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Nephrotoxicity and hepatotoxicity are the two major reasons of safety-related 

post-market drug withdrawal. To limit this unwanted drug withdrawal, a better 

understanding of the mechanisms involved in the toxicity of newly developed drugs as 

well as the development of new in vitro pre-clinical tests incorporating this knowledge 

is therefore necessary. 

The research described in this thesis was designed to identify new signalling 

pathways involved in drug-induced organ toxicity. The role of inflammation and in 

particular the role of the pro-inflammatory cytokine tumor necrosis factor α (TNF-α) 

was investigated in both drug-induced kidney and liver cell injury. A combination of 

innovative RNA interference live cell fluorescence microscopy-based screens and gene 

expression array analysis resulted in identification of mechanisms underlying nephro- 

and hepatotoxicity, which is discussed in this chapter. 

1. The role of TNF-α in drug-induced organ toxicity

The importance of the contribution of the immune system to drug-induced kidney 

and liver toxicity has been well recognized over the past years. Several nephrotoxicants 

and hepatotoxicants have been shown to induce an inflammatory response, which 

participated in the organ injury (1-8). It is believed that during kidney and liver toxicity, 

the initial insult by the toxicant results in tissue damage, which leads to generation of 

inflammatory mediators by the injured cells as well as by immune cells. Subsequently, 

these inflammatory mediators induce migration and infiltration of leukocytes into the 

injured organs and aggravate the primary injury induced by the toxicant (4, 9). For 

both liver and kidneys, the pro-inflammatory cytokine TNF-α is the main orchestrator 

of this inflammatory response and in several cases has been shown to aggravate the 

toxicant-induced pathophysiological responses (4, 10-24). Although the contribution 

of TNF-α in drug-induced kidney and liver injury in vivo is clear, the mechanisms of 

enhanced toxicity combined drug/cytokine exposure are not known. Therefore, in 

order to understand the underlying mechanisms, an in vitro assay mimicking this in 

vivo physiological response should be designed.

To identify mechanism underlying TNF-α mediated drug-induced toxicity, we 

therefore set-up in vitro models for nephrotoxicity and hepatotoxicity that mimick 

the immune-related drug response in vivo (chapter 3 and 6) using proximal tubular 

epithelial cells (PTECs) and HepG2 cells respectively. We showed that exposure to 

TNF-α in combination with the neprotoxicants cisplatin, cyclosporine A, tacrolimus or 

azidothymidine significantly enhanced the cytotoxicity of these drugs in the in vitro 
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model for nephrotoxicity (chapters 3-4). Furthermore, TNF-α enhanced HepG2 cell 

death induced by diclofenac and carbamazepine ((10), chapters 6-7). Transcriptomic 

analysis of cisplatin-treated PTECs revealed that the gene expression of numerous 

kidney injury markers combined with activation of inflammatory mediators involved in 

cisplatin-induced nephrotoxicity in vivo were enhanced by cisplatin/TNF-α treatment 

(chapter 4). Furthermore, pathway analysis of the hits identified in our siRNA-based 

apoptosis screen in HepG2 cells showed that mainly hits regulating the diclofenac/TNF-

α-induced apoptosis were involved in toxicity pathways related to liver injury (chapter 

6). Therefore, in both in vitro systems, exposure of the cells with a combination of 

toxicant and TNF-α proved to be a good model for studying the detailed mechanisms 

involved in the aggravation of toxicant-induced injury by inflammation. To unravel the 

mechanisms involved in the synergistic apoptosis induced by the combination drug/

TNF-α in these in vitro systems, we used cisplatin and diclofenac as model compounds 

for nephrotoxicity and hepatotoxicity respectively.

