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Abstract
Calcineurin inhibitors (CNI) are the pillars of immunosuppression in transplanta-
tion. However, they display a potent nephrotoxicity whose mechanisms remained 
widely unsolved. We used an untargeted quantitative proteomic approach (iTRAQ 
technology) to highlight new targets of CNI in renal proximal tubular cells (RPTCs). 
CNI‐treated RPTCs proteome displayed an over‐representation of actin‐binding pro-
teins with a CNI‐specific expression profile. Cyclosporine A (CsA) induced F‐actin 
remodeling and depolymerization, decreased F‐actin‐stabilizing, polymerization‐
promoting cofilin (CFL) oligomers, and inhibited the G‐actin‐regulated serum re-
sponse factor (SRF) pathway. Inhibition of CFL canonical phosphorylation pathway 
reproduced CsA effects; however, S3‐R, an analogue of the phosphorylation site of 
CFL prevented the effects of CsA which suggests that CsA acted independently from 
the canonical CFL regulation. CFL is known to be regulated by the Na+/K+‐ATPase. 
Molecular docking calculations identified two inhibiting sites of CsA on Na+/K+‐
ATPase and a 23% decrease in Na+/K+‐ATPase activity of RPTCs was observed 
with CsA. Ouabain, a specific inhibitor of Na+/K+‐ATPase also reproduced CsA 
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1   |   INTRODUCTION

The development of immunosuppressive regimens based 
on the calcineurin inhibitors (CNI), namely cyclosporine 
A (CsA) and tacrolimus (Tac), has been a breakthrough in 
the prevention of allograft rejection in solid organ trans-
plantation.1-3 Although CNI are now widely used in clinical 
protocols of immunosuppression4,5 and have significantly im-
proved short‐term graft and patient survival, long‐term expo-
sure is associated with major limiting deleterious side effects 
such as nephrotoxicity, leading to end‐stage renal disease.6

Calcineurin inhibitors nephrotoxicity evolves from acute, 
reversible vascular, and hemodynamic impairments to chronic 
irreversible and generalized renal injuries.7,8 In particular, 
chronic CNI nephrotoxicity results in interstitial fibrosis and 
tubular atrophy (IF/TA) of proximal tubules, whose mecha-
nisms remain largely unsolved. Up to now, CNI are known to: 
disrupt cell cycle and induce cell death9-14; induce endoplas-
mic reticulum stress and unfolded protein response15-19; pro-
mote oxidative stress20,21; impact ion homeostasis22 or induce 
epithelial‐mesenchymal transition (EMT).23-25

These observations resulting from targeted experimental 
approaches only partially described CNI cell toxicity and do 
not allow a complete understanding of all the pathophysio-
logical mechanisms at stake. Because the mechanisms of CNI 
side effects remain widely unsolved by targeted strategies, 
the design of untargeted experiments is of utmost importance 
to gain new insights and improve knowledge about the patho-
physiology of CNI proximal tubule cell (PTCs) toxicity.

Omics based on the high‐throughput analysis of biolog-
ical systems such as Shotgun proteomics seem particularly 
well suited to this purpose. In this study, we performed the 
quantitative proteomic analysis and dynamic mapping of 
CNI‐exposed PTC proteome to elucidate new intracellular 
pathways specifically modified under CNI exposure.

Upon the significant over‐representation and differential 
expression of actin family cytoskeletal proteins, we focused 
on the deciphering of the intracellular mechanisms of CsA‐
induced reorganization of the actin cytoskeleton of PTC and 
its downstream consequences. We showed that CsA induced 
an inhibition of the actin‐dependent myocardin‐related tran-
scription factors‐serum response factor (MRTF‐SRF) tran-
scription activity through an original regulation of cofilin 
(CFL) by the Na+/K+‐ATPase.

2  |   MATERIALS AND METHODS

2.1  |  Chemicals
Dulbecco's Modified Eagle's Medium‐Ham's F12 (DMEM‐
F12 1:1, #31331, Gibco), fetal bovine serum (FBS, #10500), 
1  mol/L HEPES (#15630), 7.5% Sodium bicarbonate 
(#25080), 10 000 UI/mL Penicillin/Streptomycin (#15140), 
0.05% Trypsin‐EDTA (#25300‐054) Dulbecco's phosphate‐
buffered saline (PBS, #14190) were purchased from Gibco. 
Sodium selenite (#S5261), CsA (#30024), Tac (#F4679), 
Jasplakinolide (#J4580), Latrunculin A (#L5163), ROCK 
inhibitor Y27632 (#Y0503), Rac1 inhibitor EHT 1864 
(#E1657), Alamethicin (#A4665), Digitonin (#D141), ATP 
(#A1852) Na+/K+‐ATPase inhibitor Ouabain (#O3125), 
insulin (#I4011), triiodothyronine (#T6397), dexametha-
sone (#D4902), Protease Inhibitor Cocktail (#P8340), and 
Phosphatase Inhibitor Cocktail 2 (#P5726) were purchased 
from Sigma‐Aldrich. Cyclophilin A inhibitor (#239836, 
Calbiochem) was purchased from Millipore. LIMK1/2 in-
hibitor LIMKi3 (#4745) was provided by Tocris.

S3‐R peptide (MASGVMVSDDVVKVFNRRRRRRRR), 
an analogue of the Cofilin phosphorylation site, was synthe-
tized by ProteoGenix.

2.2  |  Cell culture conditions
Lilly Laboratories Cells Porcine Kidney‐1 (LLC PK‐1) por-
cine PTCs (ATCC‐CL‐101, ATCC) were expanded in 75 cm2 
flasks at 37°C with 5% CO2 and passed once confluence was 
reached. Culture medium consisted in a 1:1 DMEM‐F12 
mix supplemented with 5% FBS, 15 mmol/L HEPES, 0.1% 
Sodium bicarbonate, 100 UI/mL Penicillin/Streptomycin and 
50 nmol/L Sodium selenite. Passages were performed with 
0.05% Trypsin‐EDTA. LLC PK‐1 cells were cultured be-
tween passage 7 and passage 30.

Seeded LLC PK‐1 sustained serum starvation and were 
fed with hormonally‐defined (25  µg/mL insulin, 11  µg/mL 
transferrin, 50  nmol/L triiodothyronine, 0.1  µmol/L dexa-
methasone, 0.1  µg/mL desmopressin) fresh medium to en-
gage epithelial differentiation, for 24 hours.

Hormonally‐defined LLC PK‐1 cells sustained cell trans-
fection or were exposed for 24 hours to: vehicle mix (Ethanol, 
DMSO), 5 µmol/L CsA, 0.05 µmol/L Tac, 1 µmol/L VIVIT 
(a specific NFAT inhibitor), 0.5  µmol/L cyclophilin A 

effects on actin organization and SRF activity. Altogether, these results described a 
new original pathway explaining CsA nephrotoxicity.
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inhibitor, 200 nmol/L Jasplakinolide, 100 nmol/L Latrunculin 
A,10 µmol/L ROCK inhibitor Y27632, Rac1 inhibitor EHT 
1864, and LIMK inhibitor LIMKi3, 100  nmol/L Na+/K+‐
ATPase inhibitor Ouabain or 100 µg/L S3‐R.

