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ABSTRACT

Drug-induced liver injury (DILI) is an important clinical problem. Here we used a
functional genomics approach to establish the critical drug-induced toxicity pathways
that act in synergy with the pro-inflammatory cytokine tumor necrosis factor a (TNFa)
to cause apoptosis of liver HepG2 cells. Transcriptomics-based analysis of the toxicity
response pathways activated by diclofenac (DCF), carbamazepine (CBZ), ketoconazole
and nefazodone revealed activation of death-receptor/apoptosis pathway signaling,
nuclear factor-erythroid 2 (NF-E2)-related factor 2 (Nrf2) oxidative stress response,
and endoplasmic reticulum (ER) stress/translational initiation signaling, independent
of TNFa signaling. Systematic siRNA-mediated knockdown of the individual toxicity
pathway determinants established the critical role of caspase-8, Bid, Bim and APAF1 for
the drug/TNFa-induced apoptosis. Cell death involved an oxidative stress component
since pre-induction of the Nrf2 pathway by knockdown of its negative regulator Kelch-
like ECH-associated protein 1 (Keap1) suppressed the drug/TNFa synergy and down-
regulation of the glutathione reductase and peroxidase enhanced cell killing independent
of TNFa. While ER stress signaling through inositol-requiring enzyme 1-alpha (IRE1a)
and activating transcription factor 6 (ATF6) acted cytoprotective, CBZ- and DCF-induced
activation of protein kinase R-like ER kinase (PERK) and subsequent expression of
C/EBP-homologous protein (CHOP) was crucial in the onset of drug/TNFa-induced
apoptosis independent of drug-induced oxidative stress. CBZ and DCF caused a strong
expression of the translational initiation factor EIF4A1. Importantly, depletion of EIF4A1
almost completely inhibited CHOP expression in association with protection against the
drug/TNFa-mediated cell killing. Conclusion: We propose a model in which enhanced
drug-induced translation initiates PERK-mediated CHOP signaling thereby sensitizing
towards caspase-8-dependent TNFa-induced apoptosis.
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INTRODUCTION

Drug-induced liver injuries (DILIs) constitute an important problem both in the clinic as
well as during drug development (1). The underlying cellular mechanisms that determine
the susceptibility towards developing DILI are incompletely understood. Recent data
indicate that the crosstalk between drug reactive metabolite-mediated intracellular stress
responses and cytokine-mediated pro-apoptotic signaling are important components in
the pathophysiology of DILI (2,3). Tumor necrosis factor-a (TNFa) severely enhances
liver damage caused by various xenobiotics (2,4-6) and it is the major cytokine to be
excreted by the liver stationary macrophages (Kupffer cells) upon exposure to bacterial
endotoxins or as a response to hepatocyte damage (7). In addition, reactive drug
metabolites covalently modify cellular macromolecules leading to intracellular biochemical
perturbations and the induction of various intracellular stress signaling pathways. It is
likely that these stress pathways are causal for the sensitization of the crosstalk with the
cytokine signaling. So far it remains unclear which toxicity pathways modulate the pro-
apoptotic activity of TNFa signaling.

The Kelch-like ECH-associated protein 1 (Keap1)/ nuclear factor-erythroid 2 (NF-
E2)-related factor 2 (Nrf2) pathway is important in the recognition of reactive metabolites
and/or cellular oxidative stress (8). Under normal conditions Nrf2 is maintained in the
cytoplasm and guided towards proteasomal degradation by Keap1 (9). Nucleophilic
reactions with the redox-sensitive cysteine residues of Keap1 releases Nrf2 followed by
its nuclear entry and transcriptional activation of antioxidant genes (8,10). Nrf2 signaling
is critical in the cytoprotective response against reactive metabolites both in vitro and
in vivo (11,12), but its role in regulating TNFa pro-apoptotic signaling relation to DILI is
unclear.

The endoplasmic reticulum (ER) unfolded protein response is an adaptive
stress response to ER protein overload due to enhanced translation and/or perturbed
protein folding. It involves expression of molecular chaperones such as the heat shock
family member HSPAS5 (also known as BiP or Grp78) (13). When adaptation fails, a pro-
apoptotic program to eliminate the injured cell is initiated (14). The ER stress response
contains three signaling arms: the protein kinase R-like ER kinase (PERK), the activating
transcription factor 6 (ATF6) and the inositol-requiring enzyme 1a (IRE1a) (13). Activation
of IRE1a and ATF®6 initiates protective responses, while activation of PERK leads to
attenuation of global protein synthesis and favored translation of activating transcription
factor 4 (ATF4) by phosphorylation of elF2a, resulting in expression of the ATF4
downstream target gene DDIT3 encoding the C/EBP homologous protein (CHOP) (15).
CHORP initiates a pro-apoptotic program by modulation of Bcl2-family proteins (13,14).
The role and mechanism of ER stress in controlling DILI in relation to TNFa-induced
apoptosis and its relation to drug-induced oxidative stress remains undefined.

We show that different hepatotoxic drugs including diclofenac, carbamazepine,
and ketoconazole show a synergistic apoptotic response with the pro-inflammatory
cytokine TNFa. Genome-wide transcriptomics analysis revealed an activation of the Nrf2-
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related oxidative stress response, the ER stress response as well as the death receptor-
signaling pathway as critical cell toxicity pathways independent of, and preceding TNFa-
mediated cell killing. A systematic short interfering RNA (siRNA) mediated knockdown
approach of genes related to these stress-induced pathways allowed a detailed functional
evaluation of the mechanism by which oxidative stress, ER stress and translational
regulation are interrelated in the sensitization towards pro-apoptotic TNFa signaling
during DILI.

MATERIALS AND METHODS

Reagents and antibodies

Diclofenac sodium, carbamazepine, nefazodone and ketoconazole were obtained from
Sigma (Zwijndrecht, the Netherlands). Methotrexate was from Acros Organics (Geel,
Belgium). Human recombinant TNFa was acquired from R&D Systems (Abingdon, United
Kingdom). AnnexinV-Alexa633 was made as previously described (16). The antibody
against caspase-8, cleaved PARP, and CHOP were from Cell Signaling (Bioké, Leiden,
Netherlands). The antibody against tubulin was from Sigma and the antibody against
P-Thr 981-PERK was from Santa Cruz (Tebu-Bio, Heerhugowaard, the Netherlands).
The antibody against Nrf2 was a kind gift from Dr. Goldring (Liverpool University, United
Kingdom).

Cell line
Human hepatoma HepG2 cells were obtained from American Type Culture Collection
(ATCC, Wesel, Germany), cultured in DMEM supplemented with 10 % (v/v) FBS, 25 U/
mL penicillin and 25 pg/mL streptomycin and used for experiments between passage 5
and 20.

RNA isolation and cRNA microarrays

After drug exposure for 8, 14 or 8 hours followed by the addition of 10 ng/mL TNFa for
6 hours, RNA was isolated from HepG2 cells using the RNeasy® Plus Mini Kit (Qiagen,
Venlo, the Netherlands). RNA integrity and quality was assessed using the Agilent
bioanalyser (Agilent Technologies, Palo Alto, CA, USA).

The synthesis of labeled cRNA and hybridization steps were performed by
Service XS (Leiden, The Netherlands) using the Affymetrix 3’ IVT-Express Labeling Kit
(#901229) and the Affymetrix Human Genome U133 plus PM arrays. Scanning of the
Array Plates was performed using the Affymetrix GeneTitan scanner. BRB Array Tools
software (developed by Dr. Richard Simon and BRB-ArrayTools Development Team)
was used to normalize the .cel data using the Robust Multichip Average (RMA) method.
Significantly differentially expressed genes (p-value < 0.001) between the various
experimental conditions were identified with an ANOVA test followed by calculation of
the false discovery rate according to Benjamini and Hochberg (17). Classification of the
selected genes according to their biological and toxicological functions was performed
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using the Ingenuity Pathway Analysis (IPA®) software (Ingenuity® Systems, Redwood,
CA, USA). Heatmap representations and hierarchical clustering (using Pearson
correlation) were performed using the MultiExperiment Viewer software (18).

