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Rationale 

Lung cancer affects an increasingly large fraction of the Belgian population and remains 

one of the leading causes of cancer-related deaths in both males and females 1. Although 

major advances have been made over the past decades in screening and therapy, lung 

cancer continues to be characterized by a disappointing five-year overall survival rate of 

less than 10%, depending on the lung cancer subtype and tumor stage 2,3 

At present, platinum-based doublet chemotherapy remains the backbone of advanced 

non-small cell lung cancer (NSCLC) therapy, but is often associated with a poor response 

due to therapy resistance, emphasizing the need for new treatment strategies. In the past 

decades, cancer therapy has evolved from general non-specific therapies to targeted 

therapies depending on the genetic background of the tumor. For NSCLC this has lead to 

the use of tyrosine kinase inhibitors like erlotinib, gefitinib or afatinib in the presence of 

EGFR activating mutations or crizotinib in the presence of ALK/ROS1 rearrangements. 

In addition, targeted therapies offer new possibilities for combination strategies with 

conventional therapies to enhance their efficacy.  

In this thesis we focused on the role of the p53 pathway in the response to chemotherapy 

and its value as therapeutic target in combination strategies with DNA-damaging agents 

or agents interacting with the DNA-damage response. The p53 protein plays a crucial role 

as a tumor suppressor by regulating the cellular response to stress signals and functioning 

as ‘the guardian of the genome’ by preventing genome mutations by promoting DNA 

repair or killing the cell. Hence, p53’s normal function is often disturbed in human 

cancers by either inactivating mutations in the TP53 gene, present in over 50% of all 

NSCLC tumors, or overexpression of its main negative regulator MDM2 (murine double 

minute 2 homolog). In addition, the presence of mutant p53 acts as an indicator of worse 

prognosis and reduced response to platinum-based therapies in NSCLC, making it a 

highly relevant therapeutic target 4. After more than 30 years of research, p53 is finally 

making its way into the clinic with newly developed compounds targeting both mutant 

and wild type p53 opening a new therapeutic window, which will be further explored in 

this thesis.  
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Evolution has valued the importance of p53 long before humans unravelled its function, 

since it has supplied one of the largest animals on earth with an abundance of TP53 gene 

copies making elephants apparently cancer resistant, emphasizing its potential therapeutic 

value 5,6. 

Aims and outline of the study 

The general aim of this thesis was to study the effects of therapeutic targeting of the p53 

pathway in non-small cell lung cancer (NSCLC) in combination strategies with 

conventional and targeted therapies. This thesis presents the preclinical data on several 

promising combination strategies and provides strong evidence of the possible underlying 

mechanisms.  

Chapter 2 is a literature review of what is know on current therapeutic strategies, which 

are approved for NSCLC treatment, discussed according to tumor stage and genetic 

background of the tumor. In addition, the function of p53 and MDM2 is discussed, 

particularly focusing on common genetic alterations in both genes and their predictive 

and prognostic values in NSCLC.  

The literature reviewed in chapter 2 shows contradictory results for the exact role of TP53 

variants and MDM2 SNP309/SNP285 in NSCLC. Therefore, we conducted a patient-

based study for these parameters. The patient material was available as formalin-fixed 

paraffin-embedded (FFPE) tissue samples, with goes with the challenge of working with 

low quality RNA and DNA. Chapter 3 was on methodology for obtaining high RNA 

yields of sufficient quality for further downstream processing, and on determining the 

most optimal quantification method for FFPE derived RNA concentrations. 

In chapter 4 the focus was set on the role of MDM2 SNP309/SNP285 in a group of 98 

NSCLC adenocarcinoma patients. The MDM2 genotypes were determined and linked to 

MDM2 mRNA expression levels and MDM2 protein levels taking into account the TP53 

status of the tumor. Finally, these data were correlated with the patient’s 

clinicopathological characteristics to determine the role of MDM2 SNP309/SNP285. The 

goal of this study was to provide more clarity on the exact role of MDM2 genetic 

alterations as a prognostic marker for NSCLC patients, by focusing on subtype and tumor 

stage.   
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Chapter 5 focusses on genetic alterations in the TP53 gene of 97 NSCLC 

adenocarcinoma patients of which the sequence was determined by next generation deep 

sequencing technology. The first objective was to map all TP53 variants, including single 

nucleotide polymorphisms (SNPs) and determine possible associations between common 

SNPs and TP53 mutations. The second objective was to determine the prognostic value 

of these variants, particularly focusing on the adenocarcinoma subtype and tumor stage.  

In the most extensive part of this thesis, an in vitro study was performed in a panel of 

NSCLC cell lines to determine promising therapeutic strategies targeting both wild type 

and mutant p53 in combination with conventional therapies.  

In chapter 6 we focused on wild type p53 by targeting the p53/MDM2 interaction, a 

well-studied target for new drug design leading to the development of, among others, the 

small molecule inhibitor Nutlin-3 7. We combined Nutlin-3 with the commonly used 

chemotherapeutic drug cisplatin (CDDP), a well-known activator of the p53 pathway, in a 

series of NSCLC cell lines with a different p53 background in order to increase the 

cytotoxic response to CDDP and lowering the required dose.   

The following two chapters explore combination strategies targeting mutant p53. The 

TP53 gene is mutated in over 50% of all NSCLC, thereby disturbing its normal function. 

Therefore, treatment with Nutlin-3 to increase p53 protein levels would not be beneficial 

in a p53 mutant background. Recently APR-246 (PRIMA-1Met) was developed, which is 

able to bind mutant p53 and restore its normal conformation and function 9. In chapter 7 

we investigated whether the p53 DNA-damage response can be restored after CDDP 

treatment with APR-246 in a mutant p53 background to overcome this CDDP resistant 

mechanism. In addition, p53 plays an important role in the induction of hypoxia induced 

apoptosis, and hypoxia has been shown to reduce cisplatin sensitivity. The goal of this 

study was to assess the effectiveness of APR-246 treatment under hypoxic conditions and 

its ability to restore hypoxia induced apoptosis and sensitivity to cisplatin.  

Besides reactivation of mutant p53, APR-246 has also been shown to increase 

intracellular ROS (reactive oxygen species) levels, which was further explored in chapter 

8. Importantly, the poly-[ADP-ribose] polymerase-1 (PARP-1) enzyme plays an important 

role in the repair of ROS-induced DNA damage. We hypothesized that by blocking this 
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repair with the PARP-inhibitor AZD2281 (olaparib), DNA damage would accumulate in 

the cell leading to massive apoptosis.  

In chapter 9 the combined inhibition of MDM2 (nutlin-3) and MDMX (XI-011) in a p53 

wild type background was studied. Similar to MDM2, MDMX is an important negative 

regulator of p53. We hypothesised that dual MDM2/MDMX inhibition might result in 

increased p53 induction and subsequently the induction of apoptosis.  

Finally, chapter 10 discusses the results of acquired resistance to nutlin-3 in the A549 

wild type p53 cell line and proposes a possible mechanism and treatment option to 

overcome resistance. 

A final discussion is given in chapter 11, particularly focussing on the translational value 

of this preclinical data and future perspectives.  
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Abstract 

The p53 pathway has been extensively studied for its role in carcinogenesis. Disruption of 

the pathway occurs in more than half of all cancers, often leading to a worse prognosis 

for the patient. In recent years several compounds have been successfully developed to 

target and restore the p53 pathway, either by blocking the MDM2-p53 interaction, 

restoring wild type conformation of mutant p53, or exploiting the presence of mutant p53 

by blocking DNA damage repair pathways. In this review the known data on the role of 

p53 on prognosis and response to commonly used chemotherapeutics in non-small cell 

lung cancer is summarized. The focus is on the presence of genetic alterations in the 

TP53 or MDM2 gene, p53’s main negative regulator. In addition, promising therapeutic 

options will be discussed in relation to specific alterations in the p53 pathway.  
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Introduction 

Lung cancer remains the most commonly diagnosed cancer, and accounts for a staggering 

18% of total cancer deaths worldwide. Although several causes have been demonstrated, 

smoking still remains the major cause for lung cancer (LC) development 1. While major 

advances have been made over the past decades in lung cancer screening and therapy, 

with a shift from more general to targeted treatments dependent on the molecular 

background of individual tumors, lung cancer continues to be characterized by a 

disappointing average 5-year survival of less than 10%, depending on the lung cancer 

subtype and tumor stage 2,3. Lung cancer can be roughly divided into non-small cell lung 

cancers (NSCLC), accounting for > 80% of all lung cancers, and small cell lung cancer 

(SCLC) 4.  Hereafter, we will focus on the NSCLC subtype, as treatment strategies differ. 

Treatment options for NSCLC are mostly dependent on tumor stage, histological subtype 

(squamous vs. non-squamous) and molecular background (Fig. 2.1). Surgery remains the 

treatment of choice for early stages of NSCLC (∼ 20% of LC patients) either or not 

combined with a two-drug combination with cisplatin as adjuvant chemotherapy. The 

non-surgical treatment of choice for stage I NSCLC is stereotactic ablative radiotherapy. 

For patients with locally advanced stage III LC (∼ 30% of LC patients), concurrent 

cisplatin-based regimens with radiotherapy are the preferred treatment option 5. 

The standard first-line therapy for metastatic disease (∼ 50% of LC patients) is a 

platinum-based doublet therapy dependent on the histological subtype (Fig. 2.1).  Adding 

the recombinant humanized monoclonal antibody bevacizumab (Avastin) to 

chemotherapy results in a slightly improved progression free survival (PFS) in non-

squamous NSCLC 6. In addition, the improved molecular characterization of NSCLC has 

led to the development of targeted therapies including epidermal growth factor receptor 

tyrosine-kinase inhibitors (TKI’s) (gefitinib, erlotinib or afatinib) as first-line treatment if 

the tumor harbors EGFR-activating mutations 7-9. NSCLC patients harboring an 

anaplastic lymphoma kinase (ALK) or ROS1 rearrangement can be treated with crizotinib 
10-13. The second-line treatment of NSCLC with TKI’s depends on EGFR/ALK/ROS1 

status. The anti-angiogenic drugs ramucirumab (Cyramza, Food and Drug Administration 

(FDA) approved) and nintedanib (Vargatef, European Medicines Agency (EMA) 
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approved) are approved in combination with docetaxel for the second-line treatment of 

progressed NSCLC patients 14,15. Recently, nivolumab (Opdivo) and pembrolizumab 

(Keytruda), both anti-PD-1 antibodies, have been approved as the first 

immunotherapeutic agents to be used in NSCLC treatment as second-line treatment 

option (squamous/non-squamous) 16-18. A detailed overview of the first- and second-line 

treatment options for NSCLC is presented in figure 2.1.  

The principal therapeutic strategy remains the induction of DNA-damage by either 

chemo- or radiotherapeutic treatment. The p53 protein is strongly involved in the 

cytotoxic response to DNA-damage. Consequently, disruption of p53’s normal function 

could lead to a reduced therapeutic response or overall resistance. In this review we will 

focus on the effect of the p53 function in the response to currently used (chemo)-

therapeutics for the treatment of NSCLC and its role in patient prognosis.  

Figure 2.1: Treatment options for non-small cell lung cancer (NSCLC). SABR: Stereotactic body radiation therapy; 
TKI: tyrosine kinase inhibitor; IHC: immunohistochemistry; FDA: Food and Drug Administration; EMA: European 
Medicines Agency.  
 

P53: safeguarding the cell 

p53 function 
The p53 protein regulates the cellular response to a variety of cellular stress signals by 

inducing cell cycle arrest, senescence and/or apoptosis. In the presence of (therapeutically 

induced) DNA damage, ATM (ataxia-telangiectasia, mutated; double stranded breaks) and 

ATR (ATM and Rad3-related; single stranded breaks) are activated which leads to direct 
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or indirect phosphorylation of p53 (Fig. 2.2) 19. Phosphorylated p53 will form a p53 

tetramer, the active form of p53. This tetramer functions as a transcription factor 20. In 

this way, p53 is able to induce cell cycle arrest, through the induction of among others 

p21 (cyclin-dependent kinase 1/2 inhibitor), giving the cell the time to repair the DNA 

damage. If the damage is too severe, p53 is able to induce apoptosis by the transcription 

off pro-apoptotic target genes PUMA, NOXA and BAX, which will activate the intrinsic 

apoptotic pathway by the release of cytochrome C. In addition, monomeric wild type p53 

can translocate to the mitochondria and interact with anti- and proapoptotic Bcl-2 (B-cell 

lymphoma 2) family members to induce mitochondrial outer membrane permeabilization 

(MOMP), resulting in cytochrome C release and subsequent activation of the caspase 

cascade 21. Finally, p53 is able to regulate the expression of death receptors on the cell 

membrane, thereby activating the extrinsic apoptotic pathway 22. Disruption of p53’s 

normal function will disrupt these crucial cellular responses, which can lead to malignant 

transformation of the cell.  

 
Figure 2.2: The p53 pathway in response to cellular stress signals and therapy. 
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Genetic alterations in the p53 pathway 
In several cancer types the p53 function is deregulated, either directly or indirectly. 

Inactivating mutations of the TP53 gene, which occur in about 50% of all cancers, directly 

affect the p53 function. Overexpression of its main negative regulator MDM2 (murine 

double minute 2 homolog) can indirectly lead to a suppressed p53 function. In addition, 

several known polymorphisms of the TP53 gene alternate p53’s normal function, leading 

not only to an altered response to (chemo) therapy, but also cancer susceptibility. 

TP53 mutations 
TP53 mutations frequently occur in lung cancer and are associated with smoking 23. 

Mutations primarily occur in SCLC (70-80%) and at a lower frequency in NSCLC (50%), 

in which mutations are more frequently found in squamous cell carcinomas than in 

adenocarcinomas 24,25. Both SCLC and squamous NSCLC are most common in smokers, 

which might explain the higher incidence of TP53 mutations in these patient groups 23. 

The mutational hotspots in lung cancer are associated with a high frequency of GC > TA 

transversions, and are mostly located in the DNA binding domain of the TP53 gene 

(exon 5-8). A frequently updated overview of the most common TP53 mutations in lung 

cancer can be found on www.iarc.fr/p53. Inactivating mutations inhibit the normal 

transcriptional activity of p53 and thereby disrupt the capacity of p53 to protect the cell 

from malignant transformation. Since most chemotherapeutics induce DNA-damage and 

consequently activate the p53 protein, mutations in the TP53 gene can negatively affect 

response to this treatment 25-27. Furthermore, TP53 mutations are significantly associated 

with a poor prognosis in lung cancer patients (table 1) 23,28-30.   

TP53 polymorphisms 
In addition to frequent occurring tumor-associated mutations, a fraction of the 

polymorphisms in the TP53 gene are known to have a significant effect on cancer 

susceptibility. More than 90% of the polymorphisms in TP53 occur in non-coding 

sequences, and are generally not presumed to compromise p53’s function 31. The best-

characterized intron TP53 polymorphism is the p53PIN3 (rs17878362), a 16-bp insertion 

in intron 3 of the TP53 gene, and is associated with increased risk of several types of 

cancer, including lung cancer 32-36. This increased risk of developing cancer might be the 

result of reduced amounts of p53 transcripts relative to the wild type variant for this allele 
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as reported by Gemignani et al. 37. Only a few non-synonymous polymorphisms in the 

TP53 coding sequence are known to effect p53’s function. P47S is a rare polymorphism 

in the N-terminal transactivation domain of p53, caused by a C>T base substitution at 

position 1 of codon 47 31. The serine polymorphic variant results in a reduced 

phosphorylation of the Ser46 residue on p53 by p38 MAPK (mitogen-activated protein 

kinase). The reduction of Ser46-P results in a decreased affinity of p53 to pro-apoptotic 

genes like PUMA and P53AIP1 (p53-regulated apoptosis-inducing protein 1), thereby 

reducing the apoptotic response 38. A more common SNP is the R72P polymorphism 

(CGC, encoding arginine (p53-R72) vs. CCC encoding proline (p53-P72)), which has 

been well studied. The p53-R72 variant is associated with an increased expression of p53 

apoptotic target genes and an increased mitochondrial p53 dependent apoptotic response 

and is therefore more potent for inducing apoptosis than its p53-P72 variant 39. The role 

of the R72P polymorphism in the risk of lung cancer development is contradictory, hence 

larger studies are required 31.  

MDM2 overexpression 
The p53 protein is a principle mediator in many physiological processes; therefore it is 

important that p53 levels in the cell are tightly regulated. In normal unstressed cells, p53 is 

a very unstable protein present at low cellular levels, owing to continuous degradation 

largely mediated by MDM2. Conversely, a hallmark of many cellular stress pathways such 

as DNA damage is the rapid stabilization of p53 via a block of its degradation. During the 

past decade, MDM2 has emerged as the principal cellular antagonist of p53 by limiting 

the p53 tumor suppressor function.  MDM2 itself is the product of a p53-inducible gene 

linking these two molecules to each other through an autoregulatory negative feedback 

loop 40.  

MDM2 binds the N-terminal domain of p53, thereby inhibiting p53’s transcriptional 

activity and exporting p53 from the nucleus into the cytoplasm 41. In addition, MDM2 

acts as an E3-ubiquitin ligase for p53 through its RING-finger domain, which leads to its 

proteasomal degradation 40 (Fig. 2.2). However, in the presence of DNA damage the 

function of MDM2 is altered via several mechanisms. Negative regulators such as 

p14ARF or ribosomal proteins (L5, L11 and L23), auto-ubiquitination or phosphorylation 

by DNA damage induced kinases (eg. ATM), inhibit MDM2’s function leading to a rapid 
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stabilization of p53 42.  Moreover, p53 mRNA is able to bind MDM2, thereby impairing 

the E3 ligase activity of MDM2 and promoting p53 mRNA translation 43. Several tumors 

retain wild type p53 and must therefore suppress its functions through alternative 

mechanisms. One such mechanism is the overexpression of MDM2, thereby reducing 

wild type p53 levels in the cell and blocking p53 transcriptional activity. MDM2 

overexpression can be caused by either MDM2 gene amplification or the presence of 

SNP309T>G (rs2279744) in the promoter region of MDM2, which increases the binding 

affinity for the SP1 (specificity protein 1) transcription factor resulting in increased 

transcription. SNP309 is associated with increased cancer risk 44,45.  MDM2 gene 

amplification occurs in <10% of lung cancer patients, but only one study reported a 

worse outcome and more aggressive behavior, while others mainly focus on the role of 

MDM2 overexpression occurring in approximately 25% of NSCLC patients 46-49. The 

data on the role of SNP309 in overall tumor risk is strongly conflicting due to a difference 

related to ethnicity as most studies show a positive association between the SNP309 

genotype and tumor risk in Asians but not in Europeans. This difference in ancestry 

might be the result of the presence of SNP285G>C (rs117039649), of which the C-allele 

seems to antagonize the effect of SNP309G by reducing the binding affinity of the Sp1 

transcription factor to the MDM2 promoter, resulting in a distinct SNP285C/309G 

haplotype 50,51. This haplotype only seems to occur in approximately 11% of the 

Caucasian population, but not in Asians, thereby influencing the role of the SNP309G 

genotype in an ethnical dependent manner. 

Despite a correction for the presence of SNP285C in lung cancer patients, the SNP309G 

allele was not associated with increased lung cancer risk or poorer survival and was even 

found to reduce the risk for lung cancer in individuals harboring the SNP309TG 

genotype in some studies 50,52,53. Again, contradictory data are published by others stating 

that the SNP309G genotype may increase the risk of lung cancer, especially in women 54-

56, possibly due to the presence of estrogen, which is know to regulate MDM2 expression 

levels and increase the risk of cancer development in SNP309 GG positive female 

patients 50,57. Clearly, data on the exact role of MDM2 SNP’s can be conflicting due to 

gender and ancestry differences.  
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The prognostic role of TP53 mutations, TP53 
polymorphisms (Arg72PRO) and MDM2 SNP309 in 
NSCLC. 

The p53 pathway plays an important role in protecting the cell against malignant 

transformation; therefore, disturbance of its normal function might influence the 

prognosis of patients harboring a genetic alteration in the p53 pathway. We searched 

PubMed for articles on the effect of TP53 mutations, TP53 polymorphisms or MDM2 

SNP309T/G on overall survival (OS) and/or progression free survival (PFS) in NSCLC 

starting from 2000 and summarized the data in table 1-3.  
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TP53 mutations 
In all studies combined represented in table 1 a TP53 mutation occurred in approximately 

42% of all patients. Generally, the presence of TP53 mutations resulted in a worse 

prognosis with a shorter OS, although two studies with the largest patient population did 

not detect any noticeable effect on OS 58,59. These studies did not categorize by tumor 

stage or subtype. Conversely, one study compared both squamous cell carcinoma (SCC) 

patients and adenocarcinoma (ACC) patients. In the latter, TP53 mutant patients showed 

a worse OS compared to wild type patients and a significant decrease in lung cancer 

related survival, which was not observed in SCC 60. Steel et al. 29 and Mitsudomi et al. 28 

found similar results after a meta-analysis of data published prior to the year 2000 (data 

not shown in table 1). Two studies focused on tumor stage and showed a significant 

worse OS in stage I NSCLC patients, but not in stage II and III patients 30,61. Both studies 

included patients that did not receive preoperative therapy, but further therapeutic data 

was not taken into account. Differences in adjuvant therapy between stage I and stage 

II/III patients could have an impact on the role of TP53 mutations on overall survival 

and should therefore be included in these studies. No significant effect on PFS was 

observed. The data summarized in table 1 indicates that the presence of a TP53 mutation 

acts as an indicator of worse prognosis in a subgroup of NSCLC patients, particularly in 

ACC and stage I patients.  

TP53 polymorphisms 
We only found data on the most commonly studied TP53 Arg72Pro polymorphism. In all 

studies combined represented in table 2, about 42% of the patients harbored the Arg/Arg 

variant, 44% the Arg/Pro variant and 13% the Pro/Pro variant. Homozygote carriers of 

the Pro allele clearly showed a worse OS compared to homozygote carriers of the Arg 

allele, while heterozygotes showed an intermediate OS.  One study compared specifically 

different tumor stages indicating a worse OS in stage I patients, which were carrier of at 

least one Pro-allele, while the same allele seemed to increase OS in stage II-III patients 61. 

Only one study showed a similar better OS for patients harboring the Pro/Pro variant in 

later stages III-IV 62. All studies but one showed a significant worse PFS for patients 

harboring the Pro/Pro variant. In general, patients carrying the Pro/Pro variant seemed 
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to be characterized by a worse OS and PFS, but larger studies are needed, particularly 

focusing on tumor stage.  

MDM2 SNP309T/G 
The G-allele of SNP309 was commonly present in the overall lung cancer patient 

population. In the studies summarized in table 3 about 27% of patients harbored the TT 

variant, 47% the GT variant and 26% the GG variant. As for the prognostic role of the 

G-allele, the results are strongly contradictory. Two studies showed a significant beneficial 

effect of the GG variant on OS 63,64, while two other studies indicated a worse OS for 

patients carrying the GG variant 65,66. Conversely, one study revealed no significant effect 

on OS for any SNP309 variant 67. Chien et al. further characterized the role of SNP309 by 

subdividing the patients by stage and TP53 mutational status. Their results indicated that 

the significant beneficial role of the GG variant was only present in stage I patients, and 

particularly in TP53 wild type patients 64.  Heist et al. also found a beneficial role 

(although not significant) for the GG variant in the early stage IA subgroup, but a 

significant worse OS in the stage IB-II subgroup. In addition, it was shown that the effect 

on OS was only present in the squamous cell carcinoma subgroup but not the 

adenocarcinoma subgroup 65. Recently, Kong et al. 68 performed a meta-analysis on the 

studies summarized in table 3 and observed a significant association of the MDM2 

T309G polymorphism with poor OS (TT vs. GT: HR = 1.22, 95% CI: 1.01-1.43, p < 

0.001; TT vs. GG: HR = 1.31, 95% CI: 1.04 -1.59, p < 0.001; TT vs. GT + GG: HR = 

1.44, 95% CI: 1.13-1.76, p <0.001; respectively) and PFS (TT vs. GT+GG: HR = 1.26, 

95% CI: 0.82 -1.69, p < 0.001). This study favors the beneficial role of the G-allele for 

patient prognosis, corresponding with the results from the two largest studies discussed 

above. Interestingly, these results are incompatible with the theory that the G-allele 

increases MDM2 transcription, thereby inhibiting p53 and accelerating tumor formation.  

Currently, no consistent conclusion can be drawn from the available studies to date. 

Further research may provide clarity on this topic, emphasizing the importance of 

characterizing subgroups of patients (either by stage, tumor type or ethnical background) 

to determine the true prognostic role of SNP309 in NSCLC. 
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The predictive role of TP53 mutations, TP53 
polymorphisms (Arg72PRO) and MDM2 SNP309 on 
therapy response. 

Non-small cell lung cancer treatment is mostly based on the induction of DNA damage 

(platinum doublet therapy) and therefore at least partly functions through the activation 

of p53. Disruption of p53’s normal function might consequently result in a reduced 

cytotoxic response to DNA damaging agents. An overview of the limited data concerning 

the predictive role of genetic alterations in TP53 and MDM2 is shown in table 4. 

TP53 mutations 
TP53 mutations seem to negatively influence the response to cisplatin doublet therapy as 

a significant better OS and response rate (RR) was observed in TP53 wild type patients 

compared to TP53 mutant patients (table 4) 58,59,69. No difference in OS was observed 

between TP53 wild type and TP53 mutant patients treated with carboplatin doublet 

therapy, emphasizing that this was only one study on a limited number of patients 70. 

Despite the limited data, the cytotoxic response to cisplatin seems to be significantly 

influenced by the TP53 status, for which a worse OS, DFS (disease free survival) and RR 

characterizes TP53 mutant patients, compared to TP53 wild type patients.  

TP53 polymorphism 
No comparable data was available on the predictive role for the p53 Arg72Pro 

polymorphisms. Han et al. 66 reported that the Pro/Pro variant negatively influenced the 

response rate to cisplatin/irinotecan therapy, while a chemo-sensitizing effect was 

observed for general platinum based doublet chemotherapy in both adenocarcinoma’s 

and squamous cell carcinomas by Shiraishi et al. 62. However, the latter did not 

characterize the predictive effect of the polymorphism specifically by type of cytotoxic 

agent used, thereby limiting the predictive value.  
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MDM2 SNP309 
To the best of our knowledge, only one study reported the predictive role of MDM2 

SNP309, indicating a tendency for a lower RR to cisplatin/irinotecan and to 

gemcitabine/vinorelbine therapy for the patients carrying the G-allel 66, but the effect did 

not reach statistical significance.  
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Current p53 targeting therapeutic options  

The data reviewed in this article indicates that the presence of TP53 inhibiting mutations 

negatively influences prognosis of selected subgroups of NSCLC patients. In addition, 

TP53 mutations reduce the response to cisplatin-based therapy, and possibly other DNA 

damaging agents. Consequently, compounds restoring normal p53 function might not 

only prove to be beneficial as monotherapy, but also in combination therapy with 

commonly used therapeutics like cisplatin. One such compound, currently in clinical trial 

(NCT00900614; NCT02098343), is APR-246 (PRIMA-1MET) that is able to bind mutant 

p53 and restore its normal conformation and function. APR-246 has shown to efficiently 

inhibit the growth of mutant TP53 SCLC cells and induce apoptosis 71. In addition, 

Bykov et al. 72 detected a synergistic effect when combining APR-246 with cisplatin in 

TP53 mutant NSCLC cell lines. Recently, Mohell et al. demonstrated a similar synergism 

in a large panel of both NSCLC and SCLC cancers cell lines with different TP53 

mutations, indicating the wide applicability of this compound 73.  

Alternatively, the presence of dysfunctional p53 can be exploited through the process of 

synthetic lethality by targeting such tumors with drugs designed to inhibit DNA damage 

response/repair pathways in combination with DNA damaging agents. The presence of 

mutant p53 is characterized by a defective G1 checkpoint, thereby disrupting DNA 

repair mechanisms (non-homologues end joining) in the early part of the cell cycle. This 

results in the accumulation of DNA damage as the cell proceeds to the G2/M 

checkpoint in which the DNA damage can still be restored by alternative repair 

mechanism like homologues recombination (HRR). Inhibition of checkpoint kinase 1 or 

WEE1, which regulate the cell cycle in response to DNA damage, disturbs both HRR 

and the G2 checkpoint leading to further accumulation of DNA damage and eventually 

mitotic catastrophe and cell death 74,75. Currently several CHK1 (eg. MK8776) or Wee1 

(eg. MK1775) inhibitors are in clinical development and are mostly studied in 

combination therapies for which a better response is often observed in a p53 mutant 

background 75. 

Finally, the prognostic role of the MDM2 SNP309 in NSCLC is contradictory, and data 

on the predictive value is limited suggesting a slightly negative effect on cisplatin 
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response. Therefore, the potential of MDM2 SNP309 as prognostic and predictive 

biomarker is discussable. The G-allele should result in increased transcription of MDM2, 

and consequently higher levels of the MDM2 protein, reducing the p53 levels in the cell, 

but this is not always observed in patients. If MDM2 overexpression occurs, several 

compounds have been developed which can block the interaction between MDM2 and 

p53 like RITA (reactivation of p53 and induction of tumor cell apoptosis; binds the 

MDM2 binding site on p53) or Nutlin-3 (binds the p53 binding site on MDM2) 76,77. 

Currently, several Nutlin-3 analogues like RG7112 or the next generation MDM2 

antagonist RG7388 are in clinical trial as monotherapy or in combination strategies, 

mostly in MDM2 overexpressing tumors (eg. Sarcomas) 78-81.   

Recently, Hai et al. demonstrated the relevance of inhibiting the MDM2-p53 interaction 

in patient derived xenograft NSCLC tumor models, resulting in tumor growth 

suppression in wild-type p53 tumors after treatment with RG7388 82.	 In addition, several 

in vitro combination strategies with MDM2 inhibitors have been extensively studied 79. 

Our group recently showed that the combination of Nutlin-3 with cisplatin resulted in a 

strong, wild type p53 dependent synergistic effect leading to the induction of apoptosis 

and cell cycle arrest in a panel of NSCLC cell lines 83. The SNP309 status would not be a 

sufficient predictive marker for similar therapeutic combinations, as it is not always 

correlated with increased expression of the MDM2 protein and MDM2 overexpression is 

not a necessity for an efficient combinatory effect.  

Conclusion 

The data collected in this review clearly shows the potential of selected genetic alterations 

in the p53 pathway as biomarkers for NSCLC prognosis, and as predictive markers for 

the treatment with DNA damaging agents. More specifically, the presence of TP53 

inactivating mutations and the Pro variant of the Arg72Pro polymorphism induced a 

worse OS and PFS and reduced the response to cisplatin based therapies in NSCLC, 

while the role of MDM2 SNP309 is not clear.  

More than 35 years after its discovery, p53 is making its way to the clinic as several newly 

developed compounds, targeting both mutant and wild type p53, are being tested in an 

increasing number of clinical trials. These compounds show the most potential in 
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combination strategies in which an additional activating trigger of the p53 pathway often 

leads to the induction of a synergistic cytotoxic effect or inhibition of resistance 

mechanisms to commonly used therapeutics. These data form a good basis for further 

research on new combination strategies and dosing regimes in which the p53 pathway is 

the point of focus.  
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Abstract 

Background: Formalin-fixed paraffin-embedded (FFPE) tissue is the most readily available 

source of RNA for gene expression studies. The main disadvantage is the poor quality of 

isolated RNA. Our group recently compared five commercially available RNA isolation 

kits and concluded that the RNeasy FFPE kit from Qiagen was the most appropriate one. 

However, this kit has been discontinued and replaced by a new version. In this study both 

kits were compared as well as spectrophotometric and fluorometric analysis for 

quantification of RNA samples extracted from FFPE tissue. 

Methods: Both RNeasy FFPE kits were compared for total RNA and DNA yields, purity 

and raw cycle threshold. Quantity and quality of the isolated RNA was measured using 

the NanoDrop ND-1000 spectrophotometer and Qubit 2.0 fluorometer. 

Results: The average concentration of RNA extracted from FFPE tissue measured with 

the NanoDrop was 32.0 ± 9.5 percent higher than the concentration measured with the 

Qubit. When measuring an RNA sample extracted from a cell line, the concentration 

measured with both methods was similar. When comparing both RNeasy FFPE kits, 

marginal differences were observed for total RNA yield, purity and raw cycle threshold. 

However, the residual DNA in samples isolated with the old kit was higher than in 

samples isolated with the new kit. 