2.3  |  Actin cytoskeleton characterization

2.3.1  |  Immunocytochemistry
Serum‐starved, hormonally defined, treated LLC PK‐1 cells 
seeded on glass cover slips in six‐well plates were washed 
twice for 3  minutes in PBS. Then, cells were fixed in 4% 
paraformaldehyde‐PBS for 10 minutes, at room temperature. 
Cells were washed once again in PBS for 3  minutes then 
permeabilized with 0.1% Triton/X‐100‐PBS for 5  minutes, 
at room temperature. Permeabilized cells were washed three 
times for 3 minutes in PBS before incubation in Phalloidin‐
TRITC‐PBS for 30 minutes, at 37°C, in the dark. Eventually, 
cover slips were washed three times for 3 minutes in PBS 
then mounted on glass microscope slides using ProLong® 
Gold Antifade Reagent as a mounting medium and a DAPI 
nuclei staining. Florescence labeling was visualized using a 
Leica DM‐RX microscope (16 × 40).

2.3.2  |  Image analysis
For each exposure condition, 10 photographs (*.tiff) were 
randomly taken to report from an independent experiment. 
Image analysis was conducted using the ImageJ software 
(v.1.48). Early image processing consisted in a restriction to 
the green channel of the RGB picture. The implemented Auto 
Local Threshold tool further selected the fluorescence‐posi-
tive pixels (Niblack thresholding method, radius = 15). Thus, 
for each photograph, a semi‐quantitative ratio was calculated 
as a percentage of the total image area.

All steps mentioned above were automatized thanks to the 
macro editing tool of the ImageJ software.

2.4  |  Luciferase gene reporter assay for 
SRF/SRE activity

2.4.1  |  Stable cell transfection and 
clone selection
Volumes equivalent to 0, 2, or 4  µg of plasmid DNA 
(pGL4.34[luc2P/SRF‐RE/Hygro] Vector, Promega) and trans-
fection reagent lipofectamine (1:25, Lipofectamine™ 2000 
Transfection Reagent, Invitrogen) were separately diluted in 
FBS‐free, antibiotic‐free routine medium. Then, DNA and 
lipofectamine preparations were blended and put at rest for 
15 minutes, at room temperature. Serum‐starved, hormonally 
defined LLC PK‐1 cells in six‐well plates were incubated with 
DNA‐lipofectamine mixtures for 24 hours, at 37°C.

Transfected LLC PK‐1 cells (LLC PK‐1 SRE) were in-
cubated in routine medium for 72 hours before antibiotic se-
lection to allow proper plasmid integration. Then, cells were 
re‐suspended in 0.05% Trypsin‐EDTA, 10 minutes at 37°C. 
Cell suspensions were diluted 10 times and re‐seeded in rou-
tine medium completed with 1% Hygromycin B (50 mg/mL) 
refreshed every 48 hours until colonies appear. Colonies were 
harvested thanks to trypsin‐soaked paper disks (#Z374431, 
Sigma‐Aldrich) and re‐seeded to start routine culture in anti-
biotic‐supplemented growth medium.

2.4.2  |  Luciferase gene reporter assay/
Bioluminescence assay
Serum‐starved, hormonally defined, treated LLC PK‐1 SRE 
were re‐suspended mechanically in 1× lysis buffer (Cell 
Culture Lysis 5X Reagent, #E153A, Promega). Cell lysates 
were distributed in technical duplicates in a white 96‐well 
plate (#3912, Costar). Bioluminescence signals were de-
tected by the Enspire Multimode Reader (Perkin‐Elmer). 
Bioluminescence values were normalized as percentages 
of the mean bioluminescence value of the control technical 
duplicates of biological triplicates. Condition‐specific tran-
scription activities were calculated as means of normalized 
values obtained from condition‐related technical duplicates 
of biological triplicates.

2.5  |  Oligomer cross‐linking and 
Western blot
Serum‐starved, hormonally‐defined, treated LLC PK‐1 cells 
in 60 mm Petri dishes were incubated in hormonally defined 
medium—1% formaldehyde (cross‐linking range 2.9 Å) for 
15 minutes under agitation. Formaldehyde cross‐linking was 
quenched by the addition of 1 mol/L glycine (final concen-
tration 125  mmol/L). LLC PK‐1 were washed twice with 
PBS and lysed by scrapping in a custom RIPA lysis buffer 
(150  mmol/L NaCl, 50  mmol/L TRIS‐HCl, 0.1% NP‐40, 
0.1% SDS, 1 mmol/L EDTA in ultrapure H2O, supplemented 
with a 1:100 antiprotease/antiphosphatase mix). Cell lysates 
were incubated on ice for 30  minutes and centrifuged for 
15 minutes at 21 000 g. Supernatants were stored until pro-
tein concentration was measured using the Bradford colori-
metric method. Forty micrograms of proteins per exposure 
condition was separated by electrophoresis under reducing 
and denaturing conditions on a NuPAGE® 12% Bis‐Tris 
pre‐cast gel (#NP0341; ThermoFisher) in 1× NuPAGE™ 
MOPS SDS running buffer (#NP0001; ThermoFisher) and 
transferred to a nitrocellulose (NC) membrane (NP23001; 
ThermoFisher) using the iBLOT 2 Dry Blotting system 
(#IB21001; ThermoFisher). Membranes were stained with 
0.1% Ponceau S, 5% acetic acid solution for total protein 
visualization. Membranes were blocked for 1 hour at room 
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temperature under agitation with TBS‐Tween (TBS‐T) 
buffer (10  mmol/L Tris 7.6, 150  mmol/L NaCl, 0.1% 
Tween‐20) complemented with 5% (W/V) non‐fat milk pow-
der to obtain BLOTTO buffer. Primary antibody incubation 
(anti‐CFL, 1:10 000, #PA1‐24931, ThermoFisher) was done 
in BLOTTO for 1 hour at room temperature. After three 5‐
minute washes in TBS‐T, secondary antibody incubation 
(F(ab')2‐Goat anti‐Rabbit IgG (H + L) Secondary Antibody, 
HRP, 1:10 000, #A24531, ThermoFisher) was performed in 
BLOTTO for 1 hour at room temperature then washed again. 
Membranes were incubated in a 1:1 mix of SuperSignal™ 
West Pico PLUS Chemiluminescent Substrate kit (#34577, 
ThermoFisher) and analyzed by the ChemiDoc Imaging sys-
tem (Bio‐Rad) for chemiluminescent signal detection and 
acquisition. Quantitation was computed via the ImageLab 
software (Bio‐Rad) after total protein normalization.

2.6  |  Na+/K+‐ATPase activity/phosphate 
release assay
Serum‐starved, hormonally defined, treated LLC PK‐1 cells 
in 24‐well plates were permeabilized by osmotic shock in 
ultrapure water (150  µL) and fast freeze in liquid nitrogen 
(10 seconds). Cells were thawed (200 µL) in a buffer with a 
composition of 200 mmol/L sodium chloride, 80 mmol/L his-
tidine, 20 mmol/L potassium chloride, 6 mmol/L magnesium 
chloride, 2  mm EGTA, 2  µg/mL Alamethicin, 30  µmol/L 
Digitonin. For each drug exposure condition, a volume of 
30  mmol/L Ouabain (final concentration 1  mmol/L) or ul-
trapure water was added to every other well. Cells were either 
incubated 30 minutes at 37°C. A volume of 30 mmol/L ATP 
(final concentration 1 mmol/L) was added to each well. Cells 
were incubated 30 minutes more at 37°C. On ice, trichloro-
acetic acid: water (1:1) terminated ATP hydrolysis reactions. 
Plates were centrifuged at 1200  g  for 10  minutes at room 
temperature. Supernatants were diluted 50 times and distrib-
uted (50 µL) in technical triplicates to a 96‐well plate.

Concentration of free phosphate released from ATP hy-
drolysis was measured using the BIOMOL® Green kit (BML‐
AK‐111‐0250, Enzo). Na+/K+‐ATPase activity (expressed in 
nmol of released phosphate/30min/105 cells) was calculated 
as the difference in free phosphate concentration in the pres-
ence and absence of Ouabain.