RNA interference

Transient knockdowns (72 hrs) of individual target genes were achieved using sSiGENOME
SMARTpool siRNA reagents and siGENOME single siRNA sequences (50 nM;
Dharmacon Thermo Fisher Scientific, Landsmeer, the Netherlands) with INTERFERin™
siRNA transfection reagent (Polyplus transfection, Leusden, the Netherlands). The
negative controls were siGFP or mock transfection. The single siRNA sequences were
used to exclude any off target effects of the SMARTpools resulting in a significant
biological effect. The SMARTpool was considered on target when 2 or more of the 4
singles showed a similar significant effect. All siRNA-targeted genes can be found in
Supplemental Data S5.

Cell death analysis assays

Induction of apoptosis in real time was quantified using a live cell apoptosis assay
previously described (16). Briefly, binding of Annexin V-Alexa633 conjugate to apoptotic
cells was followed in time by imaging every 30 minutes after drug exposure with a BD
PathwayTM 855 imager (Becton Dickinson). The relative fluorescence intensity per cell
area was quantified using Image ProTM (Media Cybernetics, Bethesda, MD, USA).
When siRNA-based knockdown resulted in a difference in the area under cell death
curve (AUC) larger than 2 standard deviations from the negative control, the effect was
considered biologically significant.

Western blot analysis
Western blot analysis was essentially performed as previously described (2) using above-
mentioned antibodies.

Live cell imaging of GFP-tagged proteins in HepG2 cells

Reporter HepG2 cells for Nrf2 activity (Srxn1 [mouse]) and ER-stress (HSPA5 [BiP/Grp78;
human]) were generated by bacterial artificial chromosome (BAC) recombineering (19,20).
Upon validation of correct C-terminal integration of the green fluorescent protein (GFP)-
cassette by PCR, the BAC-GFP constructs were transfected using LipofectamineTM
2000 (Invitrogen, Breda, the Netherlands). Stable HepG2 BAC-GFP reporters were
obtained by 500 pyg/mL G418 selection. Prior to imaging, nuclei were stained with 100
ng/ml Hoechst 33342 in complete DMEM. The induction of Srxn1-GFP and HSPA5-GFP
expression was followed for a period of 24 hours, by automated confocal imaging (Nikon
TiE2000, Nikon, Amstelveen, the Netherlands). Quantification of the GFP intensity in
individual cells was performed using Image ProTM.
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Statistical analysis

All numerical results are expressed as the mean + standard error of the mean (S.E.M.)
and represent data from three independent experiments. The statistical analyses were
made using GraphPad Prism 5.00 (GraphPad software, La Jolla, USA). Significance
levels were calculated using 2-way ANOVA with Bonferroni post-test, * = P < .05, ** =P
<.01, ™ =P <.001.
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RESULTS

Hepatotoxic drug synergy with TNFo is preceded by oxidative stress, ER stress
and death receptor signaling gene expression networks

We have previously shown that TNFa enhances the apoptosis induced by diclofenac
(DCF) (2). To determine whether synergism with TNFa to induce apoptosis is a more
general effect with compounds that cause drug-induced liver injury (DILI), we treated
HepG2 cells for 8 hours with different compounds associated with unpredictable
idiosyncratic DILI in humans, diclofenac (DCF), carbamazepine (CBZ), ketoconazole
(KTZ), nefazodone (NFZ) and methotrexate (MTX), followed by an additional incubation
with or without TNFa (10 ng/ml) for 16 hrs. DCF, CBZ and KTZ showed a significant
enhanced apoptosis when combined with TNFa (Fig. 1 A-C). Only a trend to towards
synergy was observed for NFZ (Fig. 1 D), while hardly any toxicity was observed for MTX
(Fig. 1 E). Importantly, TNFa itself did not induce any apoptosis (“Control” in Fig. 1 A-E).
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Figure 3. Ingenuity Pathway Analysis (IPA) of common differentially expressed genes. (A) Using IPA® the
canonical pathways being significantly affected following exposure to diclofenac (DCF; 500 uM), carbamazepine
(CBZ; 500 uM), ketoconazole (KTZ; 75 uM), nefazodone (NFZ; 30 uM) and methotrexate (MTX; 50 uM) for
8 hours were determined. The pathways are ranked by the criteria of being significantly regulated after DCF
and CBZ, but not after MTX treatment. The most striking toxicity pathways are highlighted as follows: EIF2
Signaling/Endoplasmic Reticulum Stress Pathways are marked in yellow, Nrf2-mediated Oxidative Stress
response is marked in green and Apoptosis/Death Receptor Signalling is marked in blue. (B) After hierarchical
clustering using Pearson correlation and average linkage of the genes representing the pathways in A, the
three clusters showing most genes up-regulated under DCF and CBZ conditions but not MTX are shown. The
colours indicate the corresponding pathways from A.
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To gain further insight into the toxicity pathways that may sensitize towards TNFa-
mediated cell killing, we first performed a gene expression analysis on HepG2 cells
exposed to DCF, CBZ, KTZ, NFZ and MTX for 8 hours (Fig. 2 A). While MTX only mildly
affected the gene expression (1121 differentially expressed genes [DEGs] at 8 hours),
which was related to the mild cytotoxicity (Fig. 1 E), KTZ caused the strongest gene
expression changes (9479 DEGs at 8 hours; Fig. 2 A) in association with greater onset
of cell death (Fig. 1 C). Not many additional changes in DEGs were observed after
treatment for an additional 6 hours with the compounds either in presence or absence of
TNFa (Fig. 2 B and C).

To identify likely candidate genes that contribute to this synergy we determined
the overlap in DEGs for all synergizing drugs (DCF, CBZ and KTZ; see Venn-diagrams
in Fig. 2). Since the most significant TNFa synergy was observed for CBZ (Fig. 1 A) we
considered this a relevant model compound. DCF showed the highest overlap with CBZ
in DEGs (Fig. 2 A-C). Due to this and the fact that KTZ showed marked cytotoxicity with
the compound alone accompanied by only a slight, though significant, synergism with
TNFa, we chose to focus on CBZ and DCF alone from here onwards.

Next we employed Ingenuity Pathway Analysis (IPA®) software to identify the
signaling pathways that were affected by both CBZ and DCF (Fig. 3 A). Three prominent
toxicity pathways were found: “EIF2-signaling/Endoplasmic reticulum stress pathway”,
“Nrf2-mediated oxidative stress response”, and “Apoptosis/Death receptor signaling”.
Subsequently we identified all the individual genes that determined these significant
pathways (Supporting Data S1). Hierarchical clustering of these selected genes allowed
identification of three main gene clusters that were up-regulated after 8 hours CBZ and/
or DCF but not MTX treatment (Supporting Data S2). Interestingly, these contained
almost exclusively genes representing the above-mentioned significantly affected
pathways (compare Fig. 3 A and Supporting Data S2). For further gene selection we
used a threshold of 1.5-fold change for any CBZ or DCF treatment time point (Fig. 3 B).
Importantly, we confirmed the regulation of the Nrf2-mediated stress response and ER
stress by DCF in primary hepatocytes (Supporting Data S3).

The death receptor pathway is critical in the drug/TNFo-induced apoptosis

Previously we showed that DCF/TNFa-induced apoptosis is dependent on the death
receptor pathway (2). Next we systematically analyzed whether the CBZ/TNFa-induced
apoptosis was using an identical apoptotic pathway. We observed the 41/43 kDa
cleavage products of caspase-8, the most proximal initiator caspase downstream of the
death receptor signaling complex, in CBZ/TNFa conditions already at 12 hours, but not
for CBZ alone (Fig. 4 A). This correlated with the cleavage of caspase-3 substrate PARP
(Fig. 4 A). Importantly, successful siRNA-mediated knockdown of caspase-8 (Supporting
Data S4 A and S5) demonstrated that CBZ/TNFa-induced apoptosis was almost fully
dependent on caspase-8 (Fig. 4 B).

