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Abstract

Calcineurin inhibitors (CNI) such as cyclosporine A (CsA) and tacrolimus (Tac), are
widely-used as immunosuppressants after solid organ transplantations to prevent allo-
graft rejection. However, their therapeutic benefits are limited by nephrotoxicity. In partic-
ular, CsA is associated with greater nephrotoxicity than Tac. CNI inhibit calcineurin indi-
rectly by building complexes with different immunophilins: CsA binds to cyclophilins and
Tac interacts with the FK506-binding protein (FKBP). These complexes then bind to and
inhibit calcineurin. We hypothesized that the stronger nephrotoxicity of CsA may be as-
sociated with suppression of cyclophilins, whose chaperone function is crucial in proteo-
stasis. Imbalanced proteostasis may lead to endoplasmic reticulum (ER) stress and mal-
adaptive unfolded protein response (UPR) in kidney epithelia. To this end, the effects of
CsA and Tac treatment (10 pM, for 6 hours each) on UPR and apoptosis markers were
evaluated in human embryonic kidney 293 (HEK 293) cells, primary human renal proximal
tubular epithelial cells (HRPTEpC) and freshly isolated rat proximal tubules (PT). CsA
treatment in cultured cells and isolated PTs induced significant increases to the levels of
UPR and proapoptotic markers, whereas Tac treatment resulted in either mild or no effect.
Knockdown of cyclophilin A (CYPA) or cyclophilin B (CYPB) via small interfering RNA
(siRNA) stimulated proapoptotic UPR and apoptosis, similar to CsA treatment. Concom-
itant application of the chemical chaperones tauroursodeoxycholic acid (TUDCA) or 4-
phenylbutyric acid (4-PBA) alleviated CsA-induced ER stress and UPR. Similarly, inacti-
vation of critical UPR pathways by CRISPR/Cas9 mediated deletion of protein kinase
RNA-like ER kinase (PERK) or activating transcription factor 6 (ATF6) in HEK 293 cells
also blunted CsA-induced UPR.

In summary, CsA induces stronger expression of UPR and proapoptic markers than Tac,
which suggests that higher nephrotoxicity associated with CsA treatment may be, at least
in part, derived from the suppression of cyclophilins rather than calcineurin inhibition. In-
deed, concomitant treatment with chemical chaperones alleviated the CsA-induced UPR,
and genetic suppression of the UPR also blunted the detrimental effects of CsA. Thus,
modulation of the UPR may be an effective adjuvant approach to mitigate the nephrotox-

icity associated with CsA.
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Zusammenfassung

Der Einsatz der Calcineurin-Inhibitoren (CNI), Cyclosporin A (CsA) oder Tacrolimus
(Tac), gehort zu den Standards bei immunsuppressiver Therapie nach Organtransplan-
tation. Die nephrotoxischen Nebenwirkungen von CNI stellen jedoch ein Problem fir de-
ren klinische Verwendung dar. Im Vergleich mit Tac hat CsA eine stérker toxische Wir-
kung. Calcineurin wird durch CNI indirekt Gber dessen Komplexbildung mit verschiede-
nen Immunophilinen gehemmt. Dabei bindet CsA an Cyclophiline und Tac an FK506-
bindendes Protein (FKBP). Die dadurch entstehenden Komplexe binden dann an Calci-
neurin und hemmen es. Wir stellten die Hypothese auf, dass eine angenommene hohere
Nephrotoxizitdt von CsA mit der Unterdriickung von Cyclophilinen in Verbindung steht,
weil deren Chaperonfunktion fur die Erhaltung der zellularen Proteostase entscheidend
ist. Eine unausgeglichene Proteostase kann zu Stress des endoplasmatischen Retiku-
lums (ER) und zu maladaptiver Unfolded protein response (UPR) in Nierenepithelien fiih-
ren. Zur Uberpriifung der Hypothese wurden Effekte von CsA und Tac (10 pM, 6 Stunden,
jeweils) auf UPR- und Apoptosemarker in humanen embryonalen Nierenzellen 293 (HEK
293), priméren humanen proximalen tubuldren Nierenepithelzellen (HRPTEpC) und
frisch isolierten proximalen Tubuli (PT) von Ratten vergleichend untersucht. Die Behand-
lung mit CsA induzierte eine signifikant starkere Expression von UPR- und Apoptosemar-
kern in kultivierten Zellen und isolierten PTs als mit Tac. Die Synthesehemmung (Knock-
down) von Cyclophilin A (CYPA) oder Cyclophilin B (CYPB) mittels kleiner interferieren-
der RNA (siRNA) stimulierte proapoptotische UPR und Apoptose in ahnlicher Weise wie
die CsA-Behandlung. CsA-induzierte UPR und Apoptose wurden durch die gleichzeitige
Anwendung der chemischen Chaperone, Tauroursodeoxycholsaure (TUDCA) oder 4-
Phenylbuttersdure (4-PBA), gelindert. In &hnlicher Weise wurden die zelltoxischen Ef-
fekte von CsA durch Hemmung der kritischen UPR-Komponenten, Proteinkinase-RNA-
ahnliche ER-Kinase (PERK) und Transkriptionsfaktor 6 (ATF6), in HEK 293 Zellen Uber
CRISPR/Cas9-vermittelte Gen-Edition jeweils deutlich gemildert.

Zusammenfassend verursacht CsA ein hoheres Ausmass an epithelialer UPR und
Apoptose als Tac. Die mit CsA-Behandlung einhergehende hoéhere Nephrotoxizitat
kommt offenbar anteilig durch Unterdriickung der zugehdrigen Cyclophiline zustande. Die
Dampfung der UPR durch chemische Chaperone oder Hemmung ihrer genetischen Kom-

ponenten sollte dazu beitragen kénnen, die zelltoxischen Effekte von CsA zu vermindern.
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1 Introduction

1.1 Calcineurin structure and function

Calcineurin is a calcium (Ca?*) and calmodulin dependent serine/threonine phosphatase
(Rusnak & Mertz, 2000). Its heterodimeric structure consists of a catalytic subunit, cal-
cineurin A, and a regulatory subunit, calcineurin B (Bandyopadhyay et al., 2004). Cal-
cineurin A exists in three isoforms, namely a, 3 and y. While calcineurin Aa and 3 are
broadly distributed, calcineurin Ay is expressed primarily in the brain and testes (Williams
& Gooch, 2012).

Increases in intracellular Ca®* levels induce the formation of Ca?*-calmodulin complexes
that then bind to and activate calcineurin. Activated calcineurin dephosphorylates tran-
scription factors of the nuclear factor of activated T cells (NFAT) family. Consequently,
dephosphorylated and activated NFATSs translocate into the nucleus and induce a variety
of transcriptional programs including T cell activation (Creamer, 2020; Park et al., 2019).

1.2 Calcineurin inhibitors

Calcineurin inhibitors (CNI), cyclosporine A (CsA) and tacrolimus (Tac) are the most com-
monly-used drugs for immunosuppression to prevent allograft rejection after solid organ
transplantation (Farouk & Rein, 2020; Kitamura, 2010). Since their introduction in 1980s,
the use of CNIs after transplantation has dramatically improved graft and patient survival
(Ume et al., 2021). However, nephrotoxic effects of CNI substantially limit their therapeu-
tic benefits at long term (Farouk & Rein, 2020). In particular, CSA administration is asso-
ciated with higher nephrotoxicity than Tac, alongside less favourable side-effects. For
instance, comparative studies have shown long term Tac use is associate with a more
favourable cardiovascular risk profile and better renal function, as determined by glomer-
ular filtration rate or serum creatinine levels, than CsA (Jurewicz, 2003; Lucey et al.,
2005). It is also reported that, CsA has more impact on dyslipidemia; CsA but not Tac
significantly increases total cholesterol and low density lipoprotein cholesterol levels
(Deleuze et al., 2006). It should be noted, however, that Tac use is strongly associated
with post-transplant diabetes (Haddad et al., 2006; Martins et al., 2004). Interestingly,
CsA and Tac have opposing effects on hair growth: CsA may trigger hypertrichosis
whereas Tac use may lead to alopecia areata (Gafter-Guvili et al., 2003; Tricot et al., 2005).
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Differences in toxicity profiles of the two CNIs may be related to their mechanism of cal-
cineurin inhibition. CsA and Tac do not inhibit calcineurin directly. Instead, they build com-
plexes with different immunophilins, so called for their action as receptors for immuno-
suppressive drugs (Calderén-Sanchez et al., 2011; Steiner & Haughey, 2010). While CsA
builds complexes with cyclophilins (CYP), Tac (FK-506) interacts with FK-506 binding
proteins (FKBP). Thus, immunosuppressant-immunophilin complexes bind to and inhibit

calcineurin function (Figure 1; Dutz et al., 1993).
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Figure 1: Calcineurin inhibition mechanism: Upon increase in intracellular calcium levels, cal-

cium ions (Ca™*) bind to calmodulin (Calm) that then in turn activates calcineurin. Consequently,
calcineurin dephosphorylates and activates nuclear factor of activated T cells (NFAT) transcrip-
tion factors. Dephosphorylated NFATSs translocate to the nucleus and regulate the expression of
genes responsible for T cell proliferation, differentiation and activation, such as interleukin-2. Cal-
cineurin inhibitors cyclosporine A (CsA) and tacrolimus (Tac) build complexes with cyclophilins
(CYP) and FK-binding proteins (FKBP), respectively, which then inhibit calcineurin activity and

the T cell immune response. Source: Own elaboration.

Immunophilins are ubiquitous peptidylprolyl cis-trans isomerases (PPI) that are ex-
pressed in a variety of human organs such as brain, liver, heart and kidney (Calderén-

Sanchez et al., 2011). Immunophilins, particularly cyclophilins, act as chaperons assisting
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protein folding, for this reason deficiency of cyclophilins can give rise to endoplasmic re-
ticulum (ER) stress induced unfolded protein response (UPR; Cho et al., 2014; Yilmaz et
al., 2022).

1.3 Endoplasmic reticulum stress-induced unfolded protein response

The endoplasmic reticulum (ER) is one of the largest organelles in eukaryotic cells. It
plays key roles in protein synthesis, folding and structural maturation (Oakes & Papa,
2015). ER homeostasis may be challenged by pathophysiological alterations that result
in accumulation of unfolded or misfolded proteins within the ER lumen, causing ER stress
(Hetz et al., 2020). ER stress triggers a compensatory intracellular signal transduction
pathway known as the unfolded protein response (UPR), which acts to reduce protein
synthesis, improve protein folding, and induce ER-associated degradation (ERAD) of mis-
folded proteins. However, should overwhelming or prolonged ER stress occur, the UPR
can instead activate apoptotic pathways (Hetz et al., 2020; So, 2018; Walter & Ron,
2011).