Conclusion: Fluorometric analysis is more suitable for quantification of RNA samples 

extracted from FFPE tissue, than spectrophotometric analysis. For RNA isolation from 

FFPE tissue, both old and new RNeasy FFPE kits were adequate. The new kit resulted in 

more efficient DNA removal. 
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Introduction 

RNA-based techniques, such as quantitative reverse transcriptase-polymerase chain 

reaction (qRT-PCR) and microarray are increasingly used in cancer research. However, 

the most common tissue specimen widely available where long-term clinical follow-up is 

on hand is formalin-fixed paraffin-embedded (FFPE) tissue. As a result, FFPE material is 

a valuable source of well-documented tissue specimens, especially for cancer research 1-3. 

Whereas formalin fixation preserves the integrity of the tissue (in essence tissue 

architecture and existing proteins), its main limitation is the significant reduction in the 

quality and quantity of the isolated RNA 3-6. 

Therefore, we previously compared five commercially available kits for isolation of RNA 

from FFPE tissue 7. For each kit, the final concentration, purity, integrity, and raw cycle 

threshold values were determined from a series of FFPE tissue samples. Based on this 

study, the RNeasy FFPE kit from Qiagen seemed to be the most appropriate kit for 

manual isolation of RNA from FFPE samples. However, in 2011, Qiagen produced a 

new RNeasy FFPE kit (#73504) to replace the older RNeasy FFPE kit (#74404) used in 

our previous study 7. The main difference between the two kits is the method used for 

elimination of DNA from the sample. The older RNeasy FFPE kit uses a gDNA 

Eliminator spin column that binds DNA and separates it from the sample. The new kit 

uses DNase I to eliminate DNA from the sample. The remaining steps in the protocol of 

both kits remained unchanged. In order to determine the quality of the new kit, both kits 

were compared in final RNA concentration, residual DNA concentration, purity, and raw 

cycle threshold of the isolated samples in this study.  

Supplementary, this study compared two methods for the quantification of RNA samples 

derived from FFPE tissue. If the extracted RNA is used for gene expression studies, it is 

essential that the RNA concentration in the sample is measured accurately. A commonly 

used method is quantification by spectrophotometric analysis, based on the fact that 

nucleic acids are able to selectively absorb light at the wavelength of 260 nm, which is a 

measure for their concentration in the sample. This method is performed in a 

spectrophotometer that emits UV-light. Using this method, both RNA and DNA 

concentrations are measured simultaneously. Although RNA isolation protocols contain a 
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DNA removal step, residual DNA will be left in the sample leading to an overestimation 

of the actual RNA concentration. RNA samples isolated from FFPE tissue can also 

contain contaminants that absorb UV light around 260 nm, leading to an additional 

overestimation of the RNA concentration in the sample. However, in a fluorometric 

quantification method, fluorescent dyes are used which bind specifically to DNA or 

RNA, without the interference of residual contaminants. Therefore, both DNA and RNA 

concentrations can be measured accurately in the same sample. DNA and RNA specific 

assay kits are available for fluorometric analysis.  

In this study, spectrophotometric and fluorometric quantification methods were 

compared using the NanoDrop ND-1000 spectrophotometer (Isogen, Sint-Pieters-

Leeuw, Belgium) and the Qubit® 2.0 fluorometer (Invitrogen, Merelbeke, Belgium), 

respectively. The two methods were used on RNA samples extracted from FFPE tissue 

and RNA samples extracted from a cell line. After determining the optimal quantification 

method, both RNeasy FFPE kits from Qiagen were compared using FFPE tissue 

samples.  

Materials and Methods  

Comparison of spectrophotometric and fluorometric RNA 
quantification 
For this part of the study, FFPE sections from four patients diagnosed with colorectal 

cancer, who underwent surgery at the Antwerp University Hospital, were used. The 

samples were obtained according to the regulations of the Ethics Committee of the 

Antwerp University Hospital. From each tumor, RNA was isolated from one, two and 

three paraffin sections (10 µm thick) to create a variation in RNA concentration. The 

isolation from the in total twelve samples was done using the RNeasy FFPE isolation kit 

#74404 (Qiagen, Venlo, The Netherlands). The RNA extraction was carried out in an 

RNase-free environment. 

The concentration of the extracted RNA was measured with both the NanoDrop ND-

1000 spectrophotometer (Isogen, Sint-Pieters-Leeuw, Belgium) and the Qubit® 2.0 

fluorometer (Invitrogen, Merelbeke, Belgium). 
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To determine if the possible difference in concentration is due to the FFPE background 

of the sample, RNA isolated from the A549 cancer cell line using the RNeasy mini kit 

(Qiagen, Venlo, The Netherlands) was serially diluted and measured with both 

quantification methods. 

To determine the correct quantification method for FFPE RNA samples, a sample of 

RNA derived from an FFPE colorectal tumor sample was serially diluted and measured 

with both quantification methods. A correct association between the concentration 

measured, and the dilution resembles the right quantification of the diluted sample. 

RNA isolation 
For this study FFPE sections were used from ten patients who underwent surgery at the 

Antwerp University Hospital, obtained according to the regulations of the Ethics 

Committee of the Antwerp University Hospital. Tissue specimens from different organ 

types were used, including colon, kidney and stomach samples. Depending on the size of 

the tissue sample, one or two paraffin sections (10 µm thick) were used for the isolation 

of RNA. The sections were cut and immediately placed in a 1.5 ml tube, in duplicate for 

each sample. The samples were then isolated using the RNeasy FFPE isolation kit 

#74404 and the RNeasy FFPE isolation kit #73504. RNA isolation was carried out in an 

RNase-free environment. Deparaffinization was done in tandem for the two isolation kits. 

Next, the DNA removal step was performed separately, because of the difference in 

protocol between both kits. After DNA removal, the isolation was continued in tandem, 

according to the manufacturer’s protocol. For the elution of RNA from the column, 25 µl 

of RNase-free water was used, resulting in an elution volume of approximately 23 µl. 

RNA/DNA concentration and purity  

The concentration of the isolated RNA was measured with the Qubit® RNA BR assay 

(Invitrogen, Merelbeke, Belgium) for the Qubit® 2.0 fluorometer. 

The purity (A260/280 ratio and A260/230 ratio) was measured with the NanoDrop ND-1000 

spectrophotometer.  
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DNA concentration was measured with the Qubit® dsDNA BR assay (Invitrogen, 

Merelbeke, Belgium) for the Qubit® 2.0 fluorometer in order to compare DNA removal 

between both kits.  

qRT-PCR 
Depending on the yield of RNA extraction, one or two micrograms of total RNA 

extracted from FFPE tissue was reverse transcribed using SuperScript II Reverse 

Transcriptase (Invitrogen, Merelbeke, Belgium) with minor modifications to the 

manufacturer’s protocol 7. Next, qRT-PCR was carried out with 20 ng of cDNA using the 

qPCR MasterMix Plus (Eurogentec, Seraing, Belgium) and the TaqMan gene expression 

assay for hydroxymethylbilane synthase (HMBS) (Hs00609297_m1, 64bp, Applied 

Biosystems, Lennik, Belgium). All samples were run in triplicate on an ABI PRISM 7000 

SDS (Applied Biosystems, Lennik, Belgium). PCR cycling and data analysis was 

performed as previously described 7. 

Results 

Comparison of spectrophotometric and fluorometric RNA 
quantification 
To determine a possible difference between spectrophotometric and fluorometric 

quantification of RNA samples derived from FFPE embedded tissue, twelve samples 

were measured with both quantification methods. Figure 3.1 clearly demonstrates that, for 

a same sample, the concentration measured with the NanoDrop ND-1000 is higher than 

the concentration measured using the Qubit 2.0. On average, the NanoDrop measures a 

concentration that is 32.03 ± 9.54 percent higher than the Qubit 2.0. Table 3.1 gives an 

overview of the highest, lowest and total concentration, marked with the percentual 

difference between both quantification methods. 
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Figure 3.1. Comparison of the RNA concentrations measured with fluorometric and spectrophotometric 
analysis. A total of twelve formalin-fixed paraffin-embedded samples derived from four patients were measured 
using the NanoDrop ND-1000 spectrophotometer and the Qubit 2.0 fluorometer. The graph shows the measured 
concentrations in ng/µl for both quantification methods. 
 
Table 3.1: RNA concentrations measured with fluorometric and spectrophotometric analysis.  

 

To determine if the difference is due to the FFPE background, the concentration of a 

dilution series of an RNA sample extracted from a cell line was measured with both 

methods (figure 3.2). On average, the concentration measured with the NanoDrop was 

6.7 ± 6.8 percent higher than measured with the Qubit 2.0. This marginal difference in 

concentration shows that the quantification of RNA derived from a cell line is 

approximately equal for both quantification methods.  
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Figure 3.2. Concentration of a serial dilution from RNA 
isolated from a cell line. Each dilution is measured with both the 
NanoDrop ND-1000 and Qubit 2.0 in order to compare both 
methods.  

Finally, a serial dilution of RNA extracted from FFPE tissue was measured with both 

quantification methods. When a sample is diluted in water, the FFPE background that 

interferes with the spectrophotometric measurement is also diluted. Figure 3.3 clearly 

shows that the measurements of the undiluted and two times diluted sample differed in 

concentration. When the sample got diluted further, the difference in concentration 

became negligible.  

  
Figure 3.3. Concentration of a serial dilution from RNA 
isolated from formalin-fixed paraffin-emedded tissue. Each 
dilution is measured with both the NanoDrop ND-1000 and Qubit 
2.0 in order to compare both methods.  

RNA/DNA concentration and purity 
Table 3.2 shows that the difference in RNA yield between the two Qiagen RNA isolation 

kits was limited. The mean total amount of RNA isolated with the old #74404 kit was 
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slightly higher than the mean total amount of RNA isolated with the new #73504 kit 

(46110.4 ng vs. 44868.4 ng, respectively).  

Table 3.2: Total extracted RNA and DNA with the Qiagen #74404 and #73504 FFPE RNA isolation kit.  

 

The purity of the samples isolated with the old and new Qiagen kit is shown in figure 3.4. 

The mean A260/280 ratio for the samples isolated with the two different kits was identical, 

namely 1.93 ± 0.06. The mean A260/230 ratio differed marginally between both kits, 

namely 1.89 ± 0.13 and 1.87 ± 0.14 for the old and new kit respectively. 

Table 3.2 shows a difference in the residual DNA yields between the two kits. The mean 

total amount of DNA that remained in the samples after RNA isolation with the Qiagen 

#74404 kit was 1799.5 ng while the remaining DNA concentration after isolation with the 

Qiagen #73504 was 958.4 ng.  

 
Figure 3.4. Expression levels of samples isolated with the old 
and new RNeasy FFPE kit. The expression levels are described 
in raw Ct values obtained by qRT-PCR; comparison of the 
summary statistics of raw Ct values.  
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qRT-PCR 
From four samples, 2 µg of isolated RNA was used for reverse transcription. From four 

other samples, only 1 µg of isolated RNA was used for reverse transcription, due to lower 

RNA yields after extraction. In total, eight samples were used for qRT-PCR. Because each 

sample was isolated with the two different RNeasy FFPE kits, a total of sixteen samples 

were used for qRT-PCR, with each sample ran in triplicate. The mean Ct values obtained 

from samples isolated with the #73504 kit ranged from 28.83 to 33.30 with an average Ct 

value of 30.74 ± 1.54. The mean Ct values from samples isolated with the #74404 kit 

ranged from 29.19 to 33.03 with an average Ct value of 30.83 ± 1.42. As shown in figure 

3.5, only minor differences between the Ct values could be noted when comparing the 

two Qiagen RNA isolation kits. 

  
Figure 3.5. Expression levels of samples isolated with 
the old and new RNeasy FFPE kit. The expression levels 
are described in raw Ct values obtained by qRT-PCR; 
comparison of the summary statistics of raw Ct values.  

Discussion 

Gene expression studies are an important tool in cancer research, but require high-quality 

RNA, preferably from frozen tissue samples. However, the most commonly available 

tissue samples are FFPE specimens 8. The main limitation of FFPE tissue is the 

significant reduction in the quality and quantity of isolated RNA 1-3,5. Therefore, the 

extraction of RNA from FFPE tissue forms the basis of a successful gene expression 

study. We previously compared five commercially available RNA isolation kits and 

determined that the RNeasy FFPE kit (#74404) from Qiagen yielded the highest amount 

of amplifiable RNA from FFPE tissue 7. In 2011, Qiagen produced a new RNeasy FFPE 

kit (#73504) with the intention of replacing the RNeasy FFPE kit that was tested in our 
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previous study 7. The main difference is found in the way DNA is removed from the 

sample. The older kit makes use of a gDNA Eliminator column, while the new kit makes 

use of DNase I. In this study, both RNeasy FFPE kits were compared for total 

concentration of the isolated RNA, residual DNA concentration, purity and raw cycle 

threshold values.  

Initially, spectrophotometric analysis was used for the quantification of total RNA 

concentration. Every sample was measured in triplicate and this resulted in a high 

variation of the concentrations measured in the individual samples. We also observed 

relatively high Ct values after qRT-PCR analysis, which could be the result of inaccurate 

quantification of the RNA concentration. Due to the low quality of RNA isolated from 

FFPE tissue, higher Ct values were expected. Our results are in accordance with the 

literature, since Antonov et al. 9 found Ct values that were on average six cycles higher 

when using RNA from FFPE tissue in comparison with RNA isolated from fresh tissue. 

In addition, Li et al. 10 reported an increase in Ct value of two to eleven cycles. Although 

normalization of Ct values using several reference genes can compensate for the variation 

in input concentration 9, it is advisable to start with an accurate input concentration. 

Therefore, we compared spectrophotometric analysis using the NanoDrop ND-1000 with 

fluorometric analysis using the Qubit® 2.0. A total of twelve RNA samples derived from 

FFPE tissue were measured with both methods. On average, the concentration measured 

with the NanoDrop was 32.0 ± 9.5 percent higher than the concentration measured with 

the Qubit 2.0. To determine if this difference was the result of the FFPE background of 

the samples, RNA isolated from a cell line was serially diluted and measured with both 

quantification methods. Only a marginal difference was observed, indicating that both 

methods are suitable for the quantification of the RNA concentration in samples derived 

from non-FFPE tissue. Consequently, the overestimation of the RNA concentration in 

FFPE samples using the NanoDrop is most likely due to the FFPE background. When an 

FFPE RNA sample is diluted, the FFPE background that interferes with the 

spectrophotometric analysis should also be diluted. This was clearly observed when a 

serial dilution of an FFPE RNA sample was measured with both methods. When the 

sample was further diluted, the difference in concentration that was observed between 

both quantification methods disappeared. The concentration measured with the Qubit 2.0 
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was in proportion with the concentration values expected when diluting the sample. 

Therefore, fluorometric analysis leads to an accurate measurement of the RNA 

concentration in FFPE samples, whilst spectrophotometric analysis leads to an 

overestimation of the concentration. This might be the result of residual contaminants in 

RNA samples extracted from FFPE tissue that interfere with the spectrophotometric 

analysis and the use of fluorescent dyes that specifically bind to RNA molecules in 

fluorometric analysis.  

To compare RNA yields between the two RNeasy FFPE kits, we used one or two FFPE 

sections depending on the size of the tissue sample. A small difference in final 

concentration and total RNA yield was observed. The older kit resulted in a slightly 

higher concentration and total RNA yield. The purity of the samples was assessed by 

determining the A260/280 ratio and A260/230 ratio. An A260/280 ratio > 1.8 is considered as 

suitable for gene expression studies 11,12 and an A260/230  ranging between 2.0 – 2.2 is 

considered as pure RNA. Both RNeasy kits resulted in an excellent purity with little 

variation of the A260/280 and A260/230 ratios. Based on the purity and quantity of the 

isolated RNA using both kits, all samples were suitable for further analysis with qRT-

PCR. In our previous study, the Qiagen kit obtained the highest amount of appropriate 

FFPE RNA samples in comparison with the other commercially available kits 7. This is 

also reflected in the present study. From two samples, an insufficient volume was 

available for RT-PCR. Therefore, eight samples, isolated with both kits, were used for 

qRT-PCR analysis. As expected when working with RNA isolated from FFPE tissue, 

qRT-PCR resulted in relatively high Ct values with an average of 30.83 ± 1.42 and 30.74 

± 1.54 for the old and new RNeasy FFPE kit, respectively, showing only minor 

differences in Ct values between the two kits.  

As described before, the main difference between the two kits is found in the DNA 

removal step. This difference is also shown in the comparison of the residual DNA yield 

in the samples isolated with both kits. Removal of DNA using DNase I is clearly more 

efficient than using the gDNA Eliminator spin column. 

Both kits are comparable when looking at the total RNA yield, purity and raw Ct values. 

The only difference observed is in the residual DNA concentration in the samples. When 

using exon flanking or exon spanning primers for qRT-PCR, this difference will have no 
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significant effect on the gene expression study. When such primers are not used, residual 

DNA can be co-amplified and influence the results. Therefore, the use of DNase I in the 

new RNeasy FFPE kit can prove to be an advantage. Although both kits result in RNA 

samples of acceptable quality, it is important that normalization of the raw data is used to 

eliminate or at least reduce the effect of poorer quality of starting RNA and variation in 

input concentration 9,13. To improve the high Ct values due to low quality or fragmented 

RNA isolated from FFPE tissue, the cDNA input can be increased and higher 

concentrations of random primers can be used 14. In order to increase the amount of 

cDNA when only small amounts of RNA are available a preliminary cDNA amplification 

step can be used. With this, a small amount of cDNA is amplified without significantly 

distorting relative mRNA levels, which is critical for gene expression studies 15,16. 

Conclusion 

This study shows that the use of spectrophometric analysis is less suitable for the 

measurement of RNA concentration in samples derived from FFPE tissue. Fluorometric 

quantification, however, results in an accurate measurement of the RNA concentration. 

Both RNeasy FFPE kits result in RNA samples of similar concentration and purity, which 

lead to comparable raw cycle threshold values. The only difference observed was a higher 

residual DNA concentration when using the older RNeasy FFPE kit, suggesting that the 

new kit is a potential improvement. 
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Abstract 

In this chapter we focused on the role of MDM2 SNP309 and MDM2 SNP285, taking 

into account the TP53 mutational status, in association with clinical and pathological 

parameters in a cohort of non-small cell lung cancer patients. In addition, the predictive 

value on overall survival and progression free survival was determined.   
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Introduction 

The murine double minute 2 (MDM2) protein is the principal cellular regulator of the p53 

protein through a tightly regulated negative feedback loop 1. MDM2 is the product of a 

p53 inducible gene and acts as an E3-ubiquitin ligase for p53, thereby targeting the 

protein for proteasomal degradation. In addition, MDM2 is able to bind p53, leading to 

the inhibition of its transcriptional activity and to its translocation from the nucleus into 

the cytoplasm 2. Moreover, p53 mRNA is able to bind MDM2, thereby impairing the E3 

ligase activity of MDM2 and promoting translation by stabilizing p53 mRNA levels in 

response to genotoxic stress 3,4.  

MDM2 can exert its role as an oncoprotein through overexpression induced by MDM2 

gene amplification or through the presence of a single nucleotide polymorphism 

(SNP309T>G, rs2279744) located within the MDM2 P2 promoter region. This 

polymorphism has been shown to increase the binding affinity for the SP1 (specificity 

protein 1) transcription factor, resulting in increased MDM2 expression and thereby 

reducing wild type p53 levels and blocking p53’s transcriptional activity 5. As reviewed 

previously, the role of SNP309 has been studied extensively in the context of cancer risk, 

resulting in conflicting data, which can partially be explained by gender and ethnicity 

differences 6.  

More recently, Knappskog et al. reported a second polymorphism (SNP285G>C; 

rs117039649) in the same MDM2 promoter region, situated 24 bps upstream of SNP309 
7. SNP285 has a lower prevalence than SNP309 and is primarily observed in Caucasians 
7,8. The SNP285C allele is in linkage disequilibrium with the SNP309G allele, resulting in a 

distinct SNP309G/SNP285C haplotype 9,10. The SNP285C allele seems to antagonize the 

effect of the SNP309G allele by reducing the binding affinity of the SP1 transcription 

factor to the MDM2 promoter region 7. Again, the presence of this SNP is mostly studied 

for its role in cancer risk and has been associated with a reduced risk of ovarian, breast 

and endometrial cancers, but was not associated with risk of prostate or lung cancer, thus 

suggesting a gender specific protective role, possibly related to the presence of estrogen 
9,11.  
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In this study, we focused on the prognostic role of SNP309 and SNP285 in a Caucasian 

(Belgian) patient population diagnosed with non-small cell lung cancer adenocarcinoma 

(NSCLC). Currently, only a limited number of studies have focused on the prognostic 

role of the SNP309 G-allele which resulted in highly conflicting results, as discussed 

previously by our group. This indicates the need for further studies to determine the true 

prognostic role of SNP309 in NSCLC 6. To our knowledge, the role of SNP285 in 

association with the patients’ clinicopathological data, progression free survival (PFS), and 

overall survival (OS) has not been studied previously in NSCLC and will therefore be 

explored in this study. In addition, we determined the association of SNP309G or 

SNP285C allele with MDM2 transcription and translation by defining MDM2 mRNA and 

protein levels. Finally, the patients’ p53 status was determined and taken into account as a 

factor possibly influencing the prognostic value of MDM2 SNPs. 

Materials and Methods 

Patients 
A total of 98 NSCLC patient samples were obtained from the Antwerp University 

Hospital as formalin fixed paraffin embedded (FFPE) specimens for which the main 

characteristics are described in table 4.1. Tissue specimens were fixed in 4% formaldehyde 

for 6-18h and paraffin embedded on a routine basis. An additional 4 FFPE specimens 

from NSCLC patients, without malignant cells, constituted the control samples. 

DNA and RNA extraction and Quantification 
DNA and RNA were extracted from 5-10 FFPE tissue slides (10 µm thick), depending 

on the size of the tumor region. Tumor regions were determined by an experienced 

pathologist based on hematoxylin and eosin stained reference slides and enriched by 

macrodissection. DNA was isolated using the QIAmp DNA FFPE tissue kit (Qiagen, 

Venlo, the Netherlands), according to the manufacturer’s instructions. RNA was isolated 

using the RNeasy FFPE isolation kit #74404 (Qiagen). DNA and RNA concentrations 

were measured on a Qubit 2.0 fluorometer using the Qubit dsDNA BR assay and Qubit 

RNA BR assay (Invitrogen, Merelbeke, Belgium), respectively, as previously described 12. 
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The purity (A260/280 ratio and A260/230 ratio) was measured using the NanoDrop 

ND-1000 spectrophotometer (ThermoFisher Scientific, Gent, Belgium). 

MDM2 SNP309/SNP285 genotyping 

Genotyping of the MDM2 SNP309T/G and SNP285G/C polymorphism was performed 

on 98 genomic tumor DNA samples and 4 normal lung tissue samples by high resolution 

melting analysis. PCR [1x(95°C/10sec); 40x(95°C/10sec, 62°C/10sec, 72°C/10sec); 

1x(95°C/30sec)] was performed with a Lightscanner master mix with the addition of 0.6 

µM DMSO, on a RapidCycler 2 instrument (Idaho Technologies, Utah, USA) with the 

following forward (5’-GGGATTTCGGACGGCTCTCG-3’) and reverse (5’-

GGCCCAATCCCGCCCAGACTA-3’) primers. Melting curves were obtained with a 

HR-1 High Resolution Melter, and analyzed using the HR-1 Melt Analysis Tool software 

(Idaho Technologies) and presented as a derivative plot (figure 4.1). In the presence of a 

SNP285C allele, no distinction could be made for the SNP309 genotype. The genotype of 

these samples and samples with indistinct melting curves, were established by 

pyrosequencing. A PCR [1x(94°C/10min); 40x(94°C/30sec, 64°C/30sec, 72°C/30sec); 

1x(72°C/10min)]  was run on a Prime Thermal Cycler (VWR, Leuven, Belgium) using the 

same primers a described above with the addition of a biotin label on the reverse primer. 

Pyrosequencing was performed using the PyroMark Gold Q24 reagents kit on a 

Pyromark Q24 system (Qiagen) with a SNP309 specific primer (5’-

CAGGGTAAAGGTCACG-3’) or SNP285 specific primer (5’-

GGGCTGCGGGGCCGCT-3’). 

 

Figure 4.1: Derivative plot of the normalized melting curves for MDM2 genotypes.  
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MDM2 mRNA expression levels: quantitative RT-PCR 
MDM2 qRT-PCR was successfully performed on 67 genomic tumor RNA samples and 4 

normal lung tissue samples (31 samples were excluded due to insufficient RNA yields or 

high Ct values). Reverse transcription was performed using the High Capacity RNA-to-

cDNA kit (ThermoFisher Scientific) and real-time PCR reaction was performed using the 

TaqMan Gene Expression Master Mix on a LightCycler480 instrument (Roche, 

Vilvoorde, Belgium). The hs01066930_m1 (MDM2) TaqMan gene expression assay 

(ThermoFisher Scientific) was used as target of interest and hs00609296_g1 (HMBS), 

hs00984230_m1 (B2M), hs01122445_g1 (YWHAZ) were used as housekeeping genes for 

normalization. Relative gene expression levels were calculated according to the Ct method 

with the qbasePLUS software (Biogazelle, Zwijnaarde, Belgium) and plotted against 

normal tissue (SNP309TT/SNP285GG).  

MDM2 protein levels: immunohistochemistry 
MDM2 IHC was successfully performed on 94 samples. Four samples were excluded 

because the tissue sections did not contain any tumor cells. Five µm-thick FFPE tissue 

sections were prepared and subjected to heat-induced epitope retrieval (HIER) by 

incubation in a high pH buffer for 20 min at 97°C. Subsequently, endogenous peroxidase 

activity was quenched by incubating the slides in peroxidase blocking buffer (DAKO, 

Heverlee, Belgium) for 5 min. Incubation with the primary monoclonal anti-MDM2 

antibody (clone IF2, diluted 1:200 for 30 min, ThermoFisher Scientific) was performed 

manually at room temperature. Primary incubation was followed by incubation with 

mouse enhanced polymer-based linker (DAKO) for 30 min at room temperature. The 

detection was performed using the Envision FLEX+ detection kit (DAKO). Sections 

were counterstained with hematoxylin, dehydrated and mounted.	 Positive controls were 

included in each staining run and consisted of a MDM2-amplification positive 

liposarcoma, confirmed by FISH staining.	 Scoring was performed by two independent 

observers, including an experienced pathologist, and samples were grouped according to 

the percentage of MDM2 positive tumor cells (<5% = negative; 5-25% = low; 25–50% = 

medium; >50% = high MDM2 protein expression).  
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Multiplex Amplification of Specific Targets for 

Resequencing (MASTRTM) 

TP53 next generation sequencing was performed on 69 genomic tumor DNA samples 

using the TP53 MASTRTM with MID for Illumina Miseq kit (Multiplicom, Niel, Belgium) 

according to the manufacturer’s instructions. A total of 29 samples were eliminated due to 

failed quality controls which were part of the TP53 MASTRTM kit protocol. Sequencing 

was performed on a MiSeq system using the MiSeq Reagent Kit v2 (500 cycles) (Illumina, 

Belgium). Using an in-house annotation and filtering tool, VariantDB, single nucleotide 

variants were annotated to the TP53 NM_000546 transcript file13. SNVs present in the 

dbSNP137 and 1000 Genomes Project databases were identified as single nucleotide 

polymorphisms and excluded. The reads were visualised using the Integrative Genomics 

Viewer software (IGV, version 2.3.67), alligned to the human reference genome (hg19, 

NCBI build 37). Using the MUT-TP53 2.0 tool, innactivating TP53 mutations were 

identified 14.  

Statistical analysis 

Associations between the MDM2 SNP309 or SNP285 status and relative MDM2 mRNA 

expression levels were determined using Student t-test (2 groups) or One-way 

ANOVA test (> 2 groups). 

Associations between SNP309, SNP285, MDM2 protein expression and 

clinicopathological characteristics of NSCLC patients were investigated by χ2 analysis or 

Fisher’s exact test (when appropriate) for categorical variables and the Student t-

test or One-way ANOVA analysis for continuous variables.  

Prognostic value was assessed by survival analysis. PFS was indicated as the time until 

disease progression occurred. OS was indicated as the time until cancer related death 

occurred. Univariate OS or PFS probability was estimated using the Kaplan-Meier 

method. Statistical significance was determined using the log-rank test. In addition to 

univariate analysis, a multivariate cox proportional-hazard model was fitted to identify 

independent prognostic markers, presented as a hazard ratio (HR) and its 95% confidence 
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interval (CI). All analyses were performed using SPSS version 23 and significance was 

reached if p < 0.05 (two-tailed).  

Results 

SNP309/SNP285 distribution and association with 
clinicopathological data 
98 NSCLC adenocarcinoma patients were analyzed for MDM2 SNP309 and SNP285 

status. The patients’ clinicopathological characteristics are listed in table 4.1. MDM2 

SNP309, SNP285, MDM2 IHC scoring and TP53 status are presented in table 4.2.  

Table	4.1:	Patient	characteristics	
	 No.	 (%)	
Age, Mean (range)	 64 (42-85)	 -	

Gender	  	  	
Male	 64	 (65.3)	
Female	 34	 (34.7)	

Stage*	  	  	
I	 43	 (43.9)	
II	 26	 (26.5)	
III	 22	 (22.4)	
IV	 7	 (7.1)	

TxNM*	  	  	
T1	 32	 (32.7)	
T2	 38	 (38.8)	
T3	 22	 (22.4)	
T4	 6	 (6.1)	

TNxM*   
N0	 66	 (67.3)	
N1	 19	 (19.4)	
N2	 13	 (13.3)	

TNMx*   
M0	 90	 (91.8)	
M1	 8	 (8.2)	

Differentation*	  	  	
Poor	 28	 (28.6)	
Moderate	 34	 (34.7)	
Strong	 36	 (36.7)	

Metastasis**	  	  	
Yes	 27	 (27.6)	
No	 71	 (72.4)	

Smoking Status (n=85)	  	  	
Smoker 	 76	 (89.4)	
Never-smoker	 9	 (10.6)	

*At	time	of	diagnosis	
**	Initially	and/or	after	progression	

 

The genotype frequencies within the study population for MDM2 SNPs were as followed: 

SNP309: T/T, 39 patients (39.8%); G/T, 38 patients (38.8%); G/G 21 patients (21.4%). 

SNP285 G/G was present in 91 patients (92.9%), while the C-allele was only present as a 
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heterogeneous genotype G/C in 7 patients (7.1%). In consistency with previous studies, 

the SNP285 C allele was only observed in the presence of the SNP309G allele, 

confirming the specific SNP309G/SNP285C haplotype 9. TP53 mutation status of 69 

patients was successfully determined and mutations occurred in 29 patients (42%), while 

40 patients (58%) retained wild type TP53. All the observed mutation occurred in exons 

4-8 and were unique mutations in this patient group and associated with 

reduced/inhibited p53 activity. 

Table	4.2:	Patient	characteristics	for	MDM2	and	
TP53	
	 No.	 (%)	
MDM2 SNP309	  	  	

TT	 39	 (39.8)	
GT	 38	 (38.8)	
GG	 21	 (21.4)	

MDM2 SNP285	  	  	
GG	 91	 (92.9)	
GC	 7	 (7.1)	
CC	 0	 (0.0)	

MDM2 IHC (n=94)	  	  	
< 5%	 60	 (61.2)	
5 - 25% 	 25	 (25.5)	
25 -50%	 6	 (6.1)	
> 50%	 3	 (3.1)	

TP53 status (n=69)*	  	  	
Wild type	 40	 (58.0)	
Mutant	 29	 (42.0)	

*Mutant:	inactivating	mutations	being	as	single	
nucleotide	variants	(nonsense,	missense)	and	
deletions.	

Table 4.3 summarizes the frequencies of the different genotypes according to the patients’ 

clinicopathological data. The SNP309 G-allele seemed to be more frequently present in 

males than females (71.2% vs. 28.8%) compared to the gender distribution for the TT 

genotype (56.4% vs. 43.6%), although this difference did not reach significance (p = 

0.193). There was a significant association between SNP309 and TP53 status (p = 0.047), 

indicating that the G-allele was more frequently present in wild type TP53 tumors. No 

associations were found for SNP309 and tumor stage, T-classification, differentiation 

status, metastasis or smoking status.  

