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Abstract 

A cell has to react to a multitude of different extrinsic and intrinsic stress signals on a daily 

basis. This challenging task is fulfilled by intracellular signaling pathways with pleiotropic 

functions. The dynamics of these signaling pathways contribute to information processing and 

determine cellular outcomes, therefore they are tightly regulated by complex molecular 

networks. In this study, the transcription factor p53 and its activity in response to DNA damage 

is used as a paradigm to investigate the underlying regulatory principles. The dynamic p53 

response relies on a balance between repeated activation through DNA damage and the 

transcriptional induction of negative feedback regulators. Strikingly, a pulsatile p53 response 

results in activation of genes involved in cell cycle arrest and DNA repair, while sustained high 

p53 levels trigger transcriptional programs associated with apoptosis. This was demonstrated 

by pharmacological and genetic perturbation of direct p53 network members. However, p53 

dynamics are determined by different layers of regulation including interaction with 

physiological signaling that can directly shape the dynamics of the p53 response and its 

posttranslational modifications, which are responsible for p53 target gene activation. 

Importantly, although individual interaction points with other signaling networks have been 

reported, a comprehensive understanding of how these pathways modulate p53 is lacking.  

For this reason, the present thesis aims to systematically identify further p53 modulators apart 

from direct network members and to evaluate their contribution in determining p53-associated 

cell fates. To this end, live-cell time-lapse microscopy was deployed in order to monitor the 

p53 response to ionizing radiation in single cells upon varying perturbations in cancer as well 

as non-transformed reporter cell lines. 

As part of a collaboration project, I revealed that upon perturbation of the cell survival pathway 

NF-κB, the p53 response is delayed and displays changes in distinct features. Complementing 

my single cell data with mathematical modeling, it was elucidated that three different processes 

are affected by NF-κB inhibition: The activation as well as degradation of p53 and degradation 

of Mdm2. Furthermore, in a small-scale screening approach, I identified positive modulators of 

the p53 response: The immune pathways STAT3 and STAT6. While the increase in p53 upon 

STAT3 activation can be linked to Mdm2, the effect of STAT6 is Mdm2-independent. Instead, 

the initial activation of p53 is necessary to observe the increase in the p53 response. Last, I 

established a large-scale screening approach to decipher how the activity of p53 in response 

to ionizing radiation is controlled by different epigenetic modifiers. Surprisingly, I found that 

inhibition of a series of deacetylases and acetyltransferases both lead to a reduction in p53 

transcription. Despite that, the p53 target gene p21 is upregulated and p53-independent 

mechanism could be confirmed.  
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My findings demonstrate the complexity of how p53 is modulated by numerous processes in 

the cell and suggest mechanisms how cellular pathways can interact in more detail. However, 

I found that the p53 network is surprisingly stable against single perturbations, especially 

concerning p53-driven cell fates. Hence, the present thesis sets the basis for large-scale 

screening experiments to systematically assess dynamic changes in signaling molecules, 

thereby providing large data sets with high resolution and reproducibility. 
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Zusammenfassung 

Eine Zelle muss täglich auf eine Vielzahl extrinsischer und intrinsischer Stresssignale 

reagieren. Diese herausfordernde Aufgabe wird von intrazellularen Signalwegen mit 

pleiotropen Funktionen bewältigt. Die Dynamiken dieser Signalwege tragen zur Verarbeitung 

von Informationen bei und bestimmen das Resultat auf zellulärer Ebene, weshalb sie durch 

komplexe molekulare Netzwerke streng reguliert werden. In dieser Studie wird der 

Transkriptionsfaktor p53 und seine Aktivität als Reaktion auf DNA-Schädigung als Modell 

herangezogen, um die zugrundeliegenden Prinzipien seiner Regulation zu untersuchen. Die 

dynamische p53-Antwort beruht auf einem Gleichgewicht zwischen wiederholter Aktivierung 

durch DNA-Schäden und der Transkriptionsinduktion von negativen Feedback-Regulatoren. 

Bemerkenswerterweise folgt auf eine pulsatile p53-Antwort die Aktivierung von Genen, die am 

Zellzyklusarrest und der DNA-Reparatur beteiligt sind, während anhaltend hohe p53-Level 

Transkriptionsprogramme auslösen, die mit Apoptose assoziiert werden. Dies konnte durch 

pharmakologische und genetische Perturbationen von direkten Mitgliedern des p53-

Netzwerkes gezeigt werden. Allerdings werden p53-Dynamiken durch verschiedene Instanzen 

reguliert, welche die Interaktion mit physiologischen Signalwegen, die die Dynamiken der p53-

Antwort direkt formen, und posttranslationale Modifikationen, die für die Aktivierung von p53-

Zielgenen verantwortlich sind, beinhalten. Wichtig ist hierbei, dass, obwohl individuelle 

Interaktionspunkte mit anderen Signalwegen bekannt sind, ein umfassendes Verstehen, wie 

diese p53 modulieren, fehlt.  

Aus diesem Grund zielt die vorliegende Arbeit darauf ab, auf systematische Weise weitere 

p53-Modulatoren neben den direkten Mitgliedern des Netzwerkes zu identifizieren und ihren 

Beitrag am p53-assoziierten Zellschicksal zu beurteilen. Zu diesem Zweck wurde Lebendzell-

Zeitraffer-Mikroskopie eingesetzt, um die p53-Antwort auf ionisierende Strahlung in 

Einzelzellen unter variierenden Perturbationen in Krebs- als auch in nicht-transformierten 

Reporterzelllinien zu verfolgen. 

Als Teil eines Kollaborationsprojekts konnte ich aufdecken, dass die p53-Antwort unter 

Perturbation des mit Zellüberleben assoziierten NF-κB-Signalwegs zeitlich verzögert auftritt 

und Veränderungen in spezifischen Merkmalen aufweist. Meine Einzelzell-Daten wurden mit 

mathematischer Modellierung ergänzt und es konnten drei verschiedene Prozesse 

ausgemacht werden, die von der NF-κB-Inhibition betroffen sind: Die Aktivierung sowie 

Degradation von p53 und die Degradation von Mdm2. Des Weiteren habe ich in einem klein 

angelegten Screening-Ansatz positive Modulatoren der p53-Antwort identifiziert: Die 

Immunsignalwege STAT3 und STAT6. Während die beobachtete p53-Erhöhung bei STAT3-

Aktivierung mit Mdm2 in Verbindung gebracht werden kann, ist der Effekt von STAT6 Mdm2-

unabhängig. Stattdessen ist die vorangehende Aktivierung von p53 nötig, um die Erhöhung 
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der p53-Antwort zu beobachten. Schließlich habe ich einen groß angelegten Screening-Ansatz 

etabliert, um aufzudecken, wie die Aktivität von p53 nach ionisierender Strahlung von 

verschiedenen epigenetischen Modifikatoren kontrolliert wird. Überraschenderweise habe ich 

herausgefunden, dass die Inhibition einer Reihe von Deacetylasen und Acetyltransferasen zu 

einer Reduktion der p53-Transkription führen. Im Gegensatz dazu war das p53-Zielgen p21 

hochreguliert und es konnten p53-unabhängige Mechanismen bestätigt werden.  

Meine Ergebnisse demonstrieren die Komplexität, mit der p53 durch zahlreiche Prozesse in 

der Zelle reguliert wird, und weisen auf Mechanismen hin, wie zelluläre Signalwege im Detail 

interagieren können. Allerdings habe ich auch herausgefunden, dass das p53-Netzwerk auf 

erstaunliche Art stabil gegenüber einzelnen Perturbationen ist, besonders, was das p53-

gesteuerte Zellschicksal angeht. Aus diesem Grund setzt die vorliegende Arbeit den 

Grundstein für Experimente im großen Maßstab, um systematisch dynamische 

Veränderungen in Signalmolekülen festzustellen und dabei große Datensätze mit hoher 

Auflösung und Reproduzierbarkeit zu liefern.  
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1. Introduction 

1.1 Complex input and output integration of signaling networks 

A fateful and challenging task for every single cell is that they need to appropriately react to a 

variety of stimuli. These stimuli can derive from either internal or external inputs. Importantly, 

these stimuli activate intracellular signaling, which leads to adapted cellular responses. 

Biological networks display a so-called “functional pleiotropism’, meaning that activation of one 

distinct network is able to trigger different reactions of the cell (Behar and Hoffmann, 2010). 

But how can single signaling pathways embrace pivotal roles and master the requirements for 

different cellular reactions? One major contribution to diversification of signaling is provided by 

temporal and spatial control of the activity of signaling molecules (Behar and Hoffmann, 2010; 

Purvis and Lahav, 2013). 

In this context, the temporal profiles of signaling mediators are commonly referred to as 

dynamics (Behar and Hoffmann, 2010). In more detail, this includes changes of concentration, 

activity, modification state or localization of a molecule over time (Purvis and Lahav, 2013). 