The UPR comprises three major signaling pathways initiated by different ER resident
transmembrane proteins: activating transcription factor 6 (ATF6), inositol-requiring pro-
tein 1 a (IRE1a) and protein kinase RNA-like ER kinase (PERK; Figure 2). Luminal do-
mains within these proteins sense the accumulation of unfolded proteins via dissociation
of the binding immunoglobulin protein (BiP, GRP78), initiating the UPR signaling cascade
(Hetz, 2012; Hetz et al., 2020; Lemmer et al., 2021). After activation of the UPR, ATF6 is
transported from the ER to the Golgi apparatus to be cleaved by site-1 protease (S1P)
and site-2 protease (S2P), releasing the 50 kDa cytosolic domain of ATF6 (ATF6 p50;
Hetz et al., 2020; Pachikov et al., 2021). As a soluble and active transcription factor, ATF6
p50 translocates to the nucleus to enhance the transcription of UPR-related genes (Nada-
naka et al., 2007). In association with UPR activation, IRE1a undergoes autotransphos-
phorylation and causes the splicing of unspliced X-box-binding protein-1 (uXBP1).
Spliced XBP1 (sXBP1) is an active transcription factor that regulates the expression of
genes involved in protein folding and ERAD (Pavlovi¢ & Heindryckx, 2021; Walczak et
al., 2019). PERK, as the third branch of UPR, undergoes homodimerization and phos-
phorylation upon UPR induction, similar to IRE1a. Activation of PERK leads to phosphor-

ylation of eukaryotic translation initiation factor 2A (elF2a), which causes a general down-
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regulation of translation to decrease ER workload. However, under prolonged stress con-
ditions, preferential translation of activating transcription factor 4 (ATF4) may lead to ex-
pression of proapoptotic factors such as C/EBP homologous protein (CHOP; Bergmann
& Molinari, 2018; Metcalf et al., 2020; Sano & Reed, 2013).
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Figure 2: Unfolded protein reponse (UPR): Three UPR sensor proteins — activating transcrip-

tion factor 6 (ATF6), inositol-requiring protein 1 a (IRE1a) and protein kinase RNA-like ER kinase
(PERK) — sense the accumulation of unfolded or misfolded proteins and initiate UPR signaling.
BiP, binding immunoglobulin protein; ER, endoplasmic reticulum; S1P, site-1 protease; S2P, site-
2 protease; uXBP1, unspliced X-box-binding protein-1; sXBP1, spliced X-box-binding protein-1;
ERAD, ER-associated degradation; elF2a, eukaryotic translation initiation factor 2A; ATF4, acti-

vating transcription factor 4. Source: Own elaboration.

In summary, the ER is a crucial organelle that plays essential roles in protein folding and
quality control. Accumulation of unfolded or misfolded proteins can cause stress in the
ER that leads to the UPR (Chadwick & Lajoie, 2019; Liicke & Weiwad, 2011). Pharma-
cological inhibition of calcineurin via CsA or Tac is enacted through the inhibition of CYP
or FKBP immunonphilins, respectively. Cyclophilins function as chaperones and play a
key role in the proteostasis. Thus, CsA-induced suppression of cyclophilin chaperone
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activity may aggravate cell toxicity via impaired cellular proteostasis and ER stress (Yil-
maz et al., 2022).

1.4 Aim of this study

The present study addresses the hypothesis that differential suppression of distinct im-
munophilins — cyclophilins or FKBP12 — may contribute to differences in the toxicity pro-
files of the clinically relevant calcineurin inhibitors, CsA and Tac. To this end, the effects
of CsA and Tac on cellular proteostasis were compared in cultured kidney cells and
freshly isolated rat proximal tubules, where a focus was placed on ER stress and UPR.
The results demonstrated that CsA caused more pronounced cellular toxicity due to the
suppression of cyclophilin chaperone function. This conclusion was corroborated by
siRNA-mediated knockdown of cyclophilins, which recapitulated the effects of CsA with
respect to the ER stress and proapoptotic UPR. In contrast, Tac induced only mild or no
activation of the proapoptotic UPR pathways. Pharmacologic or genetic interventions that
suppressed the proapoptotic UPR alleviated the CsA toxicity, making them promising

therapeutic avenues (Yilmaz et al., 2022).
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2 Methods

2.1 Cell culture and treatments

Human embryonic kidney 293 (HEK 293) cells were purchased from German Collection
of Microorganisms and Cell Cultures (DSMZ, Catalog no: ACC 305) and cultured in Min-
imum Essential Medium Eagle (Sigma) supplemented with 5% FBS (Thermo Fisher Sci-
entific) and 1% L-glutamine (Corning). Human renal proximal tubular epithelial cells
(HRPTEpPC, Catalog no: 93005A, Sigma-Aldrich) were cultured in RenaEpi Growth Me-
dium (Sigma-Aldrich) supplemented with 10% FBS (Thermo Fisher Scientific). Cells were
incubated at 37 °C, in a humidified atmosphere with 5% CO2. PERK knockout (PERK KO)
and ATF6 knockout (ATF6 KO) HEK293 cells were generated using CRISPR/Cas9 me-
diated gene editing as previously described (Ran et al., 2013). Briefly, oligonucleotides
(PERK: CACCGGGAAAATCTCTGACTACATA, AAACTATGTAGTCAGAGATTTTCCC;
ATF6: CACCGTGAAATGGGGGAGCCGGCTG, AAAC-
CAGCCGGCTCCCCCATTTCAC) were cloned into pSpCas9(BB)-2A-GFP (catalog no:
PX458, Addgene) vector. After transfection, cells were sorted into 96-well plates using a
FACS Aria lll (Becton Dickinson). Single-cell clones were expanded, and CRISPR/Cas9-
mediated mutations verified by Sanger sequencing of the respective genomic loci.

Cells were treated with the calcineurin inhibitors cyclosporine A (CsA, Sigma-Aldrich) or
tacrolimus (Tac, Sigma-Aldrich) dissolved in DMSO (Roth); 0.1 uM thapsigargin (Tg,
Sigma-Aldrich) treatment served as the positive control. To detect the effect of chemical
chaperones, either 5 uM sodium 4-phenylbutyrate (4-PBA, Abcam) or 300 uM taurour-
sodeoxycholic acid (TUDCA, Calbiochem) was combined with CsA (Yilmaz et al., 2022).

2.2 Ex vivo experiments

Animal experiments were conducted in line with the German Animal Welfare Regulation
Authorities for the protection of animals used for scientific purposes (T0351/11). Male
Wistar rats (7-9 weeks old, N=4) were sacrificed via coadministration of ketamine (0.4
mg/g body weight) and xylazine (0.04 mg/g body weight) intraperitoneally. The kidneys
of each animal were removed immediately, and dissected into thin cortical slices that
were then digested by collagenase Il (2 mg/mL) in a defined incubation solution (140 mM
NaCl, 0.4 mM KH2PO4, 1.6 mM K2HPO4, 1 mM MgSO4, 10 mM sodium acetate, 1 mM a-
ketoglutarate, 1.3 mM calcium gluconate, 5 mM glycine, 48 mg/L trypsin inhibitor, 25 mg/L
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DNase I, pH 7.4) at 37°C under continuous agitation (850 rpm; Pohl et al., 2010; Yilmaz
et al., 2022). Proximal tubules (PTs) were collected using a dissection microscope (+4°C).
Subsequently, each sample was divided into four sets of c. 20-40 PTs, which were then
transferred into vials containing 10 yM CsA, 10 yM Tac, 0.1 yM Tg, or 0.04% DMSO (v/v)
in 150 pl of Dulbecco's modified Eagle's medium solution (low glucose; PAN Biotech)
supplemented with 1% L-glutamine (200 mM), and 1% penicillin/streptomycin (PAA La-
boratories). After 6 h incubation (37 °C, 8% COz2, open lid), PTs were harvested for RNA

and protein isolation (Yilmaz et al., 2022).

2.3 Cell viability

Cell viability was assessed via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Biofroxx GmbH) assay. Cells were inoculated at a concentration of 1 x 10°
cells/mL to a 96-well plate and incubated overnight at 37 °C with 5% CO.. Afterwards,
the culture medium was replaced with CsA or Tac supplemented media at concentrations
of 0, 5, 10, 20, 40 and 80 puM for 6 hours. Meanwhile, 5 mg/mL MTT was dissolved in
phosphate-buffered saline (PBS) and sterile filtered (0.22 um, Whatman). After 6 h, 5 pL
MTT solution was added to each well and incubated at 37 °C for a further 90 minutes.
Subsequently, the medium was discarded and intracellularly precipitated formazan crys-
tals dissolved in DMSO (100 pL per well) followed by incubating at 37 °C for 15 minutes
under gentle agitation. The light absorbance of the resulting solutions were then meas-
ured at 560 nm with a microplate reader (Biochrom ASYS Expert 96). Untreated cells
were considered to be 100% viable and used to calculate relative viability of the treated
cells (Yilmaz et al., 2022).

2.4 Immunofluorescence staining

Calcineurin inhibitor (CNI) treated cells were fixed in 4% paraformaldehyde for 10 minutes
and permeabilized for 30 minutes in tris-buffered saline (TBS) supplemented with 0.5%
Triton X-100 (v/v; Merck). Subsequently, the samples were blocked with 5% BSA in TBS
for 30 minutes at room temperature. Primary antibodies (1:500 CHOP, Cell Signaling
Technology, 2895; 1:500 Cleaved Caspase-3, Cell Signaling Technology, 9661) were in-
cubated overnight at 4°C in a humidified chamber. After washing, the samples were in-
cubated for a further hour with a TBS solution containing DAPI (0.1 pg/mL, 4',6-diamidino-
2-phenylindole, Sigma-Aldrich), phalloidin (1:100, Alexa Fluor 488 phalloidin, Invitrogen)
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and a Cy3-labelled secondary antibody (1:300, Dianova) at room temperature in a dark,
humidified chamber. Coverslips were mounted (ProLong Glass Antifade Mountant, Invi-
trogen) on glass slides and fluorescent signals imaged using a confocal microscope (LSM
5 Exciter, Zeiss). Signal intensities were quantified using ImageJ software (version 1.48v,
NIH; Yilmaz et al., 2022).

2.5 Ultrastructural analysis

CNiI treated cells were fixed in 2.5% glutaraldehyde in cacodylate buffer. Later, cells were
scraped and postfixed in 1% osmium tetroxide, 0.8% potassium hexacyanoferrate(ll) in
0.1 M sodium cacodylate buffer for 90 minutes. Afterwards, cell suspension were firstly
embedded to 2% agarose (Sigma) and incubated overnight at +4°C. The samples were
then dehydrated in increasing concentrations of ethanol. Subsequently, the samples were
immersed in propylene oxide for 1 h and in propylene oxide-EPON (SERVA) mixtures
(2:1, 1:1 and 1:2 for 1 h each). Finally, the samples were infiltrated in pure EPON that
was then polymerized through overnight incubation. Ultra-thin 70 nm thick sections were
cut (Ultracut S, Leica) and imaged with an electron microscope (EM906, Zeiss; Yilmaz et
al., 2022).

2.6 Western Blot (Immunoblotting)

After treatment, cells were harvested and homogenized in homogenization buffer (250
mM sucrose, 10 mM triethanolamin, protease inhibitor (cOmplete, Roche) and phospha-
tase inhibitor (PhosSTOP EASYpack, Roche)). Next, cells were sonicated for 1 second,
5 times. Cell debris were pelleted by 10 min centrifugation at 1000 x g (4 °C). Supernatant
were collected and protein concentrations measured using a copper-based total protein
guantification kit (Micro BCA Protein Assay Kit, Thermo Scientific). Equal amounts of pro-
tein were then placed into a sodium dodecyl sulfate polyacrylamide gel, separated by
electrophoresis (SDS-PAGE), and transferred to a nitrocellulose membrane (Macherey-
Nagel). Membranes were blocked with 5% BSA (SERVA) and subsequently incubated
with a primary antibody of interest overnight (4 °C; Table 1).