The SNP285GC genotype was significantly associated with T2 primary tumor 

classification status (p = 0.026) and tumor metastasis (p = 0.016), but not with gender, 

tumor stage, differentiation, smoking status or TP53 mutational status. The median age at 

diagnosis was significantly lower in patients harboring the SNP285GC genotype (p = 

0.008). 
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Table	4.3:	Association	MDM2	SNP309	and	SNP285	with	clinicopathological	characteristics	
 MDM2	SNP309		 MDM2	SNP285	
 TT	(%)	 GT	(%)	 GG	(%)	 P	 GT/GG	(%)	 P***	 GG	(%)	 GC(%)	 P	

Median	Age	±	StDev	
64.2	±	9.2	 64.2	±	9.5	 64.7	±	

10.6	 0.980	 64.3	±	9.8	 0.957	 65.0	±	
9.2	

55.1	±	
10.0	 0.008	

Gender	 		 		 		 		 		 		 		 		 		
Male	 	22	(56.4)	 26	(68.4)	 16	(76.2)	

5	(23.8)	 0.269	
42	(71.2)	

0.193	
59	(64.8)	 5	(71.4)	

0.538	
Female	 17	(43.6)	 12	(31.6)	 17	(28.8)	 32	(35.2)	 2	(28.6)	

Stage*	 		 		 		 		 		 		 		 		 		
I	 18	(46.2)	 18	(47.4)	 7	(33.3)		

6	(28.6)	
5	(23.8)	
3	(14.3)	

0.650	

25	(42.4)	

0.471	

41	(45.1)	 2	(28.6)	

0.140	II	 12	(30.8)	 8	(21.1)	 14	(23.7)	 24	(26.4)	 2	(28.6)	
III	 8	(20.5)	 9	(23.7)	 14	(23.7)	 21	(23.1)	 1	(14.3)	
IV	 1	(2.6)	 3	(7.9)	 6	(10.2)	 5	(5.5)	 2	(28.6)	

T-classification*	 		 		 		 		 		 		 		 		 		
T1	 12	(30.8)	 15	(39.5)	 5	(23.8)	

12	(57.1)	 0.281	

20	(33.9)	

0.952	
		
	

32	(35.2)	 0	(0.0)	

0.026	
		
	

T2	 15	(38.5)	 11	(28.9)	 23	(39.0)	 32	(35.2)	 6	(85.7)	
T3	 9	(23.1)	 11	(28.9)	 2	(9.5)	 13	(22.0)	 22	(24.2)	 0	(0.0)	
T4	 3	(7.7)	 1	(2.6)	 2	(9.5)	

		
7	(33.3)		

3	(5.1)	 5	(5.5)	 1	(14.3)	
		Differentation*	 		 		 		 		 		 		

Poor	 10	(25.6)	 11	(28.9)	
0.915	

		

18	(30.5)	 25	(27.5)	 3	(42.9)	
Moderate	 14	(35.9)	 12	(31.6)	 8	(38.1)	 20	(33.9)	 0.872	 32	(35.2)	 2	(28.6)	 	
Strong	 15	(38.5)	 15	(39.5)	 6	(28.6)	

		
21	(35.6)	 	

		
34	(37.4)	 2	(28.6)	 				Metastasis**	 		 		 		 		 		

Yes	 9	(23.1)	 12	(31.6)	 6	(28.6)	 0.701	 18	(30.5)	 0.493	
		

22	(24.2)	 5	(71.4)	 0.016	
		No	 30	(76.9)	 26	(68.4)	 15	(71.4)	

		
41	(69.5)	 69	(75.8)	 2	(28.6)	

Smoking	Status	(n=85)	 		 		 		 		 		 		
Smoker		 30	(83.3)	 29	(90.6)	 17	(100.0)	 0.177	 46	(93.9)	 0.159	

		

72	(90.0)	 4	(80.0)	 0.437	Never-smoker	 6	(16.7)	 3	(9.4)	 0	(0.0)	
		

3	(6.1)	 8	(10.0)	 1	(20.0)	
MDM2	IHC	(n=94)		 		 		 		 		 		 		 		

<5%	 29	(74.4)	 20	(55.6)	 11	(57.9)	

0.188	

31	(56.4)	

0.068	

56	(63.6)	 4	(66.7)	

0.866	5	-	25%	 8	(20.5)	 12	(33.3)	 5	(26.3)	 17	(30.9)	 23	(26.1)	 2	(33.3)	
25	-	50%	 0	(0.0)	 3	(8.3)	 3	(15.8)	 6	(10.9)	 6	(6.8)	 0	(0.0)	
>	50%	 2	(5.1)		 1	(2.8)	 0	(0.0)	 1	(1.8)	 3	(3.4)	 0	(0.0)	

TP53	Status	(n=69)	 	 	 	 	 		 		 	 	 	
Wild	Type	 11	(40.7)	 18	(62.1)	 10	(76.9)	 0.071	 28	(66.7)	 0.047	 36	(55.4)	 3	(75.0)	 0.442	Mutant	 16	(59.3)	 11	37.9)	 2	(23.1)	 14	(33.3)	 20	(44.6)	 1	(25.0)	

*	At	time	of	diagnosis	**	Initially	and/or	after	progression	***	TT	vs.	GT/GG	

Association of SNP309/285 with MDM2 mRNA/MDM2 
protein expression levels  
Relative MDM2 mRNA expression levels were successfully obtained from 67 tumor 

samples. Figure 4.2 shows the distribution of the mRNA expression levels in respect to 

the SNP309 or SNP285 status. No difference in mRNA expression was observed 

according to SNP309 status. However, in the presence of SNP285GC genotype, MDM2 

mRNA levels were significantly increased compared to the SNP285GG genotype (p = 

0.025), indicating an increased transcription of the MDM2 gene. No significant 

association was observed between MDM2 protein expression and mRNA levels (p = 

0.922, data not shown). A strong trend for an association between the SNP309 G-allele 

and increased MDM2 protein expression was observed (p = 0.068; table 4.3). No 

association was observed for SNP285 and MDM2 protein levels (p = 0.866; table 4.3).  
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Figure 4.2: Distribution of relative MDM2 mRNA expression levels according to the SNP309, SNP285 or TP53 
mutational status. P < 0.05 indicates statistical significance.  
 

Since MDM2 is a transcriptional target of p53, the presence of mutant p53 could possibly 

affect MDM2 mRNA levels. Indeed, we observed significantly lower MDM2 mRNA 

levels in the presence of inactivating TP53 mutations (p < 0.0001, figure 4.2).  

The prognostic value of MDM2 SNP309/SNP285 
according to TP53 status 

Follow-up OS and PFS data was available for all 98 patients. At the end of the 

observation period, 41 (41.8%) patients were deceased and 34 (34.7%) showed disease 

progression.  

The Kaplan-Meier method was used to assess OS and PFS probability for MDM2 

SNP309 and SNP285 status (figure 4.3). The SNP309 G-allele (TT vs GT/GG) did not 

affect OS or PFS (p = 0.688; p = 0.752, respectively) of the patient when TP53 mutation 

status was not taken into account. Since p53 is a major regulator of MDM2 transcription, 
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patients were grouped according to their TP53 status. In the TP53 wild type group, the 

SNP309 G-allele was clearly associated with worse OS. Since no event (death) occurred in 

the TT-genotype group, log-rank testing could not be performed. However, the presence 

of the G-allele was significantly associated with death (p = 0.038, Fisher Exact). This 

effect was not observed in the TP53 mutant group (p = 0.438). Grouping by TP53 status 

did not affect PFS.  

 
Figure 4.3: Kaplan-Meier survival curves for SNP309 grouped by TP53 status. (A) Kaplan-Meier survival 
curve for overall survival, SNP309TT (blue) vs. SNP309GT/GG (green). (B) Kaplan-Meier survival curve for 
progression free survival, SNP309TT (blue) vs. SNP309GT/GG (green). P<0.05 indicates statistical significance 
determine by the log rank test. 

The SNP285GC genotype did not affect OS (p = 0.922), but was associated with a 

significantly worse PFS as shown in figure 4.4 (p = 0.002). Patients were not grouped 

according to TP53 status due to low sample sizes, with only 7.1% of the patients 

presenting the heterogeneous G/C genotype. 
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Figure 4.4: Kaplan-Meier survival curves for SNP285. Kaplan-Meier 
survival curve for OS (left) and PFS (right) of SNP285GG (blue) vs. 
SNP285GC (green). P<0.05 indicates statistical significance determine by 
the log rank test. 

 

In addition to univariate analysis, we fitted a cox proportional hazard model with SNP309 

and SNP285 status as predictor for OS and accounting for potential confounders 

including gender, age, differentiation, T-classification, metastasis and tumor stage (table 

4.4). As expected, neither SNP309 nor SNP285 acted as an independent prognostic 

marker for OS. As stated previously, outcome could not be grouped according to TP53 

status in uni- and multivariate analysis. 

Similarly, a cox model was fitted for SNP309 and SNP285 status as predictor for PFS, 

accounting for gender, age, differentiation, T-classification and tumor stage (table 4.4).  

Stepwise backward model building showed that SNP285 acted as a strong and significant 

predictor for adverse PFS, accounting for age, with a HR of 3.97 (95% CI: 1.51 – 10.42; p 

= 0.005).   

Table	4.4:	Independent	predictors	of	OS	and	PFS	(Multivariate	Cox	regression	
model)	

Overall	Survival	
Predictor	 HR	(95%	CI)	 P-value	

Tumor	Stage	 1.69	(1.25	–	2.28)	 0.001	

Progression-free	Survival	
Predictor	 HR	(95%	CI)	 P-value	

SNP285	(GC	vs	GG)	 3.97	(1.51	–	10.42)	 0.005	
Age	(>65	vs.	≤	65)	 0.53	(0.26	–	1.08)	 0.08	

Factors included in the backward conditional model: SNP309, SNP285, gender, age, 
differentiation, T-classification, tumor stage and metastasis (in OS model only). HR: Hazard 
Ratio; CI: confidence interval; p<0.05 indicates statistical significance.  	
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Discussion  

The present study shows that the MDM2 SNP309 G-allele was not associated with 

increased MDM2 mRNA levels, in contrast to the MDM2 SNP285GC genotopy, which 

significantly increased relative mRNA expression. This is inconsistent with the theory that 

SNP285 acts as an antagonist to SNP309 by overriding the effect of SNP309 on Sp1-

mediated transcription 9. In the past, only one  other study determined MDM2 mRNA 

levels in lung cancer, and showed higher mRNA levels in tumors with the SNP309 TG 

and GG genotypes, particularly in wild type p53 tumors, showing a stronger effect 

compared to our the present study 15. In their study, mRNA was isolated from frozen 

tumor sections, resulting in mRNA of higher quality compared to that isolated from 

FFPE tissue, which was a limiting factor in this study. However, we did compensate for 

the lower mRNA quality by using a larger panel of housekeeping genes, which can 

compensate for inter-sample differences in RNA quality. Since p53 is an important 

regulator of MDM2 transcription, we expected lower MDM2 transcription in the TP53 

mutant subgroup, what indeed was confirmed by our data. The SNP309 TG/GG 

genotype showed a strong trend towards increased MDM2 protein levels compared to the 

TT genotype, indicating an effect of SNP309 on MDM2 protein levels as previously 

suggested.  

The SNP309 G-allele was significantly more present in wild type p53 tumors compared to 

the TT genotype. This further supports the theory that the G-allele has a more prominent 

role in p53 wild type tumors, possibly by increased inhibition of wild type p53’s function 

due to increased MDM2 levels. 

The main goal of this study was to determine the prognostic value of SNP309 and 

SNP285 status NSCLC patients, since contradictory results have been reported previously 
6. We showed that the SNP309 TG/GG genotype resulted in worse OS compared to the 

TT genotype in the TP53 wild type patient group. Only one previous study took the p53 

status into account, limited to stage I tumors, showing a better OS in wild type p53 

patients harboring the TG or GG genotype 16. Recently, Enokida et al. reported similar 

results, showing that the SNP309TT genotype was predictive for poorer survival in stage 

1 patients, without taking the p53 status into account 17. These data seem inconsistent 



 62 

with our results in stage 1 tumors (data not shown).  However, the difference in ethnicity 

between these studies (Asian) and ours (Caucasian) has to be taken into account, and 

could account for the difference in prognostic value. Han et al. previously showed the 

TG/GG genotype was associated with worse OS and PFS in late stage tumors, consistent 

with our results in TP53 wild type patients 18.  

To the best of our knowledge we are the first to show the association of SNP285 GC 

genotype, which was present as a specific SNP309GG/SNP285GC haplotype, with a 

lower age at diagnosis, the presence of metastasis and a worse PFS in NSCLC patients, 

suggesting a poorer prognosis for patients harboring the GC genotype. Only one study 

reported the prognostic value of SNP285 and showed that SNP285 did not antagonize 

the effect of the presence of SNP309 on lung cancer risk or survival, but the effect of 

SNP285 by itself or the relation with PFS was not determined in this study 11. Since the 

GC genotype was only present 7.1% of all our patients, this hypothesis is based on a 

limited sample size. Therefore, larger patient groups could further support our findings. 

The fact that GC genotype is associated with an increased risk for metastasis could 

account for the worse PFS that we observed. If a similar effect is shown in a larger 

population, the underlying mechanism should be determined, taking into account the 

higher MDM2 mRNA levels, which did not result in increased translation and higher 

MDM2 protein levels in this study.  

In conclusion, we showed that the prognostic value of SNP309 on overall survival is 

limited to p53 wild type patients and that the SNP285 variant is associated with increased 

MDM2 transcription and metastasis and acts as a strong predictor for worse PFS. Our 

data support the prognostic value of both SNP309 and SNP285 polymorphisms in 

NSCLC patients.  
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Chapter 5 

Deep sequencing of the TP53 gene reveals a mutation 
associated SNP and shows the significance of TP53 
variants in the prognosis of non-small cell lung cancer 
patients. 
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Introduction 

The TP53 gene remains the most frequently altered gene in human cancer, and both 

mutations and single nucleotide polymorphisms (SNP’s) have been shown to alter p53’s 

normal functions. P53 ensures regulation of the cellular response to a variety of stress 

signals by inducing senescence, cell cycle arrest and/or apoptosis, thereby playing an 

important role as tumor suppressor gene. Our group recently reviewed the currently 

available data on the prognostic and predictive value of TP53 genetic alterations in non-

small cell lung cancer (NSCLC), particularly focusing on the TP53 mutational status and 

the TP53 Arg72Pro polymorphism (rs1042522), of which the Pro variant is associated 

with reduced apoptotic inducing capacities 1,2. Although these data showed a clear 

influence of TP53 variants on the patients’ prognosis, further research is needed, 

particularly focusing on tumor stage. In addition, only limited data of the effect of TP53 

variants on progression-free survival was available.  

In the present study, next generation deep sequencing technology was used to assess 

genetic alterations in the TP53 gene, resulting in a higher sensitivity than that achieved by 

conventional sanger sequencing mostly used in previous studies 1. In	 addition,	 deep 

sequencing offers the possibility to detect mutations in the presence of normal cell 

contamination, which often occurs after DNA isolation from formalin-fixed paraffin-

embedded (FFPE) tissue by macrodissection techniques. In order to better assess the 

mutational spectrum of the TP53 gene, the whole coding region consisting of exon 2 – 11 

was sequenced, including splice-site regions.  

Our first objective was to map all TP53 variants, including single nucleotide 

polymorphisms (SNPs), in a NSCLC adenocarcinoma patient group and determine 

possible associations between common SNPs and TP53 mutations. Second, the presence 

of these variants was linked to clinicopathological characteristics of the NSCLC patients. 

Third, the prognostic value of frequently occurring SNPs and the TP53 mutational status 

was determined in both univariate and multivariate overall and progression-free survival 

analysis.  
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Materials and Methods 

Patient cohort 
The study cohort consisted of 97 patients diagnosed with stage I-IV NSCLC 

adenocarcinoma.  

Tissue samples from tumor resections were obtained from the Antwerp University 

Hospital Tumorbank, which is funded by the National Cancer Plan, and Onze-Lieve-

Vrouw hospital Aalst (Belgium). Patients’ characteristics are presented in table 5.1. Tissue 

specimens were fixed in 4% formaldehyde for 6-18h and paraffin embedded on a routine 

basis.  

Table	5.1:	Patient	characteristics	
	 No.	 (%)	
Age,	Mean		(range)	 64.3	(36-85)	 -	

Gender	 	 	
Male	 69	 (71.1)	
Female	 28	 (28.9)	

Stage*	 	 	
I	 34	 (35.1)	
II	 28	 (28.9)	
III	 25	 (25.8)	
IV	 10	 (10.3)	

TxNM*	 	 	
T1	 27	 (27.8)	
T2	 39	 (40.2)	
T3	 26	 (26.8)	
T4	 5	 (5.2)	

TNxM*	 	 	
N0	 57	 (58.8)	
N1	 24	 (24.7)	
N2	 15	 (15.5)	
N3	 1	 (1.0)	

TNMx*	 	 	
M0	 87	 (89.7)	
M1	 10	 (10.3)	

Differentation(n=90)*	 	 	
Poor	 26	 (28.9)	
Moderate	 29	 (32.2)	
Well	 35	 (38.9)	

Metastasis**	 	 	
No	 64	 (66.0)	
Yes	 33	 (34.0)	

Smoking	Status	(n=82)	 	 	
Smoker		 73	 (89.0)	
Never-smoker	 9	 (11.0)	

*At	time	of	diagnosis	
**	Initially	and/or	after	progression	

 



 69 

DNA extraction and quantification 
DNA was extracted from 5-10 FFPE tissue slides (10 µm thick), depending on the size of 

the tumor region. Tumor regions were determined by an experienced pathologist based 

on hematoxylin and eosin stained reference slides and enriched by macrodissection. DNA 

was isolated using the QIAmp DNA FFPE tissue kit (Qiagen, Venlo, the Netherlands) 

according to the manufacturer’s instructions. DNA concentrations were measured on a 

Qubit 2.0 fluorometer using the Qubit dsDNA BR assay (Invitrogen, Merelbeke, 

Belgium). The purity (A260/280 ratio and A260/230 ratio) was measured using the 

NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Gent, Belgium). 

Multiplex Amplification of Specific Targets for 
Resequencing (MASTRTM) 
TP53 sequencing was performed on genomic tumor DNA of 69 samples using the 

commercially available TP53 MASTRTM with MID for Illumina MiSeq kit (Multiplicom, 

Niel, Belgium) according to the manufacturer’s instructions. An additional 28 samples 

were sequenced using the custom designed TP53-cMET MASTRTM kit (Multiplicom) 

according to the assay specific protocol provided by the manufacturer. These samples 

were obtained from another study in our group, particularly focusing on the role of 

cMET in NSCLC, and were included in this study to increase sample size and statistical 

power. A total of 10 NSCLC patient samples and 1 NSCLC cell line (NCI-H596, 

TP53G245C), obtained from the ATCC (Rockville, USA), were run as control with both 

MASTRTM kits and resulted in identical results. Sequencing was performed on a MiSeq 

Sequencing system using a MiSeq Reagent Kit v2 (500 cycles) (Illumina, San Diego, USA).  

Using VariantDB 3, an in-house annotation and filtering tool, single nucleotide variants 

(SNVs) were annotated to the TP53 NM_000546 reference sequence. SNVs present in 

the dbSNP137 and 1000 Genomes Project databases were defined as single nucleotide 

polymorphisms (SNPs), and SNPs with a minor allele frequency (MAF) lower than 0.05 

were considered as rare variants. The reads were visualized using the Integrative 

Genomics Viewer software (IGV, version 2.3.67), aligned to the human reference genome 

(hg19, NCBI build 37).  
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Using the MUT-TP53 2.0 tool 4, TP53 SNVs were presented according to the Human 

Genome Variant Society (HGVS) recommendations. In addition, frequencies of the 

variants in the UMD p53 database are presented, as well as functional information of the 

p53 mutant.  

Statistical analysis 
Associations between the TP53 mutational status, R72P or R213R polymorphisms and 

clinical and pathological parameters of NSCLC patients were investigated by χ2 analysis or 

Fisher’s exact test (when appropriate) for categorical variables and the student t-test (2 

groups) or One-way ANOVA (> 2 groups) analysis for continuous variables.  

Prognostic value was assessed by survival analysis. Progression free survival (PFS) was 

defined as the time until disease progression occurred. Overall survival (OS) was defined 

as the time until cancer related death occurred. Univariate OS and PFS probability were 

estimated using the Kaplan-Meier method. Statistical significance was determined using 

the log-rank test. In addition to univariate analysis, a multivariate cox proportional-hazard 

model was fitted to identify independent prognostic markers, presented as a hazard ratio 

(HR) and its 95% confidence interval (CI). All analyses were performed using SPSS 

version 23 and significance was reached if p < 0.05 (two-tailed).  

Results 

TP53 mutational pattern 
Next generation deep sequencing identified a heterogeneous set of genetic variants in the 

TP53 gene. Three SNPs were detected, included the common R72P polymorphism 

(rs1042522; MAF(G):0.4571), of which the Pro variant (present in 34.1% of the patients, 

table 5.2) is associated with reduced apoptotic inducing capacities compared to the Arg 

variant; the rare exonic variant rs1800372 (R213R; MAF: 0.0054), present as a 

heterozygous genotype in 7.2% of the patients (table 5.2); and rs1800370 (P36P; MAF: 

0.0076), which was identified in 1 patient.  
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Table	5.2	Patient	characteristics	TP53	variants	
	 No.	 (%)	
Arg72Pro		 	 	
GG	(Arg/Arg)	 64	 (66.0)	
GC	(Arg/Pro)	 28	 (28.9)	
CC	(Pro/Pro)	 5	 (5.2)	

Arg213Arg		 		 		
AA	(Arg/Arg)	 90	 (92.8)	
AG	(Arg/Arg)	 7	 (7.2)	

TP53	status	*	 		 		
Wild	type	 54	 (55.7)	
Mutant	 43	 (44.3)	

*Inactivating	mutations:	SNV	(nonsense,	
missense),	deletions	

In addition, 44 SNVs were detected in 41 patients as listed in table 5.3. These consisted of 

39 missense mutations and 5 nonsense mutations. One patient harbored both a nonsense 

and missense mutation (R196X/R110L) and one patient harbored three missense 

mutations (G245C/G266V/R280G). Finally, we identified one in-frame deletion 

(p.P177_C182delPHHERC, exon 5), one frameshift deletion (p.L93fs, exon 4) and one 

insertion (c.1162_1163insT, exon 11). The latter was not taken into account as 

inactivating mutation. In total, 43 patients (44.3%) harbored at least one inactivating 

mutation in the TP53 gene (table 5.2). 
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Table	5.3:	TP53	Single	Nucleotide	Variants	(generated	using	the	MUT-TP53	2.0	tool)	
Case	 Exon	 WT	codon	 MUT	codon	 p.Mutant	 c.Mutant	 Frequency*	 	Activity**	
---	

4	

CCG	 CCA	 p.P36P	 c.108G>A	 SNP	 ---	
---	 CGC	 CCC	 p.R72P	 c.215G>C	 SNP	 ---	
1	 TCT	 TTT	 p.S96F	 c.287C>T	 Very	rare	 Partial	Activity	
2	 TAC	 TAA	 p.Y107X	 c.321C>A	 Not	frequent	 Inactive	
3	 CGT	 CTT	 p.R110L	 c.329G>T	 Frequent	 Inactive	
4	 CAT	 CGT	 p.H193R	 c.578A>G	 Frequent	 Inactive	
5	 CAT	 CCT	 p.H193P	 c.578A>C	 Not	frequent	 Inactive	
6	

5	

TCC	 TTC	 p.S127F	 c.380C>T	 Frequent	 Inactive	
7	 CCG	 CTG	 p.P152L	 c.455C>T	 Frequent	 Inactive	
8	 GTC	 TTC	 p.V157F	 c.469G>T	 Hot	spot	 Inactive	
9	 GTC	 TTC	 p.V157F	 c.469G>T	 Hot	spot	 Inactive	
10	 GTC	 TTC	 p.V157F	 c.469G>T	 Hot	spot	 Inactive	
11	 GTC	 GAC	 p.V157D	 c.470T>A	 Not	frequent	 Inactive	
12	 CGC	 CAC	 p.R158H	 c.473G>A	 Frequent	 Inactive	
13	 GTT	 GAT	 p.V172D	 c.515T>A	 Not	frequent	 Inactive	
14	 CGC	 CTC	 p.R175L	 c.524G>T	 Frequent	 Inactive	
15	 CAT	 CTT	 p.H179L	 c.536A>T	 Frequent	 Inactive	
16	 CAT	 CGT	 p.H179R	 c.536A>G	 Frequent	 Inactive	
17	

6	

CCT	 TCT	 p.P190S	 c.568C>T	 Not	frequent	 Inactive	
18	 CAG	 TAG	 p.Q192X	 c.574C>T	 Frequent	 Inactive	
3	 CGA	 TGA	 p.R196X	 c.586C>T	 Hot	spot	 Inactive	
---	 CGA	 CGG	 p.R213R	 c.639A>G	 SNP	 ---	
19	 CAT	 CGT	 p.H214R	 c.641A>G	 Frequent	 Inactive	
20	

7	

ATG	 ATA	 p.M237I	 c.711G>A	 Hot	spot	 Inactive	
21	 TGC	 TTC	 p.C242F	 c.725G>T	 Frequent	 Inactive	
22	 GGC	 GCC	 p.G244A	 c.731G>C	 Not	frequent	 Inactive	
23	 GGC	 TGC	 p.G245C	 c.733G>T	 Frequent	 Inactive	
24	 CGG	 CTG	 p.R248L	 c.743G>T	 Frequent	 Inactive	
25	 CGG	 CAG	 p.R248Q	 c.743G>A	 Hot	spot	 Inactive	
26	 AGG	 ATG	 p.R249M	 c.746G>T	 Frequent	 Inactive	
27	 AGG	 ACG	 p.R249T	 c.746G>C	 Frequent	 Inactive	
28	 CCC	 CTC	 p.P250L	 c.749C>T	 Frequent	 Inactive	
23	

8	

GGA	 GTA	 p.G266V	 c.797G>T	 Frequent	 Inactive	
29	 GGA	 GTA	 p.G266V	 c.797G>T	 Frequent	 Inactive	
30	 CGT	 CTT	 p.R273L	 c.818G>T	 Frequent	 Inactive	
31	 CGT	 CCT	 p.R273P	 c.818G>C	 Frequent	 Inactive	
32	 GCC	 CCC	 p.A276P	 c.826G>C	 Not	frequent	 Inactive	
33	 CCT	 TCT	 p.P278S	 c.832C>T	 Frequent	 Inactive	
34	 CCT	 CGT	 p.P278R	 c.833C>G	 Frequent	 Inactive	
23	 AGA	 GGA	 p.R280G	 c.838A>G	 Frequent	 Inactive	
35	 AGA	 GGA	 p.R280G	 c.838A>G	 Frequent	 Inactive	
36	 GAC	 CAC	 p.D281H	 c.841G>C	 Frequent	 Inactive	
37	 GAG	 AAG	 p.E285K	 c.853G>A	 Frequent	 Inactive	
38	 GAG	 AAG	 p.E285K	 c.853G>A	 Frequent	 Inactive	
39	 GAG	 TAG	 p.E294X	 c.880G>T	 Frequent	 Inactive	
40	 CGA	 TGA	 p.R306X	 c.916C>T	 Frequent	 Inactive	
41	 10	 CGC	 CTC	 p.R337L	 c.1010G>T	 Not	frequent	 Inactive	

*Frequency	in	UMD	p53	mutation	database;	---	single	nucleotide	polymorphism	(SNP)	
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Relationship between clinicopathological parameters, 
prognosis and TP53 variants.  

TP53 variants were not associated with clinicopathological 
parameters 
In order to reach sufficient statistical discriminatory power, we combined the Pro allele of 

TP53 codon 72 for further analysis (Arg/Arg vs. Arg/Pro⏐Pro/Pro). Neither the R72P 

polymorphism nor R213R polymorphism or TP53 mutational status were associated with 

the clinical parameters listed in table 5.4 (age, gender, tumor stage, T-classification, 

differentiation, metastasis or smoking status).  

R72P was not associated with the presence of TP53 mutations. However, the 

heterozygous AG-genotype of the R213R polymorphism was significantly associated with 

the presence of TP53 mutations (P = 0.003; table 5.5). One patient harbored one 

missense and one nonsense TP53 mutation in association the R213R polymorphism, 

while the other patients harbored one missense mutation (table 5.5).  

Table	5.4:	Association	of		TP53	polymorphisms	and	TP53	mutation	status	with	clinicopathological	characteristics	

	 TP53	Arg72Pro	 TP53	Arg213Arg	 TP53	
	 GG	(%)	 GC/CC	(%)	 P	 AA	(%)	 AG	(%)	 P	 WT	(%)	 Mut(%)	 P	

Median Age ±  SD 63.5	±	9.6	 63.6	±	11.7	 0.968	 63.3	±	10.5	 66.7	±	6.65	 0.401	 63.7	±	9.1	 63.4	±	11.8	 0.883	

Gender 	 	 	 	 	 	 	 	 	

Male 43	(67.2)	 26	(78.8)	
0.344	

65	(72.2)	 4	(57.1)	
0.408	

37	(68.5)	 32	(74.4)	 0.653	
Female 21	(32.8)	 7	(21.2)	 25	(27.8)	 3	(42.9)	 17	(31.5)	 11	(25.6)	

Stage* 	 	 	 	 	 	 	 	 	
I 26	(40.6)	 8	(24.2)	

0.144	

30	(33.3)	 4	(57.1)	

0.375	

21	(38.9)	 13	(30.2)	

0.738	II 14	(21.9)	 14	(42.4)	 26	(28.9)	 2	(28.6)	 16	(29.6)	 12	(27.9)	
III 18	(28.1)	 7	(21.2)	 25	(27.8)	 0	(0.0)	 12	(22.2)	 13	(30.2)	
IV 6	(9.4)	 4	(12.1)	 9	(10.0)	 1	(14.3)	 5	(9.3)	 5	(11.6)	

T-classification* 	 	 	 	 	 	 	 	 	
T1-T2 46	(71.9)	 20	(60.6)	 0.358	 62	(68.9)	 4	(57.1)	 0.677	 39	(72.2)	 27	(62.8)	 0.383	T3-T4 18	(28.1)	 13	(39.4)	 28	(31.1)	 3	(42.9)	 15	(27.8)	 16	(37.2)	

Differentation (n=90) 	 	 	 	 	 	 	 	 	
Poor 15	(25.4)	 11	(35.5)	

0.536	
25	(30.1)	 1	(14.3)	

0.537	
13	(26.0)	 13	(32.5)	

0.790	Moderate 19	(32.2)	 10	(32.3)	 27	(32.5)	 2	(28.6)	 17	(34.0)	 12	(30.0)	
Strong 25	(42.4)	 10	(32.3)	 31	(37.3)	 4	(57.1)	 20	(40.0)	 15	(37.5)	

Metastasis** 	 	 	 	 	 	 	 	 	
No 44	(68.8)	 20	(60.6)	 0.499	 58	(64.4)	 6	(85.7)	 0.417	 34	(63.0)	 30	(69.8)	 0.524	Yes 20	(31.3)	 13	(39.4)	 32	(35.6)	 1	(14.3)	 20	(37.0)	 13	(30.2)	

Smoking Status 
(n=82) 	 	 	 	 	 	 	 	 	

Never-smoker 4	(7.5)	 5	(17.2)	 0.268	 9	(12.0)	 0	(0.0)	 1.000	 7	(15.6)	 2	(5.4)	 0.175	Smoker 49	(92.5)	 24	(82.8)	 66	(88.0)	 7	(100.0)	 38	(84.4)	 35	(94.6)	
TP53 Status 	 	 	 	 	 	 	 	 	

Wild Type 34	(53.1)	 20	(60.6)	 0.524	 54	(60.0)	 0	(0.0)	 0.003	 /	 /	 	
Mutant 30	(46.9)	 13	(39.4)	 36	(40.0)	 7	(100.0)	 /	 /	 	

*	At	time	of	diagnosis	**	Initially	and/or	after	progression	
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Table	5.5:	TP53	mutations	associated	with	the	R213R	
SNP	(rs1800372)	
Case	 Exon	 p.Mutant	 Mutation	type	
		 	 	 Transversion	
3	 4	 R110L	 C:G	->	A:T	
8	 5	 V157F	 C:G	->	A:T	
20	 7	 M237I	 C:G	->	T:A	

	 	
	

Transition	
1	 4	 S96F	 G:C	->	A:T	
3	 6	 R196X	 G:C	->	A:T	
17	 6	 P190S	 G:C	->	A:T	
21	 7	 C242F	 C:G	->	A:T	
28	 7	 P250L	 G:C	->	A:T	

The R72P Pro-allele is associated with worse OS in stage I patients. 
Univariate survival analysis did not show any difference in OS or PFS with respect to the 

R72P polymorphism (Arg/Arg vs. Arg/Pro⏐Pro/Pro) in stage I-IV patients. However, 

when taking tumor stage into account, univariate analysis showed a clear trend towards 

worse OS in stage I NSCLC patients for carriers of the Pro-allele (Arg/Pro or Pro/Pro, p 

= 0.069), while this effect was not observed in stage II-IV patients. Grouping by tumor 

stage did not alter the effect on PFS (Figure 5.1).  

