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Abstract

Cisplatin-induced nephrotoxicity is an important limiting factor for cisplatin use. Tumor
necrosis factor a (TNF-a) is known to contribute to cisplatin-induced nephrotoxicity by
inducing an inflammatory process aggravating the primary injury, thereby resulting in
acute kidney injury (AKI). The present study investigates the pathways synergistically
activated by cisplatin and TNF-a responsible for TNF-a-enhanced cisplatin-induced
renal cell injury. To do so, immortalized renal proximal tubular epithelial cells (IM-
PTECs) were co-treated with TNF-a and cisplatin. Under these conditions, cisplatin
induced dose-dependent apoptosis in IM-PTECs, which was significantly enhanced
by TNF-a. Transcriptomic analysis revealed that cisplatin inhibited the typical TNF-a
response and cisplatin/TNF-a treatment up-regulated cell death pathways while it
down-regulated survival pathways compared to cisplatin alone. In concordance, the
gene expression levels of kidney injury markers combined with activation of specific
inflammatory mediators were enhanced by cisplatin/TNF-a treatment, resembling the
in vivo cisplatin-induced nephrotoxicity response. Furthermore, combined cisplatin/
TNF-a treatment inhibited NF-kB nuclear translocation and NF-kB-mediated gene
transcription leading to enhanced and prolonged JNK and c-Jun phosphorylation. JNK
sustained activation further inhibited NF-xB signalling via a feedback loop mechanism.
This led to an alteration in the transcription of the NF-kB-induced anti-apoptotic genes
c-IAP2, Bcl-XL, Bruce and Bcl2 and pro-apoptotic genes Bfk and Xaf1 and consequently
to sensitization of the IM-PTECs towards cisplatin/TNF-a-induced toxicity. In conclusion,
our findings support a model whereby renal cells exposed to both cisplatin and TNF-a
switch into a more pro-apoptotic and inflammatory program by altering their NF-xB/
JNK/c-Jun balance.

1. Introduction

Cisplatin is a chemotherapeutic agent widely used for the treatment of several
types of cancers (1). However, its use is mainly limited by nephrotoxicity. More than
one-third of the patients develop renal injury within 10 days after a single dose of
cisplatin (2). Cisplatin nephrotoxicity is a complex multi-factorial process affecting
mainly the proximal tubular epithelial cells (PTECs). Cisplatin is actively transported
into these cells, followed by activation of several stress signalling cascades such as
oxidative stress pathways, mitogen-activated protein kinase-signalling pathways
(MAPKs), p53 signalling pathway and both extrinsic and intrinsic apoptosis pathways

(3). Activation of these pathways leads to renal cell injury. Furthermore, in the kidney an
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inflammatory response is initiated, which exacerbates the primary renal injury caused
by cisplatin leading to acute kidney injury (AKI) (3, 4). This inflammation is initiated via
the production of the cytokine tumor necrosis factor-a (TNF-a), by the resident kidney
cells (5) including the proximal tubular cells themselves (6, 7) and simultaneously or
secondarily by infiltrating immune cells (8).

TNF-a is known to promote cell survival or cell death by tightly regulated
mechanisms. Binding to the TNF receptors TNFR1 and TNFR2 leads to recruitment
of one of two complexes. Complex | activates the transcription factor nuclear factor
kB (NF-xB), leading to transcription of inflammatory and survival genes (9). Complex
I, which is assembled only when TNFR1-associated death domain protein (TRADD)
and receptor-interacting protein 1 (RIP1) are ubiquitinated, activates caspase-8 and
-10 leading to the induction of apoptosis (10). In addition, TNF-a activates MAPKs
including c-Jun N-terminal kinases (JNKs) (11). The state of JNK activation eventually
determines cellular outcome. While transient JNK activation is associated with cell
survival, prolonged activation results in cell death (12). Under normal conditions,
activation of the caspase-8 complex and prolonged JNK activation are antagonized by
different NF-xB pro-survival target genes. We have previously shown that co-exposure
of hepatocytes to the hepatotoxicant diclofenac and TNF-a deregulated NF-kB activity
and prolonged JNK activation as well as increased caspase-8 complex formation (13).
These perturbations led to an enhancement of hepatocyte cell death. In the kidney,
TNF-a contributes to cisplatin nephrotoxicity by inducing both inflammation and renal
cell death. Inhibition of TNF-a via pharmacological inhibitors or antibodies ameliorated
cisplatin-induced nephrotoxicity in vivo (14). However, it is not yet clear which pathways,
synergistically (de)activated by cisplatin and TNF-q, lead to renal injury.

In this study, immortalized proximal tubular epithelial cells (IM-PTECs) were used
to investigate the cisplatin/TNF-a interaction. Cisplatin induced a dose-dependent cell
death of IM-PTECs, which was enhanced by the cytokine TNF-a. Transcriptomic analysis
revealed that cisplatin inhibited the typical TNF-a response and combined cisplatin/
TNF-a treatment increased cell death pathways compared to cisplatin alone. The
increased cell death observed with the combined cisplatin/TNF-a treatment enhanced
the gene expression levels of kidney injury markers and of specific inflammatory genes
mimicking thecisplatin-induced nephrotoxicity response observed invivo.Furthermore,
with the combined cisplatin/TNF-a treatment, inhibition of the NF-xB signalling led
to an enhancement of JNK and c-Jun phosphorylation. JNK sustained activation led
to further inhibition of the NF-kB signalling via a feedback loop mechanism. The

transcription of NF-kB-induced anti-apoptotic genes was reduced accompanied by
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an enhancement of the transcription of pro-apoptotic genes sensitizing the IM-PTECs
towards cisplatin/TNF-a treatment. Our findings support a model whereby the renal
cells exposed to both cisplatin and TNF-a switch into a more pro-apoptotic and

inflammatory program by altering their NF-kB/JNK/c-Jun balance.

2. Material and methods
2.1. Reagents and antibodies

Mouse recombinant TNF-a was acquired from R&D Systems (Abingdon, UK). The
selective IKKa/p inhibitor wedelolactone, cis-diamminedichloroplatinum(ll) (cisplatin),
doxorubicine, etoposide, methyl methanesulfonate (MMS) and tunicamycin were from
Sigma-Aldrich (Zwijndrecht, The Netherlands). The selective JNK inhibitor SP600125
was from Enzo Life Sciences (Zandhoven, Belgium). The irreversible pan-caspase
inhibitor z-VAD-fmk was from Bachem (Weil am Rhein, Germany). AnnexinV-Alexa488
was made as described (15). The antibody against tubulin was from Sigma-Aldrich, the
antibody against NF-kB (p65) was from Santa Cruz (Tebu-Bio, Heerhugowaard, The
Netherlands) and the phospho-specific JNK antibody (Thr183/Tyr185) was from New
England Biolabs (Leusden, The Netherlands). The antibodies against phospho-specific
c-Jun (Ser63), phospho-specific IkBa (Ser32), IkBa and JNK1/2 were from Cell Signalling
(Bioké, Leiden, The Netherlands).