Methods 11
Table 1: List of primary antibodies used for immunoblotting
Primary antibody Company Host Primary antibody dilution Catalogue
species number

ATF-6 (D4Z8V) Cell Signaling rabbit 1:500, 5% BSA in PBS 65880
Technology

Bax Abcam rabbit 1:1000, 5% BSA in TBST  ab32503

BCL-2 Santa Cruz Bio- mouse 1:1000, 5% BSA in TBST  sc-7382
technology

Calcineurin AR Pineda Antikodrper- rabbit 1:1000, 5% BSA in PBS -
Service

Calcineurin Aa Pineda Antikorper- rabbit 1:1000, 5% BSA in PBS -
Service

CHOP (L63F7) Cell Signaling mouse  1:500, 5% BSA in TBST 2895
Technology

Cleaved Caspase- Cell Signaling rabbit 1:500, 5% BSA in TBS 9661

3 (Aspl75) Technology

Cyclophilin A Abcam rabbit 1:1000, 5% BSA in PBS ab41684

Cyclophilin B Abcam rabbit 1:1000, 5% BSA in PBS ab41684

FKBP12 Abcam rabbit 1:1000, 5% BSA in PBS ab2918

GAPDH Abcam rabbit 1:2000, 5% BSA in TBS ab181602

IRE1a Cell Signaling rabbit 1:1000, 5% BSA in TBST 3294
Technology

NFAT4/NF-ATc3 Abcam rabbit 1:500, 5% BSA in TBST ab59204

(phospho S165)

PERK (C33E10) Cell Signaling rabbit 1:1000, 5% BSA in PBS 3192
Technology

Phospho-IRE1a Abcam rabbit 1:1000, 5% BSA in TBST  ab48187

(phospho S724)

3 Actin Sigma mouse  1:2000, 5% BSA in TBST  A2228

sXBP1 Abcam rabbit 1:1000, 5% BSA in PBS ab220783

Table 1 was modified from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022).

After washing, membranes were incubated with horseradish peroxidase (HRP)-conju-

gated secondary antibodies (1:2000 dilution, Dako) for an hour under gentle agitation at

room temperature. Amersham ECL Western Blotting detection reagent (GE Healthcare)

was used to visualize the membrane via Intas ECL ChemoCam Imager (Intas Science
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Imaging). Densitometry of the bands were evaluated via ImageJ software (version 1.48v,
NIH; Yilmaz et al., 2022).

2.7 RNA Extraction and quantitative real-time PCR

Total RNA was isolated using PeqGOLD TriFast (VWR Life Science), according to the
manufacturer’s instructions. Reverse transcription was performed using 1 pg of RNA with
Tetro Reverse Transkriptase kit (Bioline GmbH). The following sets of primers (Metabion)
were used (Oslowski & Urano, 2011): BiP (human): forward 5-TGTTCAAC-
CAATTATCAGCAAACTC-3’; reverse 5’-TTCTGCTGTATCCTCTTCACCAGT-3’, sXBP1
(human): forward 5’-CTGAGTCCGAATCAGGTGCAG-3’; reverse 5-ATCCATGGGGA-
GATGTTCTGG-3’, CHOP (human) forward 5’-AGAACCAGGAAACGGAAACAGA-3’; re-
verse 5-TCTCCTTCATGCGCTGCTTT-3’, BiP (rat): forward 5-TGGGTACATTT-
GATCTGACTGGA-3’; reverse 5-CTCAAAGGTGACTTCAATCTGGG-3’, CHOP (rat) for-
ward 5’- AGAGTGGTCAGTGCGCAGC-3’; reverse 5’-CTCATTCTCCTGCTCCTTCTCC-
3’. Quantitative real-time PCR (RT PCR) was performed using HOT FIREPol EvaGreen
gPCR Mix (Solis BioDyne) and the 7500 Fast Real-Time PCR system (Applied Biosys-
tems). The relative quantity (RQ) of mMRNA was normalized to a housekeeping gene,
GAPDH, forward: 5'-GCACCACCAACTGCTTAGC-3', reverse: 5'-
GGCATGGACTGTGGTCATGAG-3' (Yilmaz et al., 2022).

2.8 siRNA Knockdown

HEK 293 cells were transfected with sSiRNA (Ambion GmbH) at 40% confluency using
INTERFERIn (Polyplus Transfection) according to the manufecturer’s instructions. The
following siRNA target sequences were used; CYPA: sense 5-AGGUCCCAAAGACAG-
CAGALtt-3’, antisense 5-UCUGCUGUCUUUGGGACCUtg-3’ and CYPB: sense 5-
CCGUCAAGGUGUAUUUUGALt-3, antisense 5-UCAAAAUACACCUUGACGGtg-3’ (Yil-
maz et al., 2022).

2.9 Statistics

The presented results were obtained from at least three biological replicates. Compara-
tive analysis between two groups was performed by unpaired t-test via GraphPad Prism
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8 (GraphPad Software Inc). A probability of p < 0.05 was considered significant (Yilmaz
et al., 2022).
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3. Results

In order to identify suitable CNI doses, MTT assays were performed to evaluate the via-
bility of HEK 293 cells in the presence of increasing concentrations of CsA or Tac (0 to
80 uM). CNI doses over 20 pM caused substantial decreases in viability: 43% viability in
CsA and 60% in Tac. Thus, 10 uM CsA and Tac treatments were chosen for further ex-
periments in which the treatment duration was determined (Figure 3A; Yilmaz et al.,
2022).
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Figure 3: Effects of cyclosporine A (CsA) and tacrolimus (Tac) on cell viability and mor-
phology in HEK 293 cells: A Cell viability assay of HEK 293 cells after 6 hours of CsA or Tac
treatment (0-80 puM). N = three independent experiments. Data are the means = SD, *p < 0.05,
xxp < 0.01, ***xp < 0.0001. B-D Electron microscopy images showing 10 uM CsA or 10 uM Tac
treatment do not alter the cellular morphology after 6 hours of treatment. E-G Treatment with 10
UM of CsA but not Tac for 24 hours causes cytoplasmic vacuolization. Figure 3 was modified from
Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022).

Following 6 or 24 h CsA and Tac treatments were done and cell ultrastructural analyses
were performed on transmission micrographs. While no obvious morphological differ-
ences were seen between the treatment groups after 6 h of treatment, 24 h treatment
caused apparent vacuolization in CsA-treated but not in Tac-treated HEK 293 cells (Fig-

ure 3B-G). Therefore, the doses of 10 uM CsA or Tac and the time duration for 6 h were
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chosen for the treatment protocol to study ER stress and UPR in response to CNI (Yilmaz
et al., 2022).

Next, we evaluated the effects of CsA vs. Tac on UPR related genes in HEK 293 cells
using quantitative real-time PCR (RT PCR). Thapsigargin (Tg, 0.1 uM) treatment, an es-
tablished ER stress-inducer, was also included as a positive control (Oslowski & Urano,
2011). The results revealed that CsA, but not Tac, induces UPR in HEK 293 cells, as
evident by increased BiP, sXBP1 and CHOP expression levels (BiP: +231%, p < 0.01;
SXBP1: +2142%, p < 0.05; CHOP: +751%, p < 0.05), similar to those induced by Tg
(Figure 4A-C; Yilmaz et al., 2022).
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Figure 4: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on unfolded protein response
(UPR) markers in HEK 293 cells detected by real time PCR (RT PCR) analysis: A-C Graphs
show the mMRNA expression levels of BiP (A), sXBP1 (B) and CHOP (C) in HEK 293 cells after
10 uM CsA or 10 uM Tac treatment for 6 hours. Vehicle (Veh) is DMSO and thapsigargin (Tg, 0.1
UM) served as positive control. N = four independent experiments. Data are the means £ SD, *p
< 0.05, *xp < 0.01, NS — not significant. Figure 4 was modified from Duygu Elif Yilmaz et al. 2022,
J Biol Chem (Yilmaz et al., 2022).

Immunoblotting results also showed that UPR marker proteins were increased after CsA,
but not Tac treatment (Figure 5 A-E). CsA increased the phosphorylation of IRE1a
(+230%, p < 0.01 for p-IRE1a) while total IRE1a amount remained the same (Figure 5A-
C). On the other hand, sXBP1 and CHOP were significantly increased by CsA treatment
(sXBP1: +223%, p < 0.001; CHOP: +227%, p < 0.01; Figure 5A, D-E (Yilmaz et al., 2022).
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Figure 5: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on unfolded protein response
(UPR) markers in HEK 293 cells detected by immunoblotting: A Representative immunoblots
show the protein expression levels of p-IRE1a (110 kDa), total IRE1a (110 kDa), sXBP1 (56 kDa)
and CHOP (27 kDa) in HEK 293 cells after 10 uM CsA or 10 uM Tac treatment for 6 hours. Vehicle
(Veh) is DMSO, thapsigargin (Tg, 0.1 uM, 6 h) served as positive control, 3 actin (42 kDa) or
GAPDH (37 kDa) served as loading controls. B-E Graphs represent the densitometric evaluation
of p-IRE1a (B), total IRE1a (C), sXBP1 (D) and CHOP (E) expressions. Protein expressions were
normalized to 3 actin or GAPDH expressions. N = three independent experiments. Data are the
means + SD, **p < 0.01, ***p < 0.001, ***+p < 0.0001, NS — not significant. Figure 5 was modified
from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022).

Next, we evaluated the anti- and proapoptotic markers B-cell lymphoma 2 (BCL-2) and
Bcl-2-associated X protein (Bax), respectively (Szegezdi et al., 2009). Immunoblots show
that CsA and Tg treatments resulted in diminished expression of anti-apoptotic BCL-2
(CsA: =76%, p < 0.05; Tg: -58%, p < 0.01) and increased Bax levels (CsA: +218%, p <
0.0001; Tg: +234, p < 0.01) in HEK 293 cells (Figure 6A-B). Tac treatment did not affect
the BCL-2 expression, but did cause a slight increase in the expression of Bax protein
(Tac: +168%, p < 0.05; Figure 6A-B; Yilmaz et al., 2022).
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Figure 6: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on apoptosis markers in HEK
293 cells detected by immunoblotting: A-B Representative immunoblots show the protein ex-
pression levels of BCL-2 (26 kDa; A) and Bax (21 kDa; B) in HEK 293 cells after 10 pM CsA or
10 uM Tac treatment for 6 hours. Vehicle (Veh) is DMSO, thapsigargin (Tg, 0.1 uM) served as
positive control and 3 actin (42 kDa) served as loading control. Graphs represent the densitomet-
ric evaluation of BCL-2 (A) and Bax (B) expressions. Protein expressions were normalized to 3
actin. N = three independent experiments. Data are the means = SD, *p < 0.05, #*p < 0.01, ***x*p
< 0.0001, NS — not significant. Figure 6 was modified from Duygu Elif Yilmaz et al. 2022, J Biol
Chem (Yilmaz et al., 2022).