2. Mechanisms involved in the TNF-α aggravation of drug-
induced organ toxicity

In order to decipher new toxicity pathways, transcriptomics analysis as well as 

siRNA-mediated screens were combined with high content imaging in an innovative 

way. These techniques are introduced in chapter 2. In both siRNA screens performed, 

all known kinases, (de)-ubiquitinases as well immune components were knocked-

down with siRNAs (chapters 6-7) and toxicity was measured with a live apoptosis 

assay developed by our laboratory (25). This method providing both quantitative and 

kinetic information on the apoptosis was also used for the other studies performed 

in this thesis. In addition to toxicity measurements, the siRNA screen performed in 

chapter 7 associated high content confocal laser scan microscopy in combination with 

multiparametric image analysis to follow the NF-κB oscillation in ~300 individual cells 

per condition simultaneously. This innovative siRNA screening approach allowed, for 

the first time, measurement of the population dynamics upon knockdown of candidate 

genes.

Using the innovative combination of techniques described above, we were able to 

unravel several signalling pathways involved in TNF-α enhancement of drug-induced 

toxicity. These included the regulation of the NF-κB pathway, the activation of c-Jun 

N-terminal kinase (JNK), the up-regulation of A20 levels, the remodelling of the actin 

cytoskeleton and cellular adhesions which will be discussed below and are summarized 
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in Fig. 1.

2.1. A central role for NF-κB signalling in TNF-related drug-induced 

cell death 

The role of the pro-survival NF-κB signalling in the drug/TNF-α synergistic response 

was shown at several levels in this thesis. The strength, duration and type of oscillatory 

pattern of NF-κB nuclear translocation determine the set of NF-κB target genes that will 

be transcribed after TNF receptor 1 (TNFR1) activation, resulting in either pro- or anti-

apoptotic signalling. Transcriptomic analysis of our PTECs revealed that the inhibition 

of the typical TNF-α-induced nuclear translocation response of NF-κB by cisplatin 

coincided with decreased expression of several NF-κB-regulated anti-apoptotic genes, 

including c-IAP2, Bcl-XL, Bruce and Bcl2 (chapter 4). These anti-apoptotic proteins 

prevent apoptosis at different levels: Bcl-XL and Bcl2 prevent the release of cytochrome 

c from the mitochondria which would lead to caspase activation (26) and c-IAP2 and 

Figure 1. Summary of the pathways identified as participating in the drug/TNF-α-induced synergistic 

apoptosis of kidney and liver cells.
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Bruce interfere with the activation of caspases (27, 28). To better understand the 

role of these proteins in cisplatin/TNF-α-induced synergistic apoptosis, knock-down 

experiments should be carried out in the future. In addition, overexpression in an in 

vivo model could also rescue the kidneys from cisplatin-induced nephrotoxicity. Such 

rescue was observed by overexpressing Bcl-2 in a renal ischemia/reperfusion model 

in vivo (29). However, such therapeutic strategy should only be applied in the case of 

cisplatin in a targeted way since cancer cells could take advantage of overexpression 

of anti-apoptotic proteins to acquire survival and metastatic properties. These anti-

apoptotic proteins seem, in the case of diclofenac-induced liver toxicity, not to play 

a role in the synergistic apoptosis since their knock-down didn’t affect the apoptosis 

outcome (10).

NF-κB inhibition was also shown to play an important role in diclofenac/TNF-α-

induced apoptosis in HepG2 cells (10). In addition, siRNA-mediated knock-down 

of kinases, (de)ubiquitinases and immune components in HepG2 cells followed by 

exposure to diclofenac, TNF-α and diclofenac/TNF-α combined treatment led to the 

identification of several proteins known to be involved in the regulation of the NF-

κB pathway (chapter 6). Together these data implicated an important role for NF-κB 

signalling in synergistic cell death of both kidney and liver cells. 

NF-κB consists of five members: RelA (or p65), RelB, NF-κB1, NF-κB2 and c-Rel (30). 

Out of these five family members, I showed in this thesis that the family members 

NF-κB2 and p65 were involved in both nephro- and hepatotoxicity, while RelB was 

only associated with nephrotoxicity. p65 was identified as regulator of the synergistic 

apoptosis in both PTECs and HepG2 cells. Delay of p65 nuclear translocation 

accompanied by general inhibition of NF-κB transcription led to an enhancement of 

the toxicant-induced cell death by TNF-α both in PTECs (chapter 4) and in HepG2 cells 

(chapter 7 and (10)). Furthermore, knock-down of p65 sensitized both cell lines to 

drug/TNF-α-induced apoptosis (chapter 4 and (10)).