2.7  |  iTRAQ shotgun proteomics

2.7.1  |  Protein extraction, sample 
preparation, iTRAQ labeling, and 
isoelectric focusing
After 24 hours drug exposure, LLC PK‐1 cells were washed 
twice with PBS and lysed by scrapping in a custom RIPA 
lysis buffer (150 mmol/L NaCl, 50 mmol/L TRIS‐HCl, 0.1% 

NP‐40, 0.1% SDS, 1 mmol/L EDTA in ultrapure H2O, sup-
plemented with an antiprotease/ antiphosphatase mix). Cell 
lysates were incubated on ice for 30 minutes and centrifuged 
for 15 minutes at 21 000 g. Supernatants were stored until 
protein concentration was measured using the Bradford col-
orimetric method and iTRAQ labeling. Twenty‐five micro-
grams of proteins was precipitated by −20°C cold acetone. 
After acetone evaporation, the precipitates were solubilized 
in 25 mmol/L ammonium bicarbonate then were incubated 
with 50  mmol/L dithiothreitol for 40  minutes at 60°C, to 
reduce disulfide bonds, 100  mmol/L iodoacetamide in the 
dark for 40 minutes at room temperature, to alkylate/block 
cysteine residues and eventually were digested for 24 hours 
at 37°C with mass‐spectrometry grade trypsin (#V5280; 
Promega) at a 1:50 enzyme: substrate ratio.

After digestion, samples were incubated with iTRAQ tags 
(iTRAQ Reagents Multi‐plex kits, 4‐plex, #4352135; Sigma‐
Aldrich)—one tag per drug exposure condition and five dif-
ferent tag/condition associations over five experiments—for 
1 hour at room temperature. Labeled samples were mixed and 
separated into 12 fractions by isoelectric focusing (OFFGEL 
3100 Fractionator; Agilent Technologies) for 24 hours at in-
creasing voltage and steady intensity of 50 µA in a 3‐10 pH 
IPG strip. Fractions were retrieved for further MS analysis 
after the IPG strip was incubated in a 1:1 acetonitrile (ACN): 
water, 0.1% formic acid (FA) wash solution for 15 minutes at 
room temperature.

2.7.2  |  Nano‐LC peptide separation and 
Q‐Q‐TOF mass spectrometry
IEF fractions were analyzed by nano‐LC MS/MS using a 
nano‐chromatography liquid Ultimate 3000 system (LC 
Packings DIONEX) coupled to a Triple TOF 5600+ mass 
spectrometer (ABSciex). For each sample, 5 µL was injected 
into a pre‐column (C18 Pepmap™ 300 µm ID × 5 mm, LC 
Packings DIONEX) using the loading unit. After desalt-
ing for 3  minutes with loading solvent (2% ACN, 0.05% 
trifluoroacetic acid [TFA]), the pre‐column was switched 
online with the analytical column (C18 Pepmap™ 75  µm 
ID × 150 mm, LC Packings DIONEX) pre‐equilibrated with 
95% solvent A (ACN 5%—FA 0.1%). Peptides were eluted 
from the pre‐column into the analytical column and then into 
the mass spectrometer by a linear gradient from 5% to 25% in 
70 minutes, then to 95% of solvent B (98% ACN, 0.1% FA) 
over 120 minutes at a flow rate of 200 nL/min.

Data acquisition was carried out by IDA (Information‐
Dependent Acquisition) mode of Analyst 1.7 TF software 
(ABSciex). The data from MS and MS/MS were continu-
ously recorded with a cyclic duration of 3 seconds. For each 
MS scan, up to 50 precursors were selected for fragmentation 
based on their intensity (greater than 20 000 cps), their charge 
state (2+, 3+) and if the precursor had already been selected 
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for fragmentation (dynamic exclusion). The collision ener-
gies were automatically adjusted according to charge state, 
ionic mass of selected precursors, and iTRAQ labeling.

2.7.3  |  Mass spectrometry data 
processing and relative protein identification/ 
quantification
MS and MS/MS data for five independent experiments 
(biological replicates) (*.wiff, one per fraction, 12 files per 
experiment) were submitted to Mascot Server 2.2.03 via 
ProteinPilot (version 5.0, ABSciex) for protein identifica-
tion, and searched against two complementary Sus scrofa 
databases: a Swiss‐Prot database (2015_10 release) and a 
TrEMBL database (2015_10 release). Carbamidomethyl 
(C) was defined as a fixed modification. Oxidation (O), iT-
RAQ4plex (K), iTRAQ4plex (Y), and iTRAQ4plex (N‐term) 
were defined as variable modifications. MS/MS fragment 
mass tolerance was set at 0.3 Da. Precursor mass tolerance 
was set at 0.2 Da.

Mascot raw data files (*.dat, one per experiment) were 
saved for further isobaric tags‐based peptide and protein 
quantitation with the Java implementation of the Quant al-
gorithm, jTRAQx (version 1.1326). Reporter mass tolerance 
was set at 0.05 Da, whereas iTRAQ correction factors were 
implemented as provided by ABSciex. This tool generated 
one *.jpf file (tab‐delimited text file) for each series.

*.jpf were submitted to the CiR‐C (Customizable iTRAQ 
Ratio Calculator) algorithm which excluded irrelevant data 
according to: (a) identification confidence: peptides are re-
tained if the probability that the observed positive match is a 
random match is below 5% (P < .05, Mascot score > 30); (b) 
quantification confidence: peptides are retained if all iTRAQ 
ratios have been successfully calculated ie, peptides with 0.0 
ratios or uncalculated ratios (null ratios) are discarded; (c) 
peptides related to “Fragment”‐ and “REVERSED”‐anno-
tated proteins are discarded. After irrelevant data removal, 
CiR‐C drew up an exhaustive catalogue of identified peptide 
sequences with their associated Swiss‐Prot or TrEMBL ac-
cession IDs. Peptides were assigned to a frequency index of 
positive matches (identification in {1;2;3;4;5} of five inde-
pendent experiments) and CiR‐C drew a second catalogue of 
peptides with the highest frequency index (n  =  5). Protein 
ratios were calculated as both overall and series‐specific me-
dian values of peptide ratios associated with a given acces-
sion ID and frequency index.

2.7.4  |  PANTHER overrepresentation test
The protein list analysis was performed by submitting 
Swiss‐Prot accession IDs to the online tool powered by 
the PANTHER Classification system. The PANTHER 
Overrepresentation test (release date 13/04/2017) parsed the 

PANTHER database (version 12.0, released on 10/07/2017) 
using the Sus scrofa reference list and the PANTHER Protein 
Class annotation dataset. Only P < .05 items were retained 
and considered significantly over‐represented.

2.7.5  |  Visualization of protein networks
The visualization of protein networks was performed by sub-
mitting Swiss‐Prot accession IDs to the online tool STRING.