2.2. Cell culture

Immortalized proximal tubular cells (IMPTECs) described previously (16) were
cultured at 33°C in HK2 medium (DMEM/F12 medium (Invitrogen, Breda, The
Netherlands) with 10% fetal bovine serum (Hyclone, Etten-Leur, The Netherlands), 5 ug/
ml insulin and transferrin, 5 ng/ml sodium selenite (Roche, Almere, The Netherlands),
20 ng/ml trilodo-thyrionine (Sigma-Aldrich), 50 ng/ml hydrocortisone (Sigma-Aldrich),
and 5 ng/ml prostaglandin E1 (Sigma- Aldrich) with L-glutamine and antibiotics (both
from Invitrogen) and mouse interferon-y (IFN-y) (1 ng/ml; R&D Systems, Abingdon,
England)) in 5% CO2 and 95% air between passage 3 and 20. Prior to each experiment,
the cells were differentiated into proximal tubular cells by culturing them for 4 days in
restrictive conditions (at 37°C in the absence of IFN-y). The cells were then plated in the
appropriate assay plates and cultured for 2 more days. In total, IMPTECs were cultured
in restrictive conditions for 6 days, allowing the disappearance of SV40 activity and

completion of differentiation (16).
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2.3. Exposures

IM-PTECs were exposed to various concentrations of cisplatin or vehicle + 8 ng/ml
TNF-a. Exposure to TNF-a was performed 30 minutes prior to cisplatin. Incubation with
the inhibitors SP600125 and wedelolactone was done 30 minutes prior the addition of
TNF-a and followed 30 minutes later by the exposure to cisplatin.

IM-PTECs were exposed to the DNA damaging agents doxorubicine 3 uM, etoposide
5 uM and MMS 50 pg/ml, and to the ER stress agent tunicamycin 10 ug/ml for 8 hours.

2.4. Celldeath assays

Cell death was determined by either flow cytometry and cell cycle analysis or live
cell apoptosis. Cell cycle analysis was performed by fixating the cells in ethanol during
at least 24h and by subsequent staining of the cells with 3.3uM of 4,6-diamidino-
2-phenylindole (DAPI). With flow cytometry (FACSCanto II; Becton Dickinson,
Erembodegem, Belgium), the amount of dead cells in sub-G0/G1 was determined.

Real time induction of apoptosis was quantified using a live cell apoptosis assay
previously described (15). Briefly, binding of Annexin V-Alexa488 conjugate to
phosphatidyl serine present on the membranes of apoptotic cells was followed in time
by imaging the cells every hour after drug exposure with a BD Pathway 855 imager
(Becton Dickinson, Erembodegem, Belgium). The total area of Annexin V-Alexa488
fluorescence per image was quantified using Image Pro (Media Cybernetics, Bethesda,
MD).

2.5. Western Blot

Cells were harvested as described (17). The samples were subjected to protein
separation and blotted on Immobilon-P membranes (Millipore, Amsterdam, The
Netherlands). Phosphorylated proteins (P-JNK, P-c-Jun and P-lkBa) were detected
using the Tropix Western-Star kit™ (Applied Biosystems) following manufacturer’s
protocol. For tubulin, B-actin, IkBa and JNK1/2, the membranes were blocked for 1h at
room temperature in milk powder 5% (w/v) in Tris-buffered saline/Tween 20 (TBST-T).
Primary antibody incubation was done overnight at 4°C followed by incubation with
horseradish peroxidase-conjugated or Cy5-labeled secondary antibodies (Jackson
Immunoresearch, Newmarket, UK) in TBST-T for 1 h at room temperature. Protein
signals were detected with ECL (GE Healthcare) followed by film detection for JNK1/2
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or by visualization on the Typhoon 9400 imager (GE Healthcare, Diegem, Belgium).

Ratios of protein band intensity were obtained using ImagelJ 1.44i software.

2.6. Immunofluorescence

Cultured cells were stained for NF-kB p65 followed by goat anti-mouse Alexa488-
labeled secondary antibody (Molecular Probes, Breda, Netherlands) and Hoechst
33258 (2 pg/ml) was used to visualize the nuclei. Cells were imaged using a Nikon
TiE2000 confocal microscope (Nikon, Amstelveen, Netherlands). p65 translocation was
quantified using ImagePro. Briefly, after splitting the two channels (Alexa488-stained
p65 and Hoechst-stained nuclei), segmentation of individual nuclei and definition of
the overall cellular area is then performed. The average intensity of p65 staining inside

the nuclei is then derived.

2.7. Luciferase reporter assay

To determine the effect of cisplatin exposure and RelA inhibition/knockdown on
TNF-a-induced NF-xB transcriptional activity, IMPTECs were transiently transfected
with an NF-kB promoter-luciferase reporter plasmid (Clontech, Saint-Germain-en-Laye,
France) using Effectene® reagent according to the manufacturer’s procedures (Qiagen,
Venlo, The Netherlands) and incubated for 16-18 hours. The Dual-Luciferase luciferase
assay kit (Promega, Leiden, The Netherlands) and a microplate luminometer (Centro

XS3 LB960, Berthold Technologies) were used to monitor luciferase activity.

2.8. Lentiviral knock-downs

Stable IM-PTECs with p65/RelA knock down were generated using lentiviral sShRNA
vectors (Sigma-Aldrich, in collaboration with Rob Hoeben, Leiden University Medical
Centre, The Netherlands) and selection with puromycin (1 ug/ml). The plasmid encoding
non-target control SHC002 was used as a control and the plasmid encoding mouse
RelA number TRCNO0000055343 (CCGGGCGAATCCAGACCAACAATAACTCGAGTTATTGTTGGTC
TGGATTCGCTTTTTG) was used.