The NF-κB member NF-κB2 was also identified in the regulation of the synergistic 

apoptosis of both PTECs and HepG2 cells. Gene expression of NF-κB2 was up-regulated 

upon exposure of cells to TNF-α, drug alone or a combination of both. Yet, knock-

down of NF-κB2 in HepG2-p65-GFP cells led to a protection against diclofenac/TNF-

α-induced apoptosis (chapter 6), while it enhanced both cisplatin and cisplatin/TNF-

α-induced apoptosis in PTECs (chapter 5). These observations indicated that NF-κB2 

was an inducer of the synergistic apoptotic response in HepG2 cells, but a protector 

in PTEC cells. Previous work in other cell types showed that NF-κB2 recruits p53 after 

DNA damage on multiple target genes and promotes cell cycle arrest and cell death 
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(31). We therefore speculated that NF-κB2 was inducing enhanced apoptosis in HepG2 

cells after diclofenac/TNF-α treatment via induction of p53-dependent apoptosis. In 

addition to its role in activating p53-dependent apoptosis, NF-κB2 was also shown to 

repress c-myc (31). Therefore, it could well be that in PTECs, the main role of NF-κB2 is 

the repression of c-myc, whereas in HepG2 cells, it is mainly involved in p53 regulation. 

Possibly this difference is related to the transformed status of HepG2 cells. Further 

detailed investigations in primary renal and liver cells as well as in vivo analysis are 

necessary to confirm these findings.

In addition to an increase in NF-κB2 expression in PTEC cells, exposure of the cells 

to TNF-α led to an increase in the expression of RelB both at gene and protein levels 

in PTECs, as well as in HepG2 cells. However, stable shRNA-based knock-down of RelB 

abrogated the synergistic apoptosis induced by cisplatin/TNF-α treatment in PTECs 

(chapter 5), while siRNA-based knock-down of RelB did not affect diclofenac/TNF-α-

induced HepG2 apoptosis (chapter 6). The protection of renal cells was conferred via 

an epithelial to mesenchymal transition (EMT)-like switch leading to the inhibition of 

the morphological changes induced by TNF-α in the cells. 

It is well known that the NF-κB pathway integrates a variety of stimuli into a cell-

type and context-specific response. In this thesis, I demonstrated that differences 

exist in the contribution of the different NF-κB family members in the TNF-α-mediated 

aggravation of drug-induced kidney and liver cells. However, delay in p65 translocation 

accompanied with general NF-κB inhibition is a common mechanism between these 

two cell types. Furthermore, this role of NF-κB signalling in the synergistic cell death 

could be common for all compounds inducing synergistic cell death as three other 

nephrotoxicants displaying synergistic apoptosis with TNF-α - namely cyclosporine A, 

tacrolimus and azidothymidine - were shown to inhibit TNF-α-induced NF-κB activation 

in renal cells (32) and Epstein-Barr virus-positive Burkitt lymphoma lines (33) (chapter 

3). This needs to be investigated further using our panel of NF-κB family member 

shRNA-based knocked-down PTEC cell lines.

2.2. NF-κB signalling as a regulator of JNK activation 

JNK phosphorylation and thereby activation status balances the cells between cell 

death and survival (34). Several nephrotoxic and hepatotoxic drugs have been shown 

to induce JNK activation and inhibition or knock-down of JNK protected from drug-

induced organ injury (10, 35-40). Moreover, NF-κB is known to control the activation of 

JNK (41-43), while in turn JNK is known to inhibit NF-κB activation (44-46). 
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In chapter 4, we demonstrated that inhibition of NF-κB by cisplatin in PTECs 

led to an enhanced and prolonged JNK activation, which was directly linked to 

the enhancement of cisplatin-induced apoptosis by TNF-α. Furthermore, we also 

demonstrated that sustained activation of JNK further inhibited NF-κB signalling via 

a feedback loop mechanism. Although not directly demonstrated in this thesis, our 

laboratory showed in a previous publication that NF-κB inhibition also led to sustained 