2.7.6  |  Biological significance criteria
Frequency distribution of the iTRAQ peak intensities ratios 
could be approximated as a Gaussian distribution: iTRAQ 
peak intensities ratios frequency distribution significantly 
fitted implemented Gaussian nonlinear regression (n = 370, 
R2  =  0.9946, mean  =  1.02  ±  0.10). One of the Gaussian 
distribution properties is: (a) 66% of the values lie in a 1 
SD range around the mean; (b) 95% of the values lie in a 2 
SD range around the mean; (c) 99% of the values lie in a 3 
SD range around the mean. Applying the “mean ± n SD” 
property to the set of iTRAQ peak intensity ratios, the upper 
thresholds for significant upregulations upon drug exposure 
would be “1.02 − 0.10 = 0.92,” “1.02 – 2 × 0.10 = 0.82,” 
and “1.02 − 3 × 0.10 = 0.72,” whereas the lower thresh-
olds for significant downregulations upon drug exposure 
would be “1.02 + 0.10 = 1.12,” “1.02 + 2 × 0.10 = 1.22,” 
and “1.02 + 3 × 0.10 = 1.32”. Thus, proteins were classi-
fied thanks to their distance from the unity: proteins with 
median ratios between 0.92 and 1.12 were annotated as 
non‐impacted proteins; upregulated proteins with quanti-
tative ratios beyond 1.12 were ranked according to three 
tiers of significant fold increase: +σ (1.12  ≤  r  <  1.22), 
+2σ (1.22 ≤ r < 1.32), or + 3σ (1.32 ≤ r). The same way 
downregulated proteins with quantitative ratios below 0.82 
were ranked according to three tiers of significant fold de-
crease: −σ (0.92 ≥ r > 0.82), −2σ (0.82 ≥ r > 0.72), or −3σ 
(0.72 ≥ r).

2.7.7  |  Hierarchical clustering & heat‐map 
representation
Heat map representation and hierarchical clustering were 
generated using the Euclidian distance calculation as pro-
vided by the GENE‐E software (version 3.0.204).

2.8  |  Data availability
The MS proteomics data have been deposited to the 
ProteomeXchange Consortium (http://prote​omece​ntral.
prote​omexc​hange.org)27 via the PRIDE partner reposi-
tory28 with the dataset identifier PXD007891 (username: re-
viewer72095@ebi.ac.uk, password: TPSGICw9).

http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
mailto:reviewer72095@ebi.ac.uk
mailto:reviewer72095@ebi.ac.uk
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2.9  |  Setup of cyclosporine docking into 
Na+/K+‐ATPase
A cyclosporine structure was docked into a human‐sequence 
homology model of Na+/K+‐ATPase based on crystal struc-
tures (PDB IDs: 2ZXE and 4HQJ respectively for the open con-
formation E2 state (29 and the closed conformation E1 state30).

The molecules were prepared for docking in Autodock 
Tools31 and the docking was performed in Autodock Vina32 
with grid covering the whole protein and exhaustiveness set to 
400. A second docking was performed into the lipid‐binding site 
C to better evaluate the cyclosporine binding in this position.

The docking was performed in three variations, with 20 
binding poses generated for each case: (a) the closed structure 
E1 with a bound ATP molecule; (b) the closed structure E1 
without ATP; (c) the open structure E2 without phosphate.

Given the similarity of the docking results between the 
closed conformation with and without ATP, and the ex-
perimental conditions, only the results of the docking with 
ATP are presented. The residues taking part in ligand bind-
ing were evaluated using PLIP.33 Figures were made using 
PyMOL (The PyMOL Molecular Graphics System, Version 
1.6, Schrödinger, LLC).

2.10  |  Statistics
Statistical analysis and comparison of positive fluorescence 
area, SRF‐MRTF transcription activity, relative CFL abun-
dance and Na+/K+‐ATPase activity data were performed 
using the one‐sample t test for versus control comparison and 
the one‐way ANOVA test followed by the adequate multiple 
comparison post‐test with a significance threshold at P < .05, 
as implemented in GraphPad Prism (v. 5.04).

3  |   RESULTS

3.1  |  Quantitative proteomic analysis of 
PTC proteome & mapping of CNI‐induced 
perturbations highlight the over‐representation 
and differential expression of actin family 
cytoskeletal proteins
To monitor the dynamic profile of CNI‐exposed PTC pro-
teome, proteins extracted from LLC PK‐1 cell lysates, after 
24‐hour exposure to CNI, were prepared for shotgun prot-
eomics combining iTRAQ labeling of tryptic peptides to na-
noHPLC‐QqTOF MS analysis.

T A B L E  1   Cytoskeletal proteins are significantly overrepresented in the proteome of calcineurin inhibitors‐exposed Lilly Laboratories 
Porcine Kidney‐1 monitored by iTRAQ shotgun proteomics. Swiss‐Prot IDs from 128 identified proteins were submitted to the PANTHER 
Overrepresentation test (release date 13/04/2017) parsing the PANTHER database (version 12.0, released on 10/07/2017) using the Sus scrofa 
reference list and the PANTHER Protein Class annotation dataset. Bonferroni correction was applied

PANTHER protein class

Reference  
proteins  
per class  
(/21324)

Input proteins 
per class (/128)

Expected 
proteins per 
class

Over(+)/ 
under(−)‐ 
representation

Fold 
enrichment P‐value

Tubulin (PC00228) 20 4 0.12 + 33.32 1.51 × 10−3

Hydratase (PC00120) 16 3 0.10 + 31.24 2.70 × 10−2

Ribosomal protein (PC00202) 241 23 1.45 + 15.90 1.48 × 10−18

Dehydrogenase (PC00092) 234 11 1.40 + 7.83 4.19 × 10−5

Isomerase (PC00135) 131 6 0.79 + 7.63 3.09 × 10−2

RNA binding protein (PC00031) 681 24 4.09 + 5.87 6.08 × 10−10

Oxidoreductase (PC00176) 540 19 3.24 + 5.86 1.46 × 10−7

Actin family cytoskeletal protein 
(PC00041)

313 10 1.88 + 5.32 4.39 × 10−3

Cytoskeletal protein (PC00085) 660 15 3.96 + 3.79 2.24 × 10−3

Nucleic acid binding (PC00171) 2031 28 12.19 + 2.30 4.86 × 10−3

Unclassified 11 800 31 70.83 − 0.44 0

Analysis type PANTHER Overrepresentation test (release 13/04/2017)

Annotation version—release date PANTHER version 12.0 ‐ 2017‐07‐10

Analyzed list Sus scrofa (128 input proteins)

Reference list Sus scrofa (21 324 reference proteins)

Bonferroni correction True

Bonferroni count 201
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iTRAQ technology allowed the identification of 130 pro-
teins in PTC lysate. The PANTHER over‐representation test 
(Table 1) classified 128 Sus scrofa proteins, related to ribo-
some structure (PC00202, fold enrichment  =  15.90, ***P‐
value = 1.48 × 10−18), nucleic acid binding (PC00031, fold 
enrichment  =  5.87, ***P‐value  =  6.08  ×  10−10; PC00171, 
fold enrichment  =  2.30, **P‐value  =  4.86  ×  10−3), me-
tabolism processes (PC00120, fold enrichment  =  31.24, 
*P‐value  =  2.70  ×  10−2; PC00092, fold enrich-
ment  =  7.83, ***P‐value  =  4.19  ×  10−5; PC00135, fold 
enrichment = 7.63, *P‐value = 3.09 × 10−2; PC00176, fold 
enrichment  =  5.86, ***P‐value  =  1.46  ×  10−7) and cyto-
skeleton dynamics (PC00228, fold enrichment  =  33.32, 
**P‐value = 1.51 × 10−3; PC00041, fold enrichment = 5.32, 
**P‐value = 4.39 × 10−3; PC00085, fold enrichment = 3.79, 
**P‐value = 2.24 × 10−3).

Among the 15 proteins related to cytoskeleton structure 
and dynamics, actin family cytoskeletal proteins (PANTHER 
Protein Class PC00041, fold enrichment  =  5.32, **P‐
value = 4.39 × 10−3) formed a node of 10 interconnected proteins 
in the visualization of functional protein networks (Figure S1A).

Among the 70 proteins with significant variations of 
abundance, actin family cytoskeletal proteins like moesin, ra-
dixin, myosin VI, α‐SMA, troponin‐C, F‐actin capping pro-
tein subunits α2 and β, and cofilin‐1 showed a CNI‐specific 
expression profile (Figure S1B).