Next we investigated the functional roles of the genes in the apoptotic and
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Figure 4. Carbamazepine (CBZ)/TNFa-induced apoptosis is dependent on the extrinsic apoptotic pathway. (A)
Caspase-8 and PARP cleavage after exposure to CBZ +/- TNFa after 8 hours of exposure was assessed by
western blot analysis. “C”, controls exposed to vehicle for 12 hours. (B) Apoptosis was followed by AnnexinV
(AnxV)-Alexa633 binding to apoptotic cells using automated microscopy after siRNA-mediated knockdown of
caspase-8 and CBZ/TNFa-exposure. (C) AnxV-Alexa633 staining followed in time after knockdown of APAF1
and Bim/BCL2L11 and CBZ/TNFa-exposure. (D) Schematic representation of the pro-apoptotic pathway
activated by CBZ/TNFa-exposure. Identified inducers of apoptosis are shown in green and the arrows indicate
an up-or down-regulation after DCF and/or CBZ exposure on a transcriptional level (p-value < 0.001) after 8
hours exposure. The data are presented as means of three independent experiments +/- SEM.

death receptor-related pathways that were up-regulated after both DCF and CBZ
exposure conditions (see Fig. 3 B, blue highlight) using siRNA-mediated knockdowns
of the individual genes. Knockdown of Bim/BCL2L11, a BH3 domain-containing Bcl2-
family member, significantly decreased CBZ/TNFa apoptosis (Fig. 4 C). In addition,
knockdown of apoptotic protease activating factor 1 (APAF1), a critical component of the
apoptosome formed upon mitochondrial release of cytochrome c, led to an inhibition of
apoptosis (Fig. 4 C and Supporting Data S5). We anticipated that the onset of apoptosis
followed a caspase-8/Bid/APAF1/caspase-9/caspase-3 route. Indeed, knockdown of
Bid, caspase-9 and caspase-3 all significantly decreased CBZ/TNFa-induced apoptosis
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(Supporting Data S4 B). Collectively, these data support the involvement of the death
receptor/apoptotic pathway in the induction of CBZ/TNFa-induced apoptosis (Fig. 4 D)
and is therefore similar to DCF/TNFa-mediated apoptosis (2).

Oxidative stress sensitizes in the diclofenac and carbamazepine mediated apopto-
sis

The Nrf2-mediated oxidative stress response was significantly affected by CBZ and
DCF treatment (Fig. 3), likely in relation to the formation of reactive metabolites of these
compounds in our cell model (2). Modification of critical cysteine residues on Keap1, leads
to the liberation of Nrf2 followed by its nuclear translocation and transcriptional activation
of antioxidant genes (8,10,21). We first investigated the Nrf2 levels after CBZ and DCF
treatment. DCF caused a stabilization of Nrf2, which was associated with increased
levels of the Nrf2 target gene yGCSm (Fig. 5 A). Little effect of CBZ was observed on
Nrf2 levels. Sulfiredoxin 1 (Srxn1) is a direct target of Nrf2 (22) and we monitored the
activity of Nrf2 using live cell imaging of a BAC-Srnx1-GFP HepG2 reporter cell line.
Srxn1-GFP expression was near absent under control conditions but increased over time
following DCF and CBZ treatment independent of TNFa (Fig. 5 B and C). Importantly,
siRNA-mediated knockdown of Nrf2 completely inhibited the Srnx1-GFP expression after
CBZ, supporting Nrf2 activation (Fig. 5 C).

The antioxidant N,N’-diphenylbenzene-1,4-diamine (DPPD) drastically
decreased both CBZ and CBZ/TNFa-mediated cell death (Fig. 5 D) as well as for DCF
and DCF/TNFa treatment (Supporting Data S6 A), indicating a role for oxidative stress in
drug/TNFa-induced apoptosis. The Nrf2 pathway and its related gene targets identified
in the CBZ and DCF stress response (Fig. 3 B, green highlight) were also critically
involved in the protection against drug/TNFa-mediated cell killing. Knockdown of Keap1
led to enhanced protein levels of Nrf2 (Supporting Data S6 B), which was associated
with a protection against CBZ/TNFa- and DCF/TNFa-induced cytotoxicity (CBZ: Fig.
5 E and DCF: Supporting Data S7). Importantly, knockdown of Nrf2 itself (Supporting
Data S6 B) led to enhancement of the apoptosis (Fig. 5 E and Supporting Data S7). In
addition, depletion of two key antioxidant enzymes GSR and GPX4 that are involved
in the detoxification of reactive oxygen species, led to enhancement of the cytotoxic
response following drug/TNFa-exposure (Fig. 5 E). In contrast, depletion of a negative
regulator of Nrf2-dependent transcription, BACH1 (23,24), which was found up-regulated
following CBZ and DCF exposure in our gene array (Fig. 3 B), had a cytoprotective effect
(Fig. 5 F and Supporting Data S7). Somewhat unexpected, knockdown of the multi-drug
resistance protein MRP4, the glutathione S-transferase GSTO2 and the anti-oxidant gene
inducer JUND also protected against the cell killing (Fig. 5 F and Supporting Data S7).
All functionally relevant antioxidant components that we tested were validated by single
siRNAs (Supporting data S 5). Altogether these data indicate the functional involvement
of an Nrf2-dependent antioxidative stress pathway activation to protect against CBz/
TNFa as well as DCF/TNFa induced cell death.
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oxidative stress. (F) The effect of knockdown of genes up-regulated in Fig. 3B and involved in an Nrf2-mediated
oxidative stress response on the apoptosis induced by CBZ/TNFa measured by AnxV-Alexa633 staining
and automated microscopy. (G) Schematic representation of the Nrf2-mediated oxidative stress response.
Oxidative stress related protectors in E are shown in red, oxidative stress related inducers in F are shown in
green and the arrows indicate an up-regulation on a transcriptional level (p-value < 0.001) following DCF and/
or CBZ exposure for 8 hours. The data are presented as means of three independent experiments +/- SEM.
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Figure 6. Carbamazepine (CBZ) induces an ER stress-response affecting the drug/TNFa-induced apoptosis.
(A and B) HepG2 cells were pre-treated with elF2a phosphatase inhibitor salubrinal (Sal; 50 uM; A) or ER-
stressor tunicamycin (Tm; 10 pg/mL; B) for 16 hours before treatment with 500 uM CBZ. TNFa (10 ng/mL)
was added 8 hours after drug exposure. (C) PERK activation was followed in time by western blotting for
phosphorylated PERK (P-PERK). “C”, control exposed to vehicle for 12 hours. (D) HepG2 cells expressing
HSPA5-GFP (BiP) were followed in time after exposure to diclofenac (DCF; 500 uM), carbamazepine (CBZ;
500 uM), or Tm (10 pg/mL) using automated confocal microscopy. Shown are representative merged images
of HSPA5-GFP (green) and Hoechst (blue) at 2, 8, 16 and 24 hours after drug exposure. (E) The effect of
knockdown of the three arms of the UPR on the apoptosis induced by CBZ/TNFa was measured by AnxV-
Alexa633 staining and automated microscopy. An enhanced apoptosis response is shown in red and a reduced
response in green. (F) The effect of knockdown of genes involved in translational initiation (found up-regulated
on expression level in Fig. 3B) on the apoptosis induced by CBZ/TNFa was measured by AnxV-Alexa633
staining and automated microscopy. (G) Schematic representation of the ER stress response. ER stress related
protectors in E are shown in red, ER stress- and translation-related inducers in F are shown in green and the
arrows indicate an up- or down-regulation on a transcriptional level (p-value <0.001) following DCF and/or CBZ
exposure for 8 hours. The data are presented as means of three independent experiments +/- SEM.
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PERK activation determines ER stress-mediated hepatotoxicant/TNF synergistic
cell death

EIF2-signaling in the context of translational initiation was identified as the most
significantly affected pathway by CBZ and DCF, which was associated with endoplasmic
reticulum (ER) stress or unfolded protein response (UPR) pathway regulation (Fig. 3,
yellow highlight). First we pre-treated cells with an inhibitor of the de-phosphorylation of
elF2a, salubrinal, thereby prolonging the translational inhibition (25). This resulted in a
protection against CBZ/TNF and DCF/TNF cell death (Fig. 6 A and Supporting Data S8
A). Also pre-treatment of cells with an ER-stressor, tunicamycin, to induce a protective
adaptive response (26), inhibited the apoptosis induced by CBZ/TNFa as well as DCF/
TNFa (Fig. 6 B and Supporting Data S8 B). ER stress/UPR induces the activation of
PERK-ATF4, IRE1a-XBP1 and ATF6 target gene expression (13). Using IPA® pathway
analysis of the DEGs after 8 hours of CBZ and DCF exposure, we investigated the
expression of downstream targets of ATF4, XBP1 and ATF6. ATF4 showed the strongest
upregulation of downstream targets indicating an important role for PERK/ATF4 signaling
(Supporting Data S9). Indeed, PERK was activated after both CBZ and DCF treatment
(Fig. 6 C and Supporting Data S10). Importantly, addition of TNFa did not enhance the
levels of phosphorylated PERK.