JNK activation in HepG2 cells (10), suggesting a common role for JNK signalling in TNF-α 

synergy in chemical-induced cytotoxicity. The effect of JNK on the regulation of pro-

apoptotic signalling in the cells was directly shown by the JNK-mediated up-regulation 

of X-linked inhibitor of apoptosis protein associated factor 1 (XAF1) in PTECs with 

cisplatin/TNF-α treatment (chapter 4). XAF1 has been shown to act as an antagonist of 

XIAP anti-caspase activity and therefore its up-regulation leads to enhanced apoptosis 

of the cells. Interestingly, a recent study showed that XAF1 transcript and protein 

were expressed at low levels in several hepatoma cell lines, including HepG2 cells (47). 

Therefore, it could well be that XAF1 up-regulation plays an important role in JNK-

mediated cell death in HepG2 cells as well. In addition, the siRNA screen performed 

in chapter 6 led to the identification of the TRAF2 and NCK interacting kinase (TNIK) 

as inducer of diclofenac/TNF-α-induced apoptosis, which is known to mediate TNF-α-

mediated activation of both JNK1 and 2 in cancer cells (48). Its role in its capacity to 

activate JNK1 and 2 in HepG2 cells as well as in PTECs needs to be further investigated.

2.3. A controversial role for the NF-κB target gene A20

Using RNA interference screening we identified several proteins for which knock-

down led to an almost complete inhibition of p65 nuclear translocation response. For 

most of the genes, this correlated with an inhibition of drug/TNF-α-induced apoptosis 

in HepG2 cells (chapter 7), including CDK12, UFD1L, TRIM8 and RNF126. This result 

could seem contradictory to our other findings in which inhibition of NF-κB signalling 

was associated with enhanced apoptosis (chapters 3, 4 and 7), but in this case, p65 

nuclear oscillation was not only delayed but completely inhibited. We showed that 

knock-down of the proteins that inhibited both NF-κB translocation and apoptosis led 

to up-regulation of the levels of the NF-κB target gene A20 (chapter 7), which is known 

to lead to NF-κB inhibition via a feedback-loop mechanism (49). A20 knock-down itself 

sensitized cells to apoptosis and double knock-down of those proteins and A20 rescued 

the synergistic apoptosis. Indeed, A20 has also a critical role in regulating the apoptotic 

response after TNF-α exposure as demonstrated in an A20-deficient mouse model 
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(50). Our data demonstrate that up-regulation of A20 levels may lead to inhibition of 

apoptosis in HepG2 cells. Possibly this is related to blocking TNFR signalling altogether 

and preventing the formation of a pro-apoptotic signalling complex downstream 

from receptor activation, but further research is ongoing to clarify its exact role. 

Interestingly, in contrast to HepG2 cells, a decrease in A20 levels after cisplatin/TNF-α 

treatment in comparison to TNF-α treatment was observed in PTECs (chapter 4). The 

role of A20 was not investigated in these cells, but could be another mechanism 

responsible for the TNF-α-enhancement of cisplatin-induced apoptosis of PTECs. 

Clearly, a full understanding of the regulatory systems that control pro-apoptotic and 

survival signalling downstream of the TNFR in different organ systems will be essential 

to further extend our understanding of the interplay of chemical stress and cytokine 

signalling in target organ toxicities.

2.4. A novel role for NF-κB in drug-induced remodelling of the 

actin cytoskeleton and cellular adhesions

It is known that disruption of the actin cytoskeleton of the PTECs is an early 

event, leading to loss of adhesion of cells from the extracellular matrix (ECM) as well 

as neighbouring cells, ultimately resulting in pro-apoptotic signalling and cell death 