3.2  |  CsA, but not Tac, elicited a strong 
reorganization of actin cytoskeleton of PTCs
To determine whether CNI‐specific variations in the protein 
abundance of actin family cytoskeletal proteins were related 
to phenotypic modifications of the actin cytoskeleton, the 
characterization of LLC PK‐1 F‐actin microfilaments was 
performed by Phalloidin‐TRITC labeling and fluorescence 
microscopy, after 24‐hour exposure to CNI.

In fluorescence microscopy, cell monolayers of proximal 
tubular LLC PK‐1 showcased a puzzled pattern as phalloi-
din‐labeled F‐actin cytoskeleton organized cell membranes 
into intercellular convolutions (Figure 1A, panel a). These 
peculiar structuring of plasma membranes were reminiscent 
of the way basolateral membranes connect inside proximal 
tubular epithelia, in vivo.

Upon 24‐hour CsA exposure, LLC PK‐1 sustained a sig-
nificant reorganization of cortical actin cytoskeleton (Figure 
1A, panel b) related to a significant loss of F‐actin‐based 
structures (Figure 1B, −0.46%, **P  <  .01). CsA effects 
seemed to be related to the inhibition of the peptidylprolyl 
cis‐trans isomerase activity of its target immunophilin cyclo-
philin A (CypA) since a specific pharmacological inhibitor 
of CypA (CAI), without any immunological effect, elicited 
similar actin modifications (Figure 1A panel e, Figure 1B, 
−0.51%, **P <  .01). On the contrary, CsA effects seemed 

independent of calcineurin inhibition since neither Tac, 
VIVIT (a specific inhibitor of NFAT dephosphorylation by 
calcineurin) nor GPI 1046 (a pharmacological inhibitor of 
FKBP12) exhibited modifications of the actin organization 
(Figure 1A panels c, d, and f, Figure 1B).

In conclusion, these observations suggested that CsA 
triggered the deep remodeling of proximal tubular actin cy-
toskeleton and the depolymerization of F‐actin, in a cyclophi-
lin‐dependent way, independently of calcineurin inhibition.

3.3  |  Actin depolymerization led to a 
decrease in MRTF‐SRF transcription activity 
in LLC PK‐1 upon CsA exposure
The accumulation of cytoplasmic G‐actin is known to pre-
vent MRTF nuclear import and inhibit the transcription activ-
ity of the MRTF‐SRF complex. To determine CNI effects on 
MRTF‐SRF activity, LLC PK‐1 cells were transfected by a 
vector consisting of the luciferase gene under the control of 
a MRTF‐SRF‐activated CArG box‐containing promoter for 
gene reporting of MRTF‐SRF transcription activity, after 24‐
hour exposure to CNI.

Upon 24‐hour CsA exposure, SRF transcription activity 
was significantly reduced (Figure 2 A, −48.5% of control 
activity, ***P <  .001). Likewise, CAI elicited a concentra-
tion‐dependent negative regulation of SRF (Figure 2C). On 
the contrary, neither Tac, VIVIT (Figure 2B) nor GPI 1046 
(Figure 2D) reduced SRF transcription activity which was 
slightly increased upon Tac and VIVIT exposure. Profiles of 
drug‐related actin dynamics strictly superimposed to profiles 
of drug‐related SRF transcription activity.

In conclusion, CsA downregulated the transcription of 
MRTF‐SRF target genes, in a cyclophilin‐dependent way, in-
dependently of calcineurin inhibition.

3.4  |  CsA regulates actin‐binding protein 
cofilin through changes in cofilin‐actin 
ratio and oligomerization state
The depolymerization of F‐actin into G‐actin can be catalyzed 
by actin‐depolymerizing factors such as CFL. CFL activity is 
regulated by its ratio to F‐actin and its oligomerization state.

Differential quantitative proteomic analysis of identified 
actin family cytoskeletal proteins (PANTHER Protein Class 
PC00041) showed that CsA decreased the CFL: actin ratio 
since actin was overexpressed, whereas CFL levels remained 
steady. On the contrary, Tac induced equivalent overexpres-
sion for both actin and CFL (Figure S1).

To determine whether CsA exposure induced changes in 
CFL oligomerization, the Western blot analysis of CFL oligo-
mers from CsA‐treated LLC PK‐1 cell lysates was performed.

Western blot analysis of cross‐linked CFL oligo-
mers (Figure 3A) indicated that CsA induced 
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a significant decrease in dimers and tetramers 
(RdiCFL = 0.40 ± 0.09; RtetraCFL = 0.38 ± 0.16), whereas 
monomers remain steady (RmonoCFL  =  0.90  ±  0.06) 
(Figure 3B).

In conclusion, CsA elicited a shift in the balance between 
oligomeric forms of CFL, decreasing the protein abundance 
of CFL dimers and tetramers.

3.5  |  CsA effects seemed partly 
independent of CFL phosphorylation/
dephosphorylation
Another level of CFL regulation is its phosphorylation state. 
To determine whether CsA effects were related to CFL phos-
phorylation state, the characterization of LLC PK‐1 actin 

F I G U R E  1   Cyclosporine A (CsA), but not tacrolimus (Tac), triggers F‐actin depolymerization in a NFAT‐independent, immunophilin 
inhibition‐related way. A, Fluorescence images of Lilly Laboratories Porcine Kidney‐1 actin cytoskeleton labeled with TRITC‐Phalloidin. Scale bar 
10 µm. B, Quantification of red fluorescence‐positive area. Mean ± SEM. One‐way ANOVA plus Dunnett's post‐test (**P < .01). Drug condition: 
(a) vehicle (0.5% ethanol) (b) 5 µmol/L CsA (c) 0.05 µmol/L Tac (d) 1 µmol/L VIVIT (e) 0.5 µmol/L CAI (f) 0.5 µmol/L GPI 1046. Exposure time: 
24 h (n = 3)

(A)

(a) (b) (c)

(d) (e) (f)

(B)
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cytoskeleton and MRTF‐SRF transcription activity was done 
after 24 hours exposure to S3‐R, a peptide analogue of CFL 
phosphorylation site, and pharmacological inhibitors of the 
RhoGTPases pathway, responsible for CFL phosphorylation.

The S3‐R peptide, an analogue of the CFL phosphorylation 
site and a non‐specific inhibitor of Ser3‐targeting proteins, did 
not affect the organization of the actin cytoskeleton (Figure 4 

A, panel b) but was linked to a slight yet significant increase 
in F‐actin levels (Figure 4B, +0.36%, *P < .05). In associa-
tion with CsA, S3‐R nullified the CsA‐induced actin remodel-
ing (Figure 4A, panel e, Figure 4B). Conversely, the addition 
of a specific pharmacological inhibitor of LIMK, LIMKi3, 
alone or associated with CsA triggered CsA‐like phenotype 
of actin dynamics (Figure 4A, panel c and f) and significantly 

F I G U R E  2   Cyclosporine A (CsA)‐induced accumulation of G‐actin leads to inhibition of serum response factor (SRF)‐myocardin‐related 
transcription factor transcription activity in a NFAT‐independent, immunophilin inhibition‐related way. SRF transcription activity was measured by 
luciferase gene reporter assay in Lilly Laboratories Porcine Kidney‐1 SRE exposed for 24 h to: Drug condition: (A‐D). Vehicle (0.5% ethanol‐0.2% 
DMSO), 5 µmol/L CsA, 0.2 µmol/L Jasplakinolide; (A, B) 0.1 µmol/L Latrunculin A; (B) 0.05 µmol/L tacrolimus (Tac), 1 µmol/L VIVIT; (C) 
0.01‐1 µmol/L CAI, (D) 0.01‐1 µmol/L GPI 1046. Mean ± SEM. One‐sample t test (**P < .01, ***P < .001). (A‐C, D) (n = 3). (B) (n = 5)
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decreased F‐actin levels (Figure 4B, LIMKi3 alone: −1.62%, 
***P < .001; LIMKi3 + CsA: −1.22%, ***P < .001).