Next we systematically analyzed the critical signaling components of the ER
stress/UPR in regulation of the cytotoxicity. The UPR induces expression of BiP/HSPA5
through the activation of IRE1a and ATF6 (13). Using a BAC-HSPA5-GFP reporter HepG2
cell line we demonstrated a strong induction of HSPA5 after tunicamycin treatment.
Although no obvious induction was observed after CBZ and DCF (Fig. 6 D), knockdown
of IRE1a and ATF6 by siRNA, sensitized cells against apoptosis, indicating a role for
the IRE1a/ATF6 adaptive response in the protection against cell death (Fig. 6 E and
Supporting Data S11 A). In contrast, PERK knockdown led to reduction of apoptosis-
induction following CBZ/TNFa (Fig. 6 E) and DCF/TNFa (Supporting Data S11 A).

The protective effect of salubrinal suggested a central role for the translational
program in the onset of apoptosis. To further test this hypothesis we performed a
knockdown of the DEGs that determined the strong significance of the “EIF2 signaling”
pathway (Fig. 3): the RNA helicase EIF4A1 and translation facilitator EIF4G3. Depletion
of EIF4A1 and EIF4G3 provided an almost complete protection against both CBZ/TNF-
and DCF/TNF-induced apoptosis (Fig. 6 F and Supporting Data S11 B). All functionally
relevant ER stress-translation initiation components that we tested were validated by
single siRNAs (Supporting Data S5).

Together these data support a role for the ER stress/UPR pathway and
translational control in the regulation of the observed cytotoxicity (Fig. 6 G).

EIFAAT controls CHOP expression and thereby apoptosis onset

Finally we investigated the mechanism of the PERK-mediated cytoprotection. PERK-
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Figure 7. CHOP-expression and apoptosis is dependent on EIF4A1. (A) CHOP protein levels were followed
in time by western blotting after CBZ (500 uM) exposure +/- addition of TNFa (10 ng/mL) after 8 hours.
“C”, control exposed to vehicle for 12 hours. (B) The effect of CHOP siRNA mediated knockdown on CBZ/
TNFa-induced apoptosis was investigated using AnxV-labelling and automated microscopy. (C) The effect of
PERK and CHOP siRNA mediated knockdown on Srxn1-GFP induction after CBZ exposure was investigated
using automated confocal microscopy. GFP intensities were normalized to the area occupied by nuclei as
determined by Hoechst33342 staining. (D) Shown are representative images of GFP intensity (green) after
KEAP1 knockdown in Srxn1-GFP expressing HepG2 cells 72 hours after transfection under non-exposed
conditions. Nuclei are labelled with Hoechst33342 (blue) (E and F) ER-stress activation, as measured by
protein expression of phosphorylated PERK and CHOP using western blot, was investigated after KEAP1
(E) and EIF4A1 (F) knockdown and a time series of CBZ (500 uM) exposure +/- TNFa (10 ng/mL) addition.
Cleavage of caspase-8 is shown for assessment of extrinsic apoptosis induction. Tubulin serves as loading
control. “C”, control exposed to vehicle for 12 hours. The data are presented as means of three independent
experiments +/- SEM or representative for three independent experiments when applicable.

mediated ATF4 activation leads to expression of the pro-apoptotic transcription factor
CHOP (15). In line with this, both CBZ and DCF induced the expression of CHOP in
parallel to the activation of PERK (compare Fig. 6 C and 7 A and Supporting Data S10).
Importantly, knockdown of CHOP strongly protected against both CBZ/TNFa and DCF/
TNFa apoptosis (Fig. 7 B and Supplemental Data S11).

Since ER stress can activate the Nrf2 pathway (27) we wanted to determine
the link between ER stress and oxidative stress. While PERK and CHOP knockdown
protected against cell death (Fig. 6 E and 7 B), neither PERK nor CHOP knockdown
inhibited the expression of the Nrf2 target gene Srxn1 (Fig. 7 C). Vice versa, knockdown
of Keap1, causing stabilization of Nrf2 (Supporting Data S6 B), in association with strong
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Srxn1 expression (Fig. 7 D) and cytoprotection against CBZ/TNFa and DCF/TNFa (Fig. 5
E and 7 E), did not block the activation of PERK and the expression of CHOP (Fig. 7 E).

Given the critical role of the RNA helicase EIF4A1 in the onset of apoptosis,
we wondered whether the cytoprotection mediated by EIF4A1 knockdown was directly
linked to the control of CHOP expression. Interestingly, EIF4A1 knockdown blocked
CHOP protein expression after CBZ treatment, thereby also inhibiting activation of
caspase-8 (Fig. 7 F), indicating a central role for the translational machinery in the ER
stress signaling-mediated induction of CBZ/TNFa and DCF/TNFa synergy towards death
receptor-mediated apoptosis.

DISCUSSION

Here we studied in detail the underlying molecular mechanisms of the synergistic
apoptotic response between hepatotoxic drugs and the pro-inflammatory cytokine
TNFa using transcriptomics and siRNA-mediated knockdown approaches. Using gene
expression analysis of HepG2 cells exposed to different hepatotoxic drugs we identified
endoplasmic reticulum stress/EIF2 signaling, Nrf2-related oxidative stress and death
receptor signaling as critically activated toxicity pathways. Further functional analysis
of the role of critical determinants of these pathways using siRNA approaches support
a model in which drug-induced PERK/CHOP-mediated ER-stress and oxidative stress
sensitizes hepatocytes to TNFa-induced pro-apoptotic signaling resulting in caspase-8
and subsequent mitochondria-dependent apoptosis (Fig. 8).

Our current data support a general role for a death receptor-mediated apoptosis
pathway that act together with Bid and Bim triggered mitochondrial-mediated apoptosome
activation in the CBZ and DCF mediated synergy with TNFa to induce apoptosis. At the
gene expression level the death receptor signaling/apoptosis pathway was significantly
regulated in DCF and CBZ treated cells, but not in cells treated with the non-toxic MTX.
This included induction of caspase-8, Bim and APAF1 expression, all of which are critical
in the onset of apoptosis (Fig. 4).

The hepatotoxicant/TNFa synergy is for a major part dependent on the pro-
oxidant properties of both CBZ and DCF. Indeed, our gene expression profiling showed
strong upregulation of Nrf2 target genes by both DCF and CBZ, which correlated with
strong Nrf2-dependent induction of Srxn1. A role for DCF and/or CBZ induced oxidative
stress induction is supported by gene expression data from mouse liver hepatocytes
(Supplemental Data S2), and in vivo DCF treated rat liver (28) and DCF treated
mouse liver (29). Importantly, both the anti-oxidant DPPD as well as knockdown of the
endogenous Nrf2-inhibitor Keap1 led to protection against DCF/TNFa and CBZ/TNFa-
induced apoptosis. In addition, hepatocyte cell death induced by DCF and CBZ alone are
oxidative stress dependent (30,31). In our hands, the CBZ- and DCF-mediated oxidative
stress was largely controlled by the glutathione peroxidase and reductase system, since
knockdown of glutathione reductase (GSR) and glutathione peroxidase (GPX4) strongly
enhanced the synergy-based cell killing.
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Both PERK/CHOP-mediated ER stress and oxidative stress enhances the apoptotic effect of TNFa addition, an
event dependent on a caspase-8 initiated Bid/Bim/APAF1/caspase-9/caspase-3 pathway.