Apoptotic parameters were also evaluated via immunofluorescence staining. Confocal
microscopy images revealed that CHOP signal intensity was significantly higher after CsA
and Tg treatments (CsA: +235%, p < 0.0001; Tg: +137%, p < 0.001).Tac and Veh treat-
ments, by comparison, did not cause a significant change to CHOP expression (Figure
7A-B; Yilmaz et al., 2022). cCas-3 positive cells were counted as another apoptotic
marker (Sharma et al., 2021). cCas-3 positive cell number was explicitly higher only in
CsA and Tg treated cells (CsA: +422%, p < 0.01; Tg: +448, p < 0.01; Figure 7A, C). Tac
induced no increase compared to vehicle (Yilmaz et al., 2022).
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Figure 7: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on apoptotic markers in HEK
293 cells detected by immunofluorescence staining: A Representative confocal microscopy
images show the protein expression levels of CHOP (red signal) or cCas-3 (red signal) in HEK
293 cells treated with 10 uM CsA or 10 uM Tac for 6 hours. Vehicle (Veh) is DMSO and thapsigar-
gin (Tg, 0.1 uM) served as positive control. To detect the cellular localization of proteins, nuclei
were labeled with DAPI (blue signal) and cytoskeleton with phalloidin, a phallotoxin that binds to
F-actin (green signal). B-C Graphs represent the evaluation of CHOP (B) or cCas-3 (C) expres-
sions. Protein signals were normalized to DAPI. Data are the means + SD, *xp < 0.01, *xxp <
0.001, ***xp < 0.0001, NS — not significant. Figure 7 was modified from Duygu Elif Yilmaz et al.
2022, J Biol Chem (Yilmaz et al., 2022).

We have then corroborated the data obtained from HEK 293 cells with primary human
renal proximal tubular epithelial cells (HRPTEpC). RT PCR results showed that CsA in-
duced an increase of UPR related genes including BiP, CHOP and sXBP1 (BiP: +233%,
p < 0.0001; sXBP1: +288%, p < 0.0001; CHOP: +278%, p < 0.01) compared to vehicle
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treated cells (Figure 8A-C). Tac induced only a moderate increase in BiP mRNA (+135%,
p < 0.01; Figure 8A). Analysis of sXBP1 abundance by immunoblotting revealed signifi-
cant increases in CsA or Tg treated cells compared to Tac or Veh treated cells (CsA:
+188%, p < 0.01; Tg: +309 p < 0.0001; Figure 8D; Yilmaz et al., 2022).
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Figure 8: Effects of cyclosporine A (CsA) or tacrolimus (Tac) on unfolded protein response
(UPR) markers in HRPTEpC cells by real time PCR (RT PCR) and immunoblotting: A-C
Graphs show the mRNA expression levels of BiP (A), sXBP1 (B) and CHOP (C) in HRPTEpC
cells after 10 uM CsA or 10 pM Tac treatment for 6 hours. Vehicle is DMSO and thapsigargin (Tg,
0.1 uM) served as positive control. N = three independent experiments. Data are the means +
SD, *xp < 0.01, #*+p < 0.001 *=**+p < 0.0001, NS — not significant. D Representative immunoblot
shows the expression of sXBP1 (56 kDa) in HRPTEpC cells after 10 uM CsA or 10 uM Tac treat-
ment for 6 hours. Vehicle (Veh) is DMSO, thapsigargin (Tg, 0.1 uM) served as positive control
and B actin (42 kDa) as loading control. Graph represents the densitometric evaluation of sXBP1
expression. Protein expressions were normalized to 3 actin. N = three independent experiments.
Data are the means £ SD, **p < 0.01, ****p < 0.0001, NS — not significant. Figure 8 was modified
from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022).

Supporting experiments were performed in freshly isolated proximal tubules obtained
from 7-9 weeks old male Wistar rats. Each set of tubules was divided into four subsets
(Figure 9A), which were incubated with Veh, Tac, CsA or Tg in 2 mL reaction tubes (Fig-
ure 9B). Subsequent RT PCR analyses revealed that CsA induced BiP and CHOP mRNA
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levels (BiP: +234%, p < 0.05; CHOP: +366%, p < 0.05) while Tac did not, in line with
previous results (Figure 9C-D; Yilmaz et al., 2022).
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Figure 9: Isolation of rat proximal tubules and effects of cyclosporine A (CsA) or tacrolimus
(Tac) on unfolded protein response (UPR) markers detected by real time PCR (RT PCR): A
A set of proximal tubules divided in 4 subsets. B Tubule subsets were then separated into indi-
vidual 2 mL reaction tubes and treated with 10 uM CsA or 10 pM Tac, for 6 hours. Vehicle is
DMSO and thapsigargin (Tg, 0.1 pM) served as positive control. C-D Graphs show the mRNA
expression levels of BiP (C) and CHOP (D) in proximal tubules. N = four independent experi-
ments. Data are the means + SD, *p < 0.05, NS — not significant. Figure 9 was modified from
Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz et al., 2022).

To test the role of cyclophilin activity in CsA mediated cell toxicity, CYPA or CYPB were
suppressed by siRNA-mediated knockdown in HEK 293 cells. The knockdown experi-
ments resulted in decreased protein expression levels of CYPA (-53%, p < 0.001) and
CYPB (-57%, p < 0.0001; Figure 10A-D) in HEK 293 cells. Immunoblotting analysis of
CHOP and cCas-3 revealed that knockdown of either cyclophilin increased CHOP and
cCas3 levels (CYPA knockdown: CHOP: +247%, p < 0.0001; cCas-3: +284%, p < 0.001
and CYPB knockdown: CHOP: +364%, p < 0.0001; cCas-3: +327%, p < 0.001) similar to
CsA treatment (CHOP: +343%, p < 0.0001; cCas-3: +214%, p < 0.01; Figure 10E-G).
These results suggested that CsA induced UPR depends, at least in part, on the sup-

pression of cyclophilin activity (Yilmaz et al., 2022).
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Figure 10: Knockdown of cyclophilins and its effects on CHOP and cCas-3 expression in
HEK 293 cells detected by immunoblotting: A-B Representative immunoblots verify the sSiRNA
mediated knockdown of cyclophilin A (18 kDa; A) and B (21 kDa; B) in HEK 293 cells. C-D Graphs
represent the densitometric evaluation of CYPA (C) or CYPB (D) expression. Protein expressions
were normalized to GAPDH. Data are the means + SD, ##*p < 0.001, ****p < 0.0001. E Repre-
sentative immunoblots show the expression of CHOP (27 kDa) or cCas-3 (19 kDa) in CsA (10
pM) treated or CYPA or CYPB knockdown HEK 293 cells. GAPDH (37 kDa) or 3 actin (42 kDa)
served as loading controls. F-G Graphs represent the densitometric evaluation of CHOP (F) or
cCas-3 (G) expression. Protein expressions were normalized to loading controls, GAPDH or
actin. N = three independent experiments. Data are the means £ SD, #*p < 0.01, #**p < 0.001,
*xxxp < 0.0001. Figure 10 was modified from Duygu Elif Yilmaz et al. 2022, J Biol Chem (Yilmaz
et al., 2022).
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Next, we tested whether concomitant use of chemical chaperons may alleviate the CsA
induced UPR. The results showed that use of chemical chaperones such as TUDCA or
4-PBA diminished the expression of proapoptotic UPR marker, CHOP. Immunoblots
show that, CsA alone induced an expression of CHOP (+625%, p < 0.0001) which was
blunted by concomitant application of TUDCA (+274%, p < 0.001; Figure 11A). Similar
results were seen with concomitant application of 4-PBA (from +712%, p < 0.0001 to
+238%, p < 0.0001; Figure 11B; Yilmaz et al., 2022).
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Figure 11: Effects of concomitant treatment of chemical chaperones, TUDCA or 4-PBA, on
CHOP expression in cyclosporine A (CsA) treated HEK 293 cells detected by immunoblot-
ting: A-B Representative immunoblots show the expression of CHOP (27 kDa) in HEK cells
treated with CsA (10 pM), CsA+TUDCA (300 pM; A) or CsA+4-PBA (5 uM; B). GAPDH (37 kDa)
served as loading control. Graphs represent the densitometric evaluation of CHOP expression.
Protein expressions were normalized to loading control, GAPDH. Data are the means * SD, *xxp
< 0.001, ****p < 0.0001. Figure 11 was modified from Duygu Elif Yilmaz et al. 2022, J Biol Chem
(Yilmaz et al., 2022).

In order to genetically suppress CsA-induced UPR in HEK 293 cells, two of the key UPR
sensors, PERK and ATF6, were deleted via CRISPR/Cas9 mediated gene knockout
(Figure 12A-C). Next, unmodified (control), PERK knockout, and ATF6 knockout HEK
293 cells were treated with vehicle, Tac or CsA. RT PCR results showed that expression
of CHOP mRNA levels were decreased in modified HEK 293 cells. CsA treatment caused
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a strong increase in CHOP expression in unmodified HEK 293 cells (+905%, p < 0.05),
while PERK knockout and ATF6 knockout HEK 293 cells showed comparatively blunted
CHORP increases (+486%, p < 0.05 and +343%, p < 0.05, respectively; Figure 12D).
These RT PCR results suggest that genetic modulation of UPR sensors has a promising

potential for alleviating CsA-induced UPR (Yilmaz et al., 2022).
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Figure 12: Knockout of two unfolded protein response sensors, PERK or ATF6, and its
effects of CHOP mRNA expression in HEK 293 cells detected by real time PCR (RT PCR):
A Representative immunoblots verify the knock out of PERK (125 kDa) or ATF6 (75 kDa) proteins
in HEK 293 cells. GAPDH (37 kDa) or 3 actin (42 kDa) serves as loading controls. B-C Graphs
represent the densitometric evaluation of PERK (B) or ATF6 (C) expression. Protein expressions
were normalized to loading controls. Data are the means + SD, #**xp < 0.0001, NS — not signifi-
cant. D Graph shows mRNA expression levels of CHOP in native (CTRL), PERK knockout (PERK
KO) and ATF6 knockout (ATF6 KO) HEK 293 cells. N = three independent experiments. Data are
the means £ SD, *p < 0.05, *+p < 0.001. Figure 11 was modified from Duygu Elif Yilmaz et al.
2022, J Biol Chem (Yilmaz et al., 2022).
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4. Discussion

Currently, immunosuppressive regimens that prevent allograft rejection in organtrans-
planted patients typically include calcineurin inhibitors (Naesens et al., 2009). Retrospec-
tive analysis of CNI induced renal side effects suggested that Tac may exhibit a more
favourable profile than CsA (Jurewicz, 2003). Several lines of evidence suggest that CsA-
derived toxicity is associated with impaired proteostasis that causes a maladaptive un-
folded protein response and eventual apoptotic induction as a consequence of this (Ad-
ams et al., 2019; Fedele et al., 2020; Ram & Ramakrishna, 2014). In line with this, the
results of the present study revealed induction of a proapoptotic UPR after CsA applica-
tion in cultured renal cells and freshly isolated rat tubules. CsA treatment caused in-
creased expression of the UPR markers BiP, p-IRE1a, sXBP1 and CHOP. CsA treatment
also led to decreased levels of anti-apoptotic protein BCL-2, as well as upregulated levels
of apoptotic proteins Bax and cCas-3, indicating the failure of the adaptive UPR branch
and the activation of proapoptotic pathways (Hetz & Papa, 2018; Yilmaz et al., 2022). By
contrast, Tac treatement showed no effect on the aforementioned UPR markers with the
exception of a mild increase in BiP mRNA levels in cultured proximal tubular cells
(HRPTEpPC) and Bax in protein levels in HEK 293 cells (Yilmaz et al., 2022). These results
corroborate and extend on previous work demonstrating that CsA induces ER stress (Han
et al., 2008; Lhotak et al., 2012).