S3‐R alone did not impact the MRTF‐SRF transcription ac-
tivity (Figure 5A). In association with CsA, S3‐R significantly 
decreased the CsA‐induced inhibition of MRTF‐SRF transcrip-
tion activity (CsA: −33.1%; S3‐R  +  CsA: −24.5%; +8.6%, 
*P < .05). LIMKi3 alone induced an inhibition of MRTF‐SRF 
transcription activity (Figure 5B, −52.3%, ***P < .001) like 
what was observed with CsA alone (−35.9%, ***P < .001). 
Furthermore, LIMKi3 reinforced the CsA‐induced inhibition 
of SRF transcription activity (−61.5%, ***P < .001).

The pharmacological inhibitors of the RhoGTPases path-
way, Y27632 (ROCK inhibitor) and EHT1864 (Rac1 inhibi-
tor) elicited the same effects as LIMKi3 at both cytoskeletal 
(Figure S2A) and transcriptional (Figure S2B) levels.

In conclusion, CsA effects involved the phosphorylation 
site of CFL as a target for dephosphorylation. Inhibitors of 
the RhoGTPases pathway triggered CsA‐like effects.

3.6  |  CsA inhibited Na+/K+‐ATPase activity 
in PTCs and Ouabain‐induced inhibition of Na+/
K+‐ATPase mimicked actin reorganization and 
inhibition of MRTF‐SRF transcription activity 
observed upon CsA exposure
Cyclosporine A inhibition of Na+/K+‐ATPase and actin cy-
toskeleton reorganization consecutive to Na+/K+‐ATPase in-
hibition were reported in other in vivo and in vitro models. 

To determine whether CsA inhibition of Na+/K+‐ATPase and 
Na+/K+‐ATPase‐related actin dynamics occurred in PTC, the 
Na+/K+‐ATPase activity of LLC PK‐1 cells was measured 
after 24‐hour exposure to CsA and the characterization of 
LLC PK‐1 actin cytoskeleton and MRTF‐SRF transcription 
activity was done after 24 hours exposure to Ouabain, a phar-
macological inhibitor of Na+/K+‐ATPase.

A significant decrease in the Na+/K+‐ATPase activity (−23.1% 
of control, **P <  .01) was observed in LLC PK‐1 exposed for 
24 hours to CsA (Figure 6A), whereas Tac treatment had no effect.

Lilly Laboratories Porcine Kidney‐1 exposed for 24 hours 
to 100  nmol/L Ouabain featured CsA‐like actin reorga-
nization a(Figure 6 B panel c) with a significantly greater 
loss of F‐actin (Figure 6C, CsA: −0.76%; OUA: −1.35%, 
***P  <  .001). Moreover, Ouabain cotreatment with CsA 
potentiated CsA‐induced cell stiffening (Figure 6B panel d)  
and F‐actin decrease (Figure 6C, −2.26%, ***P  <  .001). 
Likewise, Ouabain exposure led to the inhibition of MRTF‐
SRF transcription activity (Figure 6D, −26.6%). Ouabain 
cotreatment with CsA reinforced CsA effects (CsA: −47.0%; 
OUA + CsA: −62.0%, ***P < .001).

In conclusion, CsA targeted Na+/K+‐ATPase and inhib-
ited its activity. Na+/K+‐ATPase inhibitor Ouabain elicited 
actin reorganization the same way CsA did. Ouabain‐related 
actin dynamics induced the partial inhibition of MRTF‐SRF 
transcription activity. The association of Ouabain with CsA 
tended to potentiate CsA effects on tubular proximal mor-
phology and actin dynamics.

F I G U R E  3   Cyclosporine A (CsA), 
but not tacrolimus (Tac), induced changes 
in cofilin (CFL) concentration‐to‐actin. A, 
Western blot detection of formaldehyde‐
cross‐linked CFL oligomers in Lilly 
Laboratories Porcine Kidney‐1 lysates. B, 
Quantification of relative protein abundance 
of CFL oligomeric forms. Mean ± SEM. 
One‐way ANOVA plus Dunnett's post‐test 
(*P < .05, **P < .01). Drug condition: 
5 µmol/L CsA, 0.05 µmol/L Tac. Exposure 
time: 24 h (n = 5)
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3.7  |  CsA molecular docking into Na+/K+‐
ATPase
Cyclosporine A was docked into the closed (E1) conforma-
tion of Na+/K+‐ATPase with and without ATP and into the 
open (E2) conformation without any ligands (Figure S3). 
All the obtained binding poses had similar binding affinity, 

ranging from −7.7 to −6.6 kcal/mol. Assuming the known 
membrane partitioning of CsA34,35 only the binding poses 
close to the membrane boundary were considered.

On the open conformation of Na+/K+‐ATPase (state E2, 
Figure S3A), there is a binding site at the C‐terminal end of 
the protein, near the β‐subunit, in the vicinity of the C‐ter-
minal pathway36,37 There is another binding site under the 

F I G U R E  4   Cofilin is involved in cyclosporine A (CsA)‐induced actin reorganization through its phosphorylation site. A, Fluorescence 
images of Lilly Laboratories Porcine Kidney‐1 actin cytoskeleton labeled with TRITC‐Phalloidin. Scale bar 10 µm. B, Quantification of red 
fluorescence‐positive area. Mean ± SEM. One‐way ANOVA plus Tukey's post‐test (*P < .05, ***P < .001) (n = 4). Drug condition: (a) Vehicle 
(b) 100 µg/mL S3R (c) 10 µmol/L LIMKi3 (d) 5 µmol/L CsA (e) S3R + CsA (f) LIMKi3 + CsA. Exposure time: 24 h (n = 4)

(A)

(a) (b) (c)

(d) (e) (f)

(B)
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A‐domain. It is noteworthy that this binding site is present in 
both conformations (Figure S3A and B) and near the binding 
site of Oligomycin A in the 3WGV crystal structure.38

In the closed conformation of Na+/K+‐ATPase (state E1, 
Figure S3B and C), the most prominent binding sites are at 
the lipid‐binding sites as previously defined.39 Most of the 
binding poses are located at the so‐called site C—a position 
of bound cholesterol and phospholipid, involving aromatic 
and aliphatic residues such as W32 and Y39 or V838. This 
site has been previously implicated in the Na+/K+‐ATPase 
inhibition.

4  |   DISCUSSION

In this work, we demonstrated that CsA‐induced remod-
eling of the actin cytoskeleton of PTC was associated with 
a modification of the F‐actin: G‐actin ratio through an origi-
nal regulation of CFL: Indeed, CsA exposure decreased the 
total CFL: actin ratio as well as the levels of CFL dimers 
and tetramers, independently of the phosphorylation by LIM 
kinases but most likely related to the CsA‐induced inhibition 
of Na+/K+‐ATPase.