Our data indicate that ER stress signaling through the PERK/CHOP pathway is
a critical determinant for the hepatotoxicant/TNFa synergy response towards hepatocyte
apoptosis. Endoplasmic reticulum (ER) stress and the UPR have been implicated in
several different liver diseases including DILI (32). Here we present a more selective
activation of the PERK-arm of the ER stress/UPR following DCF and CBZ exposure (Fig.
6), which was directly related to expression of CHOP (Fig. 7), a downstream target of
ATF4. In contrast, we did not observe enhanced BiP (HSPA5) expression, despite the
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fact that prior UPR-mediated upregulation of BiP protected against cell death. Given the
critical role of CHOP in the onset of apoptosis, we propose that CHOP is a critical player in
liver toxicity including sensitization for death receptor-mediated apoptosis. Upregulation
of CHOP may lead to apoptosis via upregulation of pro-apoptotic Bcl-2 family members,
including Bim (33). In our system Bim (BCL2L11) was up-regulated after DCF and CBZ
exposure and siRNA mediated knockdown of this gene led to rescue of CBZ/TNFa and
DCF/TNFa-induced cytotoxicity, thus supporting a link between ER stress-mediated
CHORP induction followed by Bim expression and mitochondrial-mediated apoptosis
induction.

The reduction of apoptosis after CBZ/TNFa and DCF/TNFa exposure by the use
of siRNA mediated knockdown of translation initiation factors EIF4A1 and EIF4AG3 and the
use of an inhibitor of elF2a dephosphorylation, salubrinal, highlight the need for translation
in the hepatotoxicant-induced stress response. EIF4A1 and EIF4G3 together with cap-
binding protein EIF4E are part of the EIF4F complex that unwinds secondary structures
of the 5’ untranslated region (UTR) of mRNA to allow ribosomal binding, scanning and
thereby translation. The 5’ UTR of mMRNA can be more or less structured, determining its
translation efficiency (34). EIF4A and EIF4G have been implicated with cap-independent
translation (34). Interestingly, the translation of several anti- and pro-apoptotic genes
such as XIAP, and APAF1 can occur via cap-independent mechanisms (35,36). Since
depletion of EIF4A1 reduced the expression of pro-apoptotic CHOP (Fig. 7C), CHOP
protein expression could be regulated by EIF4A1 cap-independent translation. While our
results emphasize a role of translational control in xenobiotic toxicity, more research is
required in this area.

In summary, we show that DCF and CBZ, drugs linked to idiosyncratic DILI
with activation of the inflammatory system, sensitize HepG2 cells to TNFa-induced
apoptosis in our in vitro system. We propose a mechanism where CBZ and DCF by
inducing oxidative and PERK/CHOP-dependent ER stress, enhance the activation of the
apoptotic signaling downstream of the TNF receptor, involving caspase-8, Bid, Bim and
APAF1, possibly via translationally regulated induction of pro-apoptotic proteins (Fig. 8).
This work sheds new light on the mechanism behind the - so far — unpredictable nature of
idiosyncratic DILI. Possibly genetic polymorphisms in functionally critical determinants of
the cytotoxic response are candidate susceptibility genes that predispose for idiosyncratic
DILI.
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SUPPORTING MATERIALS AND METHODS

Isolation and culture of primary mouse hepatocytes

Primary mouse hepatocytes were isolated from 8-10 weeks old male C57BL/6 mice
by a modified two-step collagenase perfusion technique (collagenase type IV, Sigma-
Aldrich, Zwijndrecht, The Netherlands), as described previously (1). In short, hepatocytes
suspensions with at least 80 % viability were seeded onto plates coated with collagen gel
and after attachment overlayed with a second layer of collagen gel, to form a sandwich
configuration. Cells were kept in serum-free medium and the culture medium was
changed daily until exposures were performed.

Gene expression profiling

Forty-six hours after isolation, hepatocytes were exposed to either 300 yM DCF or the
solvent DMSO. After 24 hours of exposure, cells were collected in 1 mI RNAprotect (QlAgen,
Venlo, The Netherlands) and stored at -80°C for RNA isolation. RNA was extracted using
QIAzol and purified using the miRNeasy mini kit and the QlAcube (Qiagen), according to
the manufacturer’s protocol. For both the DCF and vehicle-control groups, four biological
replicates were used. RNA concentrations were measured using the NanoDrop ND-1000
Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and RNA quality
was assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Amstelveen, The
Netherlands). Labeled RNA was prepared using the Affymetrix gene chip 3’IVT express
kit and hybridized to the Affymetrix Mouse Genome 430 2.0 GeneChip arrays, according
to the manufacturer’s instructions. After hybridization the array chips were washed and
stained with a Genechip Fluidics Station 450 and scanned using the Affymetrix gene chip
scanner 3000.

Data analysis

Affymetrix CEL files were each checked on quality, including RNA degradation control,
correlation and clustering. All quality checks were within acceptable limits, according to
Affymetrix standards. After quality control the files were normalized with the Multichip
Average (RMA) procedure (2), using the custom chip description files (CDFs) as
previously described (3). For detecting significantly regulated genes, the microarray
analysis of variance (MAANOVA) package in R was used (R version 2.9.2, www.r-project.
org). For the analyses on significantly regulated genes per compound between treated
and control samples, an F1-test was used. Gene-specific P-values were corrected with
a Benjamini- Hochberg false discovery rate (FDR) with a cut-off at 0.1 (Benjamini and
Hochberg, 1995).

105



SUPPORTING REFERENCES

106

Van Kesteren PC, Zwart PE, Pennings JL, Gottschalk WH, Kleinjans JC, et al. Deregulation of cancer-
related pathways in primary hepatocytes derived from DNA repair-deficient Xpa-/-p53+/- mice upon
exposure to benzo[a]pyrene. Toxicol Sci 2011:123:123-132.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, et al. Exploration, normalization, and
summaries of high density oligonucleotide array probe level data. Biostatistics 2003:4:249-264.

De Leeuw WC, Rauwerda H, Jonker MJ, Breit TM. Salvaging Affymetrix probes after probe-level re-
annotation. BMC Reserch Notes 2008:1:66.

Benjamini, Y. and Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society, Series B (Methodological). 1995;57:289-300.



SUPPORTING DATA

RZGETN

S ZSVHY 200 (MO0

“NOHY “ZLOHY N3y 2ld

Eaxd

'I0MYd VOMYd *Lad I 2HEMId LEEMId *a0eMId

i’ Buyieubis 8-
'VOEMId VZOEMId 49d 'ZIVd SVAN ‘QTdIdVN 'SYHIN BMAVIN ‘pHYdVIN ISVMM 2oVl ‘81 'OMEMI (LINVOI 'SVNH '4938H 'LaT1dD YOND {LTZEND SENO 'SYND ELYND ‘LdENS '1dg3vdi3 (LHOO EANDO '4VNE L2108 HVMY ZIV LY 10U0IS 811
VLASHANL 'ELVLS 'HHS ZSOS 1SOS ZSVAY V1Y ISVAN ISVHN IMAVIN KEIIAYIN SBYAVIN hPAVIN (ZMEVIN (ONZAVIN ENZAYIN [SYAY INNP 1LSITI SO VLTI LAl 81 IOMENI (LEdSH ISVAH S04 ZVZYNSO {LYZYNSD '8dE830 Buileubis 9-1)
£EHAM (INJEVd 1ZLANN ‘41O 24180 VNW-a1d Jo uone|AuspeAiod pue abeneaid)

LdEX '8V ‘SYdSH ‘INY3 ‘1SZIT €MVZdI3 1941V ‘pdLY|

femujed ssong wninoney

iseidopus|

864VL ‘BydVL GIAVL ‘€4VL O¥S

SOS

1SOS ZSVHY 'V109dVdd 12d10d ‘HZd10d 42810d 32d10d V2d10d

BuieuBig J0jdeoay ueboss3

10d ‘SVHN ‘LOEYN ‘ZE0MN ‘EVOON ‘SYMW ILd3N ‘Led3N ‘0ed3NW ‘213N ‘PL3N ‘€LIW ‘013N ‘903N ‘SV¥M ‘1d8dOl ‘SVHH ‘OdNUNH ‘EJEH/VEJEH ‘PPL0LG00LD0VZHZILO ‘GHZLO ‘PHZALO ‘eHZ4LO ‘6XAQ ‘ZdgLO '/YAD ‘HNOD
LSOS ‘ZSVHY ‘€HEMId ZHEMId (LUEMId ‘OEMId ‘YOEMId WZOEMId IdAd ‘SN 'SYHW ‘BMdVIN ‘SYHM ‘SYHH fLINY| seyfooydwA g ui Bulleudis diglod
V493A '€GdL *1da4l ‘212401 €401 ‘LHBEANS 'O¥S 'VENIS] BujeuBIS JoouE UeueAD)
'ZSYMY 118 '16aVY INILd ‘BOVHNd 'ZSWd 'EMENId ‘ZHENId fLHENId ADEMId VOEMId VZOEMId '49d ¥OZVd 'SVHN 9HSW ‘ZHSIN 'SYMHIN 'SVMM 'SVMH !VIJNH ‘8EMSO /074 ‘9074 'SAZ4 'vAzd ‘€074 11423 'LANNLO 'HvME 'ZIMV (LINY| -