Investigating these dynamics in order to draw conclusions about how biological systems work 

is now an intensively studied topic in research that has emerged in the field of systems biology 

(Ankers et al., 2008). Thereby, live-cell time-lapse imaging of fluorescently tagged proteins is 

applied. This enables to follow protein dynamics in a fine temporal resolution on the single-cell 

level with the objective to gather quantitative data (Ankers et al., 2008; Locke and Elowitz, 

2009). In combination with molecular perturbations and mathematical modeling, it is possible 

to elucidate the mechanisms behind the temporal patterning (Locke and Elowitz, 2009; Yosef 

and Regev, 2011). By doing so, common and well-known temporal profiles of signaling 

molecules could be identified. Among them, the most prominent are single pulse responses, 

sustained activation and oscillations (Yosef and Regev, 2011). In addition to that, dynamics 

provide quantitative information that can contribute to signal encoding like the frequency, 

amplitude, duration or other features of the temporal signal (Purvis and Lahav, 2013) 

The question of how these different dynamics are generated is being investigated intensively. 

Strikingly, for many signaling pathways it could be shown that the quantity and identity of the 

stimulus is the decisive factor (Purvis and Lahav, 2013). In Extracellular signal-regulated 

kinase (ERK) signaling, for instance, stimulation with Epidermal growth factor (EGF) leads to 

one pulse and triggers proliferation, while Nerve growth factor (NGF) causes sustained high 

nuclear ERK levels that result in cell differentiation (Gotoh et al., 1990; Marshall, 1995). Similar 

phenomena – two different stimuli activating the same pathway leading to two different cellular 

outcomes – can be observed for Nuclear factor-κ B (NF-κB), p53 and Multicopy suppressor of 

SNF1 mutation protein 2 (Msn2) signaling in yeast (Werner, Barken and Hoffmann, 2005; 
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Batchelor et al., 2011; Hao and O’Shea, 2012). This hints towards a stimulus-dependent 

pattern of signal integration, although dynamic shapes and outputs are different in the 

aforementioned examples.  

However, it is not as simple and unidirectional as indicated here. Signaling pathways do not 

act in isolation and multiple crosstalk mechanisms between networks have been reported and 

their importance is commonly accepted (Yang, 2008; Vert and Chory, 2011; Adelaja and 

Hoffmann, 2019; Friedel and Loewer, 2021). And that is not the end of the story: Another 

means of signal integration is the posttranslational modification (PTM) state that contributes to 

modulating and specifying the outcome on the target gene expression level. In many cases, 

PTMs of transcription factors are decisive for generating distinct patterns of target gene 

expression. This has been demonstrated for the transcription factors p53, NF-κB or cAMP 

response element-binding protein (CREB) (Kiernan et al., 2003; Lu et al., 2003; Loewer et al., 

2010; Rothgiesser, Fey and Hottiger, 2010; Friedrich et al., 2019). Importantly, target gene 

expression also reciprocally influences the shape of dynamics, which creates an even more 

complex picture (Murray, 2007; Batchelor et al., 2011). For this reason, gaining insight into the 

precise mechanisms of input and output integration in signaling pathways is crucial. As a 

paradigm to study regulation of signaling dynamics, the tumor suppressor p53 is in the spotlight 

of research due to the crucial function it has in the cell and its tight regulation by a complex 

molecular network, which will be highlighted in the following. 

1.2 The tumor suppressor protein p53 

p53 is a transcription factor that represents the central hub of the DNA damage response 

(DDR). It was first discovered in 1979 as it formed complexes with the simian virus 40 (SV40) 

large T antigen after infection and transformation of murine cells (Lane and Crawford, 1979; 

Linzer and Levine, 1979). Interestingly, it was initially identified as an oncogene since it was 

found in transformed cancer cells (Deppert, 1993) – by now, p53 is one of the most extensively 

researched proteins and its reputation has been doubtlessly converted into the clear opposite, 

becoming evident by its alias: The guardian of the genome (Lane, 1992). In fact, as a tumor 

suppressor, it is responsible for protecting genomic integrity and preventing uncontrolled 

proliferation and malignant transformation (Albrechtsen et al., 1999; Mantovani, Collavin and 

Del Sal, 2018). Inactivation of p53 resulting from missense mutations is considered as one of 

the major hallmarks of cancer (Strano et al., 2007). Beyond that, mutant p53 can also gain new 

oncogenic properties due to gain-of-function mutations (Bossi et al., 2006; Strano et al., 2007; 

Muller and Vousden, 2013). The importance of p53 is underlined by the fact that its gene TP53 

is mutated in around half of all human cancers (Bykov, Selivanova and Wiman, 2003). But not 

only that p53’s functions are crucial, they are also diverse: The transcription factor is able to 

process and react to all different kinds of stress stimuli like genotoxic stress, hypoxia and 

nutrient deprivation and trigger the appropriate cellular outcomes adapted to the type and 
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severity of the stress signal (Lahav et al., 2004; Loewer et al., 2010; Batchelor et al., 2011; 

Hafner et al., 2019). These cell fate decisions range from cell cycle arrest and DNA repair to 

apoptosis and senescence (Ciccia and Elledge, 2010; Hafner et al., 2019).  

1.2.1 Regulation of the p53 response to DNA damage 

To avoid aberrant induction of terminal cell fates like apoptosis, p53 is embedded in a highly 

and tightly regulated network controlling its activity. Under non-stressed conditions, p53 is kept 

at low levels via ubiquitination, which is mediated by the E3 ubiquitin ligase Mouse double 

minute 2 homolog (Mdm2), and subsequent proteasomal degradation (Haupt et al., 1997; 

Kubbutat, Jones and Vousden, 1997). In the presence of genotoxic stress, p53 is 

phosphorylated at S15 and other Serine residues by three kinases of the Phosphoinositide-3-

kinases (PI3K)-like family: Ataxia-telangiectasia mutated (ATM), ATM and Rad3-related (ATR) 

and DNA-dependent protein kinase catalytic subunit (DNA-PKcs) (Kruse and Gu, 2009). In 

more detail, the activation of these kinases is highly dependent on the type of DNA damage 

and the corresponding repair pathway they induce (Ciccia and Elledge, 2010). While ATM and 

DNA-PKcs are activated only upon DNA double-strand breaks (DSBs), ATR is specifically 

activated as a response to single-stranded (ss) DNA (Harper and Elledge, 2007; Cimprich and 

Cortez, 2008; Meek, Dang and Lees-Miller, 2008). The presented thesis mainly concentrated 

on DNA DSBs induced by ionizing radiation (IR) as the main source of DNA damage. For this 

reason, the emphasis here is put on the activation of p53 by ATM (Figure 1A). In addition to 

p53, also Mdm2 is phosphorylated by ATM, thereby destabilizing it (Khosravi et al., 1999; 

Stommel and Wahl, 2004). Both events – phosphorylation of p53 and Mdm2 – disrupt their 

interaction and lead to stabilization of p53 (Shieh et al., 1997). Moreover, the Checkpoint 

kinases Chk1 and Chk2 are activated by ATR and ATM, respectively, and contribute to p53 

stabilization through additional phosphorylation (Matsuoka, Huang and Elledge, 1998; Shieh 

et al., 2000; Zhao and Piwnica-Worms, 2001). In contrast to this quite complex activating 

network, Mdm2 can also directly be inhibited by Alternative reading frame protein (ARF) upon 

oncogenic signals (Zhang, Xiong and Yarbrough, 1998). As a consequence, in both cases, 

p53 accumulates in the nucleus. But the increase in protein levels is not sufficient for induction 

of p53 target gene expression – PTMs, mainly acetylation and methylation, at the C-terminus 

of p53 alter its activity (Y. Tang et al., 2008; Loewer et al., 2010; Friedrich et al., 2019). 

Furthermore, p53 is regulated by its oligomerization status as well as interaction with 

transcriptional co-factors (Gaglia et al., 2013; Hafner et al., 2019). As a transcription factor, 

p53 then activates transcription of a variety of target genes (Fischer, 2017). For instance, p53 

can thereby induce cell cycle arrest via transcriptional activation of Cyclin-dependent kinase 

inhibitor 1A (CDKN1A, coding for p21), which allows DNA damage repair (El-Deiry et al., 1993). 

Importantly, among these target genes are the aforementioned negative regulator Mdm2 and 

the phosphatase Wildtype p53-induced phosphatase (Wip1) (Barak et al., 1993; Fiscella et al., 
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1997). Wip1 is able to reverse phosphorylation of p53 itself, Mdm2, the Checkpoint kinases 

and finally ATM (Lu, Nannenga and Donehower, 2005; Oliva-Trastoy et al., 2006; Shreeram 

et al., 2006; Lu et al., 2007). Essentially, both negative feedback loop regulators, Mdm2 and 

Wip1, act in concert to promote degradation and inhibit activation of p53. Due to these 

feedback loops, p53 shows a dynamic pattern of oscillating pulses in response to DNA DSBs 

that continues until the DNA damage is repaired (Lahav et al., 2004).  