2.9. Gene array analysis

IM-PTECs were exposed to vehicle, cisplatin (5 pM), TNF-a (8 ng/ml) or cisplatin
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in combination with TNF-a for 8 hours. Four replicates for each treatment and five
for the controls were used. Total RNA was isolated from cells using an RNeasy® Mini
Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s protocol. RNA
concentration was determined by absorbance at 260 nm (Nanodrop Technologies,
Montchanin, DE, USA), and the integrity of the RNA was checked using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The synthesis of labeled
cRNA and hybridization steps were performed by Service XS (Leiden, The Netherlands).
Briefly, 100 ng of RNA was used to synthesize Biotin-labeled cRNA with the Affymetrix
37 IVT Express Labeling Kit. The resulting labeled cRNA was quantified by absorbance
at 260 nm (Nanodrop) and 6 pg was hybridized on an Affymetrix 24 all-in HT MG
430 PM Array plate following the procedures recommended by the manufacturer.
After hybridization, the microarray slide was washed, dried, and scanned using the
Hybridization, Wash and Stain Kit #901530 compatible with Affymetrix protocols. The
Affymetrix Command Console (v3.0) and Expression Console software (v1.1) were used
to analyze the performance of the washing, staining and scanning of the chips and to
obtain background-substracted non normalized signal values.

Subsequently, these data were normalized with the BRB array Tools software
(developed by Dr. Richard Simon and BRB-ArrayTools Development Team) using the
Robust Multichip Average (RMA) method. Significantly differentially expressed genes
(false discovery rate FDR<0.01) between the various experimental conditions were
identified with an ANOVA test followed by calculation according to Benjamin and
Hochberg (18). Only probes with expression levels of 2.0-fold change or more relative
to the control were selected for further analysis.

Commonly deregulated genes between the different groups were identified by
Venn diagrams. Classification of the selected genes according to their biological and
toxicological functions was performed using the Ingenuity Pathway Analysis (IPA®)
software (Ingenuity® Systems, Redwood, CA, USA). Transcription factor analysis of the
most 1000 up- or down-regulated genes was performed using the Metacore software
(GeneGo, MI, USA). Heatmap representations and hierarchical clustering (using
Pearson correlation) were performed using the MultiArray Viewer software. Principal
component analysis (PCA) was done with the Spotfire software (TIBCO, Somerville, MA,
USA). The complete data set is currently submitted to ArrayExpress (EMBL-European
Bioinformatics Institue, Hinxton, England; http://wwww.ebi.ac.uk/arrayexpress) and
will be available for public download shortly. Accession number referencing this data

set will be available on the GEO website (http://www.ncbi.nlm.nih.gov/geo/).
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2.10. Quantitative real-time PCR

Total RNA was isolated from cells using an RNeasy® Mini Kit (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s protocol. cDNA was synthesized
using SuperScript® lll reverse transcriptase (Invitrogen). Oligonucleotide primers
(Eurogentec, Seraing, Belgium) are compiled in Table 1. Reactions were performed
using qPCRSybrGreen mix (Applied Biosystems, Foster, CA, USA) on the 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster, CA, USA) with an annealing
temperature of 60 °C. Cycle threshold (Ct) values were normalized to the expression
levels of the three housekeeping genes GAPDH, HRPT and p-tubulin. The relative
expression of the genes in treated cells versus control cells was determined using the
ACt method.

Table 1. RT-PCR primers.

Gene Forward primer Reverse primer

Xaf1 CTGTGGCTCTGCCTTTGAAGT CGTCTCCTGTGGGAAGATCAG

Bfk (Bcl2115) CCCACTATCCCACGCTGCTA TCCTCTCCTGAGCATGGTTCA
BCL-XL (Bcl2I1) TGGAGTAAACTGGGGGTCGCATCG AGCCACCGTCATGCCCGTCAGG
Bcl2 CTCGTCGCTACCGTCGTGACTTCG CAGATGCCGGTTCAGGTACTCAGTC
c-IAP2 (Birc3) TATTTGTGCAACAGGACATTAGGAGT TCTTTCCTCCTGGAGTTTCCA
Bruce (Birc6) ACATCCGACAAGCAACGGTTA AGCACGGTGAAGGATTTCTGA

2.11. Statistical procedures

All data are expressed as mean * standard error of the mean (S.E.M.). Statistical
significance was determined by GraphPad Prism using an unpaired two-tailed t-test.

The level of confidence is represented by P-values indicated in the figures.

3. Results
3.1. TNF-a enhances cisplatin-induced renal proximal tubular cell
death

To investigate whether cisplatin induces cell death in our IM-PTECs, cells were
exposed to increasing concentrations of cisplatin. Cisplatin induced a concentration-
dependent increase in cell death as determined by cell cycle analysis (Fig. 1A) and live

apoptosis imaging by following over time Annexin-V-alexa488 fluorescence (Fig. 1B).
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This dose-response correlated with what is observed in patients since nephrotoxicity
in patients is observed with a plasma concentration of cisplatin superior to 6 pg/ml,
corresponding to an in vitro concentration of approximately 20 uM (19). Next, the effect
of co-treatment of cisplatin and TNF-a on the cells was evaluated. In vivo, cisplatin-
exposed renal cells secrete TNF-a resulting in activation of neighbouring cells. Cisplatin
takes several days to be completely excreted in the urine (20), therefore these TNF-a
pre-exposed neighbouring kidney cells are subsequently exposed to a combination of
cisplatin and TNF-a. In order to mimic these sequential events observed in vivo, the IM-
PTECs were pre-exposed to TNF-a for 30 minutes followed by cisplatin exposure. When
the cells were exposed to the combined cisplatin/TNF-a treatment renal cell death was
greatly enhanced (Fig. 1C and 1D). This enhancement was completely abrogated by
treatment with the pan-caspase inhibitor z-VAD-fmk, indicating that TNF-a-enhanced
cisplatin-induced cell death is a caspase-dependent apoptotic process (Fig. 1Cand 1D).
Furthermore, pre-treatment of the cells with cisplatin followed by TNF-a exposure, as
well as co-treatment of the cells with cisplatin and TNF-a gave the same synergistic
apoptosis than with pre-treatment of the cells with TNF-a (data not shown). Based on
live cell imaging, the onset of apoptosis occurred later than 10h after exposure (Fig.
1D).