 
Figure 5.1: Kaplan-Meier survival curves for OS and PFS according to R72P status: patients were grouped by either 
Arg/Arg genotype (blue) or Arg/Pro⏐Pro/Pro genotype (green). Significance was reached when p < 0.05 and was 
determined by log-rank testing.  
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TP53 mutational status significantly affects both OS and PFS of 
NSCLC patients, depending on tumor stage. 
Univariate survival analysis showed that the presence of an inactivating TP53 mutation 

was significantly correlated to poor OS in stage I-IV patients (p = 0.004; figure 5.2). 

However, when grouping patients based on tumor stage, the significant effect was no 

longer observed in stage I tumors (p = 0.793), while stage II-IV tumors were even more 

significantly correlated to worse OS (p = 0.001).  

Similarly, a significant effect of the presence of an inactivating TP53 mutation on PFS was 

observed only in stage II-IV patients (p = 0.039), but not in stage I patients (p = 0.874), 

indicating a more prominent role for the TP53 mutational status in late stage tumors on 

both OS and PFS. 

 
Figure 5.2: Kaplan-Meier survival curves for OS and PFS according to TP53 mutational status (blue: WT; green: 
mutant). Significance was reached when p < 0.05 and was determined by log-rank testing.  
 

Independent predictors of OS and PFS (multivariate survival 
analysis) 
In addition to univariate analysis, we fitted a cox proportional hazard model with TP53 

mutational status and R72P status as predictor for OS and accounting for potential 

confounders including gender, age, metastasis and tumor stage (table 5.6). Additionally, 

we included the R213R status, although univariate analysis did not indicate any prognostic 

value for this SNP (data not shown).   
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Stepwise backward model building showed that TP53 mutational status had a significant 

effect on OS in stage I-IV patients with a hazard ratio of 2.19 (95% CI: 1.19 - 4.01; p = 

0.012). Tumor stage acted as a significant confounder (HR: 1.91; 95% CI: 1.43 - 2.54: p = 

0.000), which was expected from the univariate analysis, showing a difference between 

stage I and stage II-IV tumors. The hazard ratio for TP53 mutations increased to 2.78 

(95% CI: 1.37 – 5.66; p = 0.005) in stage II-IV tumors, but still had to be accounted for 

by tumor stage. Due to the limited sample size, further discrimination by tumor stage was 

not possible.  

In stage I tumors, no significant predictive value remained for TP53 mutation status. 

However, the R72P Pro-allele acted as a strong predictor for worse OS (HR: 4.72; 95% 

CI: 1.14 - 19.57; p = 0.032) in stage I tumors, accounting for age.  

Similarly, a cox model was fitted for TP53, R72P and R213R status as predictor PFS, 

accounting for gender, age and tumor stage. Stepwise backward modelling showed that 

tumor stage acted as a significant independent predictor for poor PFS in stage I-IV 

patients (HR: 1.43; 95% CI: 1.05 – 1.96; p = 0.025). However, its predictive value was not 

retained in stage II-IV patients, for which the TP53 mutation status acted as a significant 

and independent predictor for PFS (HR: 2.60; 95% CI: 1.16 – 5.79; p = 0.020). No effect 

on PFS from TP53, R72P or R213R status was observed in stage I patients.  

Table	5.6:	Independent	predictors	of	OS	en	PFS	(Multivariate	Cox	regression	model)	
Overall	Survival	

	 Predictors	 HR	(95%	CI)	 P-value	

Stage	I-IV	 TP53	(Mutant	vs.	WT)	 2.19	(1.19	-	4.01)	 0.012	
Tumor	Stage	 1.91	(1.43	-	2.54)	 0.000	

Stage	I	
R72P	(Arg/Pro	+	Pro/Pro	vs.	Arg/Arg)	 4.72	(1.14	-	19.57)	 0.032	

Age	(>65	vs.	≤	65)	 5.85	(1.14	-	30.10)	 0.035	

Stage	II-IV	 TP53	(Mutant	vs.	WT)	 2.78	(1.37	-	5.66)	 0.005	
Tumor	Stage	 1.87	(1.21	-	2.88)	 0.005	
Progression-free	Survival	

	 Predictors	 HR	(95%	CI)	 P-value	
Stage	I-IV	 Tumor	Stage		 1.43	(1.05	–	1.96)	 0.025	
Stage	I	 Age	(>65	vs.	≤	65)	 2.98	(0.89	-	9.98)	 0.076	

Stage	II-IV	 TP53	(Mut.	vs.	WT)	 2.60	(1.16-	5.79)	 0.020	
Factors	included	in	the	backward	conditional	model:	TP53	mutation	status,	R72P,	R213R,	gender,	age,	
tumor	stage	and	metastasis.	HR:	Hazard	Ratio;	CI:	confidence	interval;	p<0.05	indicates	significance.			
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Discussion 

The prognostic value of TP53 variants in NSCLC has been frequently studied, but has 

often led to conflicting results, especially for the role of the R72P SNP. Therefore, more 

in-depth studies are warranted, particularly focusing on NSCLC subtypes and possible 

differences between tumor stages 1. The development of novel high-throughput 

techniques like NGS deep sequencing offers new possibilities to screen the whole coding 

region of the TP53 gene (exon 2-11) in a highly sensitive manner, thus offering the 

capacity to detect variants in the presence of normal cell contaminants or in 

heterogeneous tumors.  

In the present study, we focused on a Caucasian NSCLC adenocarcinoma patient group 

consisting of stage I-IV tumors. In accordance with previous studies, inactivating TP53 

mutations were detected in 44% of all patients 1. In addition, 3 SNPs were detected, 

including the frequently occurring R72P polymorphism (rs1042522) of which the Pro 

variant is associated with reduced expression of apoptotic related target genes 2. We did 

not observe any association of the R72P SNP with TP53 mutations, although this was 

previously reported by others 5. The rare synonymous P36P SNP was detected in one 

patient, and has previously been reported to affect MDM2-mediated control of TP53 

mRNA translation 6. Interestingly, we detected the rare R213R (rs1800372) 

polymorphism in 7.2% of the patients and are the first to show the significant association 

with TP53 mutations in NSCLC adenocarcinoma patients. Ganci et al. previously 

reported R213R positive head and neck squamous cell carcinoma patients, all 

heterozygous for this locus 7. In addition, they showed higher expression of the 

synonymous R213R polymorphic allele compared to the wild-type allele, which was 

related to TP53 LOH (loss of heterozygosity) positive status, which is frequently observed 

in the presence of TP53 mutations 8. However, TP53 mutations were only detected in 2 

out of 5 R213R positive patients, taking into account that their study was limited to exons 

5-8. Since we observed R213R associated mutations in exon 4, and Ganci et al. detected 

TP53 LOH in these exon 5-8 TP53 wild type patients, there is a strong possibility that 

these patients carry-on other mutations on different exons as stated by the authors. 

Interestingly, they have linked the R213R SNP and TP53 missense mutation to the same 
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allele, which could account for the higher expression of the R213R polymorphic allele 

they observed.  

Due to the association of R213R with inactivating TP53 mutations, which acted as an 

independent predictor for worse OS and PFS, R213R did not act as a prognostic marker. 

Including R213R in the multivariate model did not alter the outcome in any way. 

Consequently, R213R shows limited potential as a predictor for patients’ outcome. 

Nonetheless, R213R could be a valuable marker for the assessment of the risk for 

NSCLC development, possibly due to the increased susceptibility for TP53 mutations and 

high frequency in our patient group compared to the general population (MAF: 0.0054). 

However, this conclusion can not be drawn from the present study and requires further 

studies including a healthy control group.   

TP53 inactivating mutations were not associated with any of the patients’ 

clinicopathological data, including invasiveness, lymph node infiltration or metastasis. 

This shows that TP53 mutations did not seem to affect tumor aggressiveness which could 

have accounted for the worse OS and PFS observed in our patient group.  The fact that 

the predictive role for TP53 mutations was unique to stage II-IV tumors might depend on 

the difference in therapeutic strategy for stage I and stage II-IV patients. Surgical 

resection remains the main therapeutic option for stage I patients, and most of the stage I 

patients in our study cohort did not receive (neo)adjuvant therapy, while advanced stages 

were mostly treated with DNA damaging agents. TP53 mutations are known as negative 

predictors for response to platinum based-therapies in NSCLC 9-11.  Hence, the stronger 

prognostic value we observed for TP53 mutations in advanced stage NSCLC could be 

due to therapy resistance/failure. Due to incomplete data on the patients’ treatment 

schemes, the predictive role of TP53 mutants could not be studied in depth. The currently 

available data on the prognostic value of TP53 mutations, recently reviewed by Deben et 

al., indicated the importance of subtype and tumor stage 1. Previous studies have shown 

that the prognostic value of TP53 mutations was limited to adenocarcinoma (ACC) 

patients, and not observed in squamous cell carcinoma (SSC) patients, consistent with our 

results in ACC 12-14. Both Ahrendt et al. and Chien et al. reported a significant worse OS 

in stage I patients harboring a TP53 mutation, but not in stage II-III patients 5,15. 

However, these studies did not take subtype into account, which is clearly an influencing 
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factor as discussed above. This could account for the contradictory results observed in 

this study, which was limited to ACC tumors. Only limited studies were available on the 

predictive role of TP53 mutations on PFS, which did not show any effect of PFS, but 

again failed to categorize by tumor stage or subtype 9,16. 

The Pro-allele of the R72P polymorphism acted as a strong predictor for poorer OS in 

stage I tumors in our study cohort.  One previous study took tumor stage into account 

and found a similar worse OS in the presence of at least one Pro-allele in stage I tumors, 

although not significant and without taking subtype into account 5. The R72P Pro-allele 

did not affect PFS in our patient cohort, even when grouped by tumor stage. Han et al. 

and Liu et al. showed a significant association of the Pro-allele with poorer PFS, limited 

to stage III-IV patients 17,18. Contradictory, Shiraishi et al. reported a significant better 

PFS for patients harboring the Pro/Pro genotype 19. Again, these studies included both 

ACC and SSC subtypes, making it difficult to compare these findings to ours.  

Our findings clearly show an important role for TP53 variants as predictors for the 

outcome of NSCLC adenocarcinoma patients, especially for TP53 inactivating mutations 

in advanced stage tumors. Restoring wild type p53 function using compounds like APR-

246 (PRIMA-1MET) or exploiting the presence of mutant p53, as previously discussed, 

could therefore prove to be promising therapeutic strategies which could greatly improve 

patients’ outcome1,20.  
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Chapter 6 

The MDM2-inhibitor Nutlin-3 synergizes with cisplatin to 
induce p53 dependent tumor cell apoptosis in non-small 
cell lung cancer 
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Abstract 

The p53/MDM2 interaction has been a well-studied target for new drug design leading to 

the development of, among others, the small molecule inhibitor Nutlin-3.  

We combined Nutlin-3 with the commonly used chemotherapeutic drug cisplatin 

(CDDP), a well-known activator of the p53 pathway, in a series of non-small cell lung 

cancer cell lines with different p53 background in order to increase the cytotoxic response 

to CDDP and lowering the required dose. Sequential treatment (CDDP followed by 

Nutlin-3), but not simultaneous treatment, resulted in clear synergism under normoxic 

and hypoxic conditions, activation of p53’s transcriptional activity and induction of p53 

dependent apoptosis and G2/M phase arrest. Interestingly, the strongest synergistic effect 

was observed at low doses of both CDDP and Nutlin-3, which could result in fewer (off-

target) side effects while maintaining a strong cytotoxic effect. The combination of 

Nutlin-3 and CDDP shows promising preclinical potential, emphasizing the importance 

of the applied treatment scheme and the presence of wild type p53.  

 

 

 

 

 

 

 

 

 

 

 

 



 84 

Introduction 

In recent years, cancer therapy has evolved from general treatment strategies to more 

specific targeted therapies, based on the genetic profile of individual tumors. Important 

progress has been made in understanding the underlying molecular mechanisms that drive 

tumorigenesis. These new findings have led to the discovery of new therapeutic targets, 

and consequently the development of new-targeted therapeutics. These tailor-made 

treatment modalities might improve the efficiency of cancer treatment, reduce common 

side effects by avoiding unnecessary toxicity and improve general outcome. In addition, 

preclinical studies have become increasingly important, not only to determine new 

combination strategies of these targeted agents with conventional chemo- and/or 

radiotherapeutics, but also to unravel the underlying molecular mechanisms and to define 

the optimal treatment schemes for these combination therapies. 

A well-know molecular alteration driving tumor formation is the tumor suppressor 

transcription factor p53, which plays an important role in the response to a variety of 

cellular stress signals by the induction of cell cycle arrest, senescence or apoptosis. Hence, 

this p53 protein plays an important role in protecting cells against malignant 

transformation. The p53 pathway is disturbed in most cancers either by inactivating 

mutations, which occur in approximately 50% of all tumors, or by other mechanisms, 

suppressing p53 levels in the cancer cell. This makes the altered p53 pathway an attractive 

target for novel cancer therapies [1-5].  

An interesting strategy is to target the interaction between p53 and its main negative 

regulator, the ‘murine double minute-2’ (MDM2) protein. MDM2 is part of a negative 

feedback loop in which p53 acts as a transcription factor for MDM2, that in turn acts as 

an E3 ubiquitin ligase targeting p53 for proteasomal degradation. Overexpression of 

MDM2 interrupts the well-controlled balance between p53 and MDM2, leading to 

malignant transformation of the cell. Increased MDM2 levels can result from MDM2 

gene amplification, which is assumed to occur in 10% of human tumors [6], or from the 

presence of a single nucleotide polymorphism (SNP309) in the promoter region of the 

MDM2 gene [7]. Inhibiting the interaction between p53 and MDM2 might therefore 

restore the normal p53 function. In 2004, Vassilev et al. identified Nutlin-3, a small 
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molecule inhibitor (smi) of the MDM2-p53 interaction with in vitro and in vivo antitumor 

activity [8], leading to the activation of p53 downstream targets, cell cycle arrest and 

apoptosis [9]. Cancer cells with an MDM2 gene amplification were most sensitive to 

Nutlin-3 in vitro and in vivo, but Nutlin-3 also showed good efficacy against tumors with 

normal MDM2 expression. This shows that a wide array of patients with wild type p53 

could benefit from the treatment with antagonists of the p53-MDM2 interaction [4].  

 
Figure 6.1: p53 pathway in response to therapy. CDDP induces DNA damage by forming DNA cross-links, thereby 
inducing the activation of ATM/ATR. The latter are able to activate p53 by phosphorylation and the formation of a 
p53 tetramer, which acts as a transcription factor for among others MDM2 (negative regulation), BAX and PUMA 
(apoptosis) and p21 (cell cycle arrest). The inhibition of MDM2 by Nutlin-3 results in a high increase in p53 levels in 
response to CDDP treatment resulting in a synergistic effect.  
 

Although Nutlin-3 shows a good efficiency as a single agent, the anti-tumoral effect might 

be enhanced when it is administered in combination with DNA-damaging agents in p53 

wild type tumors. In this study, we focused on the combination of Nutlin-3 with CDDP 

(cis-diamminedichloroplatinum(II); cisplatin), a well-known activator of the p53 pathway, 

in a series of non-small cell lung cancer (NSCLC) cell lines with different p53 
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backgrounds (Fig. 6.1). Currently, CDDP treatment is used in platinum doublet therapy 

for the treatment of late stage EGFR/ALK/ROS1 negative tumors. However, tumor 

cells lacking functional p53 are prone to be more resistant to CDDP treatment [10]. 

Therefore, increasing functional p53 levels by Nutlin-3 could enhance the cytotoxic effect 

of CDDP. This combination regimen has been shown to be beneficial in both sarcoma 

cell lines and CDDP resistant ovarian cancer cell lines [9, 11].  On the other hand, Nutlin-

3 is able to protect both normal and tumor wild type p53 cells from mitotic inhibitors like 

paclitaxel by inducing G1 and G2 phase arrest [12-15]. Therefore, we studied the effect of 

the treatment schedule for the combination of Nutlin-3 with CDDP by administrating 

these drugs either simultaneously or sequentially (CDDP followed by Nutlin-3) to 

determine whether Nutlin-3 might have the undesired effect of protecting the cells against 

CDDP-mediated toxicity, or on the contrary, enhance the cytotoxic effect depending on 

the sequence of administration. In addition, we focused on the role of wild type p53. As 

regions with reduced oxygen levels often characterize tumors, a part of the study was 

performed under both normoxic and hypoxic (<0.1% O2) conditions. 

Materials and Methods 

Cell lines 
The NSCLC adenocarcinoma cell lines used in this study were the parental A549 cell line 

(p53 WT, ECACC, Salisbury, England), and its isogenic derivatives A549-NTC (non-

template control) and A549-920 (p53 shRNA, lentiviral vector) obtained after 

transduction using the GIPZ lentiviral shRNA VGH5526-EG7157 viral particle set 

(Thermoscientific, Waltham, USA). In order to obtain a stably transduced cell line, cells 

were maintained in medium containing 5 μg/ml puromycin. CRL-5908 (ATCC, 

Rockville, USA) was used as p53 mutant cell line (R273H). Cells were cultured according 

to the distributor’s instructions.  

Cells were grown as monolayers and cultures were maintained in exponential growth in 

5% C02/95% air in a humidified incubator at 37°C to obtain normoxic conditions and in 

a humidifier Bactron IV anaerobic chamber (Shel Lab, 0% O2, 5% CO2, 95% N2) to 

obtain hypoxic conditions (<0.1% O2). Hypoxic conditions were initiated after first 

treatment. All cell lines were free from mycoplasma contamination. 
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Monotherapy 
Cells were plated in 96 well plates at concentrations of approximately 1800 cells/well for 

A549, A549-NTC, A549-920 and 2500 cells/well for CRL-5908. Cells were incubated 

overnight and treated for 24 hours with CDDP (0-20	 µM)	 or Nutlin (0-50 µM) as single 

agents. Forty-eight hours after treatment, cell survival was determined using the 

sulforhodamine B (SRB) assay as previously described [26]. 

Combination therapy and criteria for synergism 
The combination therapies were performed in 96 well plates as described above. A549 

cells were treated with CDDP (0-20 µM), combined with Nutlin-3 (5, 10, 25 µM; 

corresponding with IC20, IC40 and IC60- values in the wild type p53 cell line), either 

simultaneous or sequential (CDDP followed by Nutlin). A549-NTC, A549-920 and CRL-

5908 cells were only treated with the most optimal combination therapy. Cell survival was 

determined by the SRB assay. To determine the presence of a possible synergistic effect 

the combination index (CI) was calculated by the Chou-Talalay Method using the 

CalcuSyn software. A combination index CI < 1 indicates synergism, CI = 1 an additive 

effect and CI > 1 an antagonistic effect [27].  

XCELLigence real-time cell analysis (RTCA) 
 

Real-time monitoring of cell viability was performed on an xCELLigence RTCA DP 

instrument (ACEA Biosciences, San Diego, USA). A detailed description of this method 

can be found in previously published work from our group [28]. Cells were plated in a 16-

well E-plate and treated with 2 μM CDDP, and previously described Nutlin-3 

concentrations. Cell viability was monitored for a period of approximately 144 hours, 

with kinetic measurements programmed every 15 minutes. 

RNA extraction and quantitative RT-PCR 
A549 cells were plated in a 6-well plate at concentrations of 6.5 x 104 cells/well. Total 

RNA was extracted using the TRIzol® method (Life Technologies, Ghent, Belgium) after 
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lysis. Total RNA-yield and quality were measured using the NanoDrop® ND-1000 

(Thermo Scientific, Erembodegem, Belgium) and stored at -80°C.  

RT-PCR was performed using the Power SYBR Green RNA-to-CT 1-Step Kit (Applied 

Biosystems, Ghent, Belgium) on the LightCycler480 (Roche, Vilvoorde, Belgium) 

according to the manufacturers instructions with a total of 30 ng RNA. The optimal 

number and type of housekeeping genes (GAPD, RPLA13, and SDHA-1) were 

determined using the qbasePLUS software (Biogazelle, Zwijnaarde, Belgium). Relative 

gene expression levels were calculated according to the comparative Ct method using the 

same software and plotted against the untreated sample. A panel of targets was selected 

based on interesting transcription targets of p53, namely PUMA and BAX (apoptosis), 

p21 (cell cycle arrest), MDM2 (negative feedback loop).  

Primers qRT-PCR 

Target Gene Target Type Sequence (5' to 3') Length 

MDM2 p53 TT 
F-TGGCGTGCCAAGCTTCTCTGT 

100 
R-ACCTGAGTCCGATGATTCCTGCTG 

p21 p53 TT 
F-GGCAGACCAGCATGACAGATTTC 

63 
R-GCTTCCTCTTGGAGAAGATCAGC 

PUMA p53 TT 
F-CCTGGAGGGTCCTGTACAATCT 

88 
R-GCACCTAATTGGGCTCCATCT 

BAX p53 TT 
F-GCTGTTGGGCTGGATCCAAG 

139 
R-TCAGCCCATCTTCTTCCAGA 

RPL13A HKG 
F-CCTGGAGGAGAAGAGGAAAGAGA 

125 
R-TTGAGGACCTCTGTGTATTTGTCAA 

SDHA-1 HKG 
F-ACTCAGCATGCAGAAGTCAATGC 

70 
R-ACCTTCTTGCAACACGCTTCCC 

GAPDH HKG 
F-TGCACCACCAACTGCTTAGC 

90 
R-GGCATGGACTGTGGTCATGAG 

p53 TT: p53 transcription target; HKG: housekeeping gene 
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Western Blot 
Cells were plated in a 6-well plate as described above. Cells were lysed on plates in TNN 

buffer. After centrifugation (5 minutes, 800rpm) the supernatants containing the isolated 

proteins was kept at -80°C. Protein concentrations were determined using the Pierce® 

BCA protein assay kit (ThermoScientific). Western blot analysis was performed as 

described previously [29]. 

Following antibodies were used: rabbit monoclonal anti-p53 (1:2000, Cell Signaling 

Technology, Leiden, the Netherlands, no. 9282); mouse monoclonal anti-MDM2 (3G9) 

(1:1000, Millipore, Overijse, Belgium, no. 04-1555), rabbit monoclonal anti-p21 (1:2000, 

Abcam, Cambridge, UK, no. ab109199), rabbit monoclonal anti-PUMA (1:2000, Abcam 

no. ab33906) and rabbit monoclonal anti-BAX (1:2000, Abcam no. ab32503). Mouse 

monoclonal anti-β-actin was used as internal standard (1:5000, Sigma Aldrich, Diegem, 

Belgium). Anti-mouse and anti-rabbit HRP-labeled secondary antibodies were used 

(1:2000, Cell Signaling no. 7076S and no. 7074S) and chemiluminescent detection was 

performed using the WesternBrightTM Quantum Western blotting detection kit 

(Advansta, Temse, Belgium).  

Flow cytometry 
Cells were plated in a 6-well plate as described above. Samples were analyzed using a 

FACScan flow cytometer (Becton Dickinson). Each sample was analyzed using 10.000 

events/sample acquired. Data was analyzed using FlowJo V10. Induction of apoptotic cell 

death in the wild type A549 cell lines was investigated using the Annexin V-FITC 

apoptosis detection kit (Becton Dickinson Pharmingen, Erembodegem, Belgium) 

according to the manufacturers instructions. Green (Annexin V-FITC) and red (PI) 

fluorescence was analyzed using a FACScan flow cytometer (Becton Dickinson). Data 

was presented as dot plots (Annexin V plotted against PI staining). Apoptosis was 

determined as Annexin V positive cells, i.e. UR + LR. The number of apoptotic cells in 

the transduced cell lines A549-NTC and A549-920 were determined using Annexin V-

PerCP-CyTM5.5 (BD pharmingen) due to the interference of FITC with the transduction 

control protein TurboGFP. Annexin V-PerCP-CyTM5.5 was also used with A549 and 

CRL-5908 in order to compare the results.  
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Cell cycle distribution was monitored according to the Vindelov method, as describe 

previously [30]. Data was presented as histograms of DNA content to determine cell cycle 

distribution (G0/G1, S and G2/M). 

Statistical analysis  
All experiments were performed at least three times. Results, if not otherwise stated, are 

presented as mean ± standard deviation (SD). Statistical significance was determined by a 

two-way ANOVA test, followed by Dunnett’s post hoc test for the comparison with the 

untreated sample, using SPSS 22. 

Results 

The role of wild type p53 in the response to Nutlin-3 
monotherapy 
To determine the role of the p53 status in the cytotoxic effect of Nutlin-3, cells with a 

different p53 background were treated with 0-50 μM Nutlin-3 for 24 hours. The p53 wild 

type cell line A549 and its non-template control A549-NTC were clearly more sensitive to 

Nutlin-3 (IC50: 17.68 ± 4.52 µM and 19.42 ± 1.96 µM, respectively), with an IC50 value 

significantly lower than the isogenic p53 deficient cell line A549-920 (33.85 ± 4.84 µM; p-

value: 0.002) and p53 mutant cell line CRL-5908 (38.71 ± 2.43 µM; p-value < 0.001) (Fig. 

6.2A). To obtain a better insight in the underlying mechanisms, all cells were treated with 

5 µM, 10 µM or 25 µM Nutlin-3 (corresponding with the IC20, IC40 and IC60 value in 

the p53 wild type cell line A549) and p53 expression levels were assessed by Western 

blotting. In contrast to the p53 deficient or mutant cell lines, increasing p53 protein levels 

were observed in accordance with increasing levels of Nutlin-3 concentrations after 24 

hours of treatment in the p53 wild type cell lines (Fig. 6.2B). Furthermore, treatment with 

Nutlin-3 led to the activation of wild type p53, resulting in increased protein levels of its 

main transcription targets PUMA, BAX, p21 and MDM2 (Fig. 6.2B), which in turn led to 

the induction of a significant increase in apoptotic cells (Fig. 6.2C) in the p53 wild type 

cell lines, but not in the p53 deficient and mutant cell lines. A significant G2/M phase 

arrest was observed in A549 and A549-NTC at 25 μM Nutlin-3 treatment, but also in the 
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p53 deficient cell line A549-920, due to the presence of residual p53 and p21. The p53 

mutant cell line did not show any significant change in G2/M phase arrest (Fig. 6.2D).  

 
Figure 6.2: The response to Nutlin-3 monotherapy was p53 dependent. (A) Survival curve after 24 hours of 
treatment with Nutlin-3 (0-50 μM) in the p53 wild type cell lines A549 and A549-NTC, the p53 deficient cell line 
A549-920 and p53 mutant cell lines CRL-5908. The corresponding IC50-values are presented as mean ± SD in the 
figure. (B) Protein expression levels of p53 and its main transcription targets MDM2, p21, PUMA, and BAX after 
treatment with 0, 5, 10 or 25 μM Nutlin-3 in all cell lines. (C) Percentage of Annexin V PerCP positive cells after 0, 
5, 10 or 25 μM Nutlin-3 in all cell lines. (D) Cell cycle distribution after Nutlin-3 monotherapy, Cells were stained 
with Propidium Iodide and DNA content was measured by flowcytometric analysis. Cells were divided in 3 groups: 
G1 phase (2n); S-phase (2n-4n); and G2/M phase (4n). (* p < 0.05: significant difference compared to vehicle 
treated sample). 

Nutlin-3 strongly synergizes with CDDP after sequential 
combination therapy 

Cell survival and synergism 
To investigate the potential interaction between Nutlin-3 and CDDP in the p53 wild type 

NSCLC cell line A549, tumor cells were incubated with 0-20 μM CDDP combined with 

either simultaneous or sequential treatment of 0 μM, 5 μM, 10 μM or 25 μM Nutlin-3 for 

24 hours. A clear difference was observed between the two treatment schemes, supported 

by the data in table 6.1 and figure 6.3. When cells were incubated with CDDP for 24 

hours before treatment with Nutlin-3 (sequential treatment), the cytotoxic effect of 

CDDP was amplified and led to a strong synergistic effect, which was strongest in the 

lowest concentrations ranges of Nutlin-3 and CDDP (CI = 0.486 for CDDP -> 5 μM 
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Nutlin-3) (Fig. 6.3) On the contrary, Nutlin-3 seemed to protect cells from the cytotoxic 

effect of medium to high concentrations of CDDP when administrated simultaneously, 

resulting in an antagonistic effect at higher concentrations of CDDP. However, a weak 

synergistic effect at low concentrations of both Nutlin-3 and CDDP (CI = 0.990 for 

CDDP + 5 μM Nutlin-3) was found (Fig. 6.3). The same effect was observed under 

hypoxic conditions, although the synergistic effect was slightly weaker (table 6.1). As no 

major difference was observed between normoxic and hypoxic conditions, we conducted 

the following experiments only under normoxic conditions. 

 

 
Figure 6.3: Survival curve and combination index (CI) of the sequential and simultaneous combination 
therapy. (A) Survival curve after 24 hours of CDDP (0-20 μM) monotherapy and in combination with 5 
μM, 10 μM, or 25 μM Nutlin-3. The corresponding combination index for each Nutlin-3 concentration 
used is shown in detail on the right. (B) Survival curve after 24 hours of CDDP (0-20 μM) monotherapy 
and sequential combination therapy with 5 μM, 10 μM, or 25 μM Nutlin-3. The corresponding 
combination index for each Nutlin-3 concentration used is shown in detail on the right. The supporting 
data for this figure (Mean IC50-values and mean CI) can be found in supplemental table 6.1.  
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Table 6.1: Cytotoxicity and synergism of the CDDP and Nutlin-3 combination therapy. The table gives an overview 
of the IC50-value of CDDP after both monotherapy and simultaneous/sequential combination therapy with Nutlin-3 
under normoxic or hypoxic conditions.  The average combination index (CI) is provided for each combination 
therapy. CI > 1 indicates an antagonistic effect, CI = 1 an additive effect and CI < 1 a synergistic effect. (* p < 0.05: 
significant difference in IC50-value compared to CDDP monotherapy)   

Activation of wild type p53 
CDDP and Nutlin-3 monotherapy resulted in a slight increase in p53 levels in the wild 

type A549 cells, but when combined sequentially, the p53 protein levels clearly amplified, 

even at a low dose of Nutlin-3 (Fig. 6.4A). This effect was only observed at higher 

concentrations of Nutlin-3 when treatment with CDDP was administrated 

simultaneously.  

Next, the activation status of p53 was determined by measuring the mRNA and protein 

levels of its main transcription targets MDM2, PUMA, BAX, and p21 as well as their 

downstream effects, namely apoptosis (PUMA and BAX) and cell cycle arrest (p21). 

Negative regulation: induction of MDM2 

The mRNA levels of MDM2 were markedly increased after sequential treatment 

compared to both CDDP and Nutlin-3 monotherapy, although a statistically significant 

increase was only observed when CDDP was combined sequentially with 25 μM Nutlin-

3. Only a minor increase in MDM2 mRNA levels was observed after simultaneous 

treatment (Fig. 6.4B). Similarly, the MDM2 protein levels were elevated, with the most 
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striking increase after sequential treatment with low concentrations of CDDP (2 μM) and 

Nutlin-3 (5 μM) (Fig. 6.4C).  

Figure 6.4: Expression of the p53 protein and its negative regulator MDM2 after simultaneous and sequential 
combination therapy. (A) The highest increase in p53 protein levels was observed after sequential combination 
therapy. (B) Increased MDM2 mRNA levels were observed after both CDDP and Nutlin-3 monotherapy. The 
increase was strongest after sequential combination therapy. (C) Corresponding MDM2 protein levels after 
treatment; β-actin was used as an internal standard. (* p < 0.05: significant difference compared to 0 μM CDDP; ** 
p < 0.05: significant difference compared to 2 μM CDDP) 

Induction of apoptosis 

Treatment with Nutlin-3 led to a moderate (5 μM) to significant (10 and 25 μM) increase 

in PUMA mRNA levels. A similar effect was observed after simultaneous and sequential 

combination therapy, for which a significant effect was observed after treatment with 10 

and 25 μM Nutlin-3 in combination with 2 µM CDDP (Fig. 6.5A). This effect was 

translated to the PUMA protein levels (Fig. 6.5B). Despite these similar effects after 

simultaneous and sequential therapy, a significant increase in BAX mRNA levels was 

observed only after sequential combination therapy, but not after monotherapy or 

simultaneous combination therapy (Fig 6.5A). Again, this was also reflected at the BAX 

protein levels (Fig. 6.5B). 