DVHMA ‘BYHMA ‘2HYA ‘€LVLS
'92192V1d VZLOZYd ‘eNedld ‘Zuedid

‘LIVLS 4¥S '0¥S 'ZSOS
LUEMId ‘OEMId VOEMId WZOEMId IV ‘SYAN DAW 'SV ‘ZHNIW ‘SYHM

'1SOS ‘ZSVHY ‘SIS

HY9SAY Z)Ld

10X WOMHd
‘goll

‘Zvoll

8OVMYd '0GHZddd VGHZddd ‘0ZdZddd *

24zd

‘18dSH ‘SYYH ‘8E4EH/VESEH 'SO4 ‘6413 ‘2413

idd ‘8142ddd ‘8rldlddd ‘L¥lddd ‘80lddd ‘OYVdd ‘1907d
1dg3rdI3 LdSNA ‘YIEaIH0 AVHE P4V 241V vy

Buleubis SdVINXY3T

dVIX ‘0L4SINL ‘VIISHANL ‘G0LISHANL

1LZ4SHANL YINVL VI3Y 18MdVIN DYV SONEN]

'ZVHLH {L8dSH 'Sy ¢

'SOAD ¥Y140 ‘0LdSVO ‘8dSYO

'9dSYO 'zdSVO 'dIg ‘LavdY

Buyeuis Jojdsosy Uieag

HHS XOWS ‘ZLWHS

'LLINHS 'SYVS ‘HOYVS ‘HdSd

'L1VSd (1907d

11307d 8OV YOV

11109 HILOATIO 100719 SHVO ZIA0T3 L8 ‘HLO ‘8MHO ‘WMHO ‘HAHO

80 ZSV1Y

1U0BIY L PUE BULSS ‘UOAID,

212401 ‘€401 '6AVINS YAVIS (LQVINS leaMdd

avins

10M¥d VO PINAYIN (EDVIN ‘9T VLINH ‘8EMSO pVIVO (2074 19074

az4 'pazd ‘€azd ! LENNLO 20D 19

Mia

a0 ZINOD HANDD pdINE ZALV ‘BZUADV ‘BLHADY HLHADY

sejeigepsA U sisauaboipIe) Bunowoid siopes

ZSOS 1S0S '2Svad V1ay 2vild buyeubis NILd
INTLd ENENId ZHENId {LHENId (OOEMId (VOENI !IMIdad 'SVMN 'SV LIDVIN 'SYY '1EDLI 'ZVOLI 'HSNI OMEMI MI4DI ‘SYHH ‘ENSO 'E0X04 LOXO4 !LH4Dd '1HAd 'ZVZ)NSD LVZYNSO '8LNYAD 18D LL12108 112108 2LV LINY] i
TOA 10¥S 'ZSOS 'LSOS 'ZSVMY 'Z¥Ld NILd '19O07d ‘EHEMId ‘ZHENId LHEMId 'AOEMId VOEMId WZOEMId (INMdAd ‘2HVd 'SYHN 'SYHIN 'SVHM 'LEOLI ZVOLI SVHH ‘ZLID '0LNdVO ‘LdVSY Z4FDHYY ‘92dVOHYY 2NV LIV 1LVLOV| Buieudls v
€51VLS 'OMS ZSOS {1SOS 'ZSVad V1M (EadMd ‘IOMNd VoMYA 1ODTd (EHENId ZHENId HLHENI ‘OOENId VOEMId WZOENId (L¥idad 'SYAN 'SYHIN [SYEN NNF 'SVHH 'SOd 0d3 1180 ZLNV 1INV
198NL "0z8aNL 'vZaaNnL 988Nl ‘eaant aanl |ant vyvanl oevand|
“OLVENL ‘8LvanL ‘vivanL ‘LoLOSL ‘egdl (INWLS 11SOS ZSVR ‘2500Y 100N 1LOOLE '£Md HOMYd VOMd !BOV)INd '0SHZddd YS¥Zddd 02¥Zddd Vewzddd ‘8leddd 8yialddd Ldlddd '80lddd EHENId ZHeNId Luwyels Aq uoneinBay eoue) Isealg)

{LEMId QDN VOEMId VZOEMId ‘SYHN 'SYHIN ‘SVAM ‘Z¥dLl 'SYAH YONO L 1ZEND 'SENO 'SYND 'OVND £IVND 'S423 'z423 1423 'SINXAO 1Z3IN0D {LINDD Y(SIeUio sepnpul) LIWTYO ‘Z43DHNY 'e43OHNY ‘Z43DHYY '6ADQY 9A0QY]
€S1VLS ‘OMS {1dS 'ZSVaM V1Y (EHENId ZHENID HLUENID OENId VOENId VZOENId 'SVAN 'SYMIN (SVHX INNF ‘149l 'SVMH S04 WIEEID WALV 2LV 2LV (LINY| Buileubs Jeoue) 1seaig Juspuedag-usbons3
SWAL 'ZLWHS ‘LLNHS 'M4HLW “1LQ4HLN ZA3HIN {La3HLW (L¥YO 'a014 ¥dHa 81e(0d Aq [00d UOGIED BUO)
€1VLS ‘LIVLS 'LSOS ZSVHY SYNOSAY 'EVMISHY {LVXOSAY 'EMEMId (ZHEMId (LHENId ‘ADENId VOEMId VZOENId [SYHN 'SYHN fHdlT ISVN LS9l 'SVH LMY Bileubis 41N
V493A 10N BureuBiS 493
'ZSOS !1SOS 'ZSVMY ‘ZH00Y 'IMO0Y '2Miid VOMMd (190N ‘eHeNid ‘ZyeNId tLuedid ‘GO8MId VOEMId VZOEMId '49d 'SVAN 'SYMI 'SVN SwdH 'e0XOd (LOXOd '25zdI3 11Sz4I3 18zdI3 XVIdI3 43 1112108 NNV ZINY (LMY VIOV i
€LVLS 'LIVLS 'JUS 'OYS 'ZSOS 'LSOS ‘ZSVHY ‘LVSVY VOMYd '1O07Td ‘eHEMId ‘ZHEMID (LHEMId ‘QOEMId VOEMId WZOEMId 'V4OAd 'SVHN ‘OAIN ‘SYHIN ‘8MdVIN SVHM NNP 'SYMH 'SO4 ‘ZVZMNSO ‘LVZYNSO ‘Z1av| Buieubls 490d
€5d1 ZSOS '1SOS ZSVaY NILd ‘€eXid Zyedid ‘Luedid QOedId VOEMId WZOEMId [1)dad ‘SYAN ‘DA ‘SYMI 'SYM !SYaH 'BENSD 'E0XOd LENNLD 'LHAD [ZIMY LIV Buyieubls Je0ue) [eujawiopus)
ZAMM €SdL *L0HAL (LETOEHS L8N VHVY 'EOHd ‘BHd ‘Ldvd (LVIHN 1942HN ‘Z4ZHN 1LJZHN VZ4IN ‘ESNAM 1LVXO4 'ANDO 19dSVO ‘9HOED TIZHSY OV Aousiodunid 19D wels duoAiqu3 UBliewiB Ul #1900 4O 3j0y
ZIVS fLIVS !L4NSd €3NS !OMVdd 11000 DAW LAXIN XYW ‘SYN LENNLD LNIZV] 180UED U0j0D U UohEINBaY Bulelod)
TSVM L1O8NL f0zaaNL 'vZasnl 198anL ‘eaant haanl ‘8anl VyvanL OevanL oIvENL 'EIVaNL VIVENL VIISYANL Thdrl TONS [LS8H0S 'ZSVaY MOHY ZLOHY 'OOHY 'HOHY ‘savy BUIBUBIS UORoUNT 19D 1OHeS-90-Uo)
‘23lLd 'EHENId {ZHENI tLHENID ‘OENId VOENId 'WZOENId 'YIddd ‘Z)iVd 'SYAN 'SVAIN pLNAYIN BALVIN LINEAVIN UMEAVIN ‘9ZdVIN ENZAYIN [SYEM tLEDLI ‘ZVOLI SYH f1dENd 'M3d 'ENdT 'ZNd3 {LNNLO {IHAD LIV 'LI9OV VIOV