3.2. Cisplatin suppresses the TNF-a-induced transcriptional
program

To obtain detailed insight into the pathways involved in the TNF-a-mediated
enhancement of cisplatin-induced cell death, transcriptomic analysis was performed.
IM-PTECs were exposed to TNF-a (8 ng/ml) and/or to cisplatin (5 uM) for 8 hours, a time
point at which cell death did not yet occur (Fig. 1). In order to correlate the expression
patterns to the cellular response observed, a PCA analysis was performed with all gene
datasets. As shown in Fig. 2A, four distinct clusters can be discerned, corresponding to
controls and the three treatment groups. The cisplatin/TNF-a treated group, in which
high cellular injury was observed, was positioned away from the controls further in the
same direction as the cisplatin group and along the principal component 2 in the same
direction as the TNF-a group. This analysis suggested that the cisplatin/TNF-a group
pointed towards more cell death and pro-inflammatory response than cisplatin alone
but less pro-inflammatory response than TNF-a alone.

Gene expression changes with > 2.0 fold-change for all conditions compared to

control and FDR < 0.01 were considered for further analysis and a total of 4182 genes
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Figure 1. TNF-a enhances cisplatin-induced apoptosis in IM-PTECs. IM-PTECs were exposed to cisplatin
in increasing concentrations (A and B) or were pre-exposed for 30 min with TNF-a (8 ng/ml) before cisplatin
exposure (Z-VAD-fmk (100 pM) was included as indicated) (C and D). Cell death was determined by cell cycle
analysis (A and C) or followed over time using Annexin V-Alexa488 staining and automated imaging on a BD
pathway 855 imager (B and D). The data are represented as means of three independent experiments + SEM.
*P <0.05, **P <0.01 and #P < 0.05, ##P < 0.01 compared to vehicle-treated cells.

were identified with our selection criteria. Out of these genes, 3639 genes were uniquely
differentially regulated with at least 2.0 fold with the combined treatment cisplatin/
TNF-a. Most of these genes were differentially regulated by both cisplatin and cisplatin/
TNF-a (Fig. 2B and 2Q). Thereafter, these genes were divided into 1702 up-regulated
genes (Fig. 2B) and 1937 down-regulated genes (Fig. 2C). The up- and down-regulated
genes were then classified according to their biological and toxicological functions
using Ingenuity Pathway Analysis (IPA®) software. Analysis of the up-regulated genes
indicated that cisplatin/TNF-a co-treatment increased cell death compared to cisplatin
or TNF-a treatment alone and that cisplatin decreased the TNF-a-induced processes
(Fig. 2D). Such processes include death-receptor signalling pathways —such as TNFR1
and 2 and April-mediated signalling pathways-, cytokine signalling pathways mediated
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by IL-10, IL-6 as well as immune receptors-induced signalling pathways mediated by
CD27,CD40 (Fig. 2E). Analysis of the down-regulated genes revealed that basic survival
processes were more affected by cisplatin/TNF-a co-treatment compared to cisplatin
or TNF-a treatment alone (Fig. 2F). These processes include PTEN, mTOR, glucocorticoid
receptor signalling pathways, as well as growth factor signalling (HGF, VEGF) and cAMP
signalling components (PI3K, PKA) (Fig. 2G). Analysis of both up and down-regulated
genescombined, as well as analysis with GeneGo Metacore™ pathway analysis software,
pointed also to the same signalling pathways (data not shown). Together these data
indicate that IM-PTECs treated with both cisplatin and TNF-a induced a pronounced
increase in cell death processes accompanied by a decrease in survival processes
compared to the cells treated with cisplatin or TNF-a alone, and that cisplatin inhibited

the typical TNF-a-induced pathways.

3.3. Cisplatin/TNF-a treatment leads to increased gene expression
of kidney injury markers and specific cytokines and chemokines

Over the past years, several new kidney injury markers have been identified
including kidney injury molecule 1 (KIM-1) and lipocalin 2 (NGAL) (21). To determine
whether combined cisplatin/TNF-a treatment enhanced the gene expression of
such markers compared to cisplatin treatment alone, we analyzed the expression of
genes related to kidney injury as identified by IPA. The expression of these genes was
either increased or decreased in cisplatin/TNF-a treated cells compared to cisplatin
or TNF-a treated cells correlating with the gene expression pattern of these markers
during kidney injury (Fig. 3A). The up-regulated markers included brain natriuretic
peptide (BNP), NGAL and KIM-1 (Fig. 3A, up-regulated). These markers are promising
kidney injury markers currently evaluated (21). Other up-regulated genes are genes
involved in AKI but not yet regarded as potential markers, such as the bradykinin
receptor B2 (BDKRB2), the heparin-binding EGF-like growth factor (HBEGF), the cyclic
AMP-dependent transcription factor ATF-3, cathepsin L (CTSL), the urokinase receptor
(UPAR) and the receptor for advanced glycation endproducts (RAGE) (22-28). Other
markers are involved in oxidative stress or inflammation, such as hemeoxygenase 1
(HO-1), cyclooxygenase-2 (COX-2), Granulocyte colony-stimulating factor (GCSF) and
interleukin 6 (IL-6) (29-31). However, it is important to note that the gene expression of
some markers, such as KIM-1, were already up-regulated by TNF-a treatment alone. The
down-regulated markers included the mineralocorticoid receptor (MR), the vitamin D

receptor (vdr), megalin (Lrp2) as well as others (Fig. 3A, down-regulated). These markers
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have been shown as well to be related to kidney injury (27, 32, 33). Together these data
indicate that the expression levels of the kidney injury markers reflect the increased
cell death observed in cisplatin/TNF-a treated IM-PTECs.

Since several cytokines were identified among the genes related to kidney injury,
we investigated whether the combined cisplatin/TNF-a treatment stimulated the
expression of some specific cytokines and chemokines. Our gene array analysis clearly
showed a drastic increase in some inflammatory related genes under cisplatin/TNF-a
conditions (Fig. 3B). These genes included macrophage inflammatory protein 2 (MIP2),
monocyte chemo-attractant protein 1 (MCP1) and IL-6, which have been shown
to be increased in cisplatin-induced nephrotoxicity in vivo (14, 31). MIP2 and MCP1
contribute to the kidney injury, while IL-6 seems to have a protective role. In addition,
G-CSF and Granulocyte macrophage colony-stimulating factor (GM-CSF) were up-
regulated, which have been shown to be released in other kidney injury models in
vivo (renal ischemia-reperfusion or other diseases) and contributed to immune cell
infiltration and associated injury (1, 34). Some cytokine genes were down-regulated
compared to TNF-a alone, including the interferon-gamma-inducible protein 9 (IP9),
the interferon-gamma-inducible protein 10 (IP10) and Regulated upon Activation,
Normal T-cell Expressed, and Secreted protein (RANTES). All together, these data
showed that treatment of our IM-PTECs with a combination of cisplatin and TNF-q,
but not cisplatin alone, resulted in up-regulation of the gene expression of kidney
injury markers and specific inflammatory mediators, thereby mimicking the cisplatin-
induced nephrotoxicity response observed in vivo. Our in vitro model is therefore a

good model system to study nephrotoxicant-induced AKl in vitro.