(6, 51-56). In chapter 5, we studied the involvement of TNF-α and downstream NF-

κB signalling in the regulation of cisplatin toxicity through the control of actin 

cytoskeletal changes during cisplatin cytotoxicity. We demonstrated for the first 

time that TNF-α aggravated the cisplatin-induced disruption of actin stress fibres, 

reduction of focal adhesions and loss of cell-cell contacts. TNF-α exposure resulted in 

up-regulation of the NF-κB family member RelB and knock-down of RelB inhibited the 

morphological changes induced by TNF-α which led to protection of the cells against 

cisplatin/TNF-α-induced apoptosis. Several recent studies indicate that reorganization 

of the cytoskeleton modulates the activity of NF-κB and particularly of the p65/p50 

heterodimer. Disruption of the microtubule network by a variety of agents leads to 

rapid induction of p65/p50 DNA binding and subsequent NF-κB-dependent gene 

expression (57-59). The mechanisms on how NF-κB is activated by the cytoskeleton 

disruption are not yet known and are likely involving the degradation of the NF-κB 

inhibitor IκB. In our PTECs, we could observe a slight increase in IκB phosphorylation 

and degradation with the combined cisplatin/TNF-α treatment in comparison to TNF-α 

treatment alone (chapter 4). This increase in IκB turnover could therefore be explained 

by the enhanced microtubule network disruption observed with cisplatin/TNF-α 
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treatment (chapter 5). However this increased turnover was associated with decreased 

p65 nuclear translocation and transcription indicating that cisplatin inhibited the NF-

κB pathway via blocking p65 nuclear entry. 

The association between RelB activation and the cytoskeleton was to our 

knowledge not previously directly demonstrated. However, the expression of RelB was 

shown to correlate with dendritic cell development and maturation (60) as well as to 

invasiveness in oestrogen receptor alpha (ERα)-negative breast cancer cells (61). For 

both maturation and invasiveness processes, the cells need to undergo morphological 

changes, indicating that RelB directly or indirectly controls the morphology of the cells. 

In our PTECs, the inhibition of the cytoskeletal changes in RelB knocked-down cells 

was done via a snail2-controlled EMT-like switch in association with RhoA activation, 

since RhoA inhibition abrogated the synergistic apoptosis induced by cisplatin/TNF-α 

treatment. This observation was in contradiction with the results of Wang et al. in 

breast cancer cells where RelB knock-down induced decreased expression of Snail and 

fibronectin and increased the levels of E-cadherin and γ-catenin expression indicating 

that RelB is required for maintenance of the mesenchymal phenotype of the cells 

(61). However in this study, Bcl-2 was shown to be a critical mediator of the invasive 

properties induced by RelB since ectopic Bcl-2 expression in RelB knocked-down cells 

decreased E-cadherin and γ-catenin expression in association with a restoration of 

the invasive phenotype of the cells. Furthermore, the status of RhoA activation was 

not determined in these cells. In our PTECs, Bcl-2 expression was not modified by RelB 

knock-down (chapter 5). It seems therefore that the unique combination of Snail2 and 

RhoA activation controlled by RelB is driving the phenotypic switch and protection of 

the cells.

Although RelB did not seem to play a role in HepG2 synergistic apoptosis, the RhoA 

pathway was also shown to be involved in drug-induced liver toxicity. In HepG2 cells, 

RhoA inactivation and to a lesser extent Rho-kinase inhibition were implicated in the 

hepatotoxicity induced by lipophilic statins (62). Furthermore, Rho-kinase inhibitor was 

reported to prevent carbon tetrachloride (CCl4)- or dimethyl nitrosamine-induced liver 

fibrosis and hepatic ischemia-reperfusion injury in rats (63-65) as well as hepatocyte 

damage in CCl4-induced acute liver injury (66). Although, in this thesis, we did not 

study the role of RhoA in diclofenac/TNF-α-induced apoptosis of HepG2 cells, it could 

be another mechanism of toxicity to explore in the future.
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2.5. Possible other mechanisms underlying the control of TNF-

mediated cell death 

In addition to the regulation of NF-κB, JNK and A20, the different “omics” techniques 

used in this thesis led to the identification of novel genes of interest. These genes were 

involved in the control of apoptosis at the receptor, transcription, mRNA processing 

and endoplasmic reticulum levels. 

2.5.1. Receptor level

At the receptor level, genes involved in the regulation of the wnt and interleukin 6 

(IL-6) signallings were identified. The wnt signalling pathway regulates apoptosis via a 

variety of mechanisms including through β-catenin, GSK3β-NF-κB signalling, JNK and 

NEMO (67). It was previously shown that the Wnt/β-catenin signalling transduction 

pathway is activated with aberrant expression of Wnt1 in HepG2 cells (68) and ZNRF3, 

known to associate with the Wnt receptor complex leading to its inhibition (69), was 

identified as a protector of diclofenac-induced apoptosis in HepG2 cells (chapter 6). 