 

Figure 1: Activation of the p53 network in response to DNA DSBs and p53 dynamics related to the induced 

cell fate (Adapted from Batchelor, Loewer and Lahav, 2009; Purvis et al., 2012) 

A Under basal conditions, p53 is permanently degraded due to Mdm2-mediated ubiquitination and proteasomal 

degradation. DNA DSBs induce activation and phosphorylation of the kinase ATM. ATM phosphorylates p53 as 

well as Mdm2, thereby interrupting their interaction, which stabilizes p53 protein. Additionally, ATM phosphorylates 

Chk2, which then phosphorylates p53 as well. This contributes to the stabilization of p53 and its accumulation in 

the nucleus enabling transcription of its target genes. Among these target genes, there are the negative regulators 

Mdm2 and the phosphatase Wip1. Wip1 promotes dephosphorylation of p53, Chk2 and ATM. Subsequently, p53 

is downregulated leading to a dynamic pattern of oscillating p53 pulses until the DNA damage is repaired.  

B A pulsatile p53 response leads to transient cell fates like cell cycle arrest and DNA repair, while sustained p53 

levels induce terminal cell fates like apoptosis.  

1.2.2 p53 dynamics control cell fate decisions 

The distinct shape of p53 dynamics is determined by the negative feedback loops (Ciliberto, 

Novak and Tyson, 2005; Batchelor et al., 2008; Choi et al., 2012). Single cell measurements 

allow quantification of specific features of the p53 response. By doing so, it was revealed that 

the induction of DNA DSBs by IR results from a series of p53 pulses with fixed amplitude and 

duration (Lahav et al., 2004; Loewer et al., 2010). Thereby, the strength of the stimulus 

correlates with the number of pulses. These findings underline the importance of single cell 

studies since analysis on the population level indicated dampening of p53 pulses over time, 

which results from averaging asynchronous pulses (Lahav et al., 2004). Furthermore, the 

Mdm2 feedback loop is not sufficient to trigger the undamped pulsatile p53 response 

(Batchelor et al., 2008). Instead, the phosphatase Wip1 together with repeated activation of 

the DNA damage-sensing kinase ATM were shown to be responsible. In contrast to that, cells 

display a single p53 pulse with increasing amplitude and duration when treated with increasing 
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doses of UV light (Batchelor et al., 2011). These findings were linked to continuous p53 

activation by ATR, which is not negatively regulated by Wip1.  

Importantly, the shape of p53 dynamics could be associated with differential target gene 

expression that results in different cell fates: While a pulsatile p53 response leads to transient 

cell fates like cell cycle arrest and concomitant DNA repair, a sustained p53 response is able 

to induce terminal cell fates like apoptosis and senescence (Purvis et al., 2012) (Figure 1B). 

Importantly, even similar cumulative p53 levels show differences in target gene expression if 

the dynamic pattern is different, pointing out the importance of the distinct temporal profiles 

(Purvis et al., 2012). But how does the cell translate these two different dynamic patterns of 

p53 accumulation into transcription of distinct target genes? Research hints towards more 

complex regulatory mechanisms including the affinity of p53 response elements (REs) at 

promoter sites. To be more precise, p53 binds with high affinity to REs of genes responsible 

for cell cycle arrest, while it associates with a lower affinity to REs of genes involved in 

apoptosis (Inga et al., 2002; Qian et al., 2002; Weinberg et al., 2005). According to this, p53 

levels need to be above a certain threshold in order to induce transcription of pro-apoptotic 

target genes (Kracikova et al., 2013). However, it has been shown that the shape of p53 

dynamics alone is not sufficient to explain target gene expression patterns and that PTMs, in 

fact, play a crucial role (Loewer et al., 2010).  

1.2.3 Regulation of p53 on the posttranslational level 

Besides the diverse regulatory inputs from p53 upstream signaling, which mainly cause the 

“net” p53 protein dynamics, the activity of p53 as a transcription factor is precisely and highly 

determined by PTMs (Y. Tang et al., 2008; Loewer et al., 2010; Loffreda et al., 2017). To better 

understand regulation of p53 function, it has to be considered that it consists of several 

domains: The transactivation domain (TAD), which is located at the N-terminus of p53, the 

proline-rich region (PR), the DNA binding domain (DBD), the tetramerization domain (TET) 

and the C-terminal regulatory domain (CTD) (Joerger and Fersht, 2016) (Figure 2).  

As has been outlined in section 1.2.1, p53 activation and protein stability mainly depends on 

phosphorylation by upstream kinases (Kruse and Gu, 2009). The corresponding 

phosphorylation sites are located within the TAD, which is also the domain responsible for 

Mdm2 binding (Chi et al., 2005). In addition to that, the CTD is mainly acetylated, methylated 

and ubiquitinated. Strikingly, the balance of different PTMs in the CTD are linked to the 

transcriptional activity of p53. Acetylation in the CTD has been shown to increase DNA binding 

via induction of structural changes in the DNA binding domain (Luo et al., 2004; Laptenko et 

al., 2015). More precisely, the histone acetyltransferase CREB-binding protein (CBP)/p300 

acetylates p53 at K370, K373 and K382 (Gu, Shi and Roeder, 1997; Barlev et al., 2001; Li et 

al., 2007). Furthermore, there is also an indirect effect on p53’s activity as a transcription factor: 
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Recruitment of co-activators, which coincides with recruitment of the transcriptional machinery, 

and histone acetylation has shown to be increased upon p53 acetylation (Barlev et al., 2001). 

In addition to that, enhanced p53 acetylation caused by histone deacetylase (HDAC) inhibitor 

treatment increases p53 target gene expression (Zhao et al., 2006; Conrad et al., 2016). 

Another important cue is that acetylation in the CTD can compete with ubiquitination, thereby 

adding another regulatory layer to p53 protein stability and dynamics (Li et al., 2002; Carlisi et 

al., 2008). In contrast to that, methylation in the CTD is associated with inhibition of p53-

mediated transcription. Prime examples are the methylation of p53 at K370 by SET and MYND 

domain-containing 2 (Smyd2) and K382 by SET domain-containing 8 (SET8) that repress 

transcriptional activity of p53 (Huang et al., 2006; Shi et al., 2007). Importantly, since it has not 

been distinctively pointed out yet, both acetylation and methylation of p53 are catalyzed by 

transcriptional regulators whose primary targets are histones (Gu and Roeder, 1997).  

 

Figure 2: The p53 domains and selected posttranslational modifications (Adapted from Loewer et al., 2010; 

Friedrich et al., 2019) 

Simplified scheme of the p53 domains: The transactivation domain (TAD) at the N-terminus, the central DNA binding 

domain (DBD), the tetramerization domain (TET) and the C-terminal regulatory domain (CTD). Examples of 

phosphorylation (P) sites in the TAD and the responsible kinases are depicted. Namely, there is S15, which is 

phosphorylated by ATM, ATR and DNA-PKcs, S20, phosphorylated by Chk1 and Chk2 as well as S37, which is 

phosphorylated by ATR. Furthermore, chosen acetylation (ac) and methylation (me) sites in the CTD and the 

corresponding epigenetic modifiers are highlighted. CBP/p300 is responsible for activatory acetylations at K370, 

K373 and K382, while inhibitory methylations are catalyzed by Smyd2 at K370 and SET8 at K382. 

It could be proven that PTMs are the decisive factor for target gene transcription by the fact 

that spontaneous p53 pulses, which are triggered by an excitable mechanism, do not show 

activation of target gene expression (Loewer et al., 2010). In contrast to that, activation of p53 

target genes could be observed at low UV doses, although there was no visible increase in 

total p53, but in acetylation levels (Hupp, Sparks and Lane, 1995). Recent research has 
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demonstrated that the different p53 pulses allow altered PTM patterns, which can account for 

changes in transcription of p53 targets (Friedrich et al., 2019). In more detail, time-varying PTM 

patterns are crucial for gene-specific regulation of stochastic bursting (Friedrich et al., 2019). 

1.3 Crosstalk with physiological signaling can fine-tune the p53 response 

Since p53 must process all kinds of different inputs, it exhibits different layers of regulation 

(Friedel and Loewer, 2021). This can create a certain robustness of the p53 response (Yang, 

2008). Besides the PTM state of p53, it is also strongly influenced by interaction with other 

signaling pathways. This allows cells to adapt their reaction to distinct states and 

circumstances (Kastenhuber and Lowe, 2017). Thereby, the input from other signaling 

pathways can either appear via direct interaction of network components or alterations in target 

gene transcription. Candidate pathways for p53 interaction are pathways that are involved in 

proliferation, differentiation or apoptosis. Highlight examples are Transforming growth factor β 

(TGFβ), NF-κB and Signal transducers and activators of transcription (STAT) signaling (Friedel 

and Loewer, 2021). 