As both PUMA and BAX are able to induce p53 dependent apoptosis, the percentage of 

Annexin V positive cells and PI positive cells was determined (Fig. 6.5C). Sequential 

treatment led to a significant increase in Annexin V positive cells even at low 
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concentration of Nutlin-3 (5 μM), which was not observed after simultaneous or 

CDDP/Nutlin-3 monotherapy treatment (Fig. 6.5D). This indicated that sequential 

treatment is favorable over simultaneous treatment for the induction of apoptosis and 

seemed more dependent on the expression of BAX.  

 
Figure 6.5: Nutlin-3 enhanced the apoptotic effect of CDDP in the p53 wild type cell line A549. (A) Relative 
mRNA expression levels of p53’s main apoptotic targets PUMA and BAX. Cells were treated with either 2 μM 
CDDP; 5 μM, 10 μM or 25 μM Nutlin, or a sequential (CDDP -> Nutlin)/simultaneous combination therapy of 
both drugs for 24 hours. (B) Corresponding protein levels of PUMA and BAX, β-actin was used as internal 
standard. (C) Cells were labeled with Annexin V-FITC and Propidium Iodide (PI) and measured by flowcytometric 
analysis. Dot-plot: LL = AnnV-/PI-; LR = AnnV+/PI-; UR = AnnV+/PI+; UL = AnnV-/PI+. (D) Percentage of 
Annexin V FITC positive cells. (* p < 0.05: significant difference compared to 0 μM CDDP; ** p < 0.05: significant 
difference compared to 2 μM CDDP) 

Cell cycle distribution 

P21 is an important transcription target of p53, able to induce cell cycle arrest. The 

mRNA levels of p21 were determined after both mono- and combination therapy. A 

strong and significant increase in p21 mRNA levels was observed after monotherapy with 

25 μM Nutlin-3, and after sequential treatment with 5, 10 and 25 μM Nutlin-3 (Fig. 6.6A). 

Again, a significant effect was not present after simultaneous treatment, except after 
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treatment with CDDP and 25 μM Nutlin-3 (Fig. 6.6A). Similarly, the highest levels of the 

p21 protein were observed after sequential combination therapy (Fig. 6.6B).  

Since therapy seemed to induce a strong activation of the downstream target p21, the cell 

cycle distribution after both mono- and combination therapy was investigated, resulting in 

a very strong significant G2/M phase arrest after sequential therapy, even at low 

concentrations of Nutlin-3 and a markedly but not significant increase after monotherapy 

and simultaneous combination therapy (Fig. 6.6C). Again, the sequential combination 

therapy was clearly more favorable over monotherapy or simultaneous combination 

therapy. Therefore, for the following experiments we focused on the sequential 

combination therapy.  

Figure 6.6: Nutlin-3 induced a strong G2/M phase arrest in combination with CDDP. (A) Relative mRNA 
expression levels of p53’s transcription target p21. Cells were treated with either 2 μM CDDP; 5 μM, 10	 μM	 or	 25	
μM	Nutlin-3,	 or	 a	 sequential	 (CDDP	–>	Nutlin)/simultaneous	 combination	 therapy	of	 both	drugs	 for	24	
hours.	 (B) Corresponding p21 protein levels, β-actin was used as internal standard. (C) Cell cycle distribution of 
treated cells. Cells were stained with Propidium Iodide and DNA content was measured by flowcytometric analysis. 
Cells were divided in 3 groups: G1 phase (2n); S-phase (2n-4n); and G2/M phase (4n). (* p < 0.05: significant 
diffence compared to 0 μM CDDP; ** p < 0.05: significant difference compared to 2 μM CDDP) 
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Duration of the cytotoxic effect 
By monitoring the proliferation rate of A549 in real-time using the xCELLigence system, 

a better insight in the duration and persistence of the cytotoxic effect after sequential 

treatment has been acquired. Figure 6.7A shows the growth curve after sequential 

treatment with CDDP followed by Nutlin-3. All curves were normalized at the end of 

treatment 1 (24h CDDP). Figure 6.7B shows the corresponding cell survival at 1, 6, 12 48, 

72, 96 and 120 hours after the start of treatment 2 (24h Nutlin-3). Treatment with 2 μM 

CDDP had only a minor effect on overall cell survival over time. On the other hand, 

treatment with 5 μM Nutlin-3 showed an increase of the cell index in the first 48 hours 

after the start of treatment, after which the number of cells gradually decreased. 

Sequential combination therapy showed a substantial decrease in the number of cells 

compared to the vehicle treated sample starting within 6 hours after treatment with 

Nutlin-3. After 96 hours, this decrease stagnated. These results indicate that the cytotoxic 

effect is clearly dependent on the addition of Nutlin-3, and is persistent over time, up to 

96 hours after wash out of the drugs. 

 
Figure 6.7: Real-time cell-viability of A549 by using the xCELLigence system after sequential 
treatment with CDDP and Nutlin-3. (A) Normalized cell index over time after mono- and sequential 
combination therapy. (B) Percentage of cell survival x hours after the start of treatment 2 (Nutlin-3).  
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The role of wild type p53  
To determine the role of wild type p53 in the observed cytotoxic effect of the synergistic 

combination therapy (2 μM CDDP treatment followed by 5 μM Nutlin-3), a similar 

experimental setup was used for the A549 non-template control (A549-NTC), p53 

deficient (A549-920) and p53 mutant cell line (CRL-5908). All cell lines were compared to 

the wild type p53 cell line A549.  

As mentioned before, a significant difference in IC50-value in response to Nutlin-3 

dependent on the p53 status was observed. The same effect was also noted for the 

response to CDDP. There was no significant difference between the IC50 values of A549 

and A549-NTC cells (IC50: 6.28 ± 1.63 vs. 4.63 ± 0.39, p-value = 0.066), while the p53 

deficient cell line A549-920 was significantly less sensitive to CDDP (IC50: 8.72 ± 0.86, p-

value < 0.001) as for the p53 mutant cell line CRL-5908 (IC50: 9.60 ± 0.63, p-value < 

0.001) (table 6.2). A strong to moderate synergistic effect was only observed in the p53 

wild type cell line A549 and A549-NTC (CI = 0.486 ± 0.138; CI = 0.785 ± 0.370, 

respectively), which was strongest at low concentrations of CDDP. A549-920 was 

characterized by an overall antagonistic effect, but slightly synergistic at certain CDDP 

concentrations (CI = 1.906 ± 2.147). For CRL-5908 cells, no synergistic effect was 

observed at any CDDP concentration (CI = 1.453 ± 0.447). A more detailed overview of 

these results is given in table 6.2 and figure 6.8A.  

 
Table 6.2: Overview of the IC50-values and CI obtained after sequential combination treatment for which CDDP 
was followed by Nutlin-3 in the p53 wild type cell lines A549 and A549-NTC, the p53 deficient cell line A549-920 
and p53 mutant cell line CRL-5908. The average combination index (CI) is provided for each combination therapy. 
CI > 1 indicates an antagonistic effect, CI = 1 an additive effect and CI < 1 a synergistic effect. (* p < 0.05: 
significant difference in IC50-value compared to CDDP monotherapy)   
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Next, the p53 protein levels after therapy were studied. The strongest increase was 

observed after combination therapy in the p53 wild type cell lines. The transduced A549-

920 cell line expressed some residual levels of p53 after CDDP and combination therapy, 

but markedly lower than the parental cell line A549 and its negative control A549-NTC. 

CRL-5908 showed high levels of mutant p53, which were strongest after CDDP 

treatment and independent of Nutlin-3 treatment (Fig. 6.8B). 

Corresponding with the p53 levels, the protein levels of p53’s main transcription targets 

(MDM2, PUMA, BAX and p21) increased in the p53 wild type cell lines, with the most 

noticeable increase after combination therapy. None of these targets were observed in the 

p53 mutant cell lines CRL-5908. As mentioned before, A549-920 cells expressed some 

residual p53 protein, resulting in an increased expression of MDM2 and p21 after CDDP 

treatment or combination therapy, but not after Nutlin-3 monotherapy. This effect was 

much less pronounced for the apoptotic related proteins PUMA, for which no increase 

was observed after combination therapy, and BAX, whose levels slightly increased after 

CDDP and combination therapy (Fig. 6.8B). In the same way, combination therapy 

influenced the cell cycle distribution dependent on the p53 status of the cell. The wild 

type p53 cell lines A549 and A549-NTC, but also the p53 deficient cell lines A549-920 

responded by a significant G2/M phase arrest. However, the arrest induced in A549-920 

was significantly less than the one induced in the parental cell line A549 (p = 0.015). The 

p53 mutant cell line did not show any significant changes in cell cycle distribution (Fig. 

6.8D). Finally, the induction of apoptosis was similarly dependent on the p53 status of the 

cell. A significant increase in apoptotic cells was only observed in the p53 wild type cell 

lines, but not in the p53 mutant and deficient cell line. Nevertheless, the A549-920 cell 

line did show an identifiable increase in apoptotic cells (Fig. 6.8C).  
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Figure 6.8: The synergistic cytotoxic effect of the sequential combination therapy was dependent of the p53 status 
of the cell. (A) Combination index for each CDDP concentration after sequential combination therapy in the p53 
wild type cell lines A549, A549-NTC, the p53 deficient cell line A549-920 and the p53 mutant cell line CRL-5908. 
The supporting data for this figure (Mean IC50-values and mean CI) can be found in table 6.1. (B) Protein 
expression levels of p53 and its main transcription targets MDM2, p21, PUMA, and BAX after monotherapy with 
CDDP or 5 µM Nutlin-3 or sequential combination therapy in each cell line. (C) Percentage of Annexin V PerCP 
positive cells after treatment in all cell lines, measured by flowcytometric analysis (D) Cell cycles distribution after 
treatment as previously described in all cell lines. Cells were stained with Propidium Iodide and DNA content was 
measured by flowcytometric analysis. Cells were divided in 3 groups: G1 phase (2n); S-phase (2n-4n); and G2/M 
phase (4n). (* p < 0.05: significant idifference compared to 0 µM CDDP; ** p < 0.05: significant difference 
compared to 2 µM CDDP) 
 

Discussion  

CDDP is the first line treatment for a selected NSCLC population as platinum doublet 

therapy (depending on the EGFR/ALK/ROS1 status). As the p53 pathway plays an 

important role in the response to CDDP, the presence of adequate levels of functional 

wild type p53 is a necessity. By targeting the MDM2-p53 interaction in wild type p53 

tumors, the p53 levels can be increased and the cytotoxic response to CDDP might be 

improved.  

In this study, we hypothesized that the combination of CDDP with the MDM2 inhibitor 

Nutlin-3 could result in a synergistic cytotoxic response in p53 wild type cell lines. We 

focused on the sequence of administration, since Nutlin-3 is able to induce cell cycle 



 101 

arrest, which possibly could protect the cells from CDDP damage. Consistent with 

previous studies, our study showed that the response to Nutlin-3, in particular the 

induction of apoptotic cell death and cell cycle arrest, is p53 dependent, as only a minor 

cytotoxic effect was observed in the p53 deficient and mutant cell lines at high 

concentrations of Nutlin-3 [9, 16, 17]. Although the p53 wild type cells were sensitive to 

Nutlin-3 monotherapy, the apoptotic response and induction of cell cycle arrest were 

rather limited, possibly due to the lack of an activation signal of the p53 pathway, for 

example the induction of DNA damage by CDDP treatment.  

This hypothesis was confirmed in our results indicating that the cytotoxic effect of 

CDDP was synergistically increased when combined with Nutlin-3. Our results are similar 

to those of previous studies in CDDP sensitive and resistant ovarian cancer cell lines or 

sarcoma cell lines, in which a low dose of CDDP was combined simultaneously with 

Nutlin-3 [9, 11]. We are the first to show that the sequential treatment of CDDP followed 

by Nutlin-3 resulted in the most potent synergistic effect compared to simultaneous 

treatment, both under normoxic and hypoxic conditions, in NSCLC. This effect was 

reflected at both the p53 protein level as well as its activity status by a significant increase 

of its transcriptional targets at both mRNA and protein levels and the resulting induction 

of G2/M phase arrest and apoptotic cell death.  

Interestingly, this synergistic effect was strongest at low doses of CDDP and Nutlin-3. 

This could be beneficial, as it might reduce possible side effects often associated with 

anticancer therapy. 

The reduction of this response in the p53 deficient cell line, that still expressed low levels 

of p53, and the absence of a response in the mutant cell line indicates that this effect is 

strongly p53 dependent, implicating that only patients harboring wild type p53 would 

benefit from this combination. However, newly developed molecules like APR-246 

(reactivation op mutant p53) could be able to overcome this limitation [18]. The 

observation that the combination therapy led to a significant G2/M phase arrest, but not 

to a significant increase in apoptotic cells in the transduced cell line is consistent with the 

view that low levels of p53 induce cell cycle arrest, whereas higher levels are needed to 

induce apoptosis [19]. Hence, the high levels of wild type p53 expressed after the 
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sequential combination therapy in the parental cell line are at least partly responsible for 

the significant increase in apoptotic cell death compared to monotherapy.  

Previous studies have also shown a p53 independent effect, likely through the inhibition 

of the p73-MDM2 binding or by activating E2F1 [9, 20, 21]. However, p53 independent 

effects only occurred at higher concentrations of Nutlin-3, which could greatly increase 

side effects. We did not observe a synergistic effect when combining CDDP with high 

concentrations of Nutlin-3 in p53 deficient/mutant cell lines (data not shown).  

An important feature of newly developed therapeutics is the effect on non-malignant 

cells, and in general unwanted side effects in patients, especially when these new drugs are 

combined with commonly used chemotherapeutics [15].  Several studies have shown a 

cytoprotective effect of Nutlin-3 in normal cells, not only by inducing cell cycle arrest but 

also by blocking BAX and BAK activation in mitochondria and thereby preventing 

apoptotic cell death [12, 15]. We observed a similar antagonistic effect in cancer cells 

when administrating higher concentrations of CDDP simultaneously with Nutlin-3, but 

not after sequential therapy, stressing the importance to determine if the sequential 

combination therapy is well tolerated by normal cells in vivo.  

Currently, several Nutlin-3 analogues like RG7112 or RG7388 are in clinical trials as 

monotherapy or in combination therapy [19, 22-24]. These compounds are mostly tested 

in sarcoma patients, eg. well-differentiated and dedifferentiated liposarcomas, because 

MDM2 gene amplification occurs in about 20% of all cases, making them adequate study 

subjects [6, 22, 25]. However, our results show that other types of cancer, like NSCLC, 

could also benefit from MDM2-inhibitor combination strategies independent of the 

MDM2 expression status, by enhancing the expression and activation of wild type p53 in 

response to CDDP treatment.  

Our results point to an optimal combination therapy, being the induction of DNA 

damage by CDDP, followed by an increase in p53 levels by Nutlin-3. A lower dose of 

CDDP could be used, potentially reducing side effects for NSCLC patients and 

improving overall prognosis. This effect was strongly dependent on the presence of wild 

type p53. It would be interesting to extend this research in vivo, comparing Nutlin-3 with 

newly developed MDM2 inhibitors currently in clinical development, in combination with 

CDDP and possibly initiate a phase 1 clinical trial. Thereby the focus should be on the 
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ideal time point for the sequential administrating of both drugs in NSCLC patients and 

the administrated dose.  
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APR-246 overcomes mutant p53 and hypoxia dependent 
cisplatin resistance in non-small cell lung cancer 
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Abstract  

Cisplatin doublet-therapy remains the backbone in the treatment of lung cancer, but is 

often associated with initial or acquired resistance. In this study we showed that APR-246 

(PRIMA-1MET) was able to increase hypoxia dependent apoptosis, and overcome mutant 

p53 and hypoxia induced cisplatin resistance in a synergistic manner. We showed a 

possible role of the interaction between p53 and HIF-1α, but further studies are 

necessary to validate our hypothesis.  
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Introduction 
Lung cancer remains the leading cause of cancer related deaths worldwide and is 

characterized by a poor overall survival. Although several new therapeutic strategies are 

being developed, cisplatin-based doublet therapy remains the golden standard for 

treatment of late stage non-small cell lung cancer (NSCLC), accounting for over 80% of 

all lung cancer cases 1. Despite a consistent rate of initial responses, cisplatin treatment 

often results in the development of chemoresistance through various mechanisms, leading 

to therapy failure and relapse 2,3.  

Solid tumors are often characterized by regions with reduced oxygen levels due to limited 

vascularisation, which can impact the efficacy of cytotoxic drugs. In this study we focused 

on hypoxia-induced cisplatin resistance, particularly on the interaction between p53 and 

the hypoxia-inducible factor 1α (HIF-1α), to restore treatment response. HIF-1α is a 

major regulator in the response to oxidative stress by acting as a transcription factor for 

genes acting on cell proliferation, angiogenesis, metabolism and cell cycle progression to 

mediate cellular adaptation to hypoxia. HIF-1α has been shown to regulate p53 levels in 

response to oxidative stress, while on the other hand p53 can also negatively regulate 

HIF-1α protein levels. This complex interaction is strongly dependent on oxygen levels, 

the duration of hypoxic exposure and even cell type as proposed by the model of 

Sermeus and Michiels (Figure 7.1)4. In addition, HIF-1α and p53 compete for the 

interaction with CBP (CREB-binding protein) and p300 transcriptional co-activators. 

Numerous studies show that under mild hypoxic conditions p53 protein levels are 

decreased, thereby protecting the cells against apoptosis and promote cell survival as an 

adaptive mechanism to the hypoxic environment regulated by HIF1-α. Under severe 

hypoxic or anoxic conditions, p53 is stabilised, decreases HIF1-α’s transcriptional activity, 

promotes HIF-1α ubiquitination and induces apoptosis 4,5.  
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Figure 7.1: Interaction of HIF1-α and p53 in response to reduxed oxygen levels 

 

The presence of mutant p53 can disrupt this balance leading to increased levels and 

activity of HIF-1α and decreased apoptosis in response to hypoxia 6. In addition, it has 

been shown that a positive selection pressure exist for p53 deficient (mutant) cells in 

hypoxic tumor regions, allowing clonal expansion of cells with decreased apoptotic 

potential, chemoresistant properties and high metastatic capabilities 4,5,7,8. Therefore, we 

hypothesized that restoring mutant p53’s DNA-binding capacities using APR-246 

(PRIMA-1MET) can promote p53 dependent apoptosis in a hypoxic environment. Since 

mutant p53 is often overexpressed, high levels of p53 are already present in the cell, 

thereby enforcing the apoptotic response after restoring the normal wild type 

conformation with APR-246. Indeed, our results showed an increased apoptotic response 

to the treatment with APR-246 in a mutant p53 background under reduced oxygen 

conditions, compared to normoxic conditions.  

In a second part of this study we focussed on the role of mutant p53 and hypoxia on the 

induction of cisplatin resistance in NSCLC. As previously discussed, mutant p53 is 

associated with poor prognosis and reduced chemotherapy response 1. In addition, 

mutant p53 could enhance hypoxia induced resistance due to reduced inhibition of HIF-

1α. Indeed, several studies have shown that HIF-1α is associated with hypoxia-induced 

chemoresistance, and HIF-1α knockdown or destabilization can restore sensitivity 9,10.  
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Numerous studies have previously reported strong synergistic effects for the combination 

of cisplatin with APR-246 11,12, consistent with the results obtained in this study under 

normoxic conditions. However, our study is the first to show that APR-246 is able to 

reduce hypoxia dependent resistance to cisplatin in a p53 mutant background. Figure 7.2 

shows our hypothesis, in which APR-246 dependent activation of mutant p53, and its 

concurrent stimulation by cisplatin induced DNA-damage, could reduce HIF-1α protein 

levels or activity (promoting cell survival) resulting in a p53 and hypoxia dependent 

induction of apoptosis, and increased sensitivity to cisplatin treatment.  

 
Figure 7.2: Hypothesis on overcoming hypoxia dependent cisplatin resistance using APR-246.  
 

Materials and Methods 

Cell Culture 
The NSCLC cell lines A549 (CCL-185, TP53wt), NCI-1975 (CRL-5908, TP53R273H) and 

NCI-H2228 (CRL-5935, TP53Q331*) were obtained from ATCC (Rockville, USA). Cells 

were grown as monolayers and maintained in exponential growth in 5% CO2/95% air in a 

humidified incubator at 37°C. A549 cells were cultured in DMEM (10% fetal bovine 

serum (FBS), 1% penicillin/streptomycin and 1% L-glutamine) (Life Technologies, 

Merelbeke, Belgium). NCI-1975 and NCI-H2228 were cultured in RPMI supplemented as 

described above with the addition of 1mM sodium pyruvate (Life Technologies).  

Experiments performed under reduced oxygen conditions were plated and settled 

overnight under normoxic conditions as described above. A Bactron IV anaerobic 

chamber (Shel Lab, US) was used to obtain either hypoxic conditions (1% O2; 4% CO2; 
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95% N2) or anoxic conditions (0% O2; 5% CO2; 95% N2). Cells were adjusted to reduced 

oxygen levels for 6 hours before treatment was initiated.  

Survival assay and synergism 
End-point cell density was assessed using the Sulforhodamine B (SRB) assay as previously 

described 13. To determine IC50-values, cells were exposed to 0-20 µM CDDP (cisplatin; 

Tocris, Abingdon, UK) or 0-50 µM APR-246 (PRIMA-1MET; Tocris) for 72h and IC50 was 

calculated using WinNonlin® software. Combination studies were performed by exposing 

cells to a concentration range of CDDP (0–20 µM) and a fixed concentration of APR-246 

corresponding with approximately IC20 or IC40 values for each cell line. In order to 

determine possible synergism, data was analysed according to the Additive Model as 

described by others 12,14,15. All experiments were performed under both normoxic and 

hypoxic conditions.  

Western blotting  
Cells were treated with a fixed cell line-dependent concentration of CDDP, APR-246 or 

CDDP/APR-246 combined treatment. Western blotting was performed as previously 

described 16. Blocking, primary and secondary antibody incubation was performed using 

the SNAP id® 2.0 protein detection system (Merck Millipore, Overijse, Belgium) 

according to the manufacturer’s instructions. 

Following antibodies were used: rabbit monoclonal anti-p53 (Cell Signalling Technology, 

Leiden, the Netherlands; no. 9282; 1:1000); mouse monoclonal anti-HIF-1α (Becton 

Dickinson Pharmingen, Erembodegem, Belgium; clone 54/HIF-1α; 1:1000); mouse 

monoclonal anti-MDM2 (Abcam, Cambridge, UK; no. ab16895; clone 2A10; 1:1000); 

rabbit monoclonal anti-CA9 (carbonic anhydrase IX; Abcam no. ab108351; clone 

EPR4151(2); 1:1000); Apoptosis Western Blot Cocktail (Cleaved PARP, procaspase 3, 

cleaved caspase 3, β-actin; Abcam no. ab136812); mouse monoclonal anti-β-actin 

(Sigma-Aldrich, Diegem, Belgium; clone AC-15; 1:2500); anti-mouse and anti-rabbit 

HRP-labelled secondary antibodies (Cell Signalling; no. 7076S and no. 7074S, respectively; 

1:2500). Chemiluminescent detection was performed using the LuminataTM Forte 

Western HRP Substrate (Merck Millipore, Overijse, Belgium).  



 112 

Apoptotic flow cytometric assay  
Cells were treated with a fixed cell line-dependent concentration of CDDP, APR-246 or 

CDDP/APR-246 for 72h. Apoptosis/cell death was assessed by the Annexin V-

FITC/Propidium Iodide assay (Becton Dickinson Pharmingen). All assays were 

performed on a FACScan flow cytometer (Becton Dickinson) and analysed with Flowjo 

v10. 

Results 

Effect of oxygen levels on APR-246 response  
As shown in figure 7.1, the role of p53 in the response to hypoxic stress increases in 

accordance with reduced oxygen levels, which could lead to increased sensitivity to APR-

246. In order to determine the influence of oxygen levels on the APR-246 response, cells 

were treated with APR-246  (0-50 µM) and exposed to 21% O2, 1% O2 or 0% O2. Figure 

7.3A shows that an anoxic environment increased sensitivity to APR-246 in the p53 

mutant cell lines NCI-H2228 and NCI-H1975, indicated by a significant reduction in 

IC50-value determined by the SRB-assay. This effect was not observed in the p53 wild 

type A549 cell line. Figure 7.3B shows that a significant reduction was only observed in 

the p53 wild type cell line when exposed to hypoxic conditions, which might indicate a 

stronger dependence on p53 in an anoxic environment. Note that cells in Fig. 7.3A were 

treated for 24h and cells in Fig. 7.3B for 72 hours, accounting for the difference in IC50-

value under a normoxic environment.  

 
Figure 7.3: Sensitivity to APR-246 was dependent on oxygen levels. Sensitivity to monotherapy was 
determined by exposing the cells to APR-246 (0-50 µM) in an environment with different oxygen levels. 
(A) Cell were treated with ARP-246 for 24 hours while being exposed to a normoxic (21% O2) or anoxic 
(0% O2) environment for a total of 72 hours. (B) Cell were treated with ARP-246 for 72 hours while 
being exposed to a normoxic (21% O2) or hypoxic (1% O2) environment. (* p < 0.05; indicates a 
significant difference compared to normoxic conditions).  
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APR-246 strongly synergizes with CDDP and is able to 
overcome mutant p53 and hypoxia dependent resistance 
The combination study of CDDP and APR-246 was limited to both a normoxic (21% O2 

and hypoxic (1% O2) tumor environment since oxygen concentrations around 1% may be 

more frequent than stronger oxygen deprivation, because average oxygen levels of lung 

tumors are higher than those of other solid tumors 17,18.  

A total of two p53 mutant (NCI-H2228 and NCI-H1975) and one p53 wild type (A549) 

cell lines were treated with either CDDP, APR-246 or CDDP/APR-246 for 72 hours, 

after which cell survival was determined using the SRB-assay to determine IC50-values and 

the combination index (Figure 7.4 and table 7.1). Figure 7.4 shows that hypoxia 

significantly reduced the cytotoxic effect of CDDP in NCI-H2228, markedly in NCI-

H1975 and slightly in A549. In both p53 mutant cell lines, the addition of APR-246 to 

CDDP treatment significantly enhanced the cytotoxic effect of CDDP, and was able to 

reduce hypoxia dependent resistance in both cell lines. This effect was not observed in 

the p53 wild type cell line A549, suggesting a higher sensitivity for this combination 

therapy in a p53 mutant background. The combination indexes shown in figure 7.4 

indicate that the combinatory effect was strongly synergistic. Table 7.1 gives a detailed 

overview of all the IC50-values for both mono- and combination therapies in all cell lines, 

and the average combination indexes.  
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Figure 7.4: APR-246 synergistically enhanced the cytotoxic effect of CDDP in a p53 mutant background 
under both normoxic and hypoxic conditions. To determine possible synergism, cells were treated for 72 hours 
with a range of concentrations of CDDP (0 – 20 µM) and fixed concentrations of APR-246, dependent on the used 
cell line since sensitivity to APR-246 monotherapy differed between the cell lines. (A) Cell survival was determined 
using the SRB-assay and IC50 values were calculated using WinNonlin. IC50-values of CDDP monotherapy or 
combined with APR-246 are presented as mean ± SD of 3 independent experiments. (B) The corresponding 
combination index was calculated using the Additive Model for each concentration presented in correlation with the 
affected fraction (FA) of the cells. CI = 1.0 ± 0.2 indicates an additive effect, < 0.8 indicates synergism, < 0.5 strong 
synergism and < 0.2 very strong synergism (* p < 0.05 normoxia vs hypoxia; ** p < 0.05 compared to CDDP 
monotherapy). The corresponding values are presented in table 7.1.  
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Table 7.1: Cytotoxicity and synergism CDDP + APR-246 

O2 Treatment 
NCI-H2228 

IC50  StDev p-value* CI StDev 

21% 

APR-246  19.88 3.76 / / / 

CDDP  2.61 0.59 / / / 

CDDP +  15 µM APR-246 1.48 0.20 0.021 0.611 0.381 

CDDP +  20 µM APR-246 1.39 0.08 0.015 0.663 0.307 

1% 

APR-246  21.04 2.10 / / / 

CDDP  9.49 2.07 / / / 

CDDP +  15 µM APR-246 2.35 0.29 0.001 0.596 0.291 

CDDP +  20 µM APR-246 3.17 0.82 0.002 0.611 0.358 

O2 Treatment 
NCI-H1975 

IC50  StDev p-value* CI StDev 

21% 

APR-246  12.03 3.07 / / / 

CDDP 8.31 1.48 / / / 

CDDP +  7.5 µM APR-246 5.57 1.26 0.084 0.832 0.222 

CDDP +  10 µM APR-246 4.25 1.00 0.018 0.743 0.290 

1% 

APR-246  11.99 3.35 / / / 

CDDP 10.62 1.93 / / / 

CDDP +  7.5 µM APR-246 7.33 1.91 0.065 0.837 0.192 

CDDP +  10 µM APR-246 5.83 1.44 0.010 0.818 0.253 

O2 Treatment 
A549 

IC50  StDev p-value* CI StDev 

21% 

APR-246 24.33 2.04 / / / 

CDDP 4.12 0.50 / / / 

CDDP +  20 µM APR-246 5.06 1.92 0.500 0.920 0.184 

CDDP +  25 µM APR-246 3.95 0.81 0.976 0.832 0.313 

1% 

APR-246  17.45 1.09 / / / 

CDDP 4.67 0.58 / / / 

CDDP +  20 µM APR-246 4.80 0.72 0.972 0.915 0.136 

CDDP +  25 µM APR-246 5.52 1.23 0.377 1.085 0.417 

CDDP: Cisplatin; StDev: Standard Deviation of at least 3 independent experiments; CI: 

Combination Index. p < 0.05 indicates significance 
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The effect of oxygen levels and treatment on HIF1-α and 
p53  
The strongest induction of hypoxia dependent resistance and synergism was observed in 

NCI-H2228. Therefore, we used this cell line to study the underlying mechanisms in 

depth. The induction of hypoxia strongly elevated HIF1-α protein levels, which further 

increased after longer exposure time (Figure 7.5). Similarly, p53 levels were markedly 

increased, but declined after 72 hours of exposure to 1% O2.  

 
Figure 7.5: HIF1-α and p53 protein levels 
in NCI-H2228 in response to hypoxia. β-
actin was used as internal control.  

Next, we investigated the effect of CDDP and APR-246 monotherapy or CDDP/APR-

246 combination therapy on HIF1-α and p53 protein levels after 24 hours of treatment. 

In addition, protein levels of MDM2 and CA9 were determined to monitor 

transcriptional activity of p53 and HIF1-α, respectively. Finally, we looked at the levels of 

procaspase 3, cleaved caspase 3 and cleaved PARP as markers for activation of the 

apoptotic caspase cascade (Figure 7.6). 
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Figure 7.6: Effect of oxygen levels and treatment on protein levels 
in NCI-H2228. Cells were treated for 24 hours with vehicle, 15 µM 
APR-246, 5 µM CDDP or CDDP/APR-246 under normoxic or hypoxic 
conditions. β-actin was used as internal control.  

Consistent with the results shown in figure 7.5, an increase in both HIF1-α and p53 

protein levels was observed under hypoxia compared to normoxic conditions. 