Further investigations need to be done in order to determine if ZNRF3 could indeed 

inhibit the wnt signalling in HepG2 cells. Nevertheless, other evidences point out 

toward the involvement of the wnt signalling in the control of diclofenac-induced 

apoptosis in HepG2 cells: diclofenac down-regulates by three-fold the gene expression 

of Dickkopf-1 (Dkk-1), a known inhibitor of the wnt signalling (70) and up-regulates 

the gene expression of frizzled-7, a receptor for wnt signalling (71) by three-fold and of 

lymphoid enhancer factor 1 (LEF-1), a known nuclear effector of the wnt signalling (72), 

by two-fold. Wnt signalling has been shown to be important for repair and regeneration 

of the kidney after acute kidney injury (73). In PTECS cells, ZNRF3 was down-regulated 

at the gene expression level with cisplatin/TNF-α treatment suggesting that this protein 

might also play a role in cisplatin/TNF-α-induced synergistic apoptosis of renal cells. 

The cytokine IL-6 has been shown to protect hepatocytes from transforming growth 

factor β (TGF-β)-induced apoptosis (74) and demonstrated its protective role in several 

liver injury models including drug-induced hepatoxicity (75). In our siRNA screen, we 

identified SOCS5 as an inducer of diclofenac/TNF-α-mediated apoptosis (chapter 6) 

and overexpression of SOCS5 has been shown to partially inhibit IL-6 signalling in 

vitro (76). We therefore hypothesized that upon diclofenac/TNF-α treatment SOCS5-

mediated inhibition of IL-6 would lead to enhanced apoptosis; however this still needs 

to be proven. Interestingly, in PTECs, the gene expression of SOCS5 was up-regulated 
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with cisplatin/TNF-α treatment. In the context of acute kidney injury, IL-6 has been 

shown to have a dual role: it promotes kidney injury through the promotion of an 

injurious inflammatory response and it protects the kidney from further injury through 

a mechanism of trans-signalling (77). In IM-PTECs, exposure to IL-6 led to a protection 

against cisplatin/TNF-α treatment. However, in order to know which role SOCS5 might 

play in the synergistic apoptosis induced by cisplatin/TNF-α, knock-down of this 

protein and further investigation on IL-6 levels would be needed. 

2.5.2. Transcriptional level

At the transcriptional level, regulation of the transcription factor p53 seemed to 

play a role in the TNF-mediated enhancement of diclofenac-induced apoptosis. The 

transcription factor p53 is a well known inducer of apoptosis in all type of cells including 

PTECs and hepatocytes (78). p53 is known to transcribe several pro-apoptotic proteins 

and to inhibit the anti-apoptotic protein Bcl2 (79). In several cancer cells, TNF-α has 

been shown to activate p53 (80-84) and diclofenac up-regulates p53 gene expression 

in HepG2 cells (Fredriksson, L. et al., data submitted). These previous studies indicate 

that the p53 pathway might play a role in TNF-α, diclofenac or diclofenac/TNF-α-

induced apoptosis in HepG2 cells. Indeed, the two hits PRPF19 and NF-κB2 both known 

to regulate p53-induced apoptosis (31, 85) were identified as protectors of TNF-α-

induced apoptosis and diclofenac/TNF-α-induced apoptosis respectively (chapter 6). 

In order to confirm that these two proteins are protecting the cells via interfering with 

the p53 pathway, further investigations need to be done. In the case of cisplatin/TNF-

α-induced synergistic apoptosis in PTECs, p53 signalling was shown not to be involved 

since the phosphorylation of p53 was not changed between cisplatin and cisplatin/

TNF-α treatments (chapter 4).