3.4. Cisplatin/TNF-a treatment enhances genes transcribed by
AP1/c-Jun and reduces genes transcribed by NF-xB

In order to identify which transcription factors likely regulate the differentially
expressed genes in our analysis, a transcription factor analysis was performed with
Metacore™ using in total the top 1000 up- and down- regulated genes in cisplatin/
TNF-q, cisplatin or TNF-a treated cells. This analysis revealed that several transcription
factors are implicated in the transcription of the top differentially expressed genes in
cisplatin/TNF-a treated IM-PTECs, including the hepatocyte nuclear factor 4 a (HNF4-a),
the activator protein 1 (AP1) (including c-Jun), the cAMP responsive element binding
protein 1 (CREB1), the estrogen receptor (ESR1a), p53 and NF-xB (including RelA, NF-

kB1 and c-Rel) (Fig. 3C). These transcription factors are known to regulate several
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Figure 3. Cisplatin/TNF-a treatment leads to increased gene expression of kidney injury markers and
specific cytokines and chemokines. The gene expression values of genes defined by the IPA software as
associated with kidney injury in the cisplatin/TNF-a cells was represented in a heatmap (FC, fold change; C,
cisplatin; T, TNF-o; C + T, cisplatin/TNF-a; and ctl, control). The corresponding protein names, when differing
from the gene name, are included in brackets. The kidney injury markers currently evaluated are depicted
in bold and marked with an arrow and the markers up-regulated by cisplatin/TNF-a co-treatment only
are depicted in blue. The markers changing already with cisplatin and TNF-a treatment only are marked
by a pound sign (A). Gene expression values of cytokines and chemokines were compared between the
different treatments and are represented as fold changes compared to control. The corresponding protein
names, when differing from the gene name, are included in brackets (B). A transcription factor analysis was
performed with the Metacore software for the 1000 top differentially regulated genes for each treatment.
The 15 most significant transcription factors (P-value <0.001) are depicted with their log(P-value) for each
condition (C).

cellular processes such as cellular proliferation and differentiation (HNF4-a, CREB1),
the DNA damage response (p53, ESR1), apoptosis (p53, AP1, NF-kB, CREB1) as well as
inflammation (AP-1, NF-kB, CREB1) (35-39). It is also important to note that most of
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these transcription factors have been shown to interact with NF-kB to cooperatively
regulate some specific genes (40). In the cisplatin treated cells, the main transcription
factors were HNF4-a, CREB1, ESR1a, AP1 and p53 and NF-kB was involved in a much
lesser extent. In the TNF-a treated cells, the myelocytomatosis oncogene (c-myc),
CREB1, NF-xB (including RelA, NF-xB1 and c-Rel) and p53 were part of the main
transcription factors involved. This analysis reveals that cisplatin/TNF-a treatment
reduced the number of genes transcribed by NF-kB compared to TNF-a treatment and
enhanced the number of genes transcribed by AP1/c-Jun compared to cisplatin and
TNF-a treatment.

3.5. Cisplatin/TNF-a co-treatment enhances JNK-induced cell
killing

AP-1, identified by Metacore™ as a major factor involved in cisplatin/TNF-a treated
cells, is a transcription factor composed of several members including the transcription
factor c-Jun (41) and is involved in the transcription of inflammatory genes as well
as in the regulation of apoptosis (36, 41). c-Jun is activated through JNK-mediated
phosphorylation and JNK was already shown to be activated by cisplatin in vitro and
in vivo (42, 43). Therefore, the activation status of JNK and c-Jun was determined after
exposure of theIM-PTECs to TNF-a alone, cisplatin alone or cisplatin and TNF-a. Cisplatin
alone caused sustained JNK phosphorylation which was further significantly increased
with cisplatin/TNF-a co-exposure (Fig. 4A). The subsequent c-Jun phosphorylation was
only enhanced and sustained in cisplatin/TNF-a treated cells (Fig. 4A). No difference
was observed between cisplatin alone and cisplatin/TNF-a co-treatment for the other
MAPKs, ERK and p38 (data not shown).

In order to define whether cisplatin/TNF-a treatment led to activation and
prolongation of JNK via the DNA damage or ER stress response pathway, IM-PTECs were
treated with other DNA damaging agents — doxorubicine, etoposide and MMS - and
to the ER stress agent tunicamycin. Enhanced and prolonged JNK phosphorylation as
well as c-Jun phosphorylation was observed with all DNA damaging agents as well as
the ER stress agent tunicamycin, indicating that cisplatin/TNF-a dependent sustained
activation of JNK might involve a combination of cellular stresses (Fig. 4C).

It was previously reported that JNK phosphorylation status balances the cells
between cell death and survival (12). Therefore, the role of JNK in our IM-PTECS was
evaluated by inhibiting JNK by 30 minutes pre-treatment with the JNK inhibitor
SP600125 (20 uM) followed by cisplatin/TNF-a exposure. JNK inhibition led to a
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reduction of c-Jun phosphorylation (Fig. 4B). Under these conditions cisplatin/TNF-a-
induced apoptosis was partially reduced (Fig. 4D). These data indicate that sustained
activation of JNK and subsequent c-Jun activation induced by cisplatin/TNF-a co-

treatment leads to sensitization of the IM-PTECs.

3.6. Cisplatin decreases TNF-a-induced NF-kB signalling

Since the number of genes transcribed by the transcription factor NF-kB was shown
to be reduced by cisplatin/TNF-a treatment compared to TNF-a in our in vitro model.
Under normal conditions, NF-kB is sequestered in the cytoplasm by its inhibitor 1xB.
Upon TNF-a exposure, NF-xB is freed from its inhibitor and translocates from the
cytoplasm into the nucleus where it can start the transcription of its target genes
(44). Therefore, NF-kB nuclear translocation was examined over time by following the
localization of one of the main NF-kB subunits, p65 (RelA). Cisplatin co-exposure with
TNF-a reduced p65 translocation to the nucleus compared to TNF-a alone (Fig. 5A).
This reduced nuclear translocation was accompanied by decreased NF-kB-mediated
gene transcription as determined by the activation of a general NF-kB luciferase
construct (Fig. 5B). The effect of cisplatin/TNF-a exposure on NF-kB was independent
of its inhibitor IkBa, since the phosphorylation of IkBa accompanied by its degradation
following TNF-a addition was observed for both TNF-a and cisplatin/TNF-a treatments
(Fig. 5C). An increase in phosphorylation of IkBa and its turnover can be observed with
cisplatin/TNF-a exposure compared to TNF-a and can be explained by a decrease in
tumor necrosis factor alpha-induced protein 3 (TNAFAIP3/A20) levels due to NF-«xB
transcriptional inhibition.