1.3.1 The cell survival pathway NF-κB 

The Nuclear factor-κ B (NF-κB) network is a key pathway for regulating cell survival and 

immunity (Hoesel and Schmid, 2013). A schematic representation of the pathway is shown in 

Figure 3. Without stimulation, the negative regulator Inhibitor of κ light chain gene enhancer in 

B cells α (IκBα) binds to NF-κB transcription factors, thereby retaining them in the cytoplasm 

and inhibiting DNA binding (Baeuerle and Baltimore, 1988; Beg and Baldwin, 1993). In more 

detail, NF-κB transcription factors are homo- or heterodimers including one or two of the 

proteins p50, p52, c-Rel- RelA/p65 or RelB (Gilmore, 2006). The signaling pathway is activated 

by extracellular ligands or intrinsic stress signals. Ligands like the inflammatory cytokines 

Tumor necrosis factor α (TNFα) and Interleukin 1 (IL-1) or Lipopolysaccharide (LPS), a 

component of the bacterial cell wall, bind to specific trans-membrane receptors (Schmid and 

Birbach, 2008). The recruitment of different adaptor proteins finally leads to the activation of 

the trimeric IκB kinase (IKK) complex consisting of the kinases IKK1, IKK2 and the regulatory 

scaffolding protein NF-κB essential modulator (NEMO) (Gilmore, 2006). Importantly, the 

kinase IKK2 phosphorylates the NF-κB inhibitor IκBα (Delhase et al., 1999). Upon 

phosphorylation, IκBα is polyubiquitinated and, subsequently, degraded by the proteasome 

(Chen et al., 1995; DiDonato et al., 1996). As a consequence, NF-κB can enter the nucleus 

and activate transcription of cellular response genes (Hayden and Ghosh, 2008; Oeckinghaus 

and Ghosh, 2009).  

Strikingly, NF-κB can also be activated by ATM in response to DNA damage (Li et al., 2001; 

Scheidereit, 2006). There is evidence that genotoxic stress induces nuclear translocation of 

unbound NEMO via sumoylation (Huang et al., 2003). In the following, NEMO is 
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phosphorylated by ATM and subsequently mono-ubiquitinated in an ATM-dependent manner, 

targeting it for nuclear export (Li et al., 2001; Wu et al., 2006; Hinz et al., 2010). NEMO and 

ATM together translocate into the cytoplasm promoting IKK activation (Jung et al., 1997; Lee 

et al., 1998). The DNA damage-dependent NF-κB signaling represents a first important link 

between p53 and NF-κB confirming crosstalk mechanisms of the two antagonistic pathways. 

 

Figure 3: Activation of the NF-κB pathway upon TNFα stimulation or DNA damage (Adapted from Hoesel 

and Schmid, 2013) 

Canonical NF-κB signaling is, among other ligands, induced by TNFα, which binds to the corresponding cell surface 

receptor. As a consequence, the kinase IKK2, which is part of the trimeric IKK complex together with IKK1 and 

NEMO, is phosphorylated and activated. IKK2 then phosphorylates the NF-κB inhibitor IκBα. This leads to 

polyubiquitination and subsequent proteasomal degradation of the inhibitor. The NF-κB transcription factor dimer 

consisting of p50 and p65 enters the nucleus and activates target gene transcription. Importantly, NF-κB signaling 

can be activated upon genotoxic stress as well. Thereby, free NEMO is sumoylated and enters the nucleus, where 

it forms a complex with DNA DSB-activated ATM. This results in phosphorylation and mono-ubiquitination of NEMO, 

which allows translocation to the cytoplasm. Finally, the ATM-NEMO complex promotes activation of IKK2, which 

induces the aforementioned NF-κB signaling machinery. 

In most cases, NF-κB target genes promote cell survival by inhibiting apoptosis (Beg and 

Baltimore, 1996; Van Antwerp et al., 1996). However, depending on the cell type and 

developmental stage, NF-κB activation has been associated with apoptosis induction as well 

(Abbadie et al., 1993; Jung et al., 1995). Moreover, these response genes include signaling 

molecules such as IL-6 that activate further downstream signaling pathways in an auto- or 

paracrine manner (Brach et al., 1993; McFarland et al., 2013). As one of the major drivers of 

chronic inflammations, NF-κB is highly linked to cancerogenesis (Del Prete et al., 2011; 

Multhoff, Molls and Radons, 2011). Furthermore, constitutively active NF-κB in tumor cells has 
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shown to promote proliferation and prevent apoptosis, induce epithelial-to-mesenchymal 

transition (EMT) and induce angiogenesis (Xia, Shen and Verma, 2014).  

Besides the ATM-dependent induction of NF-κB signaling, there is evidence for several 

interaction points with the p53 network mediated primarily through IKK2. It has been shown 

that IKK2 phosphorylates p53 and promotes its degradation upon DNA damage independently 

from Mdm2 via the Skp, Cullin, F-box containing (SCF) complex (Xia et al., 2009). Inhibiting 

IKK2 leads to increased p53 accumulation and acetylation, expression of the cell cycle inhibitor 

p21 and induction of apoptosis (Yang et al., 2010). Other reports indicate that NF-κB may have 

a stabilizing function on p53 (Fujioka et al., 2004). Another important point of crosstalk may be 

the phosphatase Wip1, which was reported as transcriptional target of NF-κB in breast cancer 

cells. Moreover, its mRNA and protein levels are influenced by NF-κB activation or inhibition 

(Lowe et al., 2010). Finally, downstream pathways such as IL-6-induced STAT3 signaling can 

interfere with p53 signaling as well (Niu et al., 2005). 

1.3.2 The immune response and STATs 

In addition to NF-κB, there are several other pathways associated with immunity. One prime 

example is Signal transducers and activators of transcription (STAT) signaling. These 

pathways are known for their crucial role in embryonic development and regulating stem cell 

maintenance, haematopoiesis and inflammatory responses (Thomas et al., 2015). 

Furthermore, immune cells as well as tissue cells can communicate with each other via 

secretion of extracellular ligands, mainly interleukins (ILs), that activate intracellular STAT 

signaling in surrounding cells (Briukhovetska et al., 2021). In more detail, there have been 

discovered 38 different cytokines and 36 different cytokine receptor combinations by now that 

create a variety of unique responses depending on the microenvironment and gene expression 

profiles of distinct cell types or tissues (Murray, 2007). An overview over the general 

mechanisms of STAT signaling is depicted in Figure 4. Cytokine receptors are transmembrane 

receptors and their cytoplasmic tails bind to Janus kinase (JAK) molecules (Wallweber et al., 

2014). Upon ligand binding, the receptors undergo dimerization resulting in conformational 

changes that lead to transphosphorylation and the activation of the receptor-associated JAKs 

(Brooks et al., 2014; Wallweber et al., 2014; Bousoik and Aliabadi, 2018). Active JAKs can 

phosphorylate the cytoplasmic part of the receptors creating a docking site for STAT proteins 

(Gupta et al., 1996). In total, there are seven STAT family members: STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b and STAT6, all activated by a distinct combination of two – out of a 

total of four different – JAK molecules (O’Shea, Gadina and Schreiber, 2002; Seif et al., 2017). 

Monomeric STAT binds via its Src homology 2 (SH2) domain to phosphorylated cytokine 

receptors (Greenlund et al., 1995; Gupta et al., 1996). However, there is evidence that STATs 

also form homodimers without prior phosphorylation and activation (Braunstein et al., 2003). 
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Nevertheless, phosphorylated and dimerized STATs are able to translocate to the nucleus by 

active import as well as inhibition of export of DNA-bound and phosphorylated STAT (McBride, 

McDonald and Reich, 2000; McBride et al., 2002). In the nucleus, the STAT transcription 

factors activate expression of its target genes. There are several mechanisms that terminate 

STAT signaling. In addition to phosphatases like Cluster of differentiation 45 (CD45) (Irie-

Sasaki et al., 2001) and the negative transcriptional regulator protein inhibitors of activated 

STAT (PIAS) (Chung et al., 1997; Ungureanu et al., 2003), there are the so-called suppressor 

of cytokine signaling (SOCS) proteins. SOCS interact with the cytokine receptors as well as 

JAKs, disrupting their interaction (Nicholson et al., 2000; Sasaki et al., 2000). Intriguingly, the 

expression of SOCS is activated by STAT, which defines them as negative feedback loop 

regulators, thereby either terminating signal transduction or contributing to its diversification 

(Murray, 2007; Nicholas and Lesinski, 2011). 

 

Figure 4: Overview of ligand-induced STAT signaling (Adapted from Tang et al., 2020) 

Upon inflammation, interleukins (ILs) are secreted and bind to their corresponding cell surface receptors. Hence, 

receptors and cytoplasmic receptor-bound JAK molecules are activated. Due to their kinase activity, JAKs can 

phosphorylate the receptors, which creates docking sites for STAT transcription factors. As a consequence, STATs 

bind and get phosphorylated by JAKs and, as dimers, they enter the nucleus and activate target gene transcription. 

STAT is able to induce transcription of genes involved in proliferation, survival, angiogenesis 

and cell invasion (Alvarez and Frank, 2004). This is why it is not surprising that upregulated 

STAT signaling is commonly linked to development and progression of severe diseases like 

cancer. In more detail, in the context of chronic inflammation, cytokine-induced signaling has 

been shown to play an important role in promoting cancerogenesis (Feghali and Wright, 1997; 

Multhoff, Molls and Radons, 2011). Furthermore, if the tumor has already developed, immune 

cells populating the tumor microenvironment (TME) secrete inflammatory cytokines, which can 

counteract antitumor immune responses or induce STAT signaling-mediated proliferation 
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directly in the tumor cells (Owen, Brockwell and Parker, 2019). Moreover, inflammatory 

processes and concomitant cytokine secretion are associated with anti-cancer therapy, more 

specifically chemo- and radiotherapy (Greten and Grivennikov, 2019). As has been 

demonstrated, the STAT pathway is comparably straightforward and the diversity concerning 

cellular outcomes can be explained by the variety of activating cytokines and receptors as well 

as the interaction specificity of different JAK and STAT molecules (Murray, 2007). This explains 

the diverse roles that STAT pathways play in cancer spanning from cangerogenesis to tumor 

progression as well as antitumor defense (Thomas et al., 2015; Owen, Brockwell and Parker, 

2019).  