2.5.3. mRNA processing level

A large number of apoptotic factors are regulated via alternative splicing, a process 

that allows for the production of different protein isoforms with often distinct functions 

from a common mRNA precursor. The two siRNA screens described in chapters 6 and 

7 identified three hits involved in mRNA processing and knock-down of two of them, 

PRPF19 and PHF5A (86, 87), enhanced the apoptosis induced by TNF-α (chapters 6-7). 

This suggests aberrant mRNA splicing as a mechanism for induction of apoptosis after 

TNF-α exposure. The effect of PRPF19 on TNF-α-induced apoptosis could be explained 
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by its effect on the regulation of p21Cip1 mRNA splicing which counteracts p53-

mediated apoptosis (85). The role of PHF5A in controlling apoptosis remains unknown. 

Since we showed that knock-down of this protein led to a delayed p65 translocation 

similar to the one observed with diclofenac treatment, it seems that PHF5A controls 

activator(s) of NF-κB upstream via mRNA processing. However, it is not sure whether 

the delayed p65 translocation induced by PHF5A knock-down is responsible for the 

enhanced apoptosis observed since other proteins delaying p65 translocation upon 

knock-down did not affect the apoptosis of the cells. Further experiments should be 

done to investigate if known inducers of apoptosis with diclofenac are affected by 

PHF5A knock-down, such as c-FLIP.

2.5.4. ER stress level

Disturbances in the normal functions of the ER lead to a cell stress response called 

the unfolded protein response (UPR), which can trigger cell death if ER dysfunction is 

severe or prolonged. We identified in our siRNA screen the protein UBE2G2 as an inducer 

of diclofenac/TNF-α-induced apoptosis and this protein is an essential component of 

the endoplasmic reticulum-associated degradation (ERAD) pathway which targets 

misfolded, unassembled or tightly regulated proteins of the ER for poly-ubiquitination 

and ultimately proteasomal degradation (88). We therefore hypothesized that UBE2G2 

regulates the degradation of some anti-apoptotic proteins involved in ER stress. One of 

the anti-apoptotic molecules known to be degraded during ER stress-induced apoptosis 

is Bcl-2 (89). Our laboratory demonstrated that diclofenac induced ER stress which led 

to the activation of protein kinase R-like ER kinase (PERK) and the subsequent induction 

of C/EBP homologous protein (CHOP) expression and knock-down of PERK and CHOP 

protected the cells against diclofenac/TNF-α-induced apoptosis (Fredriksson L. et al., 

data submitted). It would be therefore interesting to investigate whether knock-down 

of UBE2G2 would reduce PERK activation and CHOP expression and whether it would 

prevent Bcl-2 degradation. In PTECs, the expression of UBE2G2 was up-regulated with 

TNF-α, cisplatin and cisplatin/TNF-α treatments. ER stress is known to be induced by 

cisplatin (90, 91), therefore it would not be surprising if UBE2G2 would also play a role 

in cisplatin/TNF-α-induced synergistic apoptosis.

2.6. p65 as the common dominator of all these pathways

Although all the above mentioned pathways individually contribute to TNF-α-



219

General discussion

8

mediated enhancement of drug-induced apoptosis of kidney and liver cells, the NF-κB 

family member p65 seems to be the common dominator. As described earlier, JNK and 

p65 reciprocally control each other (41-46). RelB has been shown to sequester p65 in 

transcriptionally inactive p65/RelB complexes and prevent p65-regulated transcription 

(92). Wnt1 was shown to induce p65 translocation in microglial cells (93) and NF-κB, 

mainly p65/p50 heterodimers, was shown to be required for the transcription of IL-6 

(94). Numerous studies provided evidence that p53 and NF-κB pathways reciprocally 

regulate each other by interactions at key nodal intersections and these studies 

implicated the heterodimer p65/p52 (95). Alternative splicing events have been 

described at every level of NF-κB signalling, including p65, and serve to regulate 

proper NF-κB signalling (96). ER stress was shown to activate p65/p50 heterodimers via 

inositol-requiring enzyme 1 (IRE1) (97). All these observations were done in different 

cell lines, therefore further experiments would need to be done in HepG2 and PTECs in 

order to confirm the involvement of p65 in all these pathways/processes.