To gain mechanistic insights into CsA-driven cell toxicity, we tested for potential calcineu-
rin-independent effects of the drug through siRNA-mediated knockdown of cyclophilin
(CYP) AorB (Yilmaz et al., 2022). Cyclophilins are a subgroup of the immunophilin family
exerting peptidyl-prolyl cis-trans isomerase (PPlase) activity. They exhibit a ubiquitous
expression pattern and a high degree of evolutional conservation from prokaryotes to
eukaryotes (Kumari et al., 2013; P. Wang & Heitman, 2005). Cyclophilins play important
roles in protein folding due to their PPlase activity. Previous studies have reported on the
protective effects of CYPA and B activity in CsA-induced nephrotoxicity or aldosterone-
induced proximal tubular cell injury models (Hong et al., 2004; B. Wang et al., 2016). In
the present work, cyclophilin knockdown in HEK 293 cells produced significant increases
in CHOP and cCas-3 levels, similar to CsA treatment. This suggests that CsA-induced
inhibition of cyclophilin chaperone function may be responsible for ER stress and mala-
daptive UPR, rather than calcineurin inhibition. Since Tac treatment caused a compara-
tively mild effect on the UPR, it is conceivable that the roles of cyclophilins in maintaining
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intact cellular proteostasis are more crucial than those of FKBP12, at least in relation to
UPR induction (Yilmaz et al., 2022). Although Tac seems to have a more favorable drug
profile than CsA in terms of renal side effects, Tac treatment in vivo has been shown to
promote hypertension as subsequences of vasoconstriction and renal sodium retention
(Hoorn et al., 2011). Moreover, Tac has been associated with new onset of diabetes
mellitus, which may then aggravate cardiovascular disorders (Farouk & Rein, 2020;
Heisel et al., 2004; Song, 2016).

Previous studies have shown that protein misfolding and ER stress occur in acute kidney
injury, diabetic nephropathy, and chronic kidney disease leading to renal fibrosis. Chem-
ical chaperones that improve protein folding may alleviate this ER stress and reduce kid-
ney injury subsequently (Cybulsky, 2017; Liu et al., 2016). Concordantly, the present
study demonstrates concomitant application of chemical chaperones such as TUDCA or
4-PBA reduced CSA-induced cellular toxicity in HEK 293 cells (Yilmaz et al., 2022).

In addition to pharmacological modulation of UPR, genetic approaches may also add to
our understanding of CsA mediated nephrotoxicity. In the present study, CRISPR/Cas9
gene editing was performed to knockout two of the three UPR sensors: ATF6 and PERK
(Yilmaz et al., 2022). While the knockout was also attempted for IRE1q, the resulting cells
were unviable highlighting the essential role of this gene in the cell survival (Raymundo
et al., 2020; Yilmaz et al., 2022). Our results revealed that knockout of either PERK or
ATF6 blunted the effects of CsA-induced UPR as demonstrated by the reduced expres-
sion of CHOP. (Yilmaz et al., 2022). A previous study also showed that liver-specific
knockout of PERK caused a sharp reduction in UPR-related genes during ER stress
(Teske et al., 2011). Similarly, another study reported that deletion of ATF6a in mouse
embryonic fibroblasts showed a decreased expression of CHOP and BiP in response to
the ER stress-inducer, thapsigargin (Diedrichs et al., 2018). Although our results demon-
strate that knockout of PERK or ATF6 in HEK 293 cells show promising outcomes to
alleviate the proapoptotic UPR, animal experiments are mandatory for further interpreta-
tions (Yilmaz et al., 2022).
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5. Conclusions

In conclusion, the present study describes a calcineurin-independent mechanism of CsA-
induced cellular toxicity that can be explained by the suppression of cyclophilin activity,
which results in uncompensated ER stress and proapoptotic UPR. This mechanism may
be, at least in part, responsible for the more pronounced nephrotoxic effects of CsA as
compared to Tac. Using chemical chaperones and genetic approaches to ameliorate the

CsA-induced UPR may provide new avenues for rational therapeutic strategies.
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Current immunosuppressive strategies in organ trans-
plantation rely on calcineurin inhibitors cyclosporine A (CsA)
or tacrolimus (Tac). Both drugs are nephrotoxic, but CsA has
been associated with greater renal damage than Tac. CsA in-
hibits calcineurin by forming complexes with cyclophilins,
whose chaperone function is essential for proteostasis. We
hypothesized that stronger toxicity of CsA may be related to
suppression of cyclophilins with ensuing end oplasmic reticu-
lum (ER) stress and unfolded protein response (UPR) in kid-
ney epithelia. Effects of CsA and Tac (10 pM for & h each)
were compared in cultured human embryonic kidney 293
(HEK 293) cells, primary human renal proximal tubule (PT)
cells, freshly isolated rat PTs, and knockout HEK 293 cell lines
lacking the critical ER stress sensors, protein kinase RNA-like
ER kinase or activating transcription factor 6 (ATF6). UPR
was evaluated by detection of its key components. Compared
with Tac treatment, CsA induced significantly stronger UPR
in native cultured cells and isolated PTs. Evaluation of pro-
apoptotic and antiapoptotic markers suggested an enhanced
apoptotic rate in CsA-treated cells compared with Tac-treated
cells as well. Similar to CsA treatment, knockdown of cyclo-
philin A or B by siRNA caused proapoptotic UPR, whereas
application of the chemical chaperones tauroursodeoxycholic
acid or 4-phenylbutyric acid alleviated CsA-induced UPE.
Deleton of protein kinase RNA-like ER kinase or ATF&
blunted CsA-induced UPR as well. In summary, inhibition of
cyclophilin chaperone function with ensning ER stress and
proapoptotic UPR aggravates CsA toxicity, whereas pharma-
cological modulation of UPR bears potential to alleviate renal
side effects of CsA.

Cakineurin (Cn) inhibitors (CKIs) are considered as the
first-line immunosuppressive therapy in patients undergoing
organ transplantation (1, 2). Two drugs of this clhss, cyclo-
sporine A (CsA) and tacrolimus (FK506, Tac), have been
widely integrated into clinical practice. Cn is a holoenzyme
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consisting of a catalytic subunit (CnA), a regulatory subunit
(CnB), and calmodulin, which functions as a Ca®*-dependent
protein serine/threonine phosphatase. Alpha and beta iso-
forms of the catalytic subunit (CnAa and CnAR) fulfill distinct
and nonredundant tasks in various tissues (1, 3). CnAp-
dependent dephosphorylaton of nuclear factor of activated
T-cell (NFAT) transcription factors is critical to T-lymphocyte
activation and underlies the therapeutic action of CNI (4). Off-
target effects of CNI include renal complications because of
suppression of CnAa actvity in kidney tissue (5, 6). A majority
of organ-transplanted patients receiving CHNI exhibit signs of
kidney damage after several years of treatment (6).
CMl-induced renal vasoconstricion, hyperactivity of the
renin—-angiotensin system (RAS), and dysregulation of major
electrolyte transport systems cause hypertension and homeo-
stasis disorders (6, 7). At the cellular level, CNIs have been
shown to ind wee endoplasmic reticulum (ER) stress and trigger
unfolded protein response (UPR), which in turn may promote
apoptosis of kidney epithelia (8, 9.

Several retrospective studies suggested that CsA may be
associated with stronger nephrotocicity than Tac (10-14).
Along the same line, a recent experimental study in coltured
human cells demonstrated higher toxicity of CsA compared
with Tac (15). The two CNls inhibit Cn activity by forming
complexes with distinct members of the immunophilin fam-
ily: CsA binds to cyclophilins, whereas Tac interacts with 12
kDa FE506-binding protein (FKEP12). These individual
interaction patterns may provide a reasonable explanation for
distinct towdcity profiles of CsA versus Tac. Since the chap-
erone activity of cyclophilins is required for protein matura-
tion, CsA may impair proteostasis (Fig. 1) (16, 17). Indeed,
studies of CsA versus Tac in cell culture showed substantially
stronger associaton of CsA with ER stress and UPE, but the
role of cyclophilins herein remained to be elucidated (15, 18).
UPR is a complex signal transduction pathway that is trig-
gered by pathophysiological al terations of proteostasis leading
to accumulation of misfolded protein (19, 20). Misfolded
protein releases inositol-requiring protein 1 (IREla), protein
kinase RMNA-like ER kinase (PERK), and activating
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CHI Mephrotoxicity
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Figure 1. Potential mechanisms mediating distinct nephnotooicity of
cydlosporine A (CsA) wersus tacrolinmus (Tac). Schematic drawing illus-
trates commaon versus distinct pathogenatic mechanisms mediating neph-
rotond € effects of CsA varsus Tac. Both calcineurin inhibitors (ON1s) may lead
1o hyperactivity of renin-angiotensn-aldosterone system [RAAS), vaso-
constriction, renal salt retention, and hyperension because of inhibition of
the phosphatase activity of calcimeurin (7, 54-56). In addition, CsA causes
endoplasmic reticulum (BR) stress and proapoptofc unfolded protein
response (UPK) because of suppression of chaperone fundtion oﬁ:ydo—
philins (CYP; present study), whereas inhibition of FKEP12 by Tac may
aggravate hypenension (57). Chemical chaperomes (TUDCA or 4PBA) alle-
wiate the CsAdnduced BR stress likely because of improved protein folding.
Deletion of PERK (PERK KO) or ATFe (ATFS KO) blunted the CsA-dnduced
proapoptatic UPR, suggesting that pharmacolsgical modulation of these
signaling pathways may improve cell surdval. 4-PBA, d-phenmybutyric acid;
ATFG activating transcription factor & TUDCA, tauroursadeowye holic acid.

transcripion factor & [ATF6) from their complexes with
binding immunoglobulin protein (BiP) by competitive in-
teractions with the latter. IREla, PERK, and ATFG serve as
ER-stress sensors and initiate a number of adaptive reactions
promaoting cell survival. PERK phosphorylates and deactivates
the eukaryotic translation initiation factor 2a, thereby
inhibiting protein translation. Parallel activation of IRE 1o and
ATF6 stimulates autophagy and accelerates protein folding
via several signaling pathways, such as transcription and
splicing of X-box binding protein 1 (XBP1) (19). Failure of
these adaptive mechanisms triggers the proapoptotic UPR
branch wia stimulation of the C/EBP homologous protein
[CHOP), which is a transcription factor that induces
expression of proapoptotic genes (9, 21, 22). Interestingly, Cn
itself has been implicated in adaptive UPR signaling, enabling
long-term cell survival upon ER stress (23). Therefore, Cn
inhibition may impair the ability of kidney epithelia to
compensate for metabolic stress. Pharmacological targeting
of UPR using chemical chaperones, inhibitors of translation,
or autophagy enhancers has been considered as an emerging
strategy to delay progression of chronic kidney disorders (9).
In this context, improved understanding of UPR-related
malecular pathways affected by CNI may deliver new op-
tions for managing their nephrotoxicity.

The present study addresses mechantsms underlying
distinct toxdcity profiles of CsA versus Tac with a focus on ER
stress and UPR. Based on comparative analysis of CsA and Tac
in cultured human embryonic kidney 293 (HEK 293) cells,
primary human renal proximal tubular (PT) epithelial cells

2 1 Biol Chem (2022) 298(3) 101589

(HEPTEpCs), and freshly isolated rat PTs, we provide several
lines of evidence in support of the hypothesis that the more
pronounced toxic effects of CsA on protecstasis are rooted in
the suppression of cyclophilin chaperone activity. Using ge-
netic and pharmacological approaches, we show that targeting
UPE bears therapeutic potential for alleviation of CsA
nephrotoxcity.