The fact that interaction points with the p53 network could be revealed adds new evidence to 

the cancerogenic properties of STAT signaling. STAT3, as the most prominent example, binds 

to the p53 promoter and, thereby, inhibits its expression (Niu et al., 2005). Furthermore, STAT 

signaling intertwines with expression of p53 target genes: STAT1, for instance, interacts 

directly with p53 protein to increase expression of pro-apoptotic p53 target genes (Townsend 

et al., 2004). Concerning STAT6, higher levels of the p53 target gene p21 were observed upon 

STAT6 activation, hinting towards a synergistic effect (Kim et al., 2003; Lee et al., 2016, for 

instance).  

1.4 Studying p53 dynamics by using different fluorescent reporter systems 

In order to study modulations of the p53 response upon DNA damage induction in the context 

of different perturbations, fluorescent reporter cell lines enable to monitor p53 dynamics in 

single cells via live-cell time-lapse microscopy. The four reporter cell lines that have been 

mainly used in the present study are depicted in Figure 5.  

A549 is a human adenocarcinoma cell line that was originally extracted in 1972 from a type II 

pneumocyte lung tumor (Giard et al., 1973; Swain et al., 2010). Importantly, A549 cells do not 

contain any p53 mutation, but p53 levels have shown to be elevated and complexes of p53 

with Heat shock protein 70 (Hsp70) have been detected (Lehman et al., 1991). In addition to 

that, a Kirsten rat sarcoma virus (K-Ras) mutation contributing to the oncogenic status of the 

cell line was determined (Lehman et al., 1991). The A549 reporter cell line used in this project 

has been described before (Chen et al., 2013; Finzel et al., 2016). It expresses the transgenes 

Histone H2B-cyan fluorescent protein (CFP) from the Ubiquitin C (UbC) promoter, serving as 

a nuclear marker, and p53-yellow fluorescent protein (YFP), which is under control of the 

metallothionein (MT) promoter (Figure 5A).  

MCF10A is a non-transformed, immortalized breast epithelial cell line expressing wildtype p53 

(Merlo et al., 1995). Mutations of several genes that are linked to increased proliferation and 

enable cell culture over long periods can be found in MCF10A cells: Deletions of p14ARF and 

p16 as well as amplification of MYC (Debnath, Muthuswamy and Brugge, 2003). Importantly, 
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for all the MCF10A reporter cell lines used in this study (Figure 5B-D), the fluorescent tags 

were inserted at the endogenous locus, which ensured expression from the endogenous 

promoter and thereby precise monitoring of endogenous protein levels (Sheng, 2017; Sheng 

et al., 2019). As a nuclear marker, the cell lines expresses the heterochromatin family member 

Chromobox protein homolog 5 (CBX5) fused to CFP from both alleles (Sheng, 2017). For 

monitoring p53 dynamics, a YFP tag was inserted heterozygously after the TP53 gene (Figure 

5B).  

 

Figure 5: Different reporter cell lines allow quantification of the dynamic p53 response in single cells 

A Transgenic A549 reporter cell line expressing H2B-CFP and p53-YFP used in the first part of the project (Results 

2.1). B MCF10A cells with endogenous reporter system expressing CBX5-CFP and p53-YFP. This reporter was 

used in the second part of this project (Results 2.2). C Endogenous MCF10A reporter cell line expressing CBX5-

CFP, p53-YFP and p21-RFP. This cellular system was mainly used in the third part of the presented project (Results 

2.3). D Endogenous MCF10A reporter cell line expressing CBX5-CFP, p53-YFP and a P2A-RFP knockin in the p21 

coding gene used as a reporter reflecting p21 transcriptional levels in the third part of the project (Results 2.3). 

In order to simultaneously follow the response of p21, which is one of p53’s target genes, a 

red fluorescent protein (RFP) tag was added heterozygously to the CDKN1A gene (Figure 5C). 

Since the net p21 protein level is determined by both production and degradation rates, a 

transcriptional reporter for p21 was applied (Figure 5D). Using this reporter system, the p21 

production rate can be measured due to a self-cleaving peptide (P2A) fused to an RFP tag, 

which were inserted after the CDKN1A locus (Sheng et al., 2019). The P2A sequence allows 

the cleavage of both peptides during translation. An additional PEST sequence (not depicted 
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in Figure 5D) marks the RFP protein for rapid proteasomal degradation resulting in a timely 

limited RFP signal representing the p21 transcriptional level. 

1.5 Aim of the thesis 

p53 is a major transcription factor whose dynamic response controls cell fate decisions like cell 

cycle arrest, apoptosis and senescence in response to genotoxic stress. In order to take a 

deliberated decision, the p53 network must process a variety of different inputs. This is why it 

is not surprising that p53 is influenced by numerous signaling pathways as well as its particular 

PTM state. Importantly, although there is evidence of single interaction points between p53 

and other signaling networks, a comprehensive understanding of how these pathways 

modulate p53 is lacking. Additionally, more extensive knowledge of how the multitude of 

different epigenetic modifiers impact the activity of p53 as a transcription factor is beneficial for 

understanding cellular reactions induced by p53. This can also offer new insights concerning 

the molecular mechanisms during cancer therapy, where small molecules are administered 

and interact with the p53 response. Lastly, to systematically investigate how all these factors 

interact with p53 and modify the dynamic p53 response will help to decipher general interaction 

and regulatory patterns of signaling networks. 

More precisely, my thesis aimed to disentangle how the p53 network is embedded in the 

context of NF-κB signaling, the activity of STAT pathways and how the activity of p53 is 

controlled by different epigenetic modifiers. Hence, live-cell time-lapse imaging using different 

fluorescent reporter cell lines was applied to study the influence of numerous perturbations on 

the p53 response to IR. To achieve the overall aim, my project consisted of three parts  

(Figure 6).  

In the first part of the project, I aimed to investigate the crosstalk between the anti-apoptotic 

NF-κB pathway and p53. To this end, I perturbed NF-κB signaling in A549 cells using the well-

characterized IKK2 inhibitor TPCA-1 and monitored the p53 response to DNA DSBs. The 

crosstalk mechanisms between both pathways were deciphered. Thereby, a subpopulation-

based modeling approach developed by Fabian Konrath and Jana Wolf (MDC Berlin) was 

deployed in an iterative process combining cell biological methods and computational 

analyses.  

The aim of the second part of the presented project was to systematically identify how 

modulators of the immune response, the so-called interleukins, modify p53 signaling. To 

address this aim, a small-scale screening using an MCF10A reporter cell line followed via live-

cell microscopy was performed and associated pathways that are responsible for p53 

modification were identified. Finally, the goal was to characterize crosstalk mechanisms with 

the p53 network. 
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In the third and most comprehensive part of the study, I aimed to shed light on the role of 

different epigenetic modifiers in shaping p53 dynamics as well as changing its activity. For this 

reason, a large-scale screening using an inhibitor library was conducted. Thereby, p53 as well 

as its target gene p21 were followed over time using MCF10A reporter cell lines in live-cell 

microscopy. The first objective was to cluster resulting p53 and p21 dynamics and link dynamic 

shapes to functional groups of enzymes. Secondly, the underlying mechanism of p53 

modification by the respective group of epigenetic modifiers were disentangled. 

 

Figure 6: How does the activity state of physiological signaling and epigenetic modifiers influence the 

dynamic p53 response to DSBs?  

This thesis aims to investigate p53 dynamics upon DNA DSB induction shaped by NF-κB perturbation, STAT 

activation and inhibition of different epigenetic modifiers. The three parts of the thesis are represented by the red, 

purple and green circles. Thereby, the size of each circle reflects the complexity of the corresponding project part 

concerning the experimental screening setups and number of tested perturbations. 
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2. Results 

2.1 A systematic approach to decipher crosstalk in the p53 signaling pathway using single cell 

dynamics 

The transcription factors p53 and NF-κB are both critical for the cellular DNA damage response 

and, hence, implicated in tumor development. However, a comprehensive understanding of 

the interaction of both networks is lacking. For this reason, a systematic approach was 

developed to shed light on their complex crosstalk. As a collaboration project, this part of my 

thesis has been previously published in similar form (Konrath et al., 2020). The individual 

contributions to this publication were as follows: Most experimental investigations were 

performed by me. Elena Cristiano provided data sets that were used for model fitting. The 

methodology, software and formal analysis was done by Fabian Konrath. Together with Fabian 

Konrath, I was responsible for visualization and writing of the original draft. Review and editing 

of the draft was performed by Jana Wolf and Alexander Löwer. Conceptualization was done 

by Jana Wolf, Alexander Löwer, Fabian Konrath and me. Jana Wolf and Alexander Löwer were 

supervising the project. All contributions by others are clearly marked in the following sections. 