Interestingly, CDDP treatment reduced HIF1-α and further increased p53 levels under 

both normoxic and hypoxic conditions . When focusing on hypoxic conditions, no 

noticeable effect was observed on HIF1-α levels in the presence of APR-246, while p53 

levels decreased after both APR-246 mono- and combination therapy compared to the 

vehicle and CDDP treated sample, respectively. This might indicate that p53’s 

transcriptional activity was restored, leading to the transcription of p53’s negative 

regulator MDM2, which was confirmed by increased levels of MDM2 in the presence of 

APR-246 under hypoxic conditions (Figure 7.6, lane 3 1% O2). Increased competition of 

p53 with HIF1-α for transcriptional co-activators can reduce HIF’s transcriptional 

activity. CA9 expression levels strongly increased under hypoxia, but were slightly reduced 

after combined therapy with CDDP and APR-246, suggesting an inhibitory role on HIF’s 

transcriptional activity. Finally, figure 7.6 shows that APR-246, but not CDDP is able to 

induce caspase 3 cleavage, which was further enhanced when both compounds were 

combined. Interestingly, hypoxia further increased cleaved caspase-3 levels in response to 

APR-246 and CDDP/APR-246, suggesting a stronger apoptotic response compared to 

normoxic conditions, which will be discussed in the next section.  
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The effect of oxygen levels and treatment on cell viability 
and apoptosis  
The use of the SRB-assay to determine IC50-values and cell survival cannot distinguish 

between cytostatic and cytotoxic effects. Therefore, we used the AnnexinV/PI assay to 

focus on cell viability and apoptosis as a marker for the cytotoxic effect. As expected, 

hypoxia reduced the cytotoxic effect of CDDP in a nearly significant manner. 

Inconsistent with the results from the SRB-assay, hypoxia significantly enhanced the 

cytotoxic effect of APR-246 in NCI-H2228 (Figure 7.7). 

 
Figure 7.7: Influence of oxygen levels and 
treatment on cell viability of NCI-H2228 cells. 
Cells were treated for 72 hours with vehicle, CDDP, 
APR-246 or CDDP/APR-246 and cell viability was 
assessed using the AnnexinV/PI assay. Percentage of 
AnnV-/PI- cells is shown as mean ± SD of 3 
independent experiments. P < 0.05 indicates 
significance.  

Next, we determined the effect of oxygen levels and treatment on the induction of 

apoptosis and cell death. Consistent with the cell viability, the apoptotic effect of CDDP 

was reduced under hypoxia, while the apoptotic effect of APR-246 was significantly 

enhanced. Combined therapy of CDDP/APR-246 resulted in a massive induction of 

apoptosis, which was significantly stronger compared to both monotherapies. No 

difference was observed between nomoxic and hypoxic conditions (Figure 7.8A/B).  
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Figure 7.8: Influence of oxygen levels and treatment on apoptosis of NCI-H2228 cells. Cells were treated for 
72 hours with vehicle, CDDP, APR-246 or CDDP/APR-246 and cell viability/apoptosis was assessed using the 
AnnexinV/PI assay and presented as dotplots. Percentage of AnnV-/PI-; AnnV+/PI-; AnnV+/PI+ and AnnV-
/PI+ cells is shown as mean ± SD of 3 independent experiments. (* p < 0.05 compared to vehicle treated sample; ** 
p < 0.05 compared to vehicle, CDDP and APR-246 treated samples). (A) Normoxic conditions (21% O2) (B) 
Hypoxic conditions (1% O2).  
 

Discussion 

The preliminary data presented in this study support our previously stated hypothesis that 

APR-246 can restore the apoptotic response in a hypoxic environment and reduce 

cisplatin resistance. However, further research will be needed to confirm the involvement 

of HIF-1α and p53. HIF-1α was strongly reduced in response to CDDP treatment, but 

appeared unaffected by APR-246. On the other hand, the reduction of p53 levels in 

response to APR-246, the increase in MDM2 levels, and decrease in CA9 levels in 

response to CDDP/APR-246 treatment suggest a switch from HIF-1α transcriptional 

activity to the activation of p53’s transcriptional activity. To confirm this hypothesis, a 

gene expression study on relevant target genes will be imperative.  

It has to be taken into account that hypoxia-induced p53 acts differently compared to 

DNA-damage induced p53. Indeed, it has been shown that hypoxia mainly induces 

apoptosis through p53-dependent transrepression, while DNA damage induces an 

increase in p53 target gene expression 19-21. As previously mentioned, both p53 and HIF-

1α transactivation depends on the recruitment of CBP and p300 co-activators. This is 

regulated by cockayne syndrome B (CSB), a HIF-1α target gene, which decreases the 
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levels of p53 bound p300 and consequently increasing availability for HIF-1α under 

hypoxic conditions 22.  

Another mechanism which could account for the difference in p53 transcriptional activity 

is phosphorylation of p53 at Ser15, which increases its ability to recruit CBP/p300 23. 

Hypoxia inhibits Ser15 phosphorylation through HIF-1α dependent induced 

nucleophosmin 24. APR-246 and CDDP have been shown to increase phosphorylation of 

Ser15, thereby promoting p53 dependent transcription in an ATM-dependent manner 25. 

Therefore, it might prove interesting to determine phospho-p53 (Ser15) levels in response 

to treatment with these compounds to validate the presence of transcriptionally active 

p53 under hypoxic conditions in addition to increased expression levels of p53’s target 

genes.  

Besides its role as transrepressor, translocation of p53 to the mitochondria in response to 

hypoxia has been reported as an additional mechanism for the induction of apoptosis 26. 

We have previously shown that APR-246 induced the translocation of p53 to the 

mitochondria, thereby activating the mitochondrial apoptotic pathway 27. Under hypoxic 

conditions, this effect could be enhanced leading to the increased apoptotic effect we 

observed after APR-246 treatment.  

The regulation of p53 and HIF-1α protein levels depends strongly on the interaction of 

both proteins with MDM2 and pVHL (Von Hippel-Lindau). MDM2 is the main negative 

regulator of p53, able to inhibit its transcriptional activity and target it for proteasomal 

degradation by ubiquitylation. Several studies attenuate the regulatory role of HIF-1α on 

p53 to its ability to supress MDM2 mediated p53 ubiquitination and block MDM2 

mediated nuclear export 28. On the other hand, reduced p53 levels could be the results of 

MDM2 dependent ubiquitylation after hypoxia dependent MDM2 upregulation at the 

mRNA level in a p53 independent manner 29. In addition, several contradictory models 

have been proposed in which MDM2 can also regulate HIF-1α levels, dependent or 

independently of p53 30. In this study we observed a slight upregulation of MDM2 under 

hypoxia in the p53 mutant cell line, suggesting a weak p53 independent effect. The 

strongest increase was observed after APR-246 treatment, which could suggest an 

increase in p53’s transcriptional activity. However, increased MDM2 levels were not 
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associated with decreased HIF-1α levels, but were associated with decreased p53 levels, 

suggesting MDM2’s regulatory role was limited to p53 protein levels.  

pVHL further increases the complexity. pVHL negatively regulates HIF-1α by 

ubiquitylation, similar to the MDM2-p53 interaction. On the other hand, pVHL has been 

shown to enhance p53 translation and suppress MDM2 mediated degradation and nuclear 

export 31,32. In addition, pVHL can mediate the phosphorylation of p53 Ser15 in response 

to DNA-damage 32. Therefore, we will determine pVHL protein levels in our future study 

as increased expression of pVHL might play an important role in the regulation of the 

p53 dependent apoptotic response after therapy and in response to reduced oxygen levels.  

Rieber et al. previously reported increased susceptibility of mutant p53 breast cancer cells 

to lower levels of PRIMA-1, the precursor of APR-246 (PRIMA-1MET), due to increased 

oxidative stress under low oxygen conditions 33. Since APR-246 is also known to affect 

the cellular redox balance, this could be a plausible alternative/additive mechanisms 

explaining the increased apoptotic effect under hypoxia 34. 

In conclusion, the preliminary data shown in this study suggest a potent way of restoring 

hypoxia induced, p53 dependent apoptosis using APR-246 and additionally overcoming 

cisplatin resistance in a p53 mutant background. The additional study on the expression 

levels of p53 and HIF-1α transcription targets and protein levels of pVHL and phoshpo-

p53 Ser15 will further support our hypothesis as shown in figure 7.2. As an alternative 

mechanism for p53 transcription dependent apoptosis, translocation of p53 to the 

mitochondria in response hypoxia will be assessed.  
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Chapter 8 

APR-246 (PRIMA-1MET) strongly synergizes with AZD2281 
(olaparib) induced PARP inhibition to induce apoptosis in 
non-small cell lung cancer 
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Abstract 

APR-246 (PRIMA-1Met) is able to bind mutant p53 and restore its normal conformation 

and function. The compound has also been shown to increase intracellular ROS levels. 

Importantly, the poly-[ADP-ribose] polymerase-1 (PARP-1) enzyme plays an important 

role in the repair of ROS-induced DNA damage. We hypothesize that by blocking this 

repair with the PARP-inhibitor AZD2281 (olaparib), DNA damage would accumulate in 

the cell leading to massive apoptosis.  

We observed that APR-246 synergistically enhanced the cytotoxic response of olaparib in 

TP53 mutant non-small cell lung cancer cell lines, resulting in a strong apoptotic response. 

In the presence of wild type p53 a G2/M cell cycle block was predominantly observed. 

NOXA expression levels were significantly increased in a TP53 mutant background, and 

remained unchanged in the wild type cell line. The combined treatment of APR-246 and 

olaparib induced cell death that was associated with increased ROS production, 

accumulation of DNA damage and translocation of p53 to the mitochondria. Out data 

suggest a promising targeted combination strategy in which the response to olaparib is 

synergistically enhanced by the addition of APR-246, especially in a TP53 mutant 

background.  
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Introduction 

After more than 30 years of research, p53 is finally making its way into the clinic as a 

therapeutic target with compounds affecting both wild type (eg. MDM2-inhibitors) and 

mutant p53. APR-246 (PRIMA-1MET) is a first-in-class reactivator of mutant p53. The 

compound is converted to methylene quinuclidinone (MQ), a Michael acceptor that can 

bind covalently to cysteines in mutant p53 or unfolded wild type p53, thereby restoring its 

wild-type conformation 1. APR-246 has been shown to inhibit tumor growth in vitro and 

in vivo in various tumor types and models, resulting in the induction of apoptosis in a p53 

dependent manner 2. P53’s crucial role in the DNA damage response makes it an ideal 

target for combination strategies between APR-246 and DNA-damaging agents or 

compounds interacting with DNA damage repair pathways. Several studies have shown 

the relevance of combining APR-246 with chemotherapeutic agents, resulting in a 

synergistic effect and inhibition of chemotherapy resistance 3-8. 

Recent studies have suggested that APR-246 may also induce cell death independently of 

p53 in different tumor types 9-11. One such mechanism is the APR-246 dependent 

generation of reactive oxygen species (ROS) by disturbing the cellular redox balance.  

Peng et al. showed that APR-246/MQ is able to modify thioredoxin reductase 1 (TrxR1, 

antioxidant), converting it to a dedicated NADPH oxidase (pro-oxidant), which can 

induce ROS production 9. In addition, APR-246 can deplete glutathione (GSH) content, 

thus further increasing intracellular ROS levels and ultimately leading to DNA-damage 

induced by the oxidative stress 10.  

The poly [ADP-ribose] polymerase 1 (PARP-1) enzyme plays an important role in DNA 

damage repair and assists in the repair of ROS-induced DNA lesions 12. We hypothesize 

that by blocking PARP mediated DNA-repair, DNA damage will accumulate in the cell in 

response to APR-246 dependent ROS-induction, resulting in massive induction of cell 

death. Hence, in a mutant p53 background, an additional DNA damage response pathway 

is interrupted. APR-246 could restore the apoptotic function of these high levels of 

mutant p53, thereby enhancing the apoptotic response.  

Our combination strategy could expand the clinical application of PARP-inhibitors to 

non-BRCA mutated cancers and may target a new group of NSCLC patients who show 
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limited response to current therapies. In this study, we showed the in vitro effectiveness of 

combining APR-246 with olaparib (AZD2281), a PARP-inhibitor that has been approved 

for high-grade serous ovarian cancer therapy in tumors harbouring breast cancer 1/2 

(BRCA1/2) mutations. A strong synergistic cytotoxic effect and massive induction of 

apoptosis was observed, which was strongest in a TP53 mutant background. In addition, 

we showed that cell death after the combined therapy was correlated with increased 

intracellular ROS levels, a massive accumulation of dsDNA breaks and translocation of 

p53 to the mitochondria.  

Materials and methods  

Cell culture 
The NSCLC cell lines A549 (CCL-185, TP53wt), NCI-1975 (CRL-5908, TP53R273H), NCI-

H2228 (CRL-5935, TP53Q331*) and NCI-H596 (HTB-178, TP53G245C) were obtained from 

ATCC (Rockville, USA). Cells were grown as monolayers and maintained in exponential 

growth in 5% CO2/95% air in a humidified incubator at 37°C. A549 cells were cultured 

in DMEM (10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% L-

glutamine) (Life Technologies, Merelbeke, Belgium). NCI-1975 and NCI-H2228 were 

cultured in RPMI supplemented as described above with the addition of 1mM sodium 

pyruvate (Life Technologies). NCI-H596 was cultured in RPMI as described above, 

supplemented with 1% D-glucose instead of L-glutamine. All cell lines were free from 

mycoplasma contamination.  

Cytotoxicity assays and synergism  
End-point cell viability was assessed using the Sulforhodamine B (SRB) assay as 

previously described 13. To determine IC50 values, cells were exposed to 0-80 µM 

(AZD2281; Selleckchem, Huissen, The Netherlands) or 0-40 µM APR-246 (PRIMA-

1MET; Tocris, Abingdon, UK) for 72h and IC50 was calculated using WinNonlin®. 

Combination studies (further referred to as “aprola”) were performed by exposing cells to 

a concentration range of olaparib (0–80 µM) and a fixed concentration of APR-246. In 

order to determine possible synergism, data was analysed according to the Additive 

Model as described by others 5,14,15.  



 130 

Assays for apoptosis and cell cycle distribution 
Cells were treated with a fixed concentration of olaparib, APR-246 or aprola for 72h. 

Since the sensitivity to both compounds strongly differed between the cell lines, different 

cell line-dependent concentrations were used to be able to study the underlying effects. 

Apoptosis/cell death was assessed by the Annexin V-FITC/PI assay (Becton Dickinson 

Pharmingen, Erembodegem, Belgium). Cell cycle distribution was evaluated using 

CycleTESTTM PLUS DNA reagent kit (Becton Dickinson). All assays were performed on 

a FACScan flow cytometer (Becton Dickinson) and analysed with Flowjo v10.  

RNA extraction and gene expression using quantitative RT-
PCR 
Cells were treated with a fixed cell line-dependent concentration of olaparib, APR-246 or 

aprola. RNA was isolated after 24h of treatment using the TRIzol® method (Life 

Technologies, Ghent, Belgium). Total RNA-yield and quality were measured using the 

NanoDrop® ND-1000 (Thermo Scientific, Erembodegem, Belgium) and stored at -80°C. 

RT-PCR was performed as previously described for PUMA, NOXA and BAX 

(apoptosis), p21 (cell cycle) and MDM2 (p53 negative regulation) 16. Primers are presented 

in chapter 6.   

Whole cell/mitochondrial/cytosolic protein isolation and 
western blot analysis 
Cells were treated with a fixed cell line-dependent concentration of olaparib, APR-246 or 

aprola. Whole cell protein fractions were isolated after 24h of treatment as previously 

described 16. Mitochondria were isolated using the Mitochondrial Isolation Kit for 

Cultured Cells (Thermo Scientific) using a Dounce homogenizer (Sigma-Aldrich, Diegem, 

Belgium) according to the manufacturer’s instructions, resulting in a mitochondrial 

protein fraction (leased with 2% CHAPS) and residual cytosolic protein fraction. Protein 

fractions were measured using the Pierce® BCA protein assay kit (ThermoScientific). 

Western blotting was performed as previously described 17. Blocking, primary and 

secondary antibody incubation was performed using the SNAP id® 2.0 protein detection 

system (Merck Millipore, Overijse, Belgium) according to the manufacturer’s instructions. 
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Following antibodies were used: rabbit monoclonal anti-p53 (Cell Signaling Technology, 

Leiden, the Netherlands, no. 9282); Apoptosis Western Blot Cocktail (Cleaved PARP, 

procaspase 3, cleaved caspase 3, β-actin) (Abcam no. ab136812); mouse monoclonal 

anti-β-actin (Sigma-Aldrich, clone AC-15); rabbit monoclonal anti-COXIV antibody 

(K473.4, Thermo Scientific); anti-mouse and anti-rabbit HRP-labelled secondary 

antibodies (Cell Signalling no. 7076S and no. 7074S, respectively). Chemiluminescent 

detection was performed using the LuminataTM Forte Western HRP Substrate (Merck 

Millipore).  

Immunofluorescence assay: γ-H2AX 
To determine whether treatment with olaparib, APR-246 or aprola induced DNA-damage 

(dsDNA breaks), the mouse monoclonal anti-phospho-Histone H2A.X (Ser139) 

Antibody (clone JBW301, Merck Millipore) was used. Cells were treated and fixated after 

17 hours with ice-cold methanol, permeabilized with 0.1% Triton-X100/PBS and blocked 

with 1% BSA/PBS for 1 hour. Next, cells were incubated overnight (4°C) with the 

primary antibody (1:500). The donkey anti-mouse IgG (H+L) secondary antibody, Alexa 

Fluor® 555 conjugate (Thermo Scientific) was used as secondary antibody (1:1000). 

Fluorescence was detected using an Evos Cell Imaging System (Thermo Scientific).  

DCFH-DA assay: ROS detection 
ROS production was detected through ROS dependent oxidation of non-fluorescent 2′,7′-

dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich) into the highly fluorescent 

compound 2’,7’–dichlorofluorescein (DCF). Cells were treated with vehicle, olaparib, 

APR-246 or aprola for 24 hours, or 1 hour with tert-Butyl hydroperoxide (TBHP, 100 µM, 

Sigma-Aldrich) as positive control. After treatment, cells were trypsinized, washed and 

resuspended in medium with a reduced serum concentration (2%). Cells were incubated 

with 2 µM DCFH-DA for 30 minutes (37°C, 5% CO2) on a shaking platform. Next, cells 

were washed and resuspended in PBS and stained with PI to detect dying/death cells and 

measured on a FACScan flow cytometer (DCF: FL-1 channel; PI: FL-3 channel).  
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Comet assay 
The comet assay was used to assess unrepaired DNA damage in response to therapy. 

Cells were treated for 17 hours, trypsinized, washed and suspended is 1% low-gelling-

temperature agarose (Type VII, cat. no. A4018, Sigma-Aldrich) in PBS. 150 µl of this 

suspension was pipetted on a precoated glass slide (1.5% agarose) and lysed for 1 hour at 

4°C (lysis buffer: 2.5M NaCl, 100mM EDTA, 10mM TRIS, 10% DMSO, 1% Triton X-

100, pH 10). Next, the slides were incubated for 40 minutes in electrophoresis buffer 

(300mM NaOH, 1mM EDTA at 18°C) and electrophoresis was performed for 20 

minutes at 25V and 300mA in a horizontal tank. Next, slides were washed 3 times for 5 

minutes in neutralization buffer (0.4M TRIS, pH 7.5) and stained with 10 µg/ml 

propidium iodide. DNA damage was evaluated using the Evos Cell Imaging System 

(Thermo Scientific). The size of the comet tail corresponds with the amount of 

unrepaired DNA damage.  

Statistical analysis 
All experiments were performed at least three times, unless otherwise stated. Results are 

presented as mean ± standard deviation (SD). Statistical significance was determined by a 

two-way ANOVA test, followed by a Tukey post hoc test (SPSS 23). 

Results 

Olaparib and APR-246 strongly synergize after combined 
therapy.  
The cytotoxicity of olaparib or APR-246 monotherapy was assessed in our panel of four 

NSCLC cell lines with a different TP53 background. TP53 status was not a predictive 

marker for ARP-246 response. NCI-H1975R273H was most sensitive to APR-246, followed 

by NCI-H2228Q331*. NCI-H596G245C showed a similar cytotoxic effect as A549WT (figure 

8.1, table 8.1). Similarly, TP53 status did not predict the response to olaparib treatment in 

these cell lines. NCI-H1975 and NCI-H596 were the least responsive, while A549 and 

NCI-H2228 showed a similar cytotoxic response (figure 8.1, table 8.1).  
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Figure 8.1: Sensitivity to APR-246 and olaparib was independent of TP53 status and strongly varied 
between cell lines. Sensitivity to monotherapy was determined by exposing the TP53Mut NCI-H2228, NCI-H1975 
and NCI-H596 cell lines and TP53WT A549 cell line to a range of concentrations of APR-246: (A) (0 - 25 µM NCI-
H1975; 0 – 30 µM NCI-H2228; 0 – 40 µM NCI-H596 and A549) or olaparib: (B) (0 – 80 µM). Cell survival was 
determined by the SRB-assay 72 hours after the start of treatment. Data are presented in a survival curve as mean ± 
SD of 3 independent experiments.  
 

Table 8.1: Cytotoxicity and  Synergism 

Treatment NCI-H2228 
IC50 StDev p-value* CI StDev 

APR-246  21.77 2.46 / / / 
Olaparib 32.46 6.99 / / / 
Olaparib + 15 µM APR-246 12.86 3.74 0.000 0.453 0.526 
Olaparib + 20 µM APR-246 6.89 1.64 0.000 0.332 0.349 
Olaparib + 25 µM APR-246 2.94 1.06 0.000 0.248 0.292 

Treatment NCI-H1975 
IC50 StDev p-value* CI StDev 

APR-246  9.56 1.87 / / / 
Olaparib 153.62 22.30 / / / 
Olaparib + 7.5 µM APR-246 33.22 2.74 0.000 0.719 0.193 
Olaparib + 10 µM APR-246 26.10 5.30 0.000 0.663 0.237 
Olaparib + 12.5 µM APR-246 19.12 7.32 0.000 0.595 0.334 

Treatment 
NCI-H596 

IC50 StDev p-value* CI StDev 
APR-246  29.35 3.34 / / / 
Olaparib 74.54 18.66 / / / 
Olaparib + 20 µM APR-246 33.16 4.90 0.002 0.827 0.175 
Olaparib + 25 µM APR-246 20.30 1.99 0.000 0.636 0.321 
Olaparib + 30 µM APR-246 12.47 2.77 0.000 0.418 0.389 

Treatment A549 
IC50 StDev p-value* CI StDev 

APR-246  28.01 4.02 / / / 
Olaparib 35.62 6.03 / / / 
Olaparib + 20 µM APR-246 28.69 2.28 0.112 0.893 0.108 
Olaparib + 25 µM APR-246 21.91 4.71 0.002 0.705 0.280 
Olaparib + 30 µM APR-246 21.21 4.23 0.001 0.702 0.321 
	
Table 8.1: Overview of the IC50-values of olaparib and APR-246 monotherapy and aprola (APR-246 + olaparib) 
for each cell line. Cell survival was determined using the SRB assay and IC50-values were calculated using 
WinNonlin. For aprola therapy, the corresponding combination index (CI), calculated using the Additive Model, is 
shown. All data are presented as mean ± standard deviation (SD) of 3 independent experiments (*p < 0.05 
indicates a significant reduction in IC50 value compared to olaparib monotherapy). 
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The addition of APR-246 to olaparib treatment (referred to as ‘aprola’) significantly 

increased olaparib sensitivity in all cell lines (figure 8.2). In NCI-H2228, a more than 10-

fold reduction in IC50-value of olaparib was observed when APR-246 was added, 

consistent with CI values indicating strong to very strong synergism (figure 8.2, table 8.1).  

The initially resistant NCI-H1975 cell line was sensitized in an average synergistic manner, 

with strong synergism at higher concentrations of both compounds (figure 8.2, table 8.1). 

A similar effect was observed in NCI-H596, although higher concentrations of APR-246 

were needed to obtain synergism. Finally, A549 showed only a slight reduction in IC50-

value in an average additive to weak synergistic manner, although strong synergism was 

noticed at higher concentrations of both compounds.  
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Figure 8.2: APR-246 synergistically enhanced olaparib sensitivity in a dose-dependent manner in all cell lines. To 
determine possible synergism, cells were treated for 72 hours with a range of concentrations of olaparib (0 – 80 µM) 
and 3 fixed concentration of APR-246, dependent on the used cell line since sensitivity to APR-246 monotherapy 
differed between the cell lines. Cell survival was determined by the SRB-assay and IC50 values were calculated using 
WinNonlin. (A) IC50 – values of olaparib monotherapy or combined with APR-246 are presented as mean ± SD of 
3 independent experiments. The average CI is shown. (B) Combination index calculated using the Additive Model 
for each concentration presented in correlation with the affected fraction (FA) of the cells. CI = 1.0 ± 0.2 indicates 
an additive effect, < 0.8 indicates synergism, < 0.5 strong synergism and < 0.2 very strong synergism (* p < 0.05 
compared to monotherapy).  
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P53 protein levels and mRNA expression levels of p53 
transcription targets 
p53 protein levels were determined by western blotting after 24h of treatment. At the 

same time point, RNA was isolated and mRNA expression levels of p53’s transcription 

targets were determined (figure 8.3).  

Olaparib treatment increased p53 protein levels in all cell lines. Contrarily, a clear 

difference was observed in mRNA expression levels of p53 transcription targets between 

TP53Mut and TP53WT cell lines. In the presence of mutant p53, olaparib showed no 

significant effect on the expression level of any target gene. However, a mild increase was 

observed in PUMA and p21 mRNA levels in the NCI-H2228 cell line and in all target 

genes of the NCI-H596 cell line, with MDM2 levels almost reaching statistical significance 

(p-value = 0.052). Conversely, in the presence of wild type p53, olaparib monotherapy 

caused a significant increase in the expression levels of BAX, MDM2, PUMA and p21 

while no changes were observed for NOXA.  

In response to APR-246 monotherapy, p53 protein levels were only noticeably increased 

in NCI-H2228. APR-246 did not alter mRNA expression levels of the p53 transcription 

targets in a significant manner, but a slight increase in NOXA and p21 mRNA levels was 

observed in all TP53Mut cell lines. A clear increase in PUMA and MDM2 mRNA levels 

was observed in NCI-H2228 and NCI-H1975. APR-246 did not affect mRNA levels of 

any transcription target in A549.  

Aprola noticeably increased p53 protein levels compared to vehicle, olaparib and APR-

246 monotherapy in NCI-H2228, which was not observed in NCI-H1975 and NCI-

H596. In A549, p53 protein levels were increased similar to olaparib monotherapy.  

A similar trend in mRNA expression levels of p53 transcription targets was observed in 

all TP53Mut cell lines after aprola treatment. For BAX, no significant difference was 

observed, while NOXA and PUMA levels reached a significant increase in all cell lines 

(except for NOXA levels in NCI-H1975, p-value = 0.063) compared to vehicle 

treatment. In addition, NOXA mRNA levels were significantly increased compared to 

olaparib and APR-246 monotherapy in NCI-H2228 and almost reached significance in 

NCI-H596 (p-value = 0.059). P21 mRNA levels were significantly increased compared to 

vehicle, olaparib and APR-246 treatment in NCI-H2228 and NCI-H596 and compared to 
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vehicle and olaparib treatment in NCI-H1975, although a noticeable increase to APR-246 

monotherapy was observed. Finally, MDM2 levels were significantly altered compared to 

vehicle treatment in NCI-H2228 and markedly in NCI-H1975, while MDM2 levels in 

NCI-H596 reached a similar level to olaparib monotherapy.  

In A549 cells, expression levels of BAX, MDM2, PUMA and p21 reached a significant 

increase compared to vehicle treatment, but were almost identical to the expression levels 

induced by olaparib monotherapy. NOXA levels remained unaffected after aprola 

treatment in A549 cells.  

 
Figure 8.3: Changes in p53 protein levels and mRNA expression levels of p53 transcription targets in response to 
therapy. Cells were treated with vehicle, olaparib, APR-246 or aprola and whole cell RNA and protein fractions were 
extracted 24 hours after the start of treatment. P53 protein levels were determined using western blotting, β-actin 
was used as an internal standard. mRNA expression levels of MDM2 (negative regulation of p53); BAX, PUMA and 
NOXA (pro-apoptotic); and p21 (cell cycle) target genes were determined relative to the vehicle treated sample. Data 
are presented as mean ± SD of 3 independent experiments (*p < 0.05 compared to vehicle treated sample; ** p < 
0.05 compared to vehicle, olaparib and APR-246). 

Aprola initiates caspase-3 cleavage, PARP cleavage and 
induces massive apoptosis in a TP53Mut background 
In order to assess the ability of olaparib, ARP-246 or aprola treatment to activate the 

apoptotic caspase cascade and induce apoptotis, procaspase 3, cleaved caspase-3 and 

cleaved PARP protein levels were determined after 24 hours of treatment using western 

blot analysis to determine earlier apoptotic effects (figure 8.4). The Annexin V/PI assay 

was used to determine late apoptotic effects after 72 hours, which was the endpoint of the 

treatment schedule (figure 8.5).  
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Olaparib monotherapy did not induce any noticeable change in protein levels in any cell 

line. In NCI-H2228 and NCI-H596 a slight reduction in pro-caspase 3 levels was 

observed after APR-246 and aprola treatment, resulting in increased levels of cleaved 

caspase 3, which were highest after aprola treatment. NCI-H2228 showed a very slight 

increase in cleaved PARP after both APR-246 and aprola treatment. In NCI-H1975 no 

noticeable difference in procaspase-3 was observed, although very low levels of cleaved 

caspase 3 were detected after APR-246 and aprola treatment. In A549, neither 

monotherapy nor aprola treatment induced a detectable change in protein levels.  

 
Figure 8.4: APR-246 and aprola, but not olaparib induced caspase-3 cleavage in a 
TP53Mut background. Cells were treated with either vehicle, olaparib, APR-246 or 
aprola and whole cell protein fractions were extracted 24 hours after the start of 
treatment. Procaspase 3, cleaved caspase 3 and cleaved PARP protein levels were 
determined using western blotting; β-actin was used as an internal standard. 
 

Olaparib monotherapy induced a clear increase in the AnnV+/PI- and AnnV+/PI+ 

fractions in all cell lines, which only reached statistical significance in NCI-H596 

compared to the vehicle treated sample. APR-246 induced a significant increase in the 

AnnV+/PI- and/or AnnV+/PI+ fractions in all the TP53Mut cell lines, but not in A549.  

In NCI-H2228 cells, aprola induced a strong significant increase in the AnnV+/PI+ 

fraction; while both the AnnV+/PI- and AnnV+/PI+ fractions were significantly 

increased in NCH-H596 cells compared to vehicle, olaparib and APR-246 treated 

samples. In NCI-H1975 cells aprola induced a weaker but significant decrease in AnnV-

/PI- cells compared to the vehicle and olaparib treated sample, and a noticeable decrease 

compared to APR-246 treatment. Concomitantly, a significant increase in AnnV+/PI- 

cells compared to vehicle, olaparib and APR-246 treatment and AnnV+/PI+ cells 

compared to vehicle and olaparib treatment were seen.  

The weakest apoptotic response was observed in A549 cells, where aprola treatment 

induced a noticeable, but non-significant, decrease in AnnV-/PI- cells and increase in the 
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AnnV+/PI- and AnnV+/PI+ fraction compared to olaparib or APR-246 monotherapy. 

The changes compared to the vehicle treated sample almost reached significance for the 

AnnV-/PI- fraction (p-value = 0.054) and AnnV+/PI+ fraction (p-value = 0.058) and a 

significant change in the AnnV+/PI- fraction.  

 
Figure 8.5: APR-246 and especially aprola induced apoptosis/cell death, which was the most pronounced in a 
TP53Mut background. Cells were treated with vehicle, olaparib, APR-246 or aprola and stained with Annexin V 
(AnnV, X axis) and propidium iodide (PI, Y axis) 72 hours after the start of treatment, sorted by flow cytometry and 
presented as a dotplot. Cells were divided in four quadrants (AnnV-/PI-, AnnV+/PI-, AnnV+/PI+ and AnnV-
/PI+). The percentage of cells in each quadrant after therapy of 3 independent experiments is presented as mean ± 
SD (*p < 0.05 compared to vehicle treated sample; ** p < 0.05 compared to vehicle, olaparib and APR-246).  
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Olaparib, APR-246 and Aprola treatment significantly 
altered cell cycle distribution 
We assessed cell cycle distribution in response to olaparib, APR-246 and aprola treatment 

after 72 hours (figure 8.6). Olaparib treatment significantly altered cell cycle distribution in 

all cell lines, with a slight but significant arrest in the G2/M checkpoint for NCI-H2228 

and NCI-H596 and a stronger significant G2/M arrest in NCI-H596. The most 

pronounced G2/M arrest was observed in A549.  

APR-246 alone significantly altered cell cycle distribution with a shift towards the S-phase 

and G2/M phase in the TP53Mut cell lines, although a slight but significant G2/M arrest 

was only observed in NCI-H596. Cell cycle distribution was unaffected by APR-246 

treatment in the TP53WT cell line.  