In the kidney, the study of podocytes exposed to CsA re-
vealed that the dynamic of the actin cytoskeleton was sen-
sitive to CsA. Indeed, CsA exerted the stabilization of the 
actin cytoskeleton of podocyte foot processes, explaining the 
antiproteinuric effect of CsA which is observed in nephrosis. 
This mechanism was demonstrated to be calcineurin‐depen-
dent with the inhibition of the dephosphorylation and con-
sequent proteolysis of Synaptopodin, a podocyte specific 
actin‐binding protein (ABP) whose activity is essential for 
podocyte structure‐function.40 Besides, CsA induced the 
overexpression of CFL, a ubiquitary ABP, and its regulation 

in a non‐phosphorylated state, independently from the effects 
on Synaptopodin.41

In the light of early observations of CsA effects on the 
actin cytoskeleton of podocytes, the study of the actin dy-
namic in PTC appeared of utmost interest in the elucidation 
of pathophysiological mechanisms of TA upon CNI expo-
sure. In PTC, we demonstrated that the actin cytoskeleton 
could be modified by CsA.42 Indeed, independently from the 
inhibition of NFAT, CsA triggered a reversible disorganiza-
tion of actin scaffolding at the periphery of the cell. Whether 
a mechanism involving the CsA‐related regulation of CFL 
was responsible for the effects of CsA on PTC remained to 
be addressed.

Cofilin was initially described as an actin‐depolymerizing 
factor involved in actin treadmilling. CFL modifies the phys-
ical‐chemical properties of the microfilaments, promotes Pi 
release and aADP‐actin‐G dissociation from older segments 
to replenish the pool of G‐actin and to supply enough mate-
rial for microfilament renewal. Since then, the scope of CFL 
activity was expanded, in the light of the multiple mecha-
nisms of CFL regulation. Up to date, CFL activity is known 
to be sensitive to F‐actin saturation, phosphorylation‐dephos-
phorylation of its Ser3 residue, PIP2 interaction, intracellular 
pH, and oxidative stress.43

Since direct interaction with F‐actin microfilaments is nec-
essary for the actin‐related activity CFL, the degree of satu-
ration of the microfilament (or the density of CFL near the 
microfilament) play a major role in the regulation of CFL. 
Saturation is correlated with global CFL concentration, CFL: 
actin ratio and CFL oligomerization. At high saturation and 
CFL density, F‐actin filaments are severed and prone to the 
nucleation and polymerization of new branches. Conversely, 
at low saturation and CFL density, F‐actin filaments are sev-
ered and completely depolymerized into G‐actin. Low CFL 

F I G U R E  5   Cofilin is involved in cyclosporine A (CsA)‐induced inhibition of myocardin‐related transcription factors‐serum response factor 
(SRF) transcription activity. SRF transcription activity was measured by luciferase gene reporter assay in Lilly Laboratories Porcine Kidney‐1 SRE 
exposed 24 h to: (A) S3‐R 100 µg/mL; S3R + CsA. (n = 6); (B) LIMKi3 10 µmol/L; LIMKi3 + CsA. (n = 7). Mean ± SEM. One‐sample t test for 
vs control comparison, One‐way ANOVA plus Tukey's post‐test for multiple condition comparison (*P < .01, ***P < .001)
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concentrations are related to low saturation, and so, the 
higher the concentration, the higher the saturation of micro-
filaments.44,45 Besides, in vivo and in vitro, CFL may exist as 
monomers, dimers and tetramers with higher order oligomers 
related to higher CFL concentration and F‐actin saturation.46,47

The switches between phosphorylated and dephosphor-
ylated status are another level of regulation between active 
and inactive CFL. Phosphorylation of the Ser3 residue pre-
vents CFL‐actin interaction, whereas dephosphorylation 
rescues CFL‐actin interaction and enables actin‐related CFL 

F I G U R E  6   Cyclosporine A (CsA) partially inhibits Na+/K+‐ATPase activity; Na+/K+‐ATPase inhibitor Ouabain triggers and potentiates 
CsA‐like actin reorganization and inhibition of serum response factor (SRF)‐myocardin‐related transcription factor transcription transcription 
activity. A, Na+/K+‐ATPase activity was measured by colorimetric phosphate assay in Lilly Laboratories Porcine Kidney‐1 (LLC PK‐1). 
Mean ± SEM. One‐way ANOVA plus Dunn's post‐test (**P < .01, ***P < .001) (n = 3). B, Fluorescence images of LLC PK‐1 actin cytoskeleton 
labeled with TRITC‐Phalloidin. Scale bar 10 µm. C, Quantification of red fluorescence‐positive area. Mean ± SEM, One‐way ANOVA plus 
Tukey's post‐test (*P < .01, ***P < .001) (n = 4). D, SRF transcription activity was measured by luciferase gene reporter assay in LLC PK‐1 SRE. 
One‐sample t test for vs control comparison, one‐way ANOVA plus Tukey's post‐test for multiple condition comparison (***P < .001) (n = 4). 
Drug condition: (a) Vehicle (b) 5 µmol/L CsA (c) 100 nmol/L Ouabain (d) CsA + Ouabain. Exposure time: 24 h

(A)

(B) (a)

(b)

(c)

(d)

(C) (D)
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activity. Phosphorylation of Ser3 is only catalyzed by LIM 
kinases, downstream small RhoGTPases and their associ-
ated kinases.48 Dephosphorylation of CFL Ser3 is catalyzed 
by Slingshot phosphatases,49 which itself is activated by 
calcineurin.

The regulation of CFL orientates actin dynamics toward 
the polymerization of G‐actin monomers into F‐actin micro-
filaments, or, conversely, promotes the depolymerization of 
F‐actin into G‐actin. In case of a cytoplasmic accumulation 
of G‐actin, G‐actin traps myocardin‐related transcription fac-
tor (MRTF), a co‐factor of the serum response factor (SRF) 
transcription factor. Complexes of MRTF‐G‐actin are re-
stricted to the cytoplasm. Gene transcription by MRTF‐SRF 
complexes depends on the nuclear import of MRTF hence 
the cytoplasmic accumulation of G‐actin leads to SRF tran-
scription inhibition.50 In that way, the actin dynamic was de-
scribed as a potent intracellular fulcrum for cell adaptation to 
its environment, connecting upstream RhoGTPases to down-
stream MRTF‐SRF pathway.51-53

As mentioned above, studies on podocytes reported that 
CsA had antiproteinuric effects via the stabilization of the 
actin cytoskeleton structuring the foot processes. This stabili-
zation relied on the overexpression and dephosphorylation of 
Cofilin. Even though the study did not focus on CFL oligo-
merization, the CFL: actin ratio was in favor of CFL and the 
CFL concentration was higher, therefore the activity of CFL 
was regulated to promote actin polymerization and stabilize 
microfilaments. What we observed in PTC was a destabili-
zation of the actin cytoskeleton structuring the intercellular 
convolutions. This indicated a different regulation of CFL 
activity where CFL would have to (a) exert low saturation of 
F‐actin microfilaments (lower CFL: actin ratio; lower levels 
of CFL oligomers); (b) be active for actin‐related functions, 
that is, dephosphorylated.

Cyclosporine A had already been reported to elicit the re-
modeling of the actin cytoskeleton of PTC.54 In this study, 
CsA (4.2 µmol/L, 24 hours) activated RhoA and the phos-
phorylation cascade, which led to CFL phosphorylation by 
LIMK. CFL inhibition results in the formation of stress fibers 
and the tightening of tight junctions. Our findings are just the 
opposite of these previous results and are incompatible with 
the previously described mechanism. Indeed, pharmacologi-
cal inhibition of the RhoGTPases pathway elicited CsA‐like 
effects, that is, the loss of proximal tubular morphology 
and the inhibition of MRTF‐SRF activity. These discrepan-
cies might result from differences in cell culture conditions 
as, in the study by Martin‐Martin et al, control LLC PK‐1 
seemed non‐confluent, less differentiated, with non‐convo-
luted membranes and a significant amount of stress fibers. 
Although the cell culture protocol appeared to be similar, the 
serum deprivation prior to drug exposure differed as it is not 
supplemented with hormones allowing advanced epithelial 
differentiation of LLC PK‐1 cells at the morphological and 

cytoskeletal levels. Our present in vitro model seemed closer 
to the in vivo aspect of PTC than the in vitro one Martin‐
Martin et al developed.