2.1.1 Modulation of IKK/ NF-κB signaling alters the p53 response to DSBs 

To investigate the interplay of p53 and NF-κB signaling, I perturbed the IKK/NF-κB pathway 

and monitored the p53 response upon ionizing radiation in individual living cells via time-lapse 

microscopy using an established A549 reporter cell line (Chen et al., 2013; Finzel et al., 2016) 

(Figure 5A). In short, this cell line expressed a nuclear marker making tracking of cell nuclei 

over time possible. Furthermore, the cells expressed a p53-YFP fusion that enabled me to 

quantify dynamic p53 levels in each tracked nucleus (Figure 7).  

 

Figure 7: A549 fluorescent reporter cell line allows time-resolved monitoring of p53 dynamics upon IR 

Depicted are example images acquired via live-cell time-lapse microscopy using an A549 reporter cell line 

constitutively expressing p53-YFP and H2B-CFP. Blue, purple and red arrows point to the respective single cells at 

the indicated time points after 10 Gy IR. Time points represent p53 maximum (2.5 h and 7.5 h) and minimum (0 h, 

5 h and 10 h) levels.  
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Figure 8: Activation status of NF-κB affects the p53 response to DSBs 

A-C A549 reporter cells were tracked via live-cell time-lapse microscopy and the p53 median nuclear fluorescence 

intensity was measured in cells treated with 10 Gy IR in combination with DMSO (ctrl, A), TNFα (B) or IKK2i (TPCA-

1, Podolin et al., 2005) (C), which were added 1 h prior to IR. Light colored lines denote single cell trajectories 

whereas bold lines indicate the median of trajectories. D A549 wildtype cells were fixed 1 h post IKK2i and 0.5 h 

post TNFα treatment. Immunofluorescence was performed showing p65 translocation. E Quantification of 

immunofluorescence data acquired in A549 wildtype cells treated with DMSO (ctrl) or IKK2i 1 h prior to irradiation 

with 10 Gy showing p65 translocation. F Scheme of the defined features of p53 dynamics. Depicted are the timing 

of maxima (tmax), timing of minima (tmin), inter-peak-interval (IPI), dampening factor, absolute values of maxima 

(Fmax), absolute values of minima, peak width, positive slope of peaks, negative slope of peaks and amplitude of 

peaks. The absolute values of maxima (Fn
max) are used to calculate the dampening factor (DFn = F1

max / Fn
max) for 

peak n. G Quantification of selected features (timing maxima, timing minima, inter-peak-intervals and dampening 

factor) of the first four p53 pulses. To test the significance of changes, the Wilcoxon rank sum test was used in 

combination with the Bonferroni-Holm method to correct for multiple testing, *p<0.05, **p<0.01, ***p<0.001. 
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Without modulating NF-κB activity, I observed the expected pulsatile behavior of p53 upon 

induction of DNA damage (Figure 8A). After activating the NF-κB network with TNFα prior to 

irradiation, only minor changes in p53 dynamics were observed (Figure 8B). Surprisingly, 

inhibiting the central kinase IKK2 with the pharmacological inhibitor TPCA-1 (IKK2i) (Podolin 

et al., 2005) prior to irradiation led to a striking delay in the median p53 response across a 

population of cells (Figure 8C). To corroborate these findings, I could show that the inhibitor 

was able to fully block NF-κB activity, which was reflected by the inhibited translocation of the 

transcription factor p65 upon TNFα stimulation (Figure 8D). Importantly, it was confirmed that 

IR alone was sufficient to induce NF-κB signaling in an IKK2-dependent way in A549 wildtype 

cells (Figure 8E).  

To further examine the observed alterations in the p53 response, characteristic features of p53 

dynamics were defined (Figure 8F). Quantifying the features for each single cell trajectory 

revealed that upon TNFα treatment, the maxima and minima of p53 accumulation occurred 

slightly earlier, while the inter-peak-interval (IPI) between the first peaks tended to be shorter 

and the dampening of p53 amplitudes was higher (Figure 8G). In contrast to that, IKK2 

inhibition led to delayed timing of p53 pulse maxima and minima and significantly longer IPIs 

compared to the control (Figure 8G). The amplitude of consecutive pulses was also damped. 

The delayed p53 response in single cells could be robustly reproduced in biological repeats 

(data not shown) and was validated in A549 wildtype cells on the population level by Western 

blot analysis (Figure 9A). To exclude that addition of TPCA-1 itself is sufficient to induce a p53 

response, non-irradiated IKK2 inhibitor-treated cells were monitored by live-cell microscopy. 

No unspecific p53 response was observed (Figure 9B). 

While TPCA-1 is a potent inhibitor of IKK2 activity, it also strongly interferes with STAT3 

signaling (Nan et al., 2014). To determine whether the observed modulation of p53 dynamics 

upon treatment with TPCA-1 was caused by altered IKK2 or STAT3 activity, I tested two 

structurally unrelated IKK2 inhibitors for their influence on the p53 response to genotoxic 

stress. Strikingly, all applied inhibitors caused a delay in p53 dynamics (Figure 9C). In 

particular, timing of peak maxima and minima, IPI, as well as dampening of peaks were 

consistently altered. Other features such as peak amplitude were differentially affected by the 

inhibitors (Figure 9D). As only TPCA-1 and not the other inhibitors affected STAT3 signaling 

(Figure 9E), I concluded that the observed changes in p53 dynamics upon TPCA-1 treatment 

were mainly based on IKK2 inhibition. 
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Figure 9: Validation and specificity of IKK2 inhibitors 

A A549 wildtype cells were treated with DMSO (ctrl) or IKK2 inhibitor 1 h prior to 10 Gy IR and harvested at the 

indicated time points post IR. Western blot analysis of p53 and GAPDH was performed. GAPDH served as a loading 

control. B Using live-cell time-lapse microscopy, A549 reporter cells were tracked and the p53 median nuclear 

fluorescence intensity was measured upon 0 Gy or 10 Gy IR in cells treated with DMSO (ctrl) or IKK2i (t = -1 h). 

C A549 reporter cells were treated with DMSO (ctrl) or different IKK2 inhibitors (BMS-345541 (BMS) or SC-514 

(SC)) 1 h prior to 10 Gy IR. p53 nuclear fluorescence intensity was measured in single cells via time-lapse 

microscopy and median trajectories were determined. D The specificity of IKK2 inhibition was tested by comparing 

the effect of the IKK2 inhibitor TPCA-1 on features of p53 dynamics with the effects of two structurally independent 

IKK2 inhibitors (BMS and SC). For comparison, 17 criteria were defined which are derived from altered features in 

p53 dynamics induced by application of TPCA-1. A green box indicates that an inhibitor induced the same effect as 

the inhibitor TPCA-1, while a red box represents a mismatch for the observed effect of the specified inhibitor. 

E Western blot analysis of pSTAT3 (Tyr705) and GAPDH (loading control) in A549 wildtype cells treated with DMSO 

(ctrl) or the corresponding IKK2 inhibitor 1 h prior to addition of 10 ng/ml IL-6. Cells were harvested 1 h after IL-6 

treatment. ctrl 1 represents the control condition for TPCA-1 and SC, ctrl 2 refers to BMS. 

Earlier findings provide evidence that altering the dynamic p53 response to DNA damage 

changes target gene transcription and, hence, controls the cell fate decision (Purvis et al., 

2012). Consistently, the modulation of p53 dynamics upon IKK2 inhibition changed the cellular 

response to DNA damage as I measured altered expression profiles of several p53 target 

genes (Figure 10). The mRNA levels of genes involved in cell cycle arrest (CDKN1A/p21), 

damage repair (GADD45A) and apoptosis induction (BBC3/PUMA, PMAIP1/NOXA) were 
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increased upon inhibitor addition. Despite that, the expression of a p53 target gene associated 

with senescence (PML) seemed to be decreased. 

 

Figure 10: Changes in p53 target gene expression upon IKK2 inhibition 

A549 wildtype cells were treated with DMSO (ctrl) or IKK2i 1 h prior to 10 Gy IR and harvested at the indicated time 

points post IR. mRNA expression of p53 target genes was measured by qRT-PCR. β-actin was used as an internal 

control. Data were normalized to values of the sample harvested 0 h post IR. Error bars indicate the minimum and 

the maximum value for the relative quantity of three technical replicates. 

2.1.2 Reproducing the p53 response to DSBs using subpopulation-based modeling 

To identify the molecular interactions connecting both networks and driving the observed 

changes in p53 dynamics, mathematical modeling based on ordinary differential equations 

(ODEs) was employed. ODE models allow to assess the impact of individual model parameters 

on the behavior of the entire network. Here, the aim was to link altered p53 dynamics to defined 

parameter perturbations and thereby to predict the processes affected by IKK2 inhibition. This 

required a model that is capable of faithfully reproducing the time-resolved p53 response to 

IR. As the p53 response among single cells is heterogeneous (Figure 8A) and I needed to 

analyze quantitative changes that may be masked in population averages, the model should 

be able to account for the cellular heterogeneity. Therefore, a framework for subpopulation-

based modeling derived from the approach of Strasen et al. (Strasen et al., 2018) was 

developed. In this approach, single cell trajectories with similar dynamics were clustered into 

subpopulations and averaged. Note that the aim of this clustering approach was to capture the 

heterogeneity of the individual cell dynamics rather than describing different types of dynamics. 