2SOS '1SOS ‘ZSVAY 'LYHISAY

1907d ‘e¥eMId ‘ZueMId

LUEMId ‘Q0EMId VOEMId WZOEMId

I)dad 'SYHN SV

DIV 19MZAYIN 'SHZAYIN (ENZAYIN ISVEM

INNP SYHH

18YO 'ZS¥d 'SO4 ‘vIEEIUD WALV ZALY LIV

B

UBIS s /udosoinan|

Z)1d ‘1OMYd ‘HOVMHd ‘EHEMId

SN

LHEMId ‘a0EMId ‘YOEMId WZOEMId

'IMdAd ‘SYYN ‘vOQ3N ‘SYHN '8MdYIN 'SY¥M NAr

OVHMA “BYHMA

LSl ‘edgdOl ‘1dE49l

1491

'SY¥H ‘01849 '60X0d

'€1VLS '4¥S 'ZSOS '1SOS 'ZSD0S ‘9S00S SV ‘LVSvY
LOXOd 'SO4 'LIYAD ‘ZVZUNSD ‘LYZYNSD ‘ZIMY ‘LINY|

Buleudis |-4o|

'e1VLS 'LIVLS '2SOS

'1SOS 'ZSVHY 'SWHIISY 'EVHMISHY {LYMISdY

'EHENId ‘2!

Id ‘LHEMId 'Q0EMId VOEMId WZOEMId

'1dad ‘SYYN 'SYHIN ‘YiMdVIN

'EIMVIN 'SV SVHH '28ve !

85IVIS "9IVLS
*1dg3rdI3 ‘pI€8340 1890 WALV 2LV ZINY LIV

MO0 V13Y YOMYd (1907d

‘LdUvd 'SYHN ‘SYAN

HLTON BIAVIN ‘pXPdVIN SYNINT ‘SYYM ‘OMEMI

‘ZVHLH ‘SYHH 'Svd 'O0ONS 'vddd SOAD

LdSVO ‘8dSYO ‘9dSVO ‘2dSVO ‘0INdYO ‘dlg

silo0 J0juaboid onelodojewa u Buiieubis €174

dVIX €SdL VIISHINL ZSVHY IVM9SdY
11112108 1112108 *14VdY LINFIY fINIOY)|

Bueubis sisojdody}

'32410d VZH10d 131104 'A110d ‘81104 010d H10d *H10d !910d %310d '310d 2310 13104 €104

'1310d ‘2V10:

d V104 ‘E3NN QdING ‘SOING ‘YQdING

'LddN3 1IN0 HNALD Z1SAdA

'1dd10Q ‘ZSdLD ‘Sd1O ‘ZAdND

wsiiogeIaN BulpILLAd

V13N 12488y UV eHEdId ‘ZueMId

LHeNId ‘a0EMId YOEMId ‘VZOEMId 'SYAN ‘PLSAIN 'SVHIN ‘pIMAVYIN ‘LMY ‘BIdVIN ‘OMZdYIN ‘SHZdYIN ‘EXZYIN 'SYAM INNP ‘1Ll ‘81

VI4SHANL LdS

OVHMA ‘8YHMA

TLdvA

1198NL 0zaanl ‘vzaanl ‘98anL eaant

‘ZHONAI

“13NIdY3S ZSVHY ‘NOHY ‘ZLOHY "DOHY ‘8OHY
'SYHH ‘LEOWH LIVH 'SOd ‘LdENd ‘ZIMV ‘LINY|

LAYOL

Buieubis LgOWH

Tl anl ‘@anl ‘vpvanl -oevanl :olvanl :aiveanl vivany

BulieuBlS pajeIpa-E-E-b

LOSL 'VIASYINL ‘OYS 'ZSVHY 'LWXISIY '€aMHd 1OMMd VOMHd 1901d 1ADTd ‘EHEMId ‘ZHEMId LHEMId ‘aDEMId VOEMId VZOMId 'dI900d ‘SYMN 'SYHIN '8MJVIN 'SVHM NN 'SVHH '8EXSO LOXOd 'SO4 'gINMAD 180
€5dL 'LIVLS {LV6LOTS HLVdY ‘O4Y pOY €04y 204M L18Y LSOV 0SAVY 1142N0d '9HSW ZHSW VSYaQaVO NONVA ‘TONVH !DONVH 'HONVH 'DONVA ‘BONVH 'S423 ‘2423 11423 [X3HO !idi¥g Layva esudsay abeweq VNG Ut LyONE J0 8oy
2VdY Lvdy '90MO LOHO ZWOW ‘IO ‘SNOW YINOW 'EWOW LLaD :ZXaD ‘9¥aD !SYaD Z¥ad 1£0a9 990D uonesj|day [BWOSOWOILD 4O [041U0D B9AD 12D
dOA '7LdSN 238N 'LAYNXL 'LWLSDS 'ZA0S 'ZSYHY '1X8Y 11aVidLd ‘€aMyd 1OMYd ‘YOMMd ‘EHENId
ZEMId (LHENId 'ADENId VOEMId VZOEMId ‘SYHN HLODN ZT23N ISV IV BIAYIN (LMEYIN (OMZAYIN (SHZAYIN (EXMZAVIN SIAVIN (OAVIN 43V 'SYAM [ONNP 'BNNP NP SYAH LaNdYaH LLLSO ZOLSD 'EXNSD 1ZXdO W19 0109 ssuodsey SseNS SANEPIXO PRIEIPALI-ZIUN]
'SO4 ‘£MVZ4I3 'LZOrYNG '8LOrYNG !SLOrYNG fHLOPYNG ‘0LOFVYNG '60rYNG ‘8OrYNG ‘LOrVNG '9OrVNG ‘SOrYNG ‘vLBrvNa '68rvNa ‘98rvNd wErvNa 'LErvNG ‘EVFYNG ‘2vrvNG fLYPYNG €100 Y80 HLHOVE IV !LINY {LVLOV $D08v|
2S0S '1S0S 2SVdY 'V5lHlddd ‘80lddd ‘cdeMid TLIENId ‘A0 VOEMId Bureudis z413|
‘VZOENId 11idad !SVAIN ISVMI 'SW) 'MSNI 'SVMH 'BENSO 'EOvdI3 !LOvAI3 '2vpdid vpdid 'OedI3 'EedI3 VedId 128213 1S2dI3 pOzI3 €023 1202dI3 [LazdI3 thHivedid edvedid (yivedld tvedia LAI3 2V LMY .
g 3 Z8D PuE 30Q Ul SoUB PaAIOAU] SKemied [eoiuoue) vdl

79D Wb ay) pue 40 siuasaldal ped ya| a8y} ‘seweu suab paloj0d-0m} JO 8SeD By} Ul "udalb ul seuab paje|nBal-umop pue pal ul payJew aJe juawieal) 40 Jo/pue zg)
J9Ye sauab parenbal-dn ‘pajussaid ale (ye "Bi4) aremyos (@vdl) SisAleuy Aemyred Alnuabu| ay) Buisn paujwialep se ainsodxa (zg)) auidezeweqgsed Jo/pue (49) DeusajooIp Jo sinoy
g Jaye sAemuyied Buleubis [eoluoueo paye|nbas Ajueoiubis ay) Bunuasaidas sauab sy ‘sAemyred buieubis [eajuoueo pajeinbas Apueoyubls buyusesaidai seusy) LS ereq bunioddng

107



Supporting Data S2 (Not shown). Hierarchical clustering of significantly regulated genes. The genes listed
in Supporting Data S1 were clustered using Pearson correlation and average linkage in the MultiExperiment
Viewer software. Expression values, here presented as fold change of control, from all time points, 8 and
14 hours +/- TNFa, and exposure conditions, diclofenac (DCF), carbamazepine (CBZ), ketoconazole (KTZ),
nefazodone (NFZ) and methotrexate, (MTX) were used. The clusters identified as interesting (1-3) contained
genes up-regulated after 8 hours DCF and CBZ exposure but down- or non-regulated after MTX treatment.
The genes that could also be found to represent the interesting IPA®-defined canonical pathways presented in
Figure 3 were labeled according to their respective pathways; yellow highlight = EIF2-signaling/Endoplasmic
Reticulum Stress Pathway; green highlight = Nrf2-mediated Oxidative Stress Response; blue highlight =
Apoptosis Signaling/Death receptor Signaling.