Results
Establishing CNI treatment protocols

First, we aimed to define the optimal CNI concentrations
and treatment duration to set up a protocol permitting
comparative analysis of their effects on ER and UFPR in
cultured cells. Earlier work reported ER stress and UPR in
human cervical cancer (Hela) and human lung carcinoma
(A5449) cells after application of 10 pM CsA for 6 h (15). Based
on that protocol, we performed a dose—response analysis by
treating native HEK 293 cells with increasing doses of CsA
versus Tac (5-80 pM each) for & h to evaluate the effects on
cell  viability uwsing the 3-(45-dimethylthiazol-2-y1)- 2,5~
diphenyltetrazolinom bromide (MTT) assay (24). A substantial
decrease of cell viability below 50% was observed starting with
A pM CsA or 40 pM Tac (Fig. 24), which we defined as
limitation precluding evaluation of ER stress and UPR because
of the critical reduction of living cell mass. Since CsA has been
reported to induce striking morphological changes such as
cytoplasmic vacuolization (16, 25), we also compared effects of
CsA versus Tac (10 pM each) on cell morphology by light and
electron microscopy. Ultrastructural analysis revealed no
obvious morphological alterations after application of CsA or
Tac for & h, whereas prolonged treatment for 24 h resulted in
formation of cytoplasmic vacuoles in CsA-treated but not in
Tac-treated cells (Fig. 2, 8-G). Moreover, treatment of cells
with CsA for 48 h resulted in a marked reduction of cell
confluence compared with Tac or vehicle, as detected by light
microscopy (Fig. 51). From these preliminary experiments, we
concluded that the previously published treatment protocol for
human cancer cells (10 pM CsA versus 10 pM Tac for 6 h) is
applicable for our experimental settings (15), whereas
increased CMI doses or treatment duration critically reduce
the cell viabiity. Therefore, further experiments in HEEK
293 cells, primary HEPTEpC, and microdissected rat PTs were
performed using 10 pM CsA versus 10 pM Tac for 6 h

To verify the equivalent efficacy of the chosen treatment
protocols in terms of Cn inhibition, we evaluated phosphory-
lation of the established Cn substrate, NFAT (3). Immuno-
blotting using an antibody to phosphorylated NFAT showed
comparable increases of phospho-NEAT levels in lysates from
CsA-treated or Tac-treated HEK 293 cells suggesting that both
CNIs attenuated Cn-dependent NFAT dephosphorylation to a
comparable extent when applied at 10 pM concentrations for
6 h (Fig 52).

CsA induces stronger ER stress and UPR than Tac

Mext, we compared effects of CsA versus Tac on key UPR
proteins using thapsigargin (Tg 0.1 pM), an established

SASBMB
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Figure 2. Effects of cydosporine A (CsA) and tacrolimus (Tac) on cell survival and morphology. A diagram shows results of viability asay using
3-{4,5-dimethylthiazol-2-yl)}-2,5-dip hen yit etrazolium bromide. HEK 293 cells were treated with increasing concentrations of CsA or Tac (5-80 pM) for 6 h.
No or moderate effects on cell viability were observed with CsA or Tac doses of 5 or 10 pM, whereas higher doses substantially decreased the cell
viability. 8-D, representative electron microscopic images of unmodified HEK 293 cells treated with vehidle (Veh), CA (10 pM) or Tac (10 M) for 6 h

show largely

cytoplasmic vacuolization, whereas Tac (10 pM for 24 h) produced no obvious

preserved cell mor phology at the applied doses and treatment duration. £-G, treatment of HEK 293 cells with CSA (10 M for 24 h) induced

ological alterations compared with vehicle. N = three independent

experiments. Data are the means = SD, % < Q05, **p < 0.01, ***p < 0.001, ****p < 0.0001. HEK 293, human embryonic kidney 293 cdl line.

ER-stress and UPR inducer (26, 27), as positive control for
these experiments. Compared with vehicle, CsA significantly
increased levels of CHOP, spliced (s) XBP1, and phosphory-
lated (p) but not total IREla as detected by immunoblotting
(+227%, p < 0.001 for CHOP; +223%, p < 0.001 for sXBPL;
and +230%, p < 0.01 for p-IREla; Fig 3, A-E). Parallel
quantitative PCR (qPCR) analysis revealed increased expres-
sion of the ER chaperone, BiP (+348%, p < 0.01), CHOP
(+751%, p < 0.05), and sXBP1 (+2142%, p < 0.05) in response
to CsA (Fig. $3). Similar changes were detected in lysates from
Tg-treated cells, whereas Tac produced no significant effects
on the tested UPR products (Figs. 3, A-E and 53). Next, we
evaluated nuclear abundance of CHOP using immunofluo-
rescence. Compared with vehicle, CsA and Tg induced
significant increases of CHOP signal intensities in the
4 p-diamidino-2-phenylindole (DAPI)-positive nuclear re-
gions (CsA: +235%, p < 00001; Tg: +137%, p < 0.001),

ZASBMB

whereas Tac did not alter the nuclear CHOP levels (Fig. 54,
A-C). To follow up the downstream effects of CHOP activa-
tion, we evaluated the survival-promoting B-cell lymphoma
protein-2 (BCL-2) as well as the proapoptotic products, BCL-
2-associated X protein (Bax) and cleaved caspase-3 (cCas-3)
(28). Immunoblotting analysis showed that CsA and Tg
strongly decreased BCL-2 levels (CsA: -76%, p < 0.05;
Tg: -58%, p < 001) and increased Bax abundance
(CsA: +218%, p < 0.0001; Tg: +234, p < 0.01), whereas Tac did
not affect the BCL-2 abundance and only moderately increased
the Bax levels (Tac: +168% p < 0.05 Fig 3, A and G).
Immunofluorescence labeling of cCas-3 showed significant
numerical increases of cCas-3-positive cells after CsA and Tg
but not Tac treatments (Fig. 55, A-C). Together, these results
demonstrate that, compared with Tac, CsA induces signifi-
cantly stronger ER stress and proapoptotic UPR in cultured
HEK 293 cells.

1 Biol Chem. {2022) 298(3) 101589 3
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Figure 3. Effects of qdospuhe A (CsM tacrolimus (Tac), and thapsigargin (Tg) on the key products of the unfolded protein response in HEK
293 cdls. A repr showing signals for CHOP (approximately 27 kDa), spliced XBP1 (sXBP1; approximatdly 56 kDa), IRE1a and
phoq:hoMated ® l!EIa(q:pmmmPy 110 kDa), BCQL-2 (ap proximately 26 kDa), andBax(q»pvmaety 20 kDa) in lysates from unmodified HEK 293 cells
treated with vehidle Nehl.hc(IOuMl,CsAno;M),ng(OI uM)fothxB—G graph i luation of CHOP (8), sXBP1 (O, p-IRE1a (D),
IRE1a (£), BCL-2 (F), and Bax (G). GAPDH or B-actin served as loading ¢ ppr ne, 37 and 42 K)a mspectively) and are shown below the
respective immunoblots. N = three independent experiments with thee technical replicates each. Data are the means = SD, %p < 005, *“*p < 0.01, **p <
0,001, ***p < 0.0001, NS. Bax, BCL-2-associated X protein; BCL-2, B-cell lymphoma protein-2; CHOP, CEBP b logous protein; HEX 293, hy embryonic
Kdney 293 cell ling; IRE1, inositolrequiring protein 1; NS, not significant; XBP1, X-box binding protein 1.

CsA but not Tac induces ER stress and UPR in primary
HRPTEPC and rat PTs

To corroborate the data obtained in HEK 293 cells in
models with more differentiated kidney epithelial phenotype,
we next treated HRPTEpCs and isolated rat PTs with either
CNI or Tg. Similar to the results obtained in HEK 293 cells,
CsA induced significantly stronger UPR compared with Tac in

4 . Biol Chemn. (2022) 298(3) 101589

HRPTEpCs, as detected by qPCR analysis of BiP (CsA: +233%,
p < 00001; Tac: +135% p < 0.01; and Tg: +1220%, p < 0.001),
sXBP1 (CsA: +288%, p < 0.0001; Tac: +122%, not significant
[ns]; and Tg +1196, p < 0.001), and CHOP (CsA: +278%,
p < 001; Tac: +113, ns; and Tg: +3589, p < 0.0001; Fig. 44), as
well as by immunoblotting for sXBP1 (CsA: +188%, p < 0.01;
Tac: 100%, ns; and Tg: +309%, p < 0.0001; Fig. 4, B and O).
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Along the same line, expression levels of BiP and CHOP were
significantly higher in isolated rat PTs treated with CsA
(BiF: +234%, p - 0.05; CHOP: +366%, p = 0.05), than in the
Tac group (BiP: +184%, ns; CHOP: +139%, ns; Fig. 4, D and E).

Knodidown of oyclophiling induces UPR

Since CsA but not Tac induced UPR, we assumed that this
discrepancy may result from CsA-dependent suppression of
cyclophiling rather than from Cn inhibition. Therefore, we
separately suppressed cyclophilin A (CYPA) or cyclophilin B
(CYPB) expression in HEK 293 cells using siRNA-mediated

Cyclosporine A induces ER stress in kidney epithelia

decreases of CYPA or CYFB protein levels (-53% and —57%,

respectively, p < 0000% Fig. 5, A-D). Evaluation of CHOP
abundance by immunoblotting revealed significanty
increased levels in both CYPA-knockdown (CYPA-kd) cells
(+247%, p = 0.0001) and CYPB-knockdown (CYPB-kd) cells
(+364%, p < 0.0001; Fig. 5, E and F). In line with this,
immunoblotting for cCas-3 showed increased immunoreac-
tive signals in CYPA-kd cells (+284%, p = 0.001) and CYPE-
kd cells (+327%, p - 0.01; Fig 5, E and G). Notably, effects of
CYPA-kd and CYPBE-kd cells on CHOP and cCas-3 were
largely comparable to effects of CsA in unmodified cells

knockdown protocols. These protocols led to similar  (Figs 3, 4 and B and 5, E-(F) suggesting a critical role of
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malogous pratein; HRFTEpC, human renal prosimal tubular epithelial cdl NS, not significant; FT, proximal tubule: sXEP1, spliced X-box binding protein 1.
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suppressed cyclophilin activity in the CsA-induced ER stress  protein abundance were significantly blunted by concomitant

and UPR. application of TUDCA (from +625% [CsA] to +274% [CsA +
TUDCA], p < 0.001; Fig. 64) or 4-PBA (from +712% [GsA]
Chemical chaperones alleviate CsA-induced ER stress to +238% [CsA + 4-PBA], p < 0.0001; Fig. 6B). Similarly, the

Next, we tested the potential of the chemical chaperones, CsA-induced increases of cCas-3-positive cells were blunted
tauroursodeoxycholic acid (TUDCA; 300 uM) or by both TUDCA and 4-PBA (from +697% [CsA] to +419%
4-phenylbutyric acid (4-PBA; 5 pM), to alleviate the CsA- [GsA + TUDCA] or +388% [CsA + 4 PBA], p < 0.05; Fig. 7,
induced ER stress. The CsA-induced increases of CHOP A-C), as detected by immunofluorescence.
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Deletion of PERK or ATF6 attenuates the CsA-induced UPR

Mext, we aimed at characterization of UPE pathways
mediating the proapoptotic effects of GsA. To this end, we
applied CRISPR/Cas9 gene editing for inactivation of critical
ER-stress sensors and UPR initiators, [REla, PERK, or ATF6,
in HEK 293 cells. While we succeeded in generation of PERK-
deficient or ATF6-deficient cell lines (Fig. 55), attempts to
delete IREla failed to produce viable cell colonies suggesting a
critical role for this protein in cell metabolism. PERK-KO and
ATFe-KO exerted no significant effects on CnAo, CnAfp,
CYPA, CYPB, and FKEP12 protein levels except for a mod-
erate increase of CY PA abundance in PERK-KO cells (+146%,
p < 001; Figs. 56-58). These results suggest that deletion of
PERK or ATFG6 does not affect proteins mediating effects of
CsA or Tac.

