model, cultured under normal and low flow in the OrganoPlate. (A) Representative images of intracellular accumulation of albumin-fluorescein iso-
thiocyanate conjugate (albumin-FITC), glutathione-methylfluorescein (GS-MF) and calcein. Albumin-FITC uptake was observed in all conditions, but decreased upon
exposure with bovine serum albumin (BSA, 10mg/mL) in normal FSS. In all conditions, accumulation of GS-MF was demonstrated, which was increased upon
incubation with a mixture of inhibitors PSC833 (5 μM), MK571 (10 μM), KO143 (10 μM). Calcein accumulation was visible in all conditions and increased upon
exposure to cyclosporine A (CsA, 30 μM) or PSC833 (5 μM). To enhance contrast for presentation, display ranges of albumin-FITC, GS-MF and calcein images were set
to 0 to 600, 0 to 900 and 0 to 1800, respectively. Gray scale values were converted to look-up table (LUT) color fire. Scale bar represents 50 μm, scale in all images are
equal. Fluorescent signal was quantified, corrected for nuclei count, using Hoechst33342 (20 μg/mL), and normalized to fluorescence measured in vehicle in normal
flow for (B) albumin-FITC, (C) GS-MF and (D) calcein. Student's t-test normal flow vs. low flow, *p < .05.
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Fig. 5. Live cell imaging demonstrated changes in cell morphology of ciPTEC-parent and ciPTEC-KIF3α−/− when exposed to fluid shear stress (FSS). (A) In ciPTEC-
parent and (B) ciPTEC-KIF3α−/− cytoplasm and nuclei were stained using calcein-AM (2 μM) and Hoechst33342 (20 μg/mL), respectively. Scale bar represents
50 μm. Single-cell analysis of cell area, aspect ratio and circularity in (C-E) ciPTEC-parent and (F-H) ciPTEC-KIF3α−/−. Student's t-test normal flow vs. low flow,
*p < .05, **p < .01, ***p < .001.
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4. Discussion

Our study demonstrates for the first time that FSS-induced increased
albumin uptake, drug efflux, and elongated phenotype in PTECs are
independent of primary cilia. We observed significantly increased al-
bumin uptake, P-gp activity and phenotypical morphological changes
when culturing immortalized PTECs under a physiologically relevant
pulsatile FSS in the OrganoPlate. We established a cell line devoid of a
primary cilium by depleting KIF3α gene, of which in vivo mutants are
associated with the formation of cysts, a severe renal disorder [20,38].

The increased P-gp activity and albumin uptake in renal cells when
cultured under FSS as observed here, are in line with earlier studies
[1,2,15,16]. A primary cilium-mediated mechanosensitive response
was attributed to explain these findings, as the number of ciliated cells
and length of cilia were increased under flow [2,19]. Deciliation of
opossum kidney (OK) cells using ammonium sulfate diminished the
flow-induced increase in albumin uptake at short-term (1−3 h) ex-
posure to flow [15,16]. A similar approach diminished flow-induced
increased organic cation transport in Madine Darby Canine Kidney II
(MDCKII) cells double-transfected with OCT2 and MATE1 [17]. In
contrast, our results argue for a minor role of the primary cilium in
regulating drug transporter expression as the knockout cells behaved
similarly to ciPTEC-parent when exposed to FSS. This might be ex-
plained by the method of deciliation and the cell model used, as MDCK
II represent renal collecting duct cells rather than PTECs [39]. Previous
studies only showed short-term chemical deciliation for up to 24 h
[15,17], whereas we knocked-out the primary cilium completely from
PTECs through gene editing. An explanation for our findings could be
the apical expression of microvilli in addition to primary cilia in our
immortalized cell model [40]. Microvilli length and density increased
in 3D proximal tubules cultured under flow, demonstrating that mi-
crovilli also respond to flow in PTECs [1]. Although deletion of mi-
crovilli can be performed via genetic knock-out of ezrin that connects
the actin cytoskeleton to the plasma membrane, this will also affect the
bending of the primary cilium and the glycocalyx [18,41]. Further,
primary cilia increased in length upon exposure to a physiological FSS,
demonstrating that a FSS-induced response triggered the primary ci-
lium in line with findings in osteocytes, where longer primary cilia
increased mechanosensitivity [42]. However, ciPTEC-KIF3α−/−

showed a similar response to FSS as determined by enhanced albumin
uptake, P-gp activity and cell elongation, suggesting these flow effects
are independent of primary cilia.

Although primary cilia seem to be key in Ca2+ signaling, and the
influx of extracellular Ca2+ was long thought to be mediated through
polycystin-1 and -2 upon FSS-induced mechanosensation in kidney cells
[30,31], more recent data contradict this model [43]. In line with this,
we did not observe any differences in levels of cytosolic Ca2+ in pri-
mary cilium knock-out cells. Furthermore, FSS affected levels of cyto-
solic Ca2+ in both cell lines and thus regardless of the presence of
primary cilia. On the other hand, microvilli have an important

mechanosensory function modulating transport and cytoskeletal re-
organization in PTECs and not via primary cilia-mediated signaling
[13,44,45]. This aligns with our observations on FSS-induced increase
in albumin uptake, P-gp efflux and cell elongation, regardless of the
presence of primary cilia in our cell model.

In most proximal tubule-on-a-chip devices, PTECs were cultured
under flow in a flat monolayer and a pump was required to induce flow
[2,15,16]. FSS in a tubular structure is different compared to that in a
flat monolayer on the bottom [18]. Tubule-like structures were de-
monstrated in all conditions tested and tubular stretch was in-
corporated in this proximal tubule-on-a-chip. Here, epithelial tubules
were cultured under an intermittent pulsatile flow, comparable to in
vivo conditions, and subsequently exposed to different peak FSS. A bi-
directional gravity-induced flow was generated by leveling of the cul-
ture plate on an interval rocker platform, circumventing the use of
pumps as applied in most other microfluidics studies.

Furthermore, proximal tubule-on-a-chip devices have great poten-
tial for implementation in pre-clinical drug safety assessment to predict
DIKI because of closer resemblance of in vivo environment in PTEC
[1–3,35]. CsA, a known nephrotoxicant [36,37], did not increase cy-
totoxicity in low flow as result of a decreased P-gp activity compared to
normal flow. Our primary cilium knock-out model, however, was more
sensitive to CsA-induced cytotoxicity compared to ciPTEC-parent, re-
gardless of flow. Increased sensitivity towards cisplatin-induced apop-
tosis has been described previously in a KIF3α knock-out model in
human kidney-2 (HK-2) cells [29]. This cisplatin-induced increased
apoptosis was suggested to be caused by ERK-mediated disruption of
primary cilia [29], and could explain the increased sensitivity towards
CsA-induced cytotoxicity as observed in our primary cilium knock-out
model.

5. Conclusion

We demonstrated that FSS induced increased albumin uptake and P-
gp activity, and improves cell morphology in a proximal tubule-on-a-
chip. These effects were not attributed to a mechanosensitive me-
chanism related to primary cilium function, but likely to microvilli
present at the apical membrane.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2019.129433.
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