In order to reproduce all subpopulation dynamics, a pool of models was generated in which 

each model was fitted to the averaged trajectories. This approach was applied to my single 

cell data by establishing a framework for clustering p53 dynamics into subpopulations. To 

preserve the pulsatile characteristics of single cell trajectories, the trajectories within a 
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subpopulation were averaged in a peak-wise manner (peak-based mean) by determining 

mean timings and mean absolute values of peaks (Figure 11A).  

 

Figure 11: Scheme of the subpopulation modeling framework and the model describing the p53 network 

(Both developed and applied by Fabian Konrath) 

A Single cell trajectories were clustered into subpopulations with similar dynamics (upper left panel). For each 

cluster, a peak-based mean was calculated, representing subpopulation-specific dynamics. To account for cellular 

heterogeneity and to reproduce the different dynamics of subpopulations, a pool of models was generated (upper 

right panel). In this example, the model pool comprised two models, one specific for subpopulation a, the other one 

for subpopulation b. The production rates of Z and X were assumed to be susceptible to noise. Hence, parameters 

of these two processes were considered subpopulation-specific and therefore specific for an individual model. While 

k1a and k2a were specific for subpopulation a and thus assigned to one model, k1b and k2b were specific for 

subpopulation b and assigned to the second model. Importantly, both models shared parameters such as k3, 

assuming that for example phosphorylation rates or degradation rates were not affected by noise. In a final step, 

the model pool was simultaneously fitted to the peak-based mean of each subpopulation. B The ODE model 

consisted of seven variables representing phosphorylated ATM (ATM-P), p53 in its inactive and transcriptionally 

active (act) form, as well as mRNAs and proteins of Mdm2 and Wip1. Moreover, it contained 22 parameters; those 

marked in red were defined as subpopulation-specific since the corresponding processes were assumed to be 

susceptible to noise. For review of parameter descriptions, see Table S 1. 

To reproduce these dynamics, an initial model derived from Batchelor et al. (Figure 11B, 

Batchelor et al., 2011) was adjusted by introducing subpopulation-specific parameters. This 

model describes the p53 response to DNA damage and contains the two feedback regulators 

Mdm2 and Wip1 as well as the kinase ATM. The model was extended by including variables 

for Mdm2 mRNA and Wip1 mRNA with corresponding production and degradation rates (Table 

S 1). For the definition of subpopulation-specific parameters, parameters were used that affect 

production rates of mRNAs and proteins, as these are susceptible to intrinsic noise (Spencer 

et al., 2009; Loewer and Lahav, 2011; Bertaux et al., 2014). In contrast, parameters accounting 

for biochemical processes such as phosphorylation reactions remained constant across the 

model pool (Figure 11B).  

This framework was applied to my single cell data capturing the p53 response upon irradiation 

(calibration data) by determining pairwise dissimilarities between trajectories. This analysis 
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suggested to employ ten subpopulations to represent the calibration data set (Figure 12A, blue 

lines). These subpopulations do not reflect distinct physiological states. Instead, trajectories 

with similar dynamics were clustered into subpopulations in order to reflect the variability of 

p53 dynamics observed in the population due to cellular heterogeneity.  

Comparison of the subpopulation-specific parameters illustrates the quantitative differences 

between subpopulations that are not necessarily apparent from the dynamics (Figure S 1). 

Averaging all subpopulation simulations again reproduced the average p53 dynamics of the 

cell population (Figure 12). 

 

Figure 12: Model pool reproduces heterogeneous p53 dynamics (Analyzed by Fabian Konrath) 

The ten models of the model pool were fitted to the peak-based mean of the ten subpopulations (blue lines). The 

red line indicates the simulation of the best fit. The number of cells assigned to a subpopulation is stated in the 

upper right corner of each subpopulation plot. To visualize the simulation and experimental data on the population 

level (lower right corner), the weighted mean over all subpopulations was calculated. The weight is determined by 

the number of assigned cells. 

Taken together, by clustering single cell trajectories of p53 into ten subpopulations and fitting 

a pool of ten ODE models to the peak-based representation of subpopulation dynamics, the 

dynamic response of p53 to DSBs could be quantitatively reproduced. 

2.1.3 IKK2 is predicted to act on multiple processes of the p53 network 

To link the observed changes in p53 dynamics upon IKK2 inhibition to molecular processes 

within the network, sensitivity analysis was performed and changes induced by parameter 

perturbations in the model were compared to my experimental measurements. The focus was 
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on the four features of p53 dynamics that were previously shown to be significantly and 

consistently increased upon inhibition of IKK2 with different inhibitors (Figure 8G). 

 

Figure 13: Sensitivity analysis predicts existence of multiple interactions of IKK2 and the p53 network 

(Analysis performed by Fabian Konrath)  

Figure description continues on the next page. 

Figure 13: Sensitivity analysis predicts existence of multiple interactions of IKK2 and the p53 network 

(Analysis performed by Fabian Konrath)  

A Expected change in features upon perturbation of a parameter which indicates an interaction of IKK2 and the p53 

network. Each box represents the effect of a parameter perturbation on a specified feature for an individual 

subpopulation. A red box indicates a consistent increase in the specified feature in all considered peaks. Blue boxes 

represent a decrease. B Sensitivity analysis of single parameters. If the absolute values of sensitivity coefficients 
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of all considered peaks are below 1·10-4, the specified parameter change has no considerable effect on the 

respective feature (grey boxes). Subpopulations with sensitivity coefficients of peaks, which are not consistently 

changed, are depicted in white. C For the sensitivity analysis of parameter pairs, 13 pairs were selected from 462 

possible combinations based on their ability to reflect the expected change in features in at least seven out of ten 

subpopulations. Arrows indicate a perturbation of parameters by increasing or decreasing the respective parameter 

value by 1%. 

The experimental observations led to the expected pattern (Figure 13A): Perturbation of a 

parameter should result in a consistent change that is either an increase or a decrease in the 

features timing of maxima, timing of minima, IPI, and dampening factor across subpopulations. 

However, none of the model parameters fulfilled this criterion (Figure 13B). At least one feature 

showed contradicting effects in one or all subpopulations. 

The results of the sensitivity analysis demonstrated that none of the single parameter 

perturbations lead to the expected pattern and therefore strongly indicated that modulation of 

the p53 response by IKK2 inhibition was due to multiple interactions between IKK2 and the 

p53 pathway. The sensitivity analysis was therefore performed by increasing pairs of 

parameters or increasing one parameter and decreasing another one. Using this approach, 13 

out of 462 possible combinations were identified that were able to reflect the consistently 

observed effects of IKK2 inhibition (Figure 13C). 

2.1.4 Parameter inference-based predictions of interactions between IKK2 and the p53 

network 

Although the sensitivity analysis enabled me to make predictions about putative interaction 

points of the NF-κB and p53 pathways, the analysis did not cover different perturbation 

strengths of parameters or the extent to which individual features were changed. Taking 

additional quantitative information into account helped to reveal additional parameter 

combinations which would not have been identified by fixed perturbation strengths. 

Furthermore, this approach provided more stringency, as parameter combinations reflecting 

feature changes in a qualitative manner might not be able to reflect changes quantitatively. 

Therefore, those parameter combinations could be excluded as potential targets of the 

crosstalk between NF-κB and p53. 

Hence, in a second approach, parameter inference was employed to include quantitative 

changes in dynamics and derive perturbation strengths from experimental data. To this end, 

individual parameters of the calibrated model pool were fitted to trajectories from IKK2 inhibitor-

treated cells (perturbation data). All remaining parameters were fixed to their calibrated value. 

This enabled the evaluation of parameters with respect to their capability to shift p53 dynamics 

upon DSBs to the altered dynamics of p53 upon IKK2 inhibition. As it was assumed that 

inhibition of IKK2 affected the same process with the same magnitude in all subpopulations, 

only parameters were fitted that were shared among models of the model pool. In order to fit 
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those parameters to the perturbation data, trajectories of the perturbation data were assigned 

to the ten clusters of the calibration data (Konrath et al., 2020).  

Consistent with the previous sensitivity analysis indicating that there were multiple interactions 

points between IKK2 and the p53 network, simultaneous fitting of two parameters did not allow 

to quantitatively reproduce the modulated p53 response (Konrath et al., 2020). The approach 

was therefore expanded to parameter triplets and was able to identify several combinations 

that yielded improved fit qualities (Figure S 2A). The model pool with the best fitted parameter 

combination successfully reproduced the altered p53 response to DSBs upon IKK2 inhibition 

(Figure S 2B, left), demonstrating that perturbation of three parameters was sufficient to 

capture the effect of IKK2 on the p53 network. As parameter combinations differed in their 

corresponding fit qualities (Figure S 2B), the performed parameter inference allowed to 

distinguish parameter combinations based on their capability to reproduce a targeted 

perturbation. This indicates that the fit quality can be used to predict putative interfaces of the 

NF-κB and p53 pathway. 