To determine whether the observed perturbation in the NF-xB pathway was
associated with the increased percentage of apoptosis observed under cisplatin/TNF-a
condition (Fig. 1), NF-kB activation was inhibited by pre-treatment with the IKKa/p
inhibitor wedelolactone (20 uM) for 30 minutes before cisplatin/TNF-a treatment.
Wedelolactone decreased TNF-a-induced NF-kB transcription (Fig. 5D), which was
accompanied by a sensitization of the IM-PTECs for cisplatin/TNF-a-induced apoptosis
(Fig. 5E). Furthermore, lentiviral shRNA-based stable knockdown of p65, as determined
by Western blot, also sensitized the IM-PTECs to cisplatin/TNF-a-induced apoptosis
(Fig. 5F). These data demonstrate that inhibition of NF-«xB signalling under cisplatin/
TNF-a conditions is associated with the observed enhancement in IM-PTEC apoptotic
cell death.
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Figure 4. Cisplatin/TNF-a co-treatment enhances JNK-induced cell killing. IM-PTECs were pre-exposed to
TNF-a (8 ng/ml) for 30 min followed by cisplatin 10 uM treatment. JNK and c-Jun activation was assessed over
time by Western blot analysis (A-C). Quantification and statistics are represented for the 8 h timepoint (ctl,
control; C, cisplatin; T, TNF-a; CT, cisplatin + TNF-a) (A). JNK activation was inhibited by pre-exposure of the IM-
PTECS to the JNK-specific inhibitor SP600125 (20 mM) for 30 min prior to cisplatin/TNF-a exposure (B-D). The
effective INK inhibition was assessed by Western blot analysis after 8 h of exposure to cisplatin (B). IM-PTECs
were exposed to cisplatin 10 uM and several other DNA damaging agents — doxorubicine (3 uM), etoposide
(5 uM), MMS (50 pug/ml) — and to the ER stress agent tunicamycin (10 pg/ml) for 8 h and the phosphorylation
of several proteins implicated in different cellular stresses was assessed (ctl, control; TNF, TNF-o; Cpt,
cisplatin; Cpt + TNF, cisplatin + TNF-o; SP, SP600125; Cpt + SP, cisplatin + SP600125; Doxo, doxorubicine; Etop,
etoposide; Tunic, tunicamycin) (C). Tubulin was used as loading control and the quantification indicated is
the mean of three independent experiments for all Western analysis (A-C). Apoptosis was followed over time
after exposure using Annexin V-Alexa488 staining and automated imaging on a BD pathway 855 imager (SP,
SP600125) (D). Data are the mean of three independent experiments. *P < 0.05 and #P < 0.05 compared to
vehicle-treated cells.
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3.7. Initial inhibition of NF-kB signalling causes sustained JNK
activation, resulting in prolonged NF-kB inhibition; a cisplatin/
TNF-a feedback mechanism

It has previously been shown that inhibition of NF-kB results in sustained JNK
activation (45-47). Yet, sustained JNK activation may also inhibit NF-xB activation and
shift cells towards a pro-apoptotic program (20,48,49). Since cisplatin/TNF-a treatment
of IM-PTECs resulted in reduced NF-«xB signalling and sustained JNK activation, the role
of NF-kB in JNK activation and vice versa was investigated.

To determine whether cisplatin/TNF-a mediated NF-«xB inhibition at early time-
points (e.g. before 2 hours) was dependent on JNK activation, c-Jun phosphorylation
levels were determined at 15-120 minutes after exposure. The levels of JNK and c-Jun
phosphorylation were not increased at early time-points, prior to NF-«B inactivation,
indicating that the initial inhibition of NF-kB was independent of JNK (Fig. 6A). To verify
whether the observed inhibition of NF-xB could result in sustained JNK activation, the
activation status of JNKand c-Jun was determined after NF-xB inhibition in combination
with cisplatin/TNF-a treatment. The phosphorylation of c-Jun significantly increased
when NF-kB was inhibited by either the IKKa/p inhibitor wedelolactone (20 uM) or
by stable knockdown of p65 in combination with cisplatin/TNF-a treatment (Fig. 6B).
These data suggest that an initial inhibition of NF-xB activation may result in sustained
JNK activation.

Next we determined whether JNK is involved in further inhibition of NF-xB activity.
While treatment with the JNK inhibitor SP600125 alone or in combination with cisplatin
slightly induced p65 nuclear translocation after 60 minutes of exposure (data not
shown), pre-treatment with the JNK inhibitor followed by cisplatin/TNF-a exposure
induced a significant increase in p65 nuclear translocation (Fig. 6C). The inhibitor alone
and with cisplatin (in a lesser extent) already induced p65 translocation at later time
points but at a much lesser extent than in combination with cisplatin/TNF-a treatment
(data not shown). Furthermore, this increase in p65 nuclear translocation at 1 hour was
associated with increased NF-kB transcriptional activity at 4 hours (Fig. 6D).

Together our data suggest that the synergistic effect of cisplatin and TNF-a on
apoptosis of renal proximal tubular cells involves a feedback mechanism in which
cisplatin inhibits TNF-a-induced NF-kB signalling resulting in sustained JNK activation,