3. Conclusion and perspectives

Current biomarkers and pre-clinical tests lack sensitivity and predictability. It is 

therefore necessary to tackle the molecular mechanisms underlying nephro- and 

hepatotoxicity to improve these bio-markers and pre-clinical tests. Furthermore, in 

vivo, a combination of several signalling pathways, inflammatory processes and 

morphological events is activated altogether leading to both injury and regeneration 

processes. The balance between these factors defines the severity of the injury caused by 

a drug. It is therefore necessary to create new pre-clinical in vitro tests better mimicking 

the in vivo situation. The new in vitro nephrotoxicity screen performed in chapter 3 

allowed an improvement in the detection of nephrotoxicity by incorporating the pro-

inflammatory cytokine TNF-α in the assay. However, several nephrotoxicants were still 

not detected. Since we showed that the NF-κB pathway plays an important role in 

drug/cytokine synergistic apoptosis, we suggest that p65 translocation in combination 

with NF-κB activation read-outs should be incorporated with the fluorescence-based 

cell death read-out already used. This could be done via generating bacterial artificial 

chromosome (BAC)- GFP-p65 and NF-κB luciferase reporter cells. This would allow us 

to determine whether the drugs depicting synergistic apoptosis with TNF-α also have 

an inhibitory effect on the NF-κB signalling. Alternatively, other BAC-GFP reporter cells 

could be generated with some of the kidney injury markers that were shown to be 

up-regulated with cisplatin/TNF-α treatment in IM-PTECs in chapter 4 as well as with 



220

RelB. This could allow the identification of the compounds that did not induce toxicity 

in IM-PTECs in chapter 3 via the detection of an increase in the BAC-GFP-marker levels 

and therefore improve the sensitivity of the screening system. Such BAC-GFP reporter 

cell lines could also be generated with HepG2 cells with some of the hits identified in 

chapters 6 and 7. Furthermore other cytokines known to be secreted during drug-

induced organ toxicity should be incorporated in these in vitro assays in a cytokine 

cocktail manner in which the stoichiometry of these cytokines observed in vivo would 

be reproduced. Similarly, regeneration factors known to be involved in vivo could be 

introduced, such as epidermal growth factor (EGF), hepatocyte growth factor (HGF) 

and transforming growth factor β (TGF-β). In addition, morphological parameters of 

the cells should also be taken into consideration since a new drug could not induce 

cellular apoptosis in the in vitro assay but could affect the morphology of the cells and 

therefore their ability to perform their physiological tasks in an in vivo environment 

leading to organ dysfunction. In conclusion, we suggest that an ideal future in vitro 

toxicity assay for detecting both nephro- and hepatotoxicity would consist of exposing 

the cells to the drugs in combination with a cytokine/regeneration factors cocktail and 

perform a multi-parametric analysis with a combination of apoptotic, GFP-based stress 

reporters and morphological read-outs.

In addition to the improvement of pre-clinical tests, the work in this thesis led to 

the identification of several new toxicity pathways and potential biomarkers. The 

role of A20, the Wnt signalling pathway, mRNA processing, the ER stress and all the 

hits identified in HepG2 cells are candidate regulators of TNF/toxicant synergy in IM-

PTECs. Systematic knock-down of these candidate genes in PTECs using lentiviral-

based knock-downs of the proteins of interests as well as inhibitors of the pathways 

of interest should be performed. Vice versa, the role of XAF1 and RhoA should also be 

investigated in HepG2 cells in a similar way as described for the cisplatin/TNF-α studies 

in PTECs (chapters 4-5). Furthermore, the potential biomarkers identified in HepG2 

cells in chapters 6 and 7 should be further investigated with other hepatotoxicants as 

well as in vivo in order to confirm their sensitivity for the detection of hepatotoxicity. In 

addition, material from patients suffering from drug-induced hepatotoxicity could be 

used in order to establish whether these potential biomarkers are up-regulated. 

In conclusion, the investigation performed in this thesis allowed the identification 

of new, detailed mechanisms involved in drug/TNF-α-induced organ toxicity, the 

development of a new in vitro nephrotoxicity screening system and the identification 

of new potential toxicity biomarkers. 
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