HepG2, | Primary hepatocytes, Suppqrting Data S3. Ger_7es dgwnstream of
DCF 8h | mouse C57/BL6, DCF 24h oxidative and endoplasmic reticulum stress
Human symbol [Mouse symbol| ~ FC FDR FC are significantly regulated in primary mouse
SQSTM1 Sgstm1 4.14 0.043 1.27 hepatocytes. Primary hepatocytes from C57BL/6
SRXN1 Srxnl 2.08 0.014 2.27 mice were treated with 300 M diclofenac for 24
DDIT3 Ddit3 8.14 0.001 2.54 h before mRNA collection and gene expression
E;’:S”OB TA:;S“Ob 2'1727; g'ggz 1‘1‘; analysis. The expression of a selected number
- - - of genes, also regulated in HepG2 cells after 8
XBP1 Xbpl 1.33 0.007 -1.22 h ¢ DCF. d X ¢ Nrfo-d dent
DNAJB6 Dnajbé 1.55 0.064 135 ours o » downstream or Nriz-dependen
ABCCA Abccd 154 0.014 315 OX|_dat|ve stress s!gnall_ng and endopla_smlc
DNAJB1 Dnajb1 1.67 0.022 122 reticulum stress signaling, was determined.
HSPAS Hspa5 -1.6 0.001 1.44 Only the genes that were significantly regulated,
ATF6 Atf6 1.42 0.043 1.20 false discovery rate (FDR) < 0.1, are presented.
SOD2 Sod2 3.16 0.054 -1.18 Genes related to ER/translational stress are
EIF4AL Eif4al 184 0.020 114 highlighted in orange and Nrf2-related genes in

TRIB3 Trib3 5.6 0.002 2.02

green.
PPP1R15A PpplriSa 2.53 0.004 2.06
A s
y & S
° & ¥
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Supporting Data S4. Knockdown of apoptosis related genes reduce CBZ/TNFa-induced apoptosis. (A)
Knockdown using SMART-pool siRNA targeting caspase-8 was confirmed using western blotting. Tubulin was
used as loading control. (B) The apoptosis induced by CBZ/TNFa was followed in time using live cell imaging
of apoptosis after SMARTpool siRNA mediated knockdown of Bcl2-family member BID, executioner caspase-3
and initiator caspase-9. TNFa (10 ng/mL) was added after 8 hours of drug exposure. Data presented are means
of three independent experiments +/- S.E.M.
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siRNA CBZ (p-value) | DCF (p-value) | Validation (CBZ)
Gene array HERPUD1 > 0.05 n.a. n.a.
DNAJB1 <0.001 >0.05 2/4
EIF4A2 > 0.05 n.a. n.a.
EIF4A1 <0.001 < 0.001 4/4
ATF4 >0.05 n.a. n.a.
< 0.001 Fredriksson et al. 2/4
FOS > 0.05 n.a. n.a.
JUN > 0.05 n.a. n.a.
>0.05 n.a. n.a.
> 0.05 n.a. n.a.
>0.05 n.a. n.a.
>0.05 n.a. n.a.
<0.001 Fredriksson et al. 3/4
JUND <0.001 < 0.001 3/4
BACH1 <0.05 <0.05 3/4
KRAS > 0.05 n.a. n.a.
SOD2 >0.05 n.a. n.a.
SOS1 > 0.05 n.a. n.a.
<0.001 Fredriksson et al. 1/4
DNAJB6 >0.05 n.a. n.a.
EIF4G3 <0.001 <0.01 3/4
PIK3C2A >0.05 n.a. n.a.
MRP4/ABCC4 <0.001 < 0.001 3/4
GSTO2 <0.01 < 0.001 2/4
CASP8 < 0.001 Fredriksson et al. 4/4
CASP3 < 0.001 Fredriksson et al. 4/4
CASP9 <0.001 Fredriksson et al. 2/4
BID <0.001 Fredriksson et al. 2/4
ER stress CHOP/DDIT3 <0.001 <0.05 2/4
PERK/EIF2AK3 <0.01 <0.05 4/4
IRETo/ERN1 <0.001 < 0.001 2/4
ATF6 <0.001 < 0.001 2/4
Oxidative SOD1 > 0.05 n.a. n.a.
stress GSR <0.001 <0.001 2/4
GPX4 < 0.001 < 0.001 3/4
KEAP1 <0.001 <0.001 2/4
NRF2 < 0.001 < 0.001 3/4

Supporting Data S5. List of siRNAs and their effect on apoptosis following CBZ and DCF exposure. HepG2
cells were transfected with siRNAs targeting genes up-regulated after 8 hours of CBZ and/or DCF exposure
and involved in apoptosis/death receptor signalling (blue highlights), Nrf2-mediated oxidative stress response
(green highlights) or ER stress/translation initiation (yellow highlights), and hand-picked from the three
respective pathways. 72 hours after transfection the cells were exposed to CBZ (500 uM) with 10 ng/mL TNFa
added after 8 hours of drug exposure and the apoptosis was assessed using AnxV-labelling and automated
microscopy. The siRNAs that gave a significant difference in apoptosis compared to siControl (using 2-way
ANOVA) were also assessed under DCF (500 uM)/TNFa-exposure conditions. The effect of the siRNAs found
significant after CBZ exposure was also validated using the 4 single siRNA sequences that consisted the initial
SMART-pool. A knockdown effect that could be confirmed with = 2 of the single sequences (AUC = siControl +
2-3 S.D.) was considered “on target”.
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Supporting Data S6. Modulation of the oxidative stress response. (A) HepG2 cells were pre-treated with
10 uM N,N’-diphenylbenzene-1,4- diamine (DPPD) before adding 500 uM DCF or vehicle. TNFa (10 ng/mL)
was added after 8 hours of drug exposure. The apoptosis induction was followed in time using AnnexinV
(AnxV)-Alexa633 and automated microscopy. Data presented are means of three independent experiments +/-
S.E.M. (B) Effect of NRF2 and KEAP1 siRNA-mediated knockdown on Nrf2 protein levels was assessed using
westernblotting. Tubulin served as loading control.
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Supporting Data S8. Inhibition of endoplasmic reticulum stress reduces DCF/TNFa-induced apoptosis. HepG2
cells were pre-treated with 50 uM Salubrinal (Sal; A) or 5 pg/mL tunicamycin (Tm; B) before replacing the
medium with 500 uM DCF. Salubrinal was kept in the medium where indicated. After 8 hours of DCF exposure,
TNFa (10 ng/mL) was added. The apoptosis was determined in time using AnnexinV (AnxV)-Alexa633 staining
and automated imaging. Data presented are means of three independent experiments +/- S.E.M.
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Supporting Data S10. DCF

Diclofenac exposure +TNFa
P induces PERK phosphorylation
h
C 2 4 8 1216 24 12 16 2 (h) and CHOP expression. The
P-PERK expression of phosphorylated
CHOP C —— ————— PERK (P-PERK) and CHOP

i - were followed in time by
Tubulin [ — e ———— western blot after DCF+/- TNFa
(500 pM/10 ng/mL) exposure.
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Supporting Data S11. Knockdown of ER stress related genes affects apoptosis induced by DCF/TNFa. (A-C)
The apoptosis induced by DCF/TNFa was followed in time using live cell imaging of apoptosis after SMARTpool
siRNA mediated knockdown of genes involved in ER stress and found to give a significant effect on CBZ/TNFa-
induced apoptosis. TNFa (10 ng/mL) was added after 8 hours of drug exposure. Data presented are means of
three independent experiments +/- S.E.M.
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