which subsequently further reduces NF-«B signalling, thereby enhancing cell death.
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Figure 5. Cisplatin reduces TNF-a-induced NF-xB signalling. IM-PTECs were pre-exposed to TNF-a (8 ng/
ml) for 30 min followed by cisplatin 10 uM treatment. The effect of cisplatin/TNF-a exposure on p65
translocation into the nucleus was investigated over time by immunofluorescence staining of p65 (green).
The cells were imaged using a Nikon TiE2000 confocal microscope. p65 translocation was quantified by
determining the average intensity of p65/nuclei. (A). NF-kB transcriptional activity was investigated using a
NF-kB luciferase reporter construct. The luciferase activity was measured after 4 h exposure. Results are
expressed as ratios of the luciferase activity in non-exposed cells over exposed cells and represent the means
from five independent experiments (B and D). Total and phosphorylated IkBa levels were followed over time
by Western blot analysis. The quantification indicated is the mean of three independent experiments.
Quantification and statistics are represented for the 30 min timepoint (ctl, control; C, cisplatin; T, TNF-o; CT,
cisplatin + TNF-a) (C). NF-xB activity was inhibited by pre-exposure of the IM-PTECs to the IKKa/p inhibitor
wedelolactone (20 pM) for 30 min prior to cisplatin/TNF-a exposure (D and E). The effective NF-«B inhibition
was assessed by luciferase activity measurement (wed, wedelolactone) (D). In addition, stable p65 knock-
down cells were generated using lentiviral sShRNA vectors. Apoptosis of IM-PTECs after wedelolactone pre-
treatment or in IM-PTECs with p65 knock-down was followed over time after cisplatin exposure in the
presence/absence of TNF-a using Annexin V-Alexa488 staining and automated imaging on a BD pathway
855 imager. The relative apoptosis onset represented by the area under the curve (AUC) is depicted for both
wedelolactone treatment and p65 knock-down cells (E and F). Quantification of p65 levels in Wt, shControl,
and shp65 IM-PTEC cells was done by Western blot analysis. f-actin was used as a loading control (F). Data
are the mean of at least three independent experiments SEM. *P < 0.05, ** P < 0.01 and #P < 0.05 compared
to vehicle-treated cells.
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Figure 6. Cisplatin initial inhibition of TNF-a-induced NF-kB signalling is further enhanced by JNK. IM-
PTECs were pre-exposed to TNF-a (8 ng/ml) for 30 min followed by cisplatin 10 uM treatment. JNK activation
was inhibited by pre-exposure of the IM-PTECS to the JNK-specific inhibitor SP600125 (20 puM) for 30 min
prior to cisplatin/TNF-a exposure (A and B). The effect of cisplatin/TNF-a exposure with JNK inhibitor on p65
translocation into the nucleus was investigated over time by immunofluorescence staining of p65 (green).
The cells were imaged using a Nikon TiE2000 confocal microscope. p65 translocation was quantified by
determining the average intensity of p65/ nuclei. (A). NF-xB transcriptional activity after JNK inhibition was
investigated using a NF-kB luciferase reporter construct. The luciferase activity was measured after 4 h of
exposure. Results are expressed as ratios of the luciferase activity in non-exposed cells over exposed cells and
represent the means from five independent experiments (B). JNK and c-Jun activation was assessed over a
short period of time by Western blot analysis (C). The effect of NF-kB inhibition on JNK and c-Jun activation,
either by the IKKa/f inhibitor wedelolactone (20 uM) or by p65 knock-down, was assessed by Western blot
analysis after 8 h of cisplatin exposure. Quantification and statistics are represented (ctl, control; C, cisplatin;
T, TNF-q; CT, cisplatin + TNF-a) (D). Tubulin was used as loading control and the quantification indicated is the
mean of three independent experiments for all Western analysis (C and D). Data are the mean of at least three
independent experiments SEM. *P < 0.05, **P < 0.01.
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3.8. The NF-kB-JNK feedback mechanism leads to a decrease in
anti-apoptotic genes and an increase in pro-apoptotic genes

Next, we investigated whether inhibition of NF-kB and activation of JNK by cisplatin/
TNF-a treatment is associated with the differential transcription of genes controlling
apoptosis. A 2-fold decrease in the transcription of the NF-kB-transcribed anti-apoptotic
genes c-IAP2, Bcl2, Bcl-XL and Bruce was observed with the combined cisplatin/TNF-a
treatment compared to TNF-a alone (Fig. 7A). This decrease was not changing when
the cells were pre-treated with the JNK inhibitor SP600125 (20 puM), indicating that the
early inhibition of NF-«B (Fig. 5) may be responsible for the reduced expression of this
set of anti-apoptotic genes (Fig.7B). Cisplatin/TNF-a co-treatment also increased the
gene expression levels of the two pro-apoptotic genes Bcl2-like kin (Bfk) — a new Bcl2
member involved in DNA damage (50) - and X-linked inhibitor of apoptosis protein
associated factor 1 (Xaf1) — an antagonist of XIAP (51) (Fig. 7C). Pre-treatment of the
cells with the JNK inhibitor SP600125 (20 pM) significantly decreased the level of Xaf1,
but not Bfk to control level, indicating that JNK controlled the transcription of the pro-
apoptotic gene Xaf1 (Fig. 7D).

These data indicate that the NF-kB/JNK/c-Jun imbalance leads to a reduction in anti-
apoptotic genes accompanied by an increase in pro-apoptotic genes, thereby driving

the cells towards enhanced apoptosis (Fig. 7E).

4, Discussion

The clinical application of cisplatin is limited due to its renal toxicity. Cisplatin is
known to induce toxicity via activation of various signalling pathways leading to
direct tubular cell injury, but is also known to trigger an inflammatory response. TNF-a
appears to be a key upstream regulator of this inflammatory response. Although TNF-a
is known to play a major role in cisplatin-induced renal toxicity and inflammation, it is
not yet clear which pathways synergistically activated by cisplatin and TNF-a lead to
an enhancement of renal injury. Our data demonstrate that in renal proximal tubular
epithelial cells, TNF-a enhanced cisplatin-induced cell death in vitro. This enhancement
was associated with an increase in the activation of cell death accompanied by a
decrease in survival pathways. Furthermore, the gene expression levels of kidney injury
markers were enhanced in cisplatin/TNF-a treated cells accompanied by a dramatic
induction of specific cytokines and chemokines gene expression levels mimicking the