Since the absence of FERK or ATF6 may affect the pro-
teostasis per sg, we evaluated their downstream signaling
components, namely CHOP and sXBP1. The baseline CHOP
abundance was unaltered in PEREK-KO cells but increased in
ATFeKO cells (+67%, p < 0.001) as compared with control
unmaodified cells (Fig. 84). Evaluation of sXBP1 revealed
similar baseline levels in contral, PERK-KO, and ATF&KO
cells (Fig. 88). Hence, we concluded that AT deficiency is
associated with altered baseline proteostasis resulting in

Cyclosporine A induces ER stress in kidney epithelia

activation of CHOP-inducing UPR. branches such as PERK
signaling (4).

Mext, we treated PERK-KO and ATF6-KO cells with CsA,
Tac, and Tg using the experimental protocols established for
nonmaodified contral HEK 293 cells. PERK-KO cells showed
significantly increased levels of CHOP (+165%, p < 0.001) and
sXBPL (+245%, p = 0.0001) in response to CsA, whereas levels
of IREln and p-IREln were not affected by the treatment
(Fig. %, A-E). Tg increased sXBP1 and [REln levels (+472%,
p o= 00001, +134%, p = 005 respectively), whereas Tac
moderately reduced the sXBP1 abundance in PERK-EQ cells
(-54%, p =< 005; Fig. 9, A-E). ATF&-KO celk responded to
CsA with significant increases of sXBP1 (+419%, p < 0.01) and
p-1REla levels (+15%, p < 0.05), whereas CHOP and [RElIx
were not affected (Fig. 10, A-E). Tg increased the levels of
sXBP1 (+902, p < 00001) and p-IREla (+145%, p < 0001),
whereas Tac augmented the p-IREla levels only (+129,
p = 005 Fg. 10, A-E), as detected by immunoblotting
Comparative statistical analysis of the effect strength showed
that CsA-induced increases of CHOP and sXBP1 in PERK-KO
and ATF&KO cells were weaker than in unmodified cells
(Table 1). These results suggest that induction of UPR by CsA
is partially mediated by PERK-dependent and ATF&-

dependent signaling pathways.
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Discussion

Today, there is still considerable clinical demand for GsA in
patients well adjusted on this drug or those requiring con-
version from Tac to CsA for nonrenal side effects of Tac such
as diabetes (29, 30). However, retrospective analysis of CNI
nephrotoxicity suggested that Tac has more favorable phar-
macological profile compared with CsA (6, 13, 14, 31). Cyto-
toxicity of CsA has been associated with impaired proteostasis
and integrated stress response in cultured nonrenal human
cells (15). In line with this, the present results obtained in
cultured cells of renal origin and isolated rat PTs demonstrate
that CsA stimulates multiple UPR pathways, as evident from
enhanced levels of sXBP1, p-IREla, and CHOP (8, 9, 32).
Moreover, increased levels of CHOP, Bax, and cCas-3 along
with decreased BCL-2 abundance in CsA-treated cells indicate
failure of the adaptive UPR branches and switch to the pro-
apoptotic mode (1Y). In contrast to CsA, Tac exerted only
moderate or no effects on the UPR products in the present

8 / Biol Chemn

study. These results were obtained not only in little-
differentiated HEK 293 cells but also in more differentiated
HRPTEpGs and dissected native rat PTs, which underlines
their relevance in the pathophysiological context of CNI
nephrotoxicity. Stronger cellular toxicity of CsA cannot be
explained by different efficiency of CsA and Tacin terms of Cn
inhibition, since our treatment protocols produced similar
increases of NFAT phosphorylation levels. Therefore, we
tested the possibility that toxic effects of CsA may be aggra-
vated by the suppression of cyclophilins.

Cyclophilins assist in protein folding by catalysis of the
ds—trans isomerization of proline imidic peptide bonds (17,
i3). Since prolyl isomerization is an intrinsically slow process,
its catalysis by cyclophilins may be considered as a rate-
limiting step in protein folding (33, 34). Information on
physiologic and pathophysiologic roles of different cyclophilin
isoforms in the kidney is scarce and in part controversial.
Earlier studies reported beneficial effects of pharmacologic

ASBMB
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cyclophilin inhibition or genetic silencing of cyclophilin D in
animal models of acute kidney injury or chronic kidney
disorders, including CsA nephrotoxicity (35-37). In contrast,
other studies documented protective effects of CYPA and
CYPB in mouse models of CsA nephrotoxicity or RAS-
induced kidney epithelial injury (38-40). It is tempting to
speculate that interactions of CsA with CYPA or CYPB may

=ASBMB

impair the proteostasis because of suppression of peptidyl-
prolyl as—trans isomerase activity, whereas CsA—cyclophilin
D complexes appear to hamper the mitochondrial function
(35, 38, 39, 41). Knockdown of CYPA or CYPB led to
increased CHOP and cCas-3 levels in the present study,
which supports a concept that CsA-induced suppression of
cyclophilin-mediated chaperone function may cause ER stress
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and proapoptotic UPR. According to their subcellular dis-
tribution, CYPA may be involved in folding and trafficking of
cytosolic and membrane proteins, whereas CYPB may
contribute to protein maturation and quality control in ER

10 ! Biol Chemn (2022) 298(3) 101589

(401, 42). The fact that knockdown of either cyclophilin iso-
form prodoced significant increases of CHOP and olas-3
levels in the present study points to their nonredundant
roles in proteostasis,
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Since Tac produced only moderate effects on UPR signaling
in the present study, we conclode that FKBP12 chaperone
function is less important for intact protecstasis. Indeed,
FKBP12 has been implicated in modubtion of the cell cycle
rather than in protein folding and proteostasis (43). However,
administration of Tac i vive may produce metabolic stress in

=ASBMB

kidney epithelia indirectly, for example, because of BAS hy-
peractivity or constriction of renal arteries (7).

Targeting chaperone systems has been increasngly recog-
nized as an emerging strategy for alleviation of kidney diseases
(). Previous studies in animal models suggest that ER stress
contributes to progression of chronic kidney disorders to renal

A Biol Chem (302Z) 298(3) 101589 11



53

Cyclosporine A induces ER stress in kidney epithelia

Table 1

Comparative analysis of CsA effects onthe indicated UPR products in
PERK-KO and ATF&-KO HEK 293 cells versus unmodified HEK 293 cells
[contrall

HEK 293 cells CHOP %) sKEPL (%) pIRELx (%}
Contral +207 +23 +230
PIRE-KO + 165" +245 M5 +126 N5
ATH:-KD +130 M5 w41y +159 N5

'p = s

‘p o 01 for differences between effects of CsA in unmodified cells {condral) and
PERE-KQ) ar ATF&-KO cells as calmlated nsing Tokey's mulople comparisons test

fibrosis, which can be retarded by use of chemical chaperones
(4, 44). The present results indicate that stimulation of protein
folding using TUDMCA or 4 PBA may protect cells from Cs-
induced ER stress, as reflected by blunted increases of CHOP
and cCas-3 levels in HEK 293 cells treated with CsA and either
chemical chaperone. While chemical chaperones improve
protein folding in a nonselective way, characterization of
specific UPR pathways affected by CsA may provide further
options to prevent or reduce its cell toxicity. To address this
issue, we intervened in early UPR events by inactivating either
PERK or ATFS using CRISPE/Cas% gene editing in the HEK
293 cell model.

PERK and ATFG6 sense ER stress and recruit distinct
mechanisms to restore protein folding capacity (19). Inacti-
vation of either PERK or ATF6 produced no effects on baseline
abundance of sXBP1, whereas abundance of CHOP was
moderately increased in ATF6-KO, which may reflect stimu-
lated proapoptotic UPR (1% 45). Motably, our attempts to
inactivate another ER-stress sensor, IREln, produced no viable
cell line suggesting that intact IREla signaling is critical to
cellular protecstasis and survival (32). Indeed, deletion of
IREln has been shown to impair protein folding, autophagy,
and mitochondrial function in podocytes (46). In the present
study, PERK-EO cells exhibited milder increases of CHOP and
p-IREla in response to CsA or Tg sugpesting a blunted UPR.
ATF&-KO cells showed blunted effects of CsA and Tg on
CHOP and p-IREla as well, whereas stimulation of sXEP1 was
maore pronounced in this cell line. Tac produced little or no
effect on UPR in the KO lines, apart from decreased sXEP1
levels in PERK-KO and moderately increased p-1RE 1a levels in
ATFe-KO cells. Although these results suggest that suppres-
sion of either PERK-mediated or ATFG-mediated signaling
may interfere with the proapoptotic UPR branch and improve
cell viahility, further experiments including animal studies are
mandatory to assess the individual impacts of these pathways
in mediating the CsA toxicity.

In summary, the present comparative analysis of CsA versus
Tac toxicity profiles suggests that the detrimental effects of
CsA on proteostasis result from suppression of cyclophilins
rather than Cn inhibition (Fig. 1) In addition, in vive admin-
istration of CsA or Tac may indirectly canse or aggravate ER
stress in kdney epithelia because of further local and systemic
effects, such as sympathetic stimulation, rennin—-angiotensin—
aldosterone system hyperactivity, vasoconstriction and hyp-
oxia of renal tissue, and imbalanced workload of kidney
epithelia (7, 47, 48). Therefore, we consider pharmacologic

12 1 Biol Chern (202Z) 298(3) 101589

alleviation of ER stress using chemical chaperones or auto-
phagy enhancers as an emerging therapeutic strategy to pre-
vent or reduce CMNI nephrotoxcity (8). In the clinical context,
our data suggest that Tac possesses milder cytotooicity
compared with CsA and support the current trend of prefer-
ential Tac use in organ-transplanted patients (49).

Experimental procedures
Cell cufture

HEK 293 cells were cultured in Eagle's minimum essential
medium (Sigma-Aldrich) supplemented with 5% fetal bovine
serum (Thermo Fisher Scientific) and 1% L-glutamine
(Corning). Primary HRPTEpCs (catalog no.: 930-05A; Sigma—
Aldrich) were cultured in RenaEpi Growth Medium (Sigma-
Aldrich; supplemented with 5% fetal bovine serum) at 37 *C
with atmospheric CO, concentration at 5% in a humidified
incubator (Binder GmbH) (50). PERK-deficient and ATF&-
deficient HEK 293 cell lines were generated using CRISPR/S
Cast-mediated gene editing (51). In brief, oligonucleotides
were designed (PERK: CACCGGGAAAATCTCTGACTA-
CATA, AMACTATGTAGTCAGAGATTTTCCCS ATFe CA
COGTGAAATGGGGGAGOCGGCTG, AAACCAGCCGGC
TCCCOCATTTCAC) and cloned into pSpCast9BE)- 24 -GFP
(catalog no: PX458; Addgene) vector. After transfection, cells
were sorted into 96-well plates using FACS Aria Il (Becton
Dickinson). Single-cell clones were expanded, and CRISPR/
Cast-mediated mutation was verified by Sanger sequencing of
the respective genomic locus.