Aprola induced a significant reduction of cells in the G0/G1 phase compared to vehicle, 

olaparib and aprola treatment in NCI-H2228 and NCI-H1975. In NCI-H2228 cells, this 

went together with a significant increase in the sub-G1 phase and S-phase, rather than 

G2/M arrest, which levels were comparable to olaparib treatment. In NCI-H1975 cells, 

cell cycle distribution significantly shifted to the S-phase and predominantly to a G2/M 

arrest compared to vehicle, olaparib and APR-246 treated samples. In NCI-H596 and 

A549 cells aprola significantly induced a G2/M arrest, although no significant difference 

was observed when comparing the combination with olaparib or APR-246 monotherapy.  
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Figure 8.6: Olaparib, APR-246 or aprola treatment significantly altered cell cycle distribution in all cell lines. Cells 
were treated with vehicle, olaparib, APR-246 or aprola and stained with propidium iodide according to the Vindelov 
method 72 hours after the start of treatment. DNA content was measured by flow cytometry. Cells were divided into 
4 groups according to the cell cycle phase: Sub-G1 (<2n); G0/G1 (2n); S (2n-4n); G2/M (4n). The percentage of 
cells in each phase is presented as mean ± SD of 3 independent experiments. (*p < 0.05 compared to vehicle treated 
sample; ** p < 0.05 compared to vehicle, olaparib and APR-246). 

Aprola increased ROS production, concomitant with a 
massive accumulation of γ-H2AX foci, DNA fragmentation 
and translocation of p53 to the mitochondria.  
We hypothesized that APR-246 dependent ROS production could lead to the induction 

of DNA-damage, which repair is inhibited by olaparib. The accumulation of DNA-

damage in turn will lead to the induction of apoptosis/cell death (Figure 8.7A). To 

support this hypothesis, we performed the following experiments on NCI-H2228, since 

this cell line showed the most explicit response to aprola treatment.  

Figure 8.7D shows that PI positivity was strongly correlated with an increase in DCF 

positive cells after aprola treatment, but not after olaparib or APR-246 monotherapy 

compared to the vehicle treated sample.  
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Following olaparib treatment, γ-H2AX foci accumulated in several NCI-H2228 cells, 

although the majority of cells had non or only a low number of γ-H2AX foci (figure 

8.7C). Following APR-246 treatment, only a few γ-H2AX foci were observed, yet they 

were present in most cells. Aprola induced a massive increase in γ-H2AX foci in the 

majority of treated cells, indicating that the combination therapy resulted in a higher 

accumulation of DNA-damage compared to monotherapy.  

γ-H2AX foci formation is an early cellular response to the induction of dsDNA breaks. 

To assess whether therapy resulted in unrepaired DNA-damage, the degree of DNA 

fragmentation was visualized using the comet assay. Figure 8.7C shows a clear correlation 

of the presence of γ-H2AX foci with the amount of fragmented DNA. Both APR-246 

and olaparib monotherapy induced a low degree of unrepaired DNA-damage, while the 

combined therapy resulted in a clearly stronger DNA-fragmentation, indicated by the size 

and length of the comet tail.  

We hypothesized that in addition to the induction of p53’s transcriptional activity, p53 

might be translocated to the mitochondria. Since the function of mutant p53 can be 

restored by APR-246, this might result in activation of the mitochondrial apoptotic 

pathway. Figure 8.7B shows an upregulation of mitochondrial p53 in response to olaparib 

and APR-246 monotherapy after 24 hours. Aprola induced a noticeably stronger 

translocation of p53 to the mitochondria compared to vehicle and monotherapy treated 

samples. The cytosolic fraction of p53 was only markedly increased in response to 

olaparib therapy.  
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Figure 8.7: Aprola induced cell death is associated with increased ROS production, accumulation of γ-
H2AX foci (dsDNA damage), DNA fragmentation and translocation of p53 to the mitochondria in TP53Mut 
NCI-H2228 cells. Cells were treated with vehicle, olaparib, APR-246 or aprola for 24 hours. (A) Graphical 
representation of the hypothesis. (B) 24 hours after treatment, mitochondrial and cytosolic protein fractions were 
isolated. P53 were determined in both fractions. COXIV was used as a marker and internal standard for the 
mitochondrial fraction, while β-actin was used for the cytosolic fraction. (C) Cells were stained for γ-H2AX in red, 
nuclei were stained with DAPI in blue and both are represented as an overlay in the merged figure. Using the comet 
assay, DNA fragmentation was visualized using propidium iodide staining. (D) Cells were stained with propidium 
iodide and sorted by flow cytometry. In addition, cells were stained with DCFH-DA (FL-3 channel), which is 
oxidized by reactive oxygen species to the highly fluorescent DCF (FL-1 channel). TBHP was used as a positive 
control. *The percentage was determined by the overtone subtraction tool in FlowJo.  
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Discussion 

TP53 mutations occur in over 50% of all NSCLC patients and the presence of mutant 

p53 acts as an indicator of worse prognosis and reduced response to platinum-based 

therapies in NSCLC, making it a highly relevant therapeutic target 18. APR-246/MQ is the 

first compound in clinical development that is able to reactivate mutant p53 and restore 

its normal function. Clinical results showed that APR-246 has a good safety profile and 

both biological and clinical responses were observed in patients with hematological 

malignancies and prostate cancer 2,19. Several studies show the benefit of combining APR-

246 with DNA-damaging agents leading to promising synergistic interactions 3-6,8,20. In 

this study, we hypothesized that APR-246 itself is capable of inducing ROS dependent 

DNA-damage. Repair of this damage is inhibited by combined treatment with the PARP-

1 inhibitor olaparib, thus providing the required stress signal for activation of the p53 

pathway, ultimately leading to the induction of massive cell death. 

In the preclinical model presented in this study, we provide the first evidence of the 

synergistic interaction of combined APR-246 and olaparib treatment in both TP53Mut and 

TP53WT NSCLC tumor cell lines, although a clear difference in response was observed. 

Olaparib treatment increased p53 protein levels in all cell lines, although p53’s 

transcriptional activity was only increased in A549. However, the TP53 status was not a 

predictive marker for the response to olaparib treatment, indicating that the p53 pathway 

is only partially involved in the response. Generally, olaparib induced a G2/M phase 

arrest rather than apoptosis, which was clearly stronger in a TP53WT background. In 

agreement with our data, Jelinic et al. reported that olaparib induced a G2-phase arrest 

and upregulated p53 and p21 21.   

Similarly, sensitivity to APR-246 greatly differed between the cell lines seemingly 

independent of their TP53 status. The strongest response was observed in the TP53Mut 

NCI-H1975 cells, which correlated with the high basal expression levels of mutant p53 in 

this cell line, since tumor cells expressing high levels of mutant p53 are prone to be more 

sensitive to PRIMA-1 22. APR-246 only slightly altered the expression levels of p53 

transcription targets (MDM2, NOXA, PUMA and/or p21) in a TP53Mut dependent 

manner while BAX mRNA levels were unaffected in all cell lines. These data are in 
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accordance with previous studies, suggesting only a slight increase in p53’s transcription 

targets in response to APR-246 treatment 23,24. However, APR-246 induced a significant 

apoptotic response in the TP53Mut cell lines, indicating that APR-246 might activate a p53 

transcription-independent apoptotic pathway. In response to cellular stress, wild type p53 

can rapidly translocate to the mitochondrial outer membrane, where it interacts directly 

with among others Bcl-xl and Bcl-2, inhibiting their anti-apoptotic function. This results 

in mitochondrial outer membrane permeabilization (MOMP), cytochrome c release, 

caspase activation and release of ROS, thereby promoting an oxidative environment 9,25,26. 

We showed that mutant p53 (in NCI-H2228 cells) was translocated to the mitochondria 

after olaparib, APR-246 and aprola treatment, while caspase activation was only observed 

in the presence of APR-246, indicating that APR-246 might restore mutant p53’s 

mitochondrial function leading to apoptosis. Similarly to mutations that impair p53’s 

transcriptional activity, mutations in the DNA-binding domain impair the mitochondrial 

apoptotic activity of p53 by inhibiting the binding with Bcl-2 and Bcl-xl 27,28. Heyne et al. 

showed that mitochondrial p53 is mostly monomeric, compared to the tetrameric nuclear 

p53 leading to transcriptional activation. The function of monomeric mitochondrial p53 

might therefore be insensitive to dominant inhibition of mutant p53 29. Since APR-246 

binds mutant p53 and restores its normal conformation, the function of tetrameric p53 

might still be disturbed if the conformation of one or more mutant p53 subunits is not 

restored by APR-246, while restored monomeric mutant p53 could still carry out its 

mitochondrial pro-apoptotic function, thereby favoring the latter.  

In accordance with monotherapy, the response to aprola treatment varied greatly between 

the TP53Mut cell lines and TP53WT cell line with a potent induction of the expression of 

PUMA, NOXA, and p21 in the TP53Mut cell lines and most interestingly only affecting 

NOXA expression in a mutant, but not TP53WT background. Several other studies 

demonstrated the importance of NOXA in the response to APR-246 treatment. 

Tessoulin et al. showed that APR-246 increased NOXA expression in a p53-independent 

manner, while NOXA silencing decreased APR-246 dependent cell death in human 

myeloma cell lines. Furthermore they showed that the addition of the ROS scavenger 

NAC inhibited NOXA increase; PARP and caspases cleavage; and cell death in TP53Mut 

or TP53Null cells, highlighting the role of ROS production in the response to APR-246 
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treatment and expression of NOXA 10. Similarly, Saha et al. showed a decrease in 

apoptotic effect after NOXA knockdown irrespective of p53 status, and linked NOXA 

expression to p73 expression, although Tessoulin et al. could not confirm this since they 

did not find any increase in p73 expression 10,30. Li et al. recently showed that NOXA 

knock down only reduced sensitivity in mutant p53 colorectal cancer cell lines, but not in 

the wild type HCT116 cell line, indicating that a role for NOXA is reserved for TP53Mut 

cell lines, similar to our results for both APR-246 and especially aprola treatment 31. In 

addition, they propose a model in which APR-246 mainly induces cytostasis in TP53WT 

cells, whereas APR-246 promotes apoptosis in TP53Mut cells. This is supported by the data 

in our study, since a significant induction of apoptosis was only detected after APR-246 

and especially aprola treatment in TP53Mut cell lines.  

Tessoulin et al. and Peng et al. showed two mechanisms by which APR-246 can induce 

ROS accumulation by depletion of GSH and conversion of TrxR1 to a NAPDH oxidase, 

respectively 9,10. In this study, we showed the association of accumulated ROS and cell 

death after aprola treatment and massive accumulation of γ-H2AX foci and induction of 

DNA-damage. This supports our previously stated hypothesis that the repair of ROS 

dependent DNA-damage could be inhibited by olaparib and induce accumulation of 

dsDNA breaks, thus leading to the strong apoptotic response observed in NCI-H2228 

cells. APR-246 monotherapy showed only a limited number of γ-H2AX foci and DNA 

fragmentation which might suggest that ROS dependent DNA-damage is still repaired 

(eg. by PARP-1), limiting the apoptotic effect of APR-246 monotherapy.  

The fact that the synergistic effect was only observed at much higher concentrations of 

both APR-246 and olaparib in the TP53WT cell line compared to the TP53Mut cell lines, 

might suggest that normal tissue with functional p53 would be able to cope with 

increased ROS production and inhibition of DNA-damage repair by PARP-1 since the 

p53 dependent DNA-damage response is still intact, suggested by the stronger induction 

of cell cycle arrest in A549 in response to olaparib monotherapy. In addition, normal cells 

can tolerate a certain level of exogenous ROS stress, owing to their ‘reserve’ antioxidant 

capacity and are capable of maintaining a normal redox balance. In cancer cells, the 

increased ROS generation may trigger a redox adaptation response. This makes them 
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more vulnerable to oxidative stress, in this case induced by APR-246, more easily leading 

to the induction of cell death compared to normal cells 32.  

Another mechanism that could account for the weak synergistic effect observed in the 

A549 cell line is  the overexpression of Nrf2 (Nuclear factor erythroid-2 related factor 2) 

due to the presence of mutant KEAP1 (Kelch-like ECH-associated protein 1), thereby 

inhibiting its negative regulation of Nrf2 33,34. Nrf2 plays an important role in the 

protection against oxidative stress by promoting glutathione synthesis and acting as a 

transcription regulator for a wide variety of antioxidant enzymes 35,36.  In addition, both a 

positive and negative co-regulation between p53 and Nrf2 has been shown in response to 

oxidative stress 36. P53 dependent p21 upregulation can stabilise Nrf2  by inhibiting its 

interaction with KEAP1, suggesting a stronger Nrf2 dependent antioxidant response in 

the presence of wild type p53. On the other hand, a strong induction of p53 inhibits Nrf2 

by an undefined mechanism, which reduces the antioxidant defense system and cell 

survival in order to promote cell death 35. In contrast to A549, the NCI-H2228 cell line 

expresses low protein levels of Nrf2 and high levels of the KEAP1 protein, as shown by 

Mine et al., possibly contributing to the increased sensitivity to oxidative stress and 

synergistic response. Similarly, NCI-H1975 has been shown to express low levels of Nrf2 
37.  

Combination strategies with olaparib and chemotherapeutic agents have shown to be 

effective in ERCC1 or PTEN-deficient lung cancer cells, showing that other deficiencies 

in DNA-repair pathways frequently occurring in NSCLC might have an impact on the 

response to olaparib treatment, and consequently also on this combination strategy 38,39. 

Therefore, further studies on the genetic profile of a larger panel of responsive cancer 

cells or patient tumors might lead to the identification of other predictive markers besides 

the TP53 status.  

APR-246 is clearly a highly complex compound acting on different p53 dependent and 

independent pathways, which are not all fully understood. Although high levels of mutant 

p53 are often present in tumor cells, the lack of a stress signal might leave p53’s 

transcriptional function inactive and favor a p53 independent response as shown by 

others. By combining APR-246 with agents like olaparib, who interrupt DNA-damage 

repair, DNA-damage accumulates in the cell and act as a stress signal leading to further 
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increased p53 levels and post-transcriptional modifications, thereby activating the p53 

pathway 6. We observed that olaparib-induced DNA-damage can trigger the p53 pathway, 

which nuclear and mitochondrial function is restored by APR-246, as shown by the 

increased expression of its transcription targets, strong mitochondrial translocation and 

induction of caspase cleavage. On the other hand, APR-246 dependent ROS 

accumulation induced DNA-damage, which could not be repaired by the PARP-1 DNA-

damage response, resulting in further accumulation of dsDNA breaks, ultimately leading 

to massive cell death.  Although this study was limited to NSCLC cell lines, TP53 

mutations are the most frequently occurring mutations in cancer, so we believe that this 

combination therapy could be promising in other tumor types too. Currently, olaparib 

treatment is FDA approved in high-grade serous ovarian cancer with deficient BRCA 

gene, often accompanied by the presence of TP53 mutations, making it an ideal 

background for this combination strategy 40,41.  
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Dual MDM2/MDMX inhibition  
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Abstract 

In this chapter additional preliminary data will be discussed on the combined inhibition of 

MDM2 (nutlin-3) and MDMX (XI-011) in the wild type p53 NSCLC cell line A549.  
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Introduction  

The MDMX protein (also known as HDMX or MDM4) is a family member of MDM2 

and also functions as a major negative regulator of p53. Intracellular p53 levels and 

activity need to be tightly controlled in the response to cellular stress signals like DNA-

damage, leading to cell cycle arrest or induction of apoptosis. In unstressed cells, p53 

levels and activity need to be supressed, in which MDM2 and MDMX play an important 

role. In contrast to MDM2, MDMX transcription is not regulated by p53 and is therefore 

not part of the negative feedback loop. MDMX has no intrinsic ubiquitin ligase function, 

but exerts its p53 regulating role through hetero-oligomerization with MDM2, creating a 

more effective p53 E3 ubiquitin ligase complex and thereby targeting p53 for proteasomal 

degradation 1,2. In addition, MDMX can bind p53’s N-terminal domain and inhibit its 

transcriptional activity 3. In response to cellular stress signals, MDMX is rapidly degraded 

by MDM2, leading to the accumulation of p53 in the cell, showing the strong interaction 

between the two proteins in their role to regulate p53 4. Similar to MDM2, MDMX has 

become a druggable target, which inhibition can lead to increased p53 levels and 

antitumor activity. The MDM2 inhibitor nutlin-3 used in this study shows a much higher 

affinity for MDM2 compared to MDMX and does not affect its function, furthermore 

MDM4 overexpression has shown to prevent p53 activation by nutlin-3 3,5. Therefore, we 

hypothesized that by additionally blocking MDMX, the cytotoxic effect of nutlin-3 could 

be synergistically enhanced leading to increased induction of apoptosis and/or cell cycle 

arrest. In this study we opted to us the compound XI-011 (NSC146109), which is a small 

molecule inhibitor that can bind MDMX’s promotor region and inhibit its transcription, 

resulting in reduced MDMX levels in the cell 6.  

The preliminary data presented in this study shows that XI-011 is able to reduce MDMX 

mRNA levels in a dose-dependent manner, leading to increased wild type p53 levels and 

activation of p53’s transcriptional activity. In combination with nutlin-3, XI-011 induced a 

synergistic cytotoxic effect, which was mainly apoptotic rather than affecting cell cycle 

distribution. This data suggests an interesting therapeutic strategy, by which a synergistic 

apoptotic effect is induced in the absence of DNA-damaging agents.   
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Materials and Methods 

P53 wild type A549 (CCL-185) NSCLC cells were treated with either nutlin-3, XI-011 or 

the simultaneous combination of both for 24 hours, after which the cells were washed 

and incubated for another 48 hours. The sulforhodamine B (SRB) assay, the apoptotic 

annexinV/propidium iodide flowcytometric assay, the flowcytometric Vindelov method 

to monitor cell cycle distribution, p53 western blot analysis and qRT-PCR were 

performed as described in chapter 6. MDMX was added as a target for qRT-PCR for 

which the following primers were used, resulting in a 116bp amplicon: (F- 5’-

TTCTCCGTGAAAGACCCAAGCC-3’; R- 5’-ATACTGTGATCCTGT GCGAGAGC-

3’). Statistical analysis and the calculation of the combination index (CI) were performed 

as described in chapter 6.  

Results 

XI-011 reduces MDMX mRNA levels and activates p53’s 
transcriptional activity. 
To assess the inhibition of MDMX transcription by XI-011, cells were treated for 24 

hours with 0-1000 nM XI-011 (IC50-value: 856.87 ± 304.61) and mRNA was isolated 48 

hours after treatment. Figure 9.1A clearly shows a downregulation of MDMX mRNA 

levels in a dose-dependent manner. MDMX protein levels were not yet determined. To 

determine the effect of XI-011 treatment on p53 activation, p53 protein levels (Figure 

9.1B) and mRNA levels of its transcription targets MDM2, p21, PUMA and BAX were 

determined (Figure 9.1C). Again, a clear dose dependent correlation was observed by 

increased p53 protein levels and a strong increase in MDM2 and p21 mRNA levels, 

indicating activation of p53’s transcriptional activity. PUMA levels were only noticeably 

increased at higher doses of XI-011 and BAX levels remained unaffected, possibly due to 

the lack of activation signal of the apoptotic p53 pathway (e.g. DNA damage).  
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Figure 9.1: The effect of XI-011 on MDMX and p53. (A) 
MDMX mRNA levels in response to XI-011 treatment. (B) p53 
protein levels after XI-011 or nutlin-3 monotherapy or 
simultaneous combination therapy. (C) mRNA levels of p53’s 
transcription targets MDM2, p21, PUMA and BAX in response to 
XI-011 treatment. 

Dual MDM2/MDMX inhibition induces a synergistic 
apoptotic response 
To study whether MDMX inhibition by XI-011 could enhance the cytotoxic effect of the 

MDM2-inhibitor nutlin-3, A549 cells were treated with a concentration range of nutlin-3 

(0-50 µM) simultaneously combined with a fixed concentration of XI-011 (0 – 250 – 500 

– 750 – 1000 nM) for 24 hours. Cell survival was determined using the SRB assay 48 

hours after wash-out of the treatment. Figure 9.2A and 9.2B clearly show a reduced cell 
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survival when nutlin-3 is combined with either 500, 750 or 1000 nM XI-011, reducing 

nutlin-3’s IC50-value in a moderate synergistic manner as indicated by the combination 

index presented in Figure 9.2C. Figure 9.1B shows that both nutlin-3 and XI-011 

increased p53’s protein levels, but the combination of both compounds did not seem to 

further increase p53 compared to monotherapy.  

 
Figure 9.2: The cytotoxic effect of combined nutlin-3 and XI-011 therapy. (A) Nutlin-3 IC50-
value. (B) Survival curve of nutlin-3 (0-50 µM). (C) Combination index calculated by the Chou-
Talalay method. (* p-value <0.05) 
 

Using flow cytometry, the induction of apoptosis (annexin V) and cell cycle distribution 

(Vindelov method) were determined after mono- and combination therapy. The 

combined treatment of XI-011 and nutlin-3 induced a significant stronger apoptotic 

response compared to monotherapy (Figure 9.3A). This effect was not present at the 

highest concentration of XI-011 (1000 nM) for which XI-011 already induced strong 

apoptosis. No significant change in cell cycle distribution was observed after both mono- 

and combination therapy, although a slight increase of cells in the G2/M phase was 

observed after nutlin-3 treatment and higher concentrations of XI-011 as shown in figure 

9.3B. This effect strengthened when both compounds were combined.  
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Figure 9.3: The effect of combined nutlin-3 and XI-011 treatment on apoptosis and cell cycle 
distribution. (A) Percentage annexin V positive cells as a marker for apoptosis. (B) Cell cycle 
distribution determined by the Vindelov method. (* p-value <0.05 compared to vehicle treated 
sample; ** p-value <0.05 compared to 5 µM nutlin-3 treated sample) 
 
Discussion 

The MDM2 and MDMX proteins are both essential in the regulation of p53 protein 

levels in response to cellular stress signals. In this study, we hypothesized that the 

combined inhibition of MDM2 and MDMX could strongly increase p53 protein levels, 

leading to the induction of either cell cycle arrest or apoptosis. Nutlin-3 was used as an 

inhibitor of the p53-MDM2 interaction and XI-011 as an inhibitor of MDMX 

transcription. We showed that XI-011 was indeed able to reduce MDMX mRNA levels in 

a dose-dependent manner and that both nutlin-3 and XI-011 strongly increased p53 

levels. The moderate synergistic effect was predominantly accounted for by the induction 

of a strong apoptotic response rather than the induction of cell cycle arrest. This shows 

that dual MDM2/MDMX inhibition can induce a synergistic apoptotic response in the 

absence of a DNA-damaging agent (e.g. induced by CDDP as discussed in chapter 6). 

The preference for an apoptotic response could be the result of the induction of very 

high levels of p53 as shown in this study, since pro-apoptotic transcription targets require 

higher levels of p53 to be activated 7.  

To our knowledge, the compound XI-011 has only been used in one study to assess its 

ability to induce apoptosis in head and neck cancer in which MDM2 and MDMX are 

often overexpressed 8. They showed a similar dose dependent reduction of MDMX 

mRNA and protein levels and p53 dependent induction of apoptosis. In addition, they 

demonstrated that XI-011 acted synergistically with cisplatin.  
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Although the combination of nutlin-3 and XI-011 used in this study shows the potential 

of dual MDM2/MDMX inhibition, XI-011 shows limited translational capabilities. 

Firstly, XI-011 has not made it into clinical development. Secondly, MDMX is reported 

to interact with and inhibit transcription factors of the E2F and SMAD families. 

Therefore, MDMX may have a broader influence on gene expression beyond the 

modulation of p53 dependent transcription 2. By inhibiting transcription using XI-011, 

p53 independent effects will also be inhibited. Therefore, compounds specifically 

targeting the MDM4/p53 interaction could lead to less of target side-effects. As 

previously discussed, most compounds targeting MDM2 have only a low affinity for 

MDMX. More recently, a stapled peptide ALRN-6924, which is able to bind both the N-

terminal domain of MDM2 and MDMX with equal affinity, thereby functioning as a dual 

MDM2/X inhibitor reached phase I clinical trials 9. Other therapeutic strategies include 

inhibiting MDM2-MDMX heterodimerization, disrupting MDMX protein folding or 

directly engaging p53 and preventing MDM2/X association (RITA) 9.  

In conclusion this preliminary study shows the potential of dual MDM2/X inhibition in a 

wild type NSCLC cell line, resulting in activation of p53 leading to a synergistic apoptotic 

response. The use of XI-011 does not show high clinical applicability, but other 

compounds targeting both MDM2/X are currently under development and might prove 

to be effective in NSCLC based on the synergistic apoptotic response observed in this 

study.  
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Introduction 

A major obstacle in the treatment of cancer is the occurrence of intrinsic or acquired 

resistance to both targeted therapies or conventional therapies. In chapter 6 we have 

already shown that the presence of mutant p53 or inhibition of TP53 transcription using 

siRNA reduces sensitivity to nutlin-3 treatment. This shows the value of the p53 status as 

predictive biomarker and indicator for intrinsic resistance. In addition, prolonged nutlin-3 

exposure has been shown to result in acquired resistance through mechanisms that 

include acquired mutations in p53, leading to multi-drug-resistant cells 10,11. In this study, 

we continuously exposed A549 NSCLC cells with increasing concentrations of nutlin-3 to 

generate an acquired resistance. From the resistant paternal cell line, we made several 

monoclonal subclones showing different sensitivity to nutlin-3 treatment, indicating the 

presence of heterogeneous resistance mechanisms. We hypothesised that the induction of 

TP53 might be an important mechanism leading to acquired resistance, which could 

increase sensitivity to treatment with APR-246, a reactivator of mutant p53.  

Materials and methods 

Low passage A549 cells were treated with increasing doses of nutlin-3 (0 – 2 – 4 – 8 – 10 

– 12.5 – 15 µM) for a period of approximately 19 weeks. At each successive dose, cell 

viability was monitored and cells were given ample time to adjust to the new treatment 

dose. A total of four monoclonal subclones were cultured from the parental A549 

resistant cells in order to assess heterogeneity. Sensitivity to both nutlin-3 and APR-246 

was determined using the SRB-assay as previously described. Finally, using next 

generation sequencing as described in chapter 4, the TP53 mutation status of the A549 

control and A549 resistant subclones was assessed.  

Results 

After the final exposure to nutlin-3, both A549 control and A549 resistant cells were 

exposed to a concentration range of nutlin-3 (0-50 µM) for 72 hours or APR-246 (0-50 

µM) for 24 hours. Nutlin-3 IC50-values increased from 6.88 ± 0.69 µM to 15.72 ± 0.42 

µM, showing that sensitivity decreased more than two-fold (Figure 10.1). Figure 10.2 
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shows the survival curves of the A549 control, A549 parental and A549 resistant 

subclones for both nutlin-3 (Fig. 10.2A) and APR-246 (Fig. 10.2B). All subclones were 

less sensitive to nutlin-3 compared to the control cell line, but differed from the parental 

A549 cell line. Similarly, a strong diversity in APR-246 sensitivity was observed. 

Interestingly, the A549-S2 subclone was the least sensitive to nutlin-3 treatment but 

showed the strongest increase in sensitivity to APR-246. This made us hypothesize that 

this subclone, and possibly other subclones acquired a TP53 mutation. Indeed, we were 

able to show the presence of TP53 mutations in the resistant cell lines (Table 10.1).  

Table 10.1: TP53 mutations 

 

The Y236N mutation was present in all 4 subclones, while the R248W mutation was only 

present in subclones 2 and 3. The latter were most sensitive to APR-246 treatment, 

indicating a possible role of this mutation in response to APR-246. The difference in 

mutational status between the subclones, indicates a heterogeneous resistance effect, 

which could account for the difference observed in nutlin-3 and APR-246 sensitivity.  

 
Figure 10.1: Nutlin-3 IC50-values after 72h of treatment of A549 (control), 
A549.0 (parental resistant cell line) and A549 S1-S4 (resistant subclones). 
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Figure 10.2: Cell survival curves of nutlin-3 (A; 72h) and APR-246 (B; 24h) of A549 (control), A549.0 (parental 
resistant cell line) and A549 S1-S4 (resistant subclones). 

 

Discussion 

In this study we showed that chronic exposure to nutlin-3 can induce resistance in A549 

NSCLC cell lines, by acquired heterogeneous p53 mutations, since different genotypes 

were observed in the subclones of the resistant A549 cell line. Furthermore, certain 

acquired p53 mutations seem to sensitize cells to APR-246 treatment. We previously 

showed that the presence of mutant p53 was associated with initial resistance to nutlin-3 

treatment, and in this study we show that mutant p53 also seems to play an important 

role in acquired resistance 12.  

Similarly, other studies have shown that prolonged nutlin-3 exposure results in acquired 

resistance through the induction of TP53 mutations, leading to multi-drug-resistant cells 

and concerns about this effect on the development of cancer 10,11. It is not clear whether a 

positive selection is made after random occurrence of TP53 mutations, or nutlin-3 is able 

to induce TP53 mutations, which is an important difference.  

Since TP53 mutations were only observed after long term chronic exposure at increasing 

doses, the consequences for the combination treatment of nutlin-3 and CDDP proposed 

in this thesis should be limited but is something that has to be taken into account in 

future in vivo studies. Successive cycles of CDDP/nultin-3 and CDDP/APR-246 could 

overcome this problem and additionally addresses tumor heterogeneity by targeting both 

p53 wild type and p53 mutant tumor cells. However, further research is required on the 

effectiveness of APR-246 based on the type of TP53 mutation, since mutational effects 

can strongly differ.  
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General	discussion	
More than 30 years ago, a 53-kDa protein was identified as the middle T (mt) antigen of 

the SV40 virus and not much later it turned out to be encoded by the host cell and not 

the virus 1-3. These results, published in the year 1979, reported for the first time on the 

p53 protein and created the field of p53 research. It was soon realised that p53 plays a 

prominent role in the development of cancer, but also in the protection against maligant 

transformation of the cell. Indeed, p53 has emerged itself as both a tumor suppressor 

gene (wild type p53) and an oncogene, in which mutant p53 comes into play. The 

sentence ‘p53 is mutated in over 50% of all human cancers’ has been used to boredom, 

but still highlights the frequency of mutations and importance of p53 in human cancer. 

With almost 80.000 (!) publications concerning p53 in PubMed, p53 has become one of 

the most studied oncogenes/tumor suppressor genes in cancer research.  

Only in the past few years, p53 became a druggable target with the development of 

several therapeutic strategies which have been extensively discussed in this thesis and by 

others. In this study the main focus was on targeting the p53 pathway in non-small cell 

lung cancer cell lines. Lung cancer affects an increasingly large fraction of the Belgian 

population and remains the leading cause of cancer-related deaths in both males and 

females. Although major advances have been made over the past decades in lung cancer 

screening and therapy, lung cancer continues to be characterized by a disappointing five-

year overall survival rate of less than 20%. Resistance to both targeted and conventional 

(platinum based) therapies remains a major problem in lung cancer treatment. The p53 

protein is strongly involved in the cytotoxic response to DNA-damaging agents by acting 

as a transcription factor for genes regulating cell cycle distribution, senescence and 

apoptotic pathways. Consequently, disruption of p53’s normal function by either 

inactivating mutations in the TP53 gene or overexpression of its main negative regulator 

MDM2, has been associated with chemoresistance and poor survival 4-7. The literature 

reviewed in chapter 2 and our own patient-based studies described in chapter 4 and 5 

clearly shows a significant association between the presence of TP53 mutations and poor 

progression free survival and overall survival in NSCLC patients. The high frequency of 

TP53 mutations in lung cancer and influence on clinical outcome makes targeting p53 an 

interesting therapeutic strategy for the treatment of lung cancer patients. In addition, the 
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results gathered in this thesis clearly suggest that targeting p53 in combination strategies is 

more effective than monotherapy, resulting in strong synergistic effects.  

Depending on the TP53 status of the tumor we propose different combination therapies:  

• Cisplatin in combination with an MDM2-inhibitor in wild type p53 tumors: 
In chapter 6 we showed that sequential treatment, in which cisplatin is followed by 

Nutlin-3, resulted in a wild type p53 dependent synergistic cytotoxic effect, cell cycle 

arrest and apoptosis at low concentrations of both compounds 8. Translationally, this 

combination strategy might be beneficial as first-line treatment to synergistically enhance 

cisplatin response in wild type p53 tumors.  