Outside actin‐related functions, CFL is known to inter-
act with Na+/K+‐ATPase to provide energetic fuel to the 
pump motion. CFL binds triose phosphate isomerase and in-
teracts with the alpha subunit of Na+/K+‐ATPase to locally 
provide ATP. When Na+/K+‐ATPase is inhibited (by potas-
sium depletion or the action of a pharmacological inhibitor), 
a feedback mechanism disrupts energetic supply by CFL 
dephosphorylation.55-57

Cyclosporine A effects on PTCs were reminiscent of 
OUA effects on HeLa cells.55 OUA exerted a similar reorga-
nization of the actin cytoskeleton by dephosphorylating CFL 
via a mechanism where the inhibition of Na+/K+‐ATPase 
activates the Ras/Raf/MEK cascade, in a Src‐EGFR‐depen-
dent way, leading to the inhibition of LIMK downstream the 
small RhoGTPases pathway. OUA effects were reproduced 
by Y27632 just like CsA effects were mimicked by the 
RhoGTPases inhibitors.

Earlier findings about the mechanism of Na+/K+‐ATPase 
energetic supply by pCFL‐TPI complexes57 reported that the 
overexpression of constitutively active CFL (Ser3 was re-
placed by Ala) was sufficient to cut endogenous CFL out of 
phosphorylation/dephosphorylation‐based regulation which 
made TPI localization insensitive to the activation/inhibition 
of the RhoGTPases pathway. Likewise, in our study, the ad-
dition of S3‐R was enough to partially exclude endogenous 
CFL from CsA‐induced regulation.

Dephosphorylation of CFL by Slingshot phosphatases 
seemed unlikely since Slingshot phosphatases are acti-
vated by calcineurin. CsA effects on CFL were unlikely to 
be related to calcineurin since Tac and VIVIT did not elicit 
CsA‐like effects on the actin cytoskeleton or the MRTF‐SRF 
transcription activity.

Numerous studies have already reported the inhibition of 
Na+/K+‐ATPase by CsA, in vitro and in vivo. However, the 
observations were limited to the consequences in ion trans-
port.58-65 Although this work is not the first one to study the 
relationship between the Na+/K+‐ATPase pump and the actin 
cytoskeleton, the partial inhibition (about 25%) of proximal 
tubular Na+/K+‐ATPase by CsA has been the first observa-
tion of a direct correlation between variations in the pump 
activity and cytoskeletal remodeling so far. Besides, the po-
tentiation of the CsA‐induced depolymerization of F‐actin by 
OUA is in favor of a Na+/K+‐ATPase ‐related mechanism.

How CsA inhibits Na+/K+‐ATPase has yet to be eluci-
dated. CsA is known to induce overexpression of endothelin, 
which is a well‐known inhibitor of Na+/K+‐ATPase activ-
ity.66,67 Furthermore, CsA can downregulate Na+/K+‐ATPase 
activity through the inhibition of cyclophilin B. The PPIase 
was described as a crucial partner for the structure and ac-
tivity of Na+/K+‐ATPase catalytic subunit.68 Besides, the 
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proteome monitoring of HEK cells by SILAC‐LC‐MS/MS 
reported the decrease in CypB protein abundance upon CsA 
exposure.69 These findings, together with the observations 
of CsA‐like effects upon CAI exposure, support the implica-
tion of Cyps in the inhibition of Na+/K+‐ATPase by CsA. To 
what extent the Cyps are implicated has yet to be elucidated. 
However, our work suggests another mechanism leading to 
Na+/K+‐ATPase inhibition.

Indeed, our molecular modeling of CsA docking into  
Na+/K+‐ATPase was performed to visualize the potential 
interactions. CsA is mostly made of hydrophobic amino 
acids favoring its membrane partitioning.34 Therefore, the 
preferential binding site to Na+/K+‐ATPase is likely to be 
in the transmembrane site C, known to bind hydrophobic 
compounds such as lipids and cholesterol. Such binding is 
mostly expected to hinder proper motions of the transmem-
brane helices by impairing specific protein‐lipid interactions. 
This may explain the experimentally observed inhibition of 
Na+/K+‐ATPase by CsA given that the Na+/K+‐ATPase (a) 

undergoes large‐scale conformational changes during its re-
action cycle; and (b) its activity is strongly dependent of the 
membrane environment.70 Interestingly, in the open struc-
ture, there are no binding sites in the transmembrane region, 
but there are two at the membrane interface that could (a) 
impair domain motions; and (b) prevent the proper closing of 
N‐ and A‐ domains during the reaction cycle. It is noteworthy 
that there is also a binding site under the A‐domain, similar to 
the one in the closed conformation. Such preliminary results 
are in favor of direct interactions between CsA and Na+/K+‐
ATPase leading to impairment of large‐scale conformational 
motions. It is important to note that the confirmation of the 
aforementioned molecular mechanism would require an im-
portant computational effort by biased molecular dynamics 
simulations, which if off‐topic of this study.

Altogether, these results let us propose a model (Figure 7)  
where: (a) the inhibition of Na+/K+‐ATPase by CsA leads 
to the dephosphorylation of CFL, independently from the 
classical regulation pathways; (b) CsA decreases the CFL: 

F I G U R E  7   Proposed model of 
cyclosporine A (CsA)‐induced myocardin‐
related transcription factors‐serum response 
factor (MRTF‐SRF) inhibition through  
Na+/K+‐ATPase inhibition and remodeling 
of the actin cytoskeleton
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actin ratio and the protein abundance of F‐actin‐stabilizing 
and polymerization‐promoting CFL oligomers; (c) active, 
minority, monomeric CFL depolymerizes low‐saturated F‐
actin microfilaments and replenish G‐actin pools; (d) the ac-
cumulation of G‐actin leads to the cytoplasmic trapping of 
the SRF co‐factor MRTF; (e) the low nuclear abundance of 
MRTF results in the low abundance of transcription‐ready 
MRTF‐SRF complexes and the decrease in MRTF‐SRF tran-
scription activity; overall; (f) CsA inhibits gene transcription 
by the MRTF‐SRF complex via drug‐specific, G‐actin‐prone 
actin‐dynamics.

The CsA‐induced inhibition of MRTF‐SRF gene tran-
scription might have feedback consequences on actin dy-
namics since ACTB, Cfl1, and other ABP‐coding genes are 
identified genes of the CArGome (the ensemble of MRTF‐
SRF genes whose promoters contain CArG boxes) and the 
activity of the MRTF‐SRF complex was shown to be required 
for the homeostasis of actin levels and the organization of the 
actin cytoskeleton.71

As a matter of facts, cellular consequences of MRTF‐SRF 
inhibition might be large‐scale perturbations since MRTF‐
SRF regulates the transcription of genes coding for transport 
and adhesion proteins, enzymes of the lipid and glucose me-
tabolisms, transcription factors, growth factors, growth factor 
receptors, etc.

For instance, past studies clearly elucidated the role of 
MRTF‐SRF inhibition in multifactorial biological processes 
like proapoptotic mechanisms72,73 and EMT,74,75 which have 
been widely described as CsA‐related pathophysiological 
mechanisms.

Hence why the proposed model of an inhibition of MRTF‐
SRF transcription activity downstream an original regulation 
of actin dynamics upon CsA exposure might be of utmost 
interest to explain known in vitro effects of CsA and provide 
a unified mechanism of CsA toxicity in PTC.
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