Treatments

Cells were treated with CsA (Sigma-Aldrich) or Tac (FK-
506 monohydrate; Sigma—Aldrich). Both drogs were dissolved
in dimethyl sulfoxide (DMSO; Roth). Dose—response curves
for CsA and Tac were established in native HEK 293 cells. Cell
suspensions (100 pl containing approcdmately 10* cells) were
inoculated to a %é-well plate and incubated overnight at 37 °C
with 5% CO.. Subsequently, cells were treated with CsA or Tac
in concentrations of 0, 5, 10, 20, 40, and 80 pM, respectively,
for 6 h each. Cell viability was evaluated using MTT (BioFroxx
GmbH). MTT (5 mg/ml) was dissolved in PES, and the solu-
tion was filtered for sterilzation (022 pm; Whatman). Five
micraiters of the solution was added to each well at the end of
the treatment. After ensuing incubation for 90 min at 37 °C,
the medium was discarded, and precipitated formazan crystals
were dissolved in 100 pl DMSO and incubated with gentle
agitation for further 15 min at 37 °C. Absorbance was
measured at 560 nm in a microplate reader (Biochrom ASYS,
Expert 96), and the values obtained in vehicle-treated cells
were set at 100%. Based on the results of this assay, 10 pM CsA
and 10 pM Tac doses were chosen for further experiments. To
define the optimal treatment duration, cells were grown to 80%
confluence, treated with CsA or Tac for 6, 24, or 48 h, and
evaluated by light and electron microscopy. The 6 h duration
showed the best results by viability assay as well as morpho-
logical estimation of cell survival and was therefore chosen for
the main experimental protocol. To assess effects of CNI on
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UPR, native HEK 203 cells, PERK-deficient (PERK-KO) or
ATFéa-deficient (ATF6-KO) cells were grown to 80% conflu-
ence and treated for & h with vehicle (DMS0), CsA (10 pM),
Tac (10 pM), and Tg (Sigma-Aldrich; 0.1 pM) serving as
positive control. Effects of concomitant application of the
chemical chaperones, 4-PBA (Abcam) or TUDCA (Calbio-
chem), were studied in native HEK 293 cells in the presence of
CsA. Cells were then harvested and processed for qPCR or
immunoblotting. Alternatively, cells were fixed for immuno-
fluorescence or ultrastructural evaluation.

Experiments in isolated rat PTs

Animal experiments were approved by the German Animal
Welfare Regulation Authorities on the protection of animals
used for scientific purpose (T0351/11). Adult male Wistar rats
(7-9 weeks old) were sacrificed via intraperitoneal injection of
04 mg/g body weight ketamine and 0.04 mg/g body weight
xylazine. Kidneys were removed immediately, and thin cortical
slices were digested by collagenase II (2 mg/ml) in incubation
solution (in millimolar: 140 Na(l, 04 KH PO, L6 KHPO,, 1
Mgs0, 10 sodium acetate, 1 o-ketoglutarate, 1.3 calcium
gluconate, 5 glycine, supplemented with 48 mg/] trypsin in-
hibitor, 25 mg/l DNase [, and pH 7.4) at 37 “C by continuous
agitation (850 rpm) (52). PTs were sorted at 4 °C using a
dissection microscope. Afterward, every sample was divided in
four sets of around 20 to 40 FTs (Fig. 5494), which were then
transferred into viak containing 10 pM CsA, 10 pM Tac,
0.1 pM Tg, or 0.04% DMSO in 150 pl of Dulbecco’s modified
Eagle's mediom solution (low glocose; PAN Biotech) supple-
mented with 1% L-glutamine (PAA Laboratories; 200 mmol/1),
and 1% penicillin/streptomycin (PAA Laboratories). After in-
cubation for 6 h at 37 *C (8% COy, open ld), PTs were har-
vested and snap-frozen for RMA isolation (Fg. 598). For
muar phological control, some PTs were incubated on slides and
stained with phalloidin-488 and DAPI after on-slide fixation
with 4% paraformaldehyde in PBS (Fig. 59C)

Immunofluerescence

HEK 293 cells were grown on coverslips to 80% confluence,
treated, and fixed in 4% paraformaldehyde for 10 min

Cyclosporine A induces ER stress in kidney epithelia

Permeabilization of the cells was performed using 0.5% Triton
X-100 (Merck) in Tris-buffered saline (TBS) for 30 min. Un-
specific protein binding was blocked with 5% bovine serum
albumin in TBS for 30 min at room temperature. Primary
antibodies against CHOP or cCas-3 (both Cell Signaling
Technology) were diuted in the blocking medium (1:500) and
applied overnight at +4 *C in a humidified chamber. After
washing steps, cells were incubated with Cy3-coupled sec-
ondary antibodies (1:25( Dianova) for 1 h at room tempera-
ture. Muclei were counterstained with DAPI (Sigma—Aldrich),
and the actin cytoskeleton was visualized using phalloidin
{Alexa Fluor 488 phalloidin; Invitrogen), which was added to
the secondary antibody solution. Coverslips were mounted
(ProLong Glass Antifade Mountant; Invitrogen) on glass slides,
and fluorescent signals were documented by confocal micro-
scopy (LSM 5 Exciter; Carl Zeiss Microscopy GmbiH). At least
three independent experiments with five wells per treatment
were quantified.

Ultrastructural analysis

Cells were fixed in 25% glutaraldehyde buffered with 0.1 M
sodinm cacodylate buffer, harvested with a cell scraper, and
processed for EPON embedding as described previously (53).
Ultrathin sections were cut (70 nm thickness; Ultracut S ul-
tramicrotome; Leica), contrasted in 5% alcoholic uranyl acetate
and 1% lead citrate, and imaged using an EM 906 transmission
electron microscope (Zeiss).

Immunoblotting

Cells were harvested, dissolved in homogenization buffer
(250 mM sucrose, 10 mM triethanolamine [AppliChem, Pan-
Reac; ITW Reagents]), adjusted with a protease inhibitor
cocktail (cOmplete; Roche), and sonicated five times for 1 s
each. Cell debris was removed by centrifugation at 1000g at +4
“C for 10 min, and the supernatant was collected. Protein
concentrations were measured using Micro BCA protein assay
kit (Thermo Scientific).

Protein lysates (30 pg per lane) were separated using SD5
PAGE (10% or 14%) and transferred to a nitrocellulose
membrane (Macherey—Nagel). Membranes were then blocked

Table 2
List of primary antibodies used for immunoblotting
Antibody Company Haost & clonality Dihution Catalog number

ATF-6 ([D4ZAV) Cell Signaling Technalogy Rahhbit, manaclanal 1500, 5% BSA in PES 65880
Bax Ahbcam Rabhit manac] onal =100, 5% BSA in TEST ahi2503
BCL-2 Santa Cruz Biotechnal agy Mowse, monodanal 1z1000, 5% BSA in TEST sC-73H2
Calcinewrin AR Pineda Antkirper-Senvice Rabhbit 1=1000, 5% BESA in PES
Calcinewrin Aa Pineda Antkirper-Service Rabhit L1000, 5% BSA in PES
CHOP [LA3FT) Cell Signaling Technalagy Maowse, monodaonal 1500, 5% BESA in TEST 2895
Cleaver caspase 3 (Aspl75) Cell Signaling Technalogy Rahhbit, palydanal 1500, 5% BSA in TES |
Cyclaphilin A Abcam Rahbit, palydanal 1:1000, 5% B5A in PES abdl6h4
Cyclophilin B Aboam Rahhit, palydanal 1:1000, 5% B5A in PES abl1684
FEEFP12 Abcam Rabbit polydonal 11000, 5% BESA in PES ah918
GAPDH Ahcam Rabhit. pol ydonal 1-3000, 5% BSA in TES ahl8 1602
TRElx Cell Signaling Technalogy Rabbit monoclonal 1=1000, 5% BSA in TEST 3294
MNFAT4/NF-ATA (phaspha S165) Ahbcam Rabhit. pol ydonal 1500, 5% BSA in TEST ahA9 N4
PIRE Cell Signaling Technalogy Rabbit monocl onal 11000, 5% BESA in PES CASELD
Phaspho-TREla (phaspha 5724 Ahbcam Rabbit polydaonal 1=1000, 5% BESA in TEST abiR 187
fractin Sigma Mowse, monodaonal 122000, 5% BSA in TEST AZ22R
=XEP1 Ahbcam Rabhit, monocl onal 1=1000, 5% BSA in PES ahXI7 A

BSA, bovine seram albomn; TEST, Tris-buffersd saline with Tween-20

=ASBMB

i Biol Chem {2022) 798(3) 101589 13



55

Cyclosporine A induces ER stress in kidney epithelia

Table 3
List of primers used for gPCR analysis
Gene Species Sequence {forwand; revemse)
sXEP1 Human CTGAGTOCGAATCAGETGCAG ATOCATGEGEAGATGTICTGE
AT Human GTTCTCCAGOGACAA GECTA; ATCCTGECTTGCTGT TGT TEE
CHOP Human AGAACCAGGAAACGEAAACAGA: TCTCCTTCATGOGCTGOTTT
EiP Human TETICAAQCAATTATCAGCAAACTC: TICTGCTGTATCCTCTTCACCAGT
CHOP Rat AGAGTGETCAGTGOGCAGT: CTCATTCTCCTIGCTOCTTCTOC
EiP Rat TEEETACATITGATCTEACTGEA: CTCAAAGETGACT TCAATCTGGE

with 5% bovine serum albumin in TBES for 30 min at room
temperature, followed by overnight primary antibody incuba-
tion at +4 *C. Antibodies used forimmunoblotting are listed in
Table 2. Signals were generated by incubation with the
respective horseradish peroddase—conjugated secondary an-
tibodies (Dako; 1:22.000) for 1 h at room temperature, followed
by incubation with Amersham ECL Western blotting detection
reagent (GE Healthcare) and visualized in Intas ECL Chemo-
Cam Imager (Intas Science Imaging). Densitometric evaluation
was performed using Image] software (National Institutes of
Health).

RNA extraction and reaktime gPCR

Total RNA was isolated using PeqgGOLD TriFast (VWR Life
SCIEMNCE) according to the manufacturer's protocol. Reverse
transcription was then performed with the help of Tetro
Reverse Transcriptase kit (Bioline GmbH) using 1 pg total
RN A Specific primers used for evaluation of the expression of
UPR-related genes are listed in Table 3 (27). Real-time qPCR
was performed uwsing HOT FIREPol EvaGreen gPCR Mix
(Solis BioDyne) and 7500 Fast Real-Time PCR System
(Applied Biosystemns). Relative quantity of mRNA levels was
normalized to endogenous GAPDH (forward: 5-TGC ACC
ACCAACTGC TTA GC-3; reverse: §-GGCATG GACTGT
GGT CAT GAG-3) expression.

SR NA-mediated knockdown

Specific CYPA and CYPB siRNA probes were generated by
Ambion GmbH (Table 4). Transfection was performed ata cell
confluence of 30% to 40% using INTERFERin (Polyplus-
Transfection) according to the manufacturer's instructions.

Statistical analysis

Results were analyzed by routine parametric statistics for
normal distribution as assumed from the experimental design.
Comparative analysis between two groups was performed by
unpaired ¢ test. Comparative evaluation of multiple groups was
performed using one-way ANOVA followed by Tukey's mul-
tiple comparisons test. GraphPad Prism 8 (GraphPad Software

Inc) was used to analyze parameters. A probability level of p <
0L05 was accepted as significant.

Data availability
All data are contained within the article.
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