cisplatin-induced nephrotoxicity response observed invivo.Somekidney injury markers
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Figure 7. The imbalance in NF-kB/JNK/c-Jun leads
to a decrease in anti-apoptotic genes and an
increase in pro-apoptotic genes. IM-PTECs were
pre-exposed to TNF-a (8 ng/ml) for 30 min followed
by cisplatin 5 uM treatment. Gene expression values
of anti-apoptotic (A) and pro-apoptotic (C) genes
derived from the transcriptomic analysis were
compared between the different treatments and are
represented as fold changes compared to control.
The effect of the JNK inhibition - via exposure to the
JINK-specific inhibitor SP600125 (20 1M) 30 min prior
to cisplatin/TNF-a exposure —on the gene expression
of the anti-apoptotic (C) and pro-apoptotic (D) genes
was assessed by quantitative real-time PCR. A model
was proposed whereby the combination cisplatin/
TNF-a reduces NF-xB signalling leading to increased
JNK and c-Jun activation and further inhibiting
NF-xkB by JNK via a feedback-loop mechanism.
The INK/c-Jun/NF-kB imbalance then affects the
transcriptional activation of anti- and pro-apoptotic
proteins and of inflammatory genes. Dotted arrows
indicate that the effect of cisplatin on JNK activation
or JNK inhibition on NF-kB is not indirect (E).
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however, such as thrombospondin 1 (TSP-1), were down-regulated with cisplatin/
TNF-a treatment. TSP-1 has been shown to be up-regulated during renal I/R injury (52)
and diabetic nephropathy (53) and in several cancer cells after cisplatin treatment (54,
55). However, so far no studies showed the role of TSP-1 in cisplatin treated renal cells.
In addition to this increase in kidney injury markers and inflammatory mediators, our
mechanistic study in this model showed that TNF-a enhanced cisplatin-induced cell
death of proximal tubular cells via interfering with NF-kB and JNK activation status. By
altering the tightly regulated balance between these pro- and anti-apoptotic proteins,
the gene transcription in these cells is shifted towards enhanced injury, cell death and
inflammation. These data fit with the model whereby the harmed proximal tubular
cells release TNF-a and thereby aggravate the primary renal injury in vivo.
Cisplatin/TNF-a treatment affected the NF-kB/JNK/c-Jun balance in three ways.
First, cisplatin/TNF-a perturbed the NF-«kB signalling by reducing significantly p65
translocation and NF-kB-mediated gene transcription compared to TNF-a treatment.
Second, NF-xB inhibition led to enhanced and prolonged JNK phosphorylation and
JNK inhibition with the SP600125 inhibitor led to a decrease in cell death. Third, JNK
enhanced activation led to further inhibition of the NF-«xB signalling pathway and
shifted the transcription of genes controlling apoptosis. NF-kB signalling was shown
to be essential in IM-PTECs since inhibition of NF-kB activation by the IKKa/f inhibitor
wedelolactone or by p65 knock-down sensitized the cells towards cisplatin/TNF-a
toxicity. The inhibition of NF-«B signalling affected the transcription of anti-apoptotic
genes typically induced by TNF-a in normal cells (such as c-IAP2). TNF-a alone did not
cause apoptosis when NF-kB signalling was inhibited by wedelolactone, indicating
that TNF-a signalling itself is not the main contributor to the onset of apoptosis but
the synergy between TNF-a and the toxic properties of cisplatin is. Our data reveal
that the initial inhibition of NF-kB is done by cisplatin and that NF-xB inhibition leads
to sustained JNK activation corroborating with previous studies (20, 48, 49). It is known
that JNK is activated by ROS and the crosstalk between JNK and NF-kB involves ROS
formation (46). It was shown that early/transient JNK activation is dependent upon
TRAF, whereas prolonged JNK activation is ROS-dependent (56). However, in our
proximal tubular cells, there was no difference in ROS production between cisplatin
and cisplatin/TNF-a treatments. Therefore the increase in JNK activation due to NF-«B
inhibition in cisplatin/TNF-a treated cells does not seem to be due to increased ROS
formation. The inhibition of NF-kB by cisplatin was an IkBa-independent mechanism
since P-IkBa induction followed by IkBa degradation was observed in cisplatin/TNF-a

treated cells. The compound dehydroxymethylepoxyquinomicin (DHMEQ) was shown
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to inhibit NF-kB signalling by inhibiting its translocation to the nucleus without
interfering with the activation and degradation of IkBa in Jurkat and COS-1 cells (57).
In order to translocate into the nucleus, proteins need to contain a nuclear localization
signal (NLS) (58). By checking the nuclear transport of other NLS-containing proteins,
Arigaetal.ruled outtheimpairment of the general transport mechanism and suggested
that the compound might bind to p65 or p50. Therefore, it could be that cisplatin (in)
directly causes phosphorylation of p65 or binds to it, masking the NLS and preventing
it to enter the nucleus.

Furthermore, sustained JNK activation was also responsible for further NF-xB
inhibition since JNK inhibition by the inhibitor SP600125 restored p65 translocation
and NF-kB-mediated gene transcription. This feedback loop mechanism was already
observed in a previous study where RhoA-mediated AP-1 activity promoted expression
of cyclooxygenase-2 (COX-2) with consequent feedback inhibition of NF-«B activation
through IKKp (20). This could be a possible explanation for the feedback loop observed
in our IM-PTECs.

Moreover, as a consequence of increased JNK phosphorylation, c-Jun
phosphorylation was increased. Consequently, the activity of the transcription factor
AP-1 was increased with the combined treatment and led to the increased transcription
of the pro-apoptotic gene Xaf-1. Bfk, the other pro-apoptotic gene increased with the
combined treatment was not dependent upon AP-1 and was most likely activated by
DNA damage.

In addition, c-Jun and NF-xB were identified as part of the main transcription
factors involved in the regulation of the differentially regulated genes in cisplatin/
TNF-a treated cells. c-Jun and NF-kB are known to induce the transcription of several
inflammatory proteins and it was already shown that NF-kB and c-Jun cooperatively
activated IL-6 in human multiple myeloma cells (59). We propose that the change in
the NF-kB/JNK/c-Jun balance brings the cells to transcribe specific inflammatory genes
with a well-orchestrated cooperation between c-Jun and NF-kB. Since p65 translocation
and in general NF-kB-mediated gene transcription were reduced with cisplatin/TNF-a
treatment, we believe that the remaining NF-«B signalling activated is regulating the
transcription of the inflammatory genes. NF-«kB contains five members: NF-kB1 (p50), NF-
kB2 (p52), RelA (p65), RelB and c-Rel that form homo- and heterodimers (44). Therefore,
even if p65 translocation was reduced, other NF-kB members could transcribe the
inflammatory genes. However, it is not well known which NF-kB dimer combination
regulates which gene, especially in the kidney. More in depth study should be done to

evaluate which NF-xkB member could be involved in the transcription of inflammatory
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genes in our IM-PTECs.

In summary, we show that TNF-a enhanced cisplatin-induced renal proximal
tubular injury. We propose a mechanism by which the combination cisplatin/TNF-a
reduces NF-xB signalling leading to sustained JNK and c-Jun activation. The sustained
JNK activation further inhibits NF-«xB via a feedback mechanism, thereby affecting the
transcriptional activation of anti- and pro-apoptotic molecules and enhancing the
transcription of inflammatory genes. These results prove that studying the interaction
of nephrotoxic drugs and pro-inflammatory cytokines in an in vitro model can be used

to give mechanistic insight on drug-induced nephrotoxicity.
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