• Cisplatin in combination with APR-246 in mutant p53 tumors: 
In chapter 7 we demonstrated that APR-246 was able to overcome mutant p53 and 

hypoxia dependent resistance to cisplatin treatment in a synergistic matter, resulting in a 

strong apoptotic response. Translationally, this combination therapy might show the most 

potential as first-line therapy, again to synergistically enhance the response to cisplatin and 

overcome chemoresistance in p53 mutant tumors.  

• Olaparib in combination with APR-246 in mutant and wild type p53 tumors: 
For our final combination strategy, we exploited the presence of mutant p53 by inhibiting 

an alternative DNA damage repair pathway through the inhibition of PARP by olaparib 

as described in chapter 8. In addition to reactivating mutant p53, APR-246 is able to 

induce oxidative stress by increasing intracellular ROS production through the inhibition 

of GSH and Trx1, resulting in ROS-dependent DNA damage which repair is inhibited by 

olaparib. The exact role of the presence of mutant or wild type p53 has not been clarified, 

since the wild type p53 A549 cell line is additionally characterized by a strong antioxidant 

defence system compared to the mutant cell lines in this study. This will need to be 

further elaborated in future research. Translationally, I think this combination strategy 

might show the most potential as a second-line therapy, possibly in both p53 mutant and 

wild type tumors.  

In my opinion, these combination strategies could perfectly compliment each other. The 

concept of tumor heterogeneity has become increasingly important, and can play a role in 

the development of therapy resistance. For example, first-line treatment with an MDM2-
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inhibitor would specifically target p53 wild type cells, but would benefit the survival of 

p53 mutant cells. In addition, we and others showed that long term exposure to nutlin-3 

could induce new p53 mutations, as described in chapter 10. Therefore, first line 

combination treatment with cisplatin and an MDM2-inhibitor could be alternated or 

followed by subsequent cycles of cisplatin combined with APR-246 to target the p53 

mutant tumor cells. This way, both p53 wild type and mutant cells will be synergistically 

treated with cisplatin in one treatment regimen. Finally, olaparib and APR-246 could be 

used as second-line treatment, as this will affect cells through a different mechanism 

leading to the massive induction of DNA damage and cell death, without the use of 

chemotherapeutic agents.  

Future	perspectives		
The data collected in this thesis shows several interesting combination strategies which, if 

given the oppurtunity, I would like to implement in an in vivo setting to increase the 

translational value and study possible toxicities.  

As discussed earlier in this chapter, the combination of nutlin-3 or APR-246 with cisplatin 

and APR-246 with olaparib showed the most potential as combination strategies targeting 

both wild type and mutant p53 in combination with first and second line therapies 

currently used in the clinic. I will further discuss the clinical applicability and current 

clinical research for the used compounds and the possible future in vivo studies. 

Currently, several small-molecule inhibitors of the MDM2-p53 interaction are in clinical 

development 9,10. RG7388 (RO5503781) is the second generation MDM2-inhibitor of the 

nutlin family to enter the clinic with increased specificity and potency 11. Both weekly and 

daily dosing schedules achieved equivalent anti-tumor activity, although nausea/vomiting 

and myelosuppression occurred more frequently after chronic administration in a phase I 

study performed in patients with solid tumors, which should be taken into account in 

combination strategies 12. Recently, Hai et al. demonstrated the relevance of inhibiting the 

MDM2-p53 interaction in PDX NSCLC tumor models, resulting in tumor growth 

suppression in wild-type p53 tumors after treatment with RG7388 13. Our in vitro data 

suggest that this anti-tumor effect could be greatly enhanced when combined with lower 

than currently used doses of cisplatin in NSCLC. In order to be clinical applicable, further 

in vivo research will be conducted with this nutlin-3 derivative (RG7388), with the focus 
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on in vivo validation/optimization of the sequential combination strategy and possible 

toxicities, as this combination strategy targets wild type p53 cells.  

APR-246 has been shown to inhibit growth in vitro and in vivo in various tumor types, 

resulting in the induction of apoptosis in a p53 dependent manner 14. A first-in-human 

clinical trial in patients with hematologic malignancies and prostate cancer showed that 

APR-246 is well tolerated, shows a favourable pharmacokinetic profile, and can induce 

p53 dependent biologic effects in cells in vivo 15. APR-246 appeared to be particularly 

interesting in combination strategies with commonly used chemotherapeutics, thereby 

overcoming chemoresistance or synergistically enhancing cytotoxicity in different tumor 

types 16-19. Liu et al. showed that the synergistic interaction of APR-246 with cisplatin is 

almost entirely p53 dependent, which could be explained by increased mutant p53 levels 

following genotoxic stress 19. These findings are in accordance with our in vitro data in a 

panel of NSCLC cell lines, for which the strongest synergistic interaction was observed in 

a mutant p53 background, restoring sensitivity to cisplatin. In addition we are the first to 

show that APR-246 was able to overcome hypoxia-induced chemoresistance in TP53 

mutant NSCLC cell lines, possibly through the interaction of p53 and HIF1-α since cell 

adaptation to hypoxia is closely linked to malignant progression and chemoresistance in 

which the HIF1-α pathway is involved 20,21. Rieber et al. previously demonstrated the 

increased susceptibility of mutant p53 breast cancer cells to lower PRIMA-1 levels at low 

oxygen levels, possibly through increased oxidative stress, similarly to our results for 

APR-246 monotherapy in NSCLC 22. Future research could elaborate on the in vivo 

effectiveness of combining cisplatin with APR-246 to overcome p53 mutant dependent 

and hypoxia dependent chemoresistance. Hypoxic regions are often associated with solid 

growth, and induce an extra challenge in the treatment of cancer. Besides hypoxia 

dependent resistance to therapy, hypoxic regions are less accessible for drug delivery due 

to a reduced vascularisation of the region. By using a compound like APR-246 that is 

more effective in a hypoxic environment, lower doses of this drug are needed to induce a 

similar cytotoxic effect compared to normoxic conditions, thereby partially overcoming 

the problem of reduced accessibility. Tumor cell line xenograft models are often 

associated with hypoxic tumor regions and could be used as an in vivo model to assess the 

effectiveness of cisplatin and APR-246 treatment under normoxic and hypoxic 
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conditions. By using single-photon emission computed tomography (µSPECT/CT) 

imaging with the [99mTc]Duramycin tracer (an apoptotic marker) and [18F]MISO (a 

hypoxic tracer) any difference in induction of apoptosis between normoxic and hypoxic 

tumor regions can be assessed in detail.   

Finally, olaparib has recently been approved for high-grade serous ovarian cancer therapy 

in tumors harbouring BRCA1/2 mutations, leading to the induction of synthetic lethality. 

Our combination strategy with APR-246 could expand the clinical application of PARP-

inhibitors to non-BRCA cancers and may target a new group of NSCLC patients who 

show limited response to current therapies. In a possible follow up study for the 

combination of APR-246 and olaparib the cancer cell line panel could be expanded to 

other tumor types besides NSCLC, particularly focusing on these types of tumors that are 

known to harbor deficiencies in DNA-repair pathways in addition to TP53 mutations. In 

addition, this combination strategy could be implemented in a NSCLC cancer cell line 

xenograft model, to assess the in vivo applicability and increase the translational value. 

Since the primary in vitro outcome of this combination therapy was the induction of 

apoptosis, early therapy-induced tumor apoptosis could be monitored using 

[99mTc]Duramycin µSPECT/µCT imaging at different time-points throughout the 

treatment regimen. This will provide valuable information on both the tumor specific 

cytotoxicity of the therapy and a more detailed insight in the possible toxic effects on 

normal tissue, by visualizing off-target apoptotic effects.  

After in vivo optimization of each combination therapy in tumour CLX models, patient-

derived xenograft models could be implemented to help define additional predictive 

molecular markers, besides the patient’s p53 status, in order to predict response in a 

patient-dependent manner.   

 

References  

1 Kress, M., May, E., Cassingena, R. & May, P. Simian virus 40-transformed cells express new species of 
proteins precipitable by anti-simian virus 40 tumor serum. Journal of virology 31, 472-483 (1979). 

2 Lane, D. P. & Crawford, L. V. T antigen is bound to a host protein in SV40-transformed cells. Nature 278, 
261-263 (1979). 

3 Linzer, D. I. & Levine, A. J. Characterization of a 54K dalton cellular SV40 tumor antigen present in SV40-
transformed cells and uninfected embryonal carcinoma cells. Cell 17, 43-52 (1979). 



 174 

4 Viktorsson, K., De Petris, L. & Lewensohn, R. The role of p53 in treatment responses of lung cancer. 
Biochemical and biophysical research communications 331, 868-880, doi:10.1016/j.bbrc.2005.03.192 (2005). 

5 Ma, X. et al. Significance of TP53 mutations as predictive markers of adjuvant cisplatin-based chemotherapy 
in completely resected non-small-cell lung cancer. Molecular oncology 8, 555-564, doi:10.1016/j.molonc.2013.12.015 
(2014). 

6 Tsao, M. S. et al. Prognostic and predictive importance of p53 and RAS for adjuvant chemotherapy in non 
small-cell lung cancer. Journal of clinical oncology : official journal of the American Society of Clinical Oncology 25, 5240-5247, 
doi:10.1200/JCO.2007.12.6953 (2007). 

7 Kandioler, D. et al. Growing clinical evidence for the interaction of the p53 genotype and response to 
induction chemotherapy in advanced non-small cell lung cancer. The Journal of thoracic and cardiovascular surgery 135, 
1036-1041, doi:10.1016/j.jtcvs.2007.10.072 (2008). 

8 Deben, C. et al. The MDM2-inhibitor Nutlin-3 synergizes with cisplatin to induce p53 dependent tumor cell 
apoptosis in non-small cell lung cancer. 2015 (2015). 

9 Zhao, Y., Aguilar, A., Bernard, D. & Wang, S. Small-molecule inhibitors of the MDM2-p53 protein-protein 
interaction (MDM2 Inhibitors) in clinical trials for cancer treatment. Journal of medicinal chemistry 58, 1038-1052, 
doi:10.1021/jm501092z (2015). 

10 Hoe, K. K., Verma, C. S. & Lane, D. P. Drugging the p53 pathway: understanding the route to clinical 
efficacy. Nature reviews. Drug discovery 13, 217-236, doi:10.1038/nrd4236 (2014). 

11 Ding, Q. et al. Discovery of RG7388, a potent and selective p53-MDM2 inhibitor in clinical development. 
Journal of medicinal chemistry 56, 5979-5983, doi:10.1021/jm400487c (2013). 

12 Higgins, B. et al. Preclinical optimization of MDM2 antagonist scheduling for cancer treatment by using a 
model-based approach. Clinical cancer research : an official journal of the American Association for Cancer Research, 
doi:10.1158/1078-0432.CCR-14-0460 (2014). 

13 Hai, J. et al. Inhibiting MDM2-p53 Interaction Suppresses Tumor Growth in Patient-Derived Non-Small 
Cell Lung Cancer Xenograft Models. Journal of thoracic oncology : official publication of the International Association for the 
Study of Lung Cancer 10, 1172-1180, doi:10.1097/JTO.0000000000000584 (2015). 

14 Bykov, V. J. & Wiman, K. G. Mutant p53 reactivation by small molecules makes its way to the clinic. FEBS 
letters 588, 2622-2627, doi:10.1016/j.febslet.2014.04.017 (2014). 

15 Lehmann, S. et al. Targeting p53 in vivo: a first-in-human study with p53-targeting compound APR-246 in 
refractory hematologic malignancies and prostate cancer. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology 30, 3633-3639, doi:10.1200/JCO.2011.40.7783 (2012). 

16 Bykov, V. J. et al. PRIMA-1(MET) synergizes with cisplatin to induce tumor cell apoptosis. Oncogene 24, 
3484-3491, doi:10.1038/sj.onc.1208419 (2005). 

17 Mohell, N. et al. APR-246 overcomes resistance to cisplatin and doxorubicin in ovarian cancer cells. Cell 
death & disease 6, e1794, doi:10.1038/cddis.2015.143 (2015). 

18 Izetti, P. et al. PRIMA-1, a mutant p53 reactivator, induces apoptosis and enhances chemotherapeutic 
cytotoxicity in pancreatic cancer cell lines. Investigational new drugs 32, 783-794, doi:10.1007/s10637-014-0090-9 (2014). 

19 Liu, D. S. et al. APR-246 potently inhibits tumor growth and overcomes chemoresistance in preclinical 
models of oesophageal adenocarcinoma. Gut, doi:10.1136/gutjnl-2015-309770 (2015). 

20 Sullivan, R., Pare, G. C., Frederiksen, L. J., Semenza, G. L. & Graham, C. H. Hypoxia-induced resistance to 
anticancer drugs is associated with decreased senescence and requires hypoxia-inducible factor-1 activity. Molecular 
cancer therapeutics 7, 1961-1973, doi:10.1158/1535-7163.mct-08-0198 (2008). 

21 Wang, J., Biju, M. P., Wang, M. H., Haase, V. H. & Dong, Z. Cytoprotective effects of hypoxia against 
cisplatin-induced tubular cell apoptosis: involvement of mitochondrial inhibition and p53 suppression. Journal of the 
American Society of Nephrology : JASN 17, 1875-1885, doi:10.1681/ASN.2005121371 (2006). 

22 Rieber, M. & Strasberg-Rieber, M. Hypoxia, Mn-SOD and H(2)O(2) regulate p53 reactivation and PRIMA-
1 toxicity irrespective of p53 status in human breast cancer cells. Biochemical pharmacology 84, 1563-1570, 
doi:10.1016/j.bcp.2012.09.003 (2012). 

	

  



 175 

Summary 
Lung cancer affects an increasingly large fraction of the Belgian population and remains 

the leading cause of cancer-related deaths in both males and females. Although major 

advances have been made over the past decades in lung cancer screening and therapy, 

lung cancer continues to be characterized by a disappointing five-year overall survival rate 

of less than 20%. Resistance to both targeted and conventional (platinum based) therapies 

remains a major problem in lung cancer treatment. The p53 protein is strongly involved 

in the cytotoxic response to DNA-damaging agents by acting as a transcription factor for 

genes regulating cell cycle distribution, senescence and apoptotic pathways. Consequently, 

disruption of p53’s normal function by either inactivating mutations in the TP53 gene or 

overexpression of its main negative regulator MDM2, has been associated with 

chemoresistance and poor survival 1-4.  

Firstly, this thesis aimed to study the role of p53 in the outcome of non-small cell lung 

cancer patients, particularly focusing on the effect of genetic alterations in the MDM2 and 

TP53 gene. Secondly, several combination strategies were studied, depending on the 

status of the TP53 gene, in order to restore or enhance p53’s antitumor function and 

overcome therapy resistance.  

The results of our patient-based study confirmed the strong association between the 

presence of TP53 mutations and worse overall survival in NSCLC adenocarcinoma 

patients. In addition, we showed that the frequently occurring MDM2 SNP309 G-allele, 

associated with increased levels of MDM2, similarly resulted in a worse overall survival in 

the presence wild type p53. These data provide a logical rationale for targeting both wild 

type and mutant p53 in NSCLC to improve patient’s outcome.  

Since p53 plays an important role in the cellular response to DNA-damage, our first goal 

was to stimulate the p53 pathway in response to cisplatin treatment, which remains the 

backbone of lung cancer treatment.  

Using nutlin-3, an inhibitor of the MDM2-p53 interaction, we were able to induce a 

synergistic response in combination with cisplatin resulting in a strong apoptotic response 

and induction of cell cycle arrest. This interaction was dependent on the presence of wild 

type p53 and was most efficient after sequential treatment of cisplatin, followed by nutlin-
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3. Interestingly, the synergistic effect of this combination strategy appeared to be stronger 

at low concentrations of both compounds, thereby possibly reducing unwanted side-

effects.  

Since p53 is mutated in over 50% of all NSCLC patients, our next goal was to restore 

mutant p53’s normal function to enhance the apoptotic response to cisplatin. APR-246 is 

a first-in class reactivator of mutant p53 showing promising clinical potential. We showed 

that APR-246 was able to overcome mutant p53 and hypoxia dependent resistance to 

cisplatin treatment in a synergistic manner, resulting in a strong apoptotic response. 

Translationally, this could greatly enhance clinical outcome in mutant p53 patients, since 

several studies have shown the role of mutant p53 in chemoresistance. 

Finally, APR-246 has been shown to induce oxidative stress by increasing intracellular 

ROS production through the inhibition of GSH an Trx1, resulting in ROS dependent 

DNA damage. PARP-1 plays an important role in the repair of this damage, which can be 

inhibited using the PARP-1 inhibitor olaparib. By combining both APR-246 and olaparib, 

this study has shown that intracellular ROS levels increased and DNA-damage 

accumulated in the cells leading to the induction of massive apoptosis. In the presence of 

mutant p53, an additional DNA-repair pathway is inhibited, thereby enforcing the 

synergistic effect. Although we focused the study on NSCLC, this combination strategy 

might prove to be beneficial in other tumor types, especially those harboring mutations in 

the DNA-repair genes.  

In conclusion this thesis showed the relevance of targeting the p53 pathway in NSCLC 

patients and provided several interesting combination strategies targeting both wild type 

and mutant p53 tumors. Although this study was focused on NSCLC, combination 

strategies targeting the p53 pathway could be applicable in several tumor types since p53 

is one of the most frequently mutated genes in human cancer.  
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Samenvatting 
Longkanker treft een steeds groter deel van de Belgische bevolking en blijft de 

belangrijkste oorzaak van kanker-gerelateerde sterfgevallen in zowel mannen als vrouwen. 

Hoewel er de laatste decennia veel vooruitgang is geboekt in longkanker screening en 

therapie, blijft longkanker gekenmerkt door een teleurstellende vijf-jaarsoverleving van 

minder dan 20%. Resistentie tegen zowel doelgerichte en conventionele therapieën blijft 

een groot probleem in de behandeling van longkanker. Het p53-eiwit is sterk betrokken 

bij de cytotoxische respons op DNA-beschadigende agentia door zijn rol als een 

transcriptiefactor voor genen die celcyclus distributie, senescentie en apoptose reguleren.  

Bijgevolg is de verstoring van p53’s normale functie door inactiverende mutaties in het 

TP53 gen of overexpressie van zijn belangrijkste negatieve regulator MDM2, geassocieerd 

met chemoresistentie en slechte overleving.  

Vooreerst is dit proefschrift gericht op het bepalen van de rol van p53 in niet-kleincellige 

longkanker (NSCLC) patiënten, met speciale aandacht voor het effect van genetische 

veranderingen in het MDM2 en TP53 gen. Vervolgens werden verschillende 

combinatiestrategieën bestudeerd, afhankelijk van de status van het TP53 gen, teneinde 

het antitumoraal effect van p53 te herstellen en resistentie tegen huidige therapieën te 

overwinnen. 

De resultaten van onze patiënt-gebaseerde studie bevestigen de sterke associatie tussen de 

aanwezigheid van TP53 mutaties en een slechtere algemene overleving in NSCLC 

adenocarcinoom patiënten. Bovendien toonden we aan dat het vaak voorkomende 

MDM2 SNP309 G-allel, geassocieerd met verhoogde niveaus van het MDM2 proteïne, 

eveneens gecorreleerd is met een slechter overleving in aanwezigheid wild type p53. Deze 

gegevens vormen een logische basis voor het gebruik van p53 gerichte therapieën in 

NSCLC om de overleving van de patiënt te verbeteren.  

Omdat p53 een belangrijke rol speelt in de cellulaire reactie op DNA-schade, was ons 

eerste doel om de p53 pathway te stimuleren in reactie op cisplatine behandeling, dat nog 

steeds de voornaamste behandeling vormt voor NSCLC.  



 178 

Door het gebruik van nutlin-3, een inhibitor van de MDM2-p53 interactie, konden we 

een synergistische respons in combinatie met cisplatine induceren die resulteerde in een 

sterke apoptotische respons en inductie van cell cyclus arrest in het G2/M stadium. Deze 

interactie was afhankelijk van de aanwezigheid van wild type p53 en was enkel efficiënt na 

de opeenvolgende behandeling van cisplatine, gevolgd door nutlin-3. Interessant is dat het 

synergistische effect van deze combinatiestrategie het sterktse bleek bij lage concentraties 

van beide drugs, waardoor ongewenste neveneffecten mogelijk kunnen verminderd 

worden.  

Aangezien p53 gemuteerd is in meer dan 50% van alle NSCLC patiënten, was ons 

volgende doel gericht op het herstellen van de normale functie van mutant p53 en zo de 

apoptotische response of cisplatin behandeling te versterken door gebruik te maken van 

APR-246, een reactivator van mutant p53. We toonden aan dat APR-246 p53 mutante en 

hypoxie afhankelijke resistentie tegen cisplatin op een synergistische wijze kon tenietdoen.  

Translationeel kan dit de overleving van patiënten met mutant p53 sterk verbeteren, 

aangezien verschillende studies de link van mutant p53 met chemoresistentie hebben 

aangetoond. 

Naast reactivatie van mutant p53 werd aangetoond dat APR-246 oxidatieve stress kan 

induceren door het verhogen van intracellulaire ROS productie via de inhibitie van GSH 

een TRX1, waardoor ROS afhankelijke DNA schade geinduceerd wordt. PARP-1 speelt 

een belangrijke rol bij het herstel van dergelijke schade, dewelke geremd kan worden met 

behulp van olaparib, een PARP-1 inhibitor. Deze studie toonde aan dat de combinatie 

van APR-246 en olaparib intracellulaire ROS niveaus verhoogde en leidde tot de 

accumulatie van DNA-schade in de cellen met de inductie van een sterke apoptotische 

respons tot gevolg. In de aanwezigheid van mutant p53 wordt een additioneel DNA-

herstel mechanisme geremd, wat het synergistisch effect verder kan versterken. Hoewel 

deze studie zich concentreerde op NSCLC, kan deze combinatiestrategie voordelig blijken 

in andere tumortypes, vooral deze gekenmerkt door mutaties in DNA-herstel 

geassocieerde genen.  

In conclusie werd in dit proefschrift de relevantie aangetoond van p53 gerichte therapieën 

in NSCLC patiënten en resulteerde in verscheidene veelbelovende combinatiestrategieën 

voor zowel p53 wild type als p53 mutante tumoren. Hoewel dit onderzoek was gericht op 
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NSCLC kunnen deze combinatiestrategieën gericht op de p53 pathway potentieel in 

verschillende tumortypes toepasbaar zijn, aangezien p53 een van de meest frequent 

gemuteerde genen is in humane kanker. 
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Dankwoord 
 

Degenen die mij (ondertussen) al wat beter kennen weten dat ik een man van weinig 

woorden ben, maar ik ga mijn best doen iedereen gepast te bedanken J.  

Hierbij zou ik toch willen starten bij mijn ouders en broer. Spijtig genoeg heb ik zelf van 

dichtbij moeten meemaken wat kanker inhoudt, en ik denk dat deze ervaring mij toch 

bewust of onbewust gedreven heeft richting het kankeronderzoek. Ik hoop van harte dat 

mijn huidig, en hopelijk toekomstig onderzoek toch iets kan bijdragen aan de behandeling 

van deze ziekte. Pap, jij hebt de taak gekregen om 2 puberende jongetjes verder op te 

voeden maar ik denk dat we wel kunnen besluiten dat je daar met grootste onderscheiding 

(om toch in academische termen te blijven) in geslaagd bent! Je hebt me geleerd 

zelfstandig sterk in mijn schoenen te staan, wat me enorm van pas is gekomen tijdens 

mijn doctoraat en daarbuiten! 

Vervolgens zou ik Nina als volgende uit de grond van mijn hart willen bedanken voor 

haar onvoorwaardelijke verdraagzaamheid en steun tijdens mijn doctoraat, want ik was 

zeker niet de gemakkelijkste persoon om met samen te leven, zeker in de laatste maanden 

van mijn doctoraat J. Hopelijk kan ik voor jou dezelfde steun zijn als je het einde van je 

doctoraat bereikt. 

Een vijftal jaar geleden kwam ik dan terecht in het centrum voor oncologisch onderzoek, 

toen nog op het (sterk verouderde) 3de verdiep, waar er op dat moment zelfs geen ramen 

in sommige lokalen stonden J. Prof. Pauwels had een project in gedachte over MDM2, 

wat in de loop van mijn doctoraat toch meer geëvolueerd is naar p53, en bood me de kans 

om een IWT beurs aan te vragen. Hier ga ik al starten met Vanessa te bedanken, want alle 

krediet voor het schrijven van het IWT project gaat toch wel naar haar! De toenmalige 

bezetting van het lab Hilde, Greet, Vanessa, An, Marc, Johan, Ridha, Carolien en 

natuurlijk Filip hebben me onmiddellijk bijgestaan in de voorbereiding naar het IWT, wat 

niet altijd resulteerde in even succesvolle proefverdedigingen J.  

De eerste maanden deelde ik dan een bureau met Ridha, wat al een avontuur op zich was. 

Het kattengejank van ‘I can’t wait for the weekend to begin’ spookt nog steeds door mijn 

hoofd (en is ergens veilig bewaard op mijn computer ;-)). De eerste AACR meeting in 
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Washington was natuurlijk ook een leuke ervaring, hoewel het er soms wat te hevig aan 

toe ging J, maar ik denk dat ik toen toch iedereen wat beter heb leren kennen! 

Geleidelijk aan moesten ik en Ridha onze bureau dan toch delen met het vrouwelijk 

geslacht en kwamen er weer nieuwe gezichten bij op het lab. Hoewel Celine er maar van 

korte duur kon bij zijn, was ze een waardige bureaugenoot! Dezelfde periode kwam Jolien 

er bij, waar ik toch het langste het doctoraatsschap met gedeeld heb denk ik J. Aangezien 

onze projecten redelijk gelijklopend waren, heb ik hopelijk toch wat van mijn ervaring 

kunnen doorgeven, en hoewel het misschien niet altijd zo overkwam, heb ik je altijd graag 

geholpen! Ik denk dat we samen toch mooie resultaten hebben kunnen produceren! En 

natuurlijk allebei ondertussen nog een huis ge(ver)bouwd wat ook wel een mooie prestatie 

is J. 

Plots verscheen er dan weer een nieuwe doctoraatsstudent uit het niets, die haar sporen 

de laatste jaren overal in het lab heeft nagelaten (en hiermee bedoel ik dan de zwarte 

krollen, die op de vreemdste plaatsen terug te vinden waren). Al snel bleek dat Julie, net 

als mij, ook niet echt een ochtendmens was, en eigenlijk ‘one of the guys’ was. Ik denk 

toch dat Julie mijn beste maatje was op het lab in de loop der jaren, en ik zal de adoptie 

en goede zorgen voor Marcel natuurlijk nooit vergeten ;-).  

Ik denk dat we dan op een punt zijn gekomen van een aantal grote verandering binnen 

het lab. Enerzijds de verhuis naar een spiksplinternieuw verdiep, en de komst van Evelien 

en haar STIG’ers. Voor mezelf was dit denk ik wel een keerpunt. De komst van zoveel 

nieuwe gemotiveerde onderzoekers, en de nieuwe omgeving hebben me toch een enorme 

boost gegeven om me volledig te storten in het onderzoek. Dit kwam onder andere door 

een gezonde competitiedrang (vooral met Julie dan J) om te publiceren.  Evelien, ik ben 

nog steeds onder de indruk van je kennis en passie voor onderzoek! Ik denk dat de 

STIG’ers veel geluk hebben met zo een promotor! 

Ik vond het ook zeer leuk om een oude bekende, Jorrit, plots als nieuwe bureaubuurman 

te krijgen. Ik denk dat jij toch 1 van de gemotiveerdste onderzoekers binnen het lab bent, 

en ben zeer benieuwd naar uw verdediging (omdat ik ook niet altijd goed weet waar je 

allemaal mee bezig bent J).  Jonas, ik hoop dat het je toch niet te veel geïrriteerd heeft 

dat ik niet altijd de lijstjes invulde, maar ik moet toegeven dat jouw komst veel orde en 

structuur heeft gebracht binnen het lab! Duidelijk een (scouts)leider in hart en nieren! 
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Elly, hoewel ik mijn best heb gedaan, ben ik er toch niet in geslaagd u te laten 

overschakelen naar ne mac J, maar wie weet komt die mooie dag ooit nog! Ik ben 

benieuwd naar je toekomstige illustrator figuren ;-). Dan hebben we natuurlijk nog 2 

dames aan de andere kant van de muur. Laure, je hebt me geleerd dat linkeroever toch 

niet zo ver is als het lijkt J en bleek een goede drinking budy op de labuitstap ;-). Ik denk 

dat de Kempen goede lucht heeft om onderzoekers te kweken, want Ines jij was de vierde 

Kempische die het lab mocht aanvullen. Ook jou soort onderzoek sloot aan bij dat van 

mij, dus ik hoop dat ik je iets heb kunnen bijleren!  Nele, ik hoop dat je je plek gevonden 

hebt in Amsterdam, en hopelijk brengt het hele multiplicom verhaal toch iets van goede 

resultaten op! 

De weinige praktische experimenten die ik uit handen gegeven heb, is aan Christophe, 

met telkens perfecte resultaten! Zeker op het einde van mijn doctoraat heb ik dit zeer 

gewaardeerd, dus bedankt hiervoor! Ik zal je belonen met gok tips voor het EK ;-). 

En natuurlijk wil ik ook Greet en Hilde bedanken voor hun hulp doorheen de jaren! Ik 

denk dat niemand had verwacht dat Greet zo lang afwezig zou zijn, maar ik vind het zeer 

sterk dat je er zolang gestaan hebt! Ik wens je dan ook nog veel beterschap toe! 

Aangezien ik meestal nogal last-minute werk, wil ik Vanessa ook bedanken om steeds op 

het laatste nippertje toch al mijn werk na te lezen! Zeker tegen het einde van mijn 

doctoraat was dit een serieuze boterham, maar ik kon steeds rekenen op een grondige 

verbetering en input. Ik denk dat mijn schrijfkunsten dankzij jou toch sterk geëvolueerd 

zijn doorheen de jaren J.  

Bij An kon ik, hoewel je niet mijn begeleidster was, ook steeds terecht voor raad en daad. 

Ik heb ook jou input op mijn papers zeer gewaardeerd, zeker als ik sommige resultaten 

misschien iets te optimistisch zag J.  

Ken, jou wil ik natuurlijk ook bedanken voor alle hulp met de moleculaire testen! Ik heb 

veel van u kunnen bijleren, hoewel de analyze van NGS data men petje toch nog te boven 

gaat. Ik vond het ook vooral grappig dat jij ook geëvolueerd bent van interesse in 

elektronische gadgets naar gereedschap. Ik denk dat jij met al dat materiaal een huis in 

recordtempo kunt verbouwen, dus altijd welkom om te komen helpen ;-).  
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Hoewel hun rol tijdens mijn doctoraat beperkter was, wil ik toch ook Karen en Christine 

bedanken, ook van jullie heb ik veel bijgeleerd, voornamelijk tijdens mijn master thesis. 

En proficiat allebei met de nieuwe kindjes natuurlijk! 

Prof. Rolfo zou ik willen bedanken voor de hulp met het publiceren van mijn werk. 

Ondanks je drukke agenda maakte je toch steeds tijd om me hiermee bij te staan! 

Tot slot wil ik natuurlijk mijn promotoren nog bedanken. Prof. Pauwels, u wil ik vooral 

bedanken om me de kans te bieden mijn doctoraat uit te voeren, en me op het einde nog 

een beetje ademruimte te geven om alles succesvol af te werken! Soms vroeg u zich 

waarschijnlijk af of ik nog wel steeds werkte op het lab, aangezien ik niet al te vaak ben 

langsgekomen J, maar ik denk dat het resultaat wel voor zich spreekt!  

Filip, jouw deur stond/staat altijd open voor eender welke vraag, probleem, bespreking 

van de nieuwe Apple producten, .... Bedankt dat ik steeds op je hulp en steun kon 

rekenen! Tijdens mijn master opleiding was u al één van mijn favoriete professoren door 

je manier van lesgeven en toegankelijkheid, wat alleen maar werd bevestigd in uw rol als 

promotor. En natuurlijk veel succes toegewenst met uw nieuwe (halve) carrièrewending 

als vice-rector!  

Ik denk dat ik niet de enigste doctoraatsstudent zal zijn die het moeilijk heeft met het 

stopzetten van zijn onderzoek, aangezien het toch iets is waar je dag en nacht mee bezig 

was. Ik hoop dus dat een deel van mijn onderzoek toch kan verdergezet worden, en wie 

weet ooit kan toegepast worden in patiënten, wat natuurlijk de droom is van elke 

onderzoeker J.  
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