2.1.5 Validation of predicted parameter combinations reveals two potential mechanisms for the 

observed alterations in p53 dynamics 

To validate the best-ranked parameter combinations, I compared parameter inference-based 

predictions with additional experimental observations. The 30 best-ranked parameter 

combinations were tested to gain a broader overview of model performance (Figure S 3).  

As additional perturbations, I used time-resolved single cell data, where the IKK2 inhibitor 

TPCA-1 was applied at different time points post damage (1.5 h, 2.5 h/3 h, 5 h, Figure 14A). 

To systematically evaluate parameter combinations, the discrepancy between model 

simulations and experimental data was determined by calculating the weighted χ2 value for 

each parameter combination and each data set. Eight parameter combinations were able to 

reproduce p53 dynamics for all perturbation times with only small deviations (Figure 14B, top 

eight parameter combinations).  

In order to visualize the difference between the eight parameter combinations and the 

remaining combinations, model simulations with selected parameter combinations were 

compared (Figure S 4). While the p53 dynamics upon IKK2 inhibition 1.5 h post damage could 

be reflected by all selected parameter combinations, the 2.5 h and 3 h time points of IKK2 

inhibition were qualitatively less well reflected by the combinations. The strongest difference 

between the three combinations selected from the best eight parameter combinations (αm & 

αmpi & βmt, Ts & αm & αmpi, αmpi & βmt & βs) and the ninth parameter combination (αmpa & αsm & 

βpamt) was observed when the IKK2 inhibitor was applied 5 h after irradiation. While the three 

combinations reflected the continuous accumulation of p53 observed in the data, the 

combination αmpa & αsm & βpamt showed a sudden and strong decrease in p53 levels. Thus, the 
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eight parameter combinations with the smallest χ2 values in all data sets of time-variant IKK2 

inhibition were selected for further validation. 

 

Figure 14: Validation of the 30 best ranked parameter combination fits using time-variant IKK2 inhibition 

(Analysis performed by Fabian Konrath) 

A Median trajectories of p53 nuclear levels tracked over time using live-cell microscopy. Cells were treated with 

DMSO (ctrl) or IKK2i at different time points post 10 Gy IR. Three representative experiments are shown here in 

which IKK2 was inhibited at the indicated time points. In another set of three additional experiments, IKK2 was 

inhibited at 1.5 h, 2.5 h and 5 h post IR. B Each box depicts the color coded log10 χ2 value for model simulations 

with individual parameter combinations and time points of IKK2 inhibition. For better visualization, the plotted log10 

χ2 value summarizes the values of two data sets with similar time points of IKK2 inhibition (1.5 h/1.5 h, 2.5 h/3 h,  

5 h/5 h). The inhibitor was applied at accumulating levels of p53 resulting in the first peak (t=1.5 h), decreasing p53 

levels (t=2.5 h and t=3 h) as well as at the accumulation resulting in the second peak (t=5 h). The parameter 

combinations were sorted based on the corresponding summarized log10 χ2 value. Indices of the parameter 

combinations are given by the numbers on the right hand side of the plot. 

For additional validation, I performed Western blot and qRT-PCR to analyze the effect of IKK2 

inhibition on dynamics of additional components of the p53 network. Based on the described 

delay in the p53 response on the population level (Figure 9A and Figure 15A), the impact on 

the two negative feedback loop regulators Mdm2 and Wip1 was tested first. I observed that 

Mdm2 as well as Wip1 protein accumulation was delayed upon IKK2 inhibition (Figure 15B-C 

and G). Moreover, IKK2i treatment resulted in a delayed increase of Mdm2 and Wip1 mRNA 

levels as well, indicating that gene expression of both feedback regulators followed altered p53 

dynamics as expected (Figure 15D-E).  
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To determine ATM activity upon perturbation, I measured the levels of one of its substrates, 

pChk2 (Thr68), over time. Surprisingly, I detected higher phosphorylation levels upon IKK2 

inhibitor treatment (Figure 15F and H). 

 

Figure 15: IKK2 inhibition leads to a delayed Wip1 and Mdm2 accumulation and increased pChk2 levels on 

the population level 

A-F A549 wildtype cells were treated with DMSO (ctrl) or IKK2i 1 h prior to 10 Gy IR and harvested at the indicated 

time points. The levels of p53 protein (A), Mdm2 mRNA (B), Mdm2 protein (C), Wip1 mRNA (D), Wip1 protein (E) 

and pChk2 (Thr68) protein (F) were measured and quantified. Protein levels were determined by Western blot 

analysis. Data from two independent experiments were normalized to values of the samples harvested 0 h post IR. 

Error bars indicate standard deviation of the two biological replicates. mRNA expression was measured using qRT-

PCR. β-actin was used as an internal control. Error bars indicate the minimum and the maximum value for the 

relative quantity of two biological replicates, each consisting of three technical replicates. G-H Example Western 

blots of Mdm2, Wip1 (G) and pChk2 (Thr68) (H) protein level measurements used for the quantification in B, C and 

F. 

When comparing the simulated dynamics for the previously mentioned components with the 

experimental data, a similarly delayed accumulation of Mdm2 and Wip1 on the mRNA level as 

well as on the protein level could be observed for all eight parameter combinations (Figure 

16B-E). However, the best-ranked parameter combination from the previous validation, in 

which Mdm2-mediated degradation of p53 (αm), basal degradation of Mdm2 (αmpi) and basal 

transcription of the Mdm2 gene (βmt) were perturbed, predicted very low Mdm2 protein levels 

(Figure 16B) as well as very high levels of Mdm2 mRNA (Figure 16D). Both predictions were 

not in line with experimental observations (Figure 15B and D). Moreover, the parameter 

combinations in which the activation of ATM is affected (βs) showed a decreased kinase activity 
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(Figure 16F) and thus failed to reflect the experimental data (Figure 15F) as well. Both 

parameter combinations were therefore not considered further. Note that the dynamics of 

Mdm2 on the protein level within the first hour differed between simulation (Figure 16B) and 

experimental data (Figure 15B) as the population data was not included into model calibration. 

Interestingly, such an initial decrease in Mdm2 levels was also observed experimentally (Geva-

Zatorsky et al., 2006; Batchelor et al., 2011). 

 

Figure 16: Simulated dynamics of p53 network members (Analysis performed by Fabian Konrath) 

A-F Simulation of total p53 (A), Mdm2 protein (B), Wip1 protein (C), Mdm2 mRNA (D), Wip1 mRNA (E) and pATM 

(F) are shown for eight parameter combinations and IR alone (ctrl). 

Finally, four parameter combinations remained, which were able to reflect the data of the 

second validation. Analyzing the composition of these parameter combinations unraveled two 

mechanisms explaining the effect of IKK2 inhibition on p53 dynamics (Figure 17). On the one 

hand, Mdm2-mediated degradation of inactive p53 and basal degradation of Mdm2 could be 

increased (Figure 17A). On the other hand, ATM-mediated degradation of Mdm2 and Mdm2-

mediated degradation of active p53 could be decreased (Figure 17B). Of note, the latter 

combination was also one of the predicted parameter combinations of the sensitivity analysis. 

Both mechanisms share a reduced activation rate of p53. These results strongly indicate that 

the NF-κB and p53 networks interact at multiple independent nodes and provide starting points 

for further experimental investigation. 
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Figure 17: Scheme of the two identified mechanisms allowing to reflect the effects of IKK2 inhibition on p53 

dynamics 

A The first mechanism comprises the two parameter combinations αmpi & αm & βsp and αmpi & αm & Ts. The dotted 

lines indicate that the parameter combinations differ in the corresponding parameters (βsp and Ts), but the affected 

process is the same. In both parameter combinations the process is predicted to be reduced, which is denoted by 

the blue color. In contrast, the red solid lines represent the two processes shared among the two combinations, 

which are predicted to be increased. B The parameter combinations αmpa & αsm & βsp and αmpa & αsm & Ts constitute 

the second mechanism. In accordance to the first mechanism, the two parameter combinations differ in parameter 

βsp and Ts. The two parameters affecting ATM-induced degradation of Mdm2 (αsm) and Mdm2-mediated degradation 

of activated p53 (αmpa) are predicted to be reduced upon IKK2 inhibition. 
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2.2 Investigating the interplay between inflammatory pathways and the p53 response 

Inflammatory processes are inevitably linked to anti-cancer therapy, more specifically chemo- 

and radiotherapy (Greten and Grivennikov, 2019). Upon inflammation in the tumor 

environment, numerous interleukins (ILs) are secreted and activate signaling pathways like 

NF-κB and STAT that are capable of triggering proliferation in the surrounding tissue. Crosstalk 

with p53 has been reported, but it has not been studied systematically how the dynamic p53 

response to IR reacts to these diverse stimuli. To this end, a small-scale screening was 

performed to elucidate the modulation of p53 dynamics in the context of inflammation. 

2.2.1 Screening assay to identify significant changes in the p53 response to IR upon IL-4 and 

IL-6 treatment 

To investigate how inflammatory pathways modulate the p53 network, a set of relevant ILs 

was defined. First, different ILs were evaluated for their involvement in cancerogenic 

processes or a direct link to members of the p53 network. Secondly, only interleukins were 

considered whose receptors were expressed in the cell line MCF10A, which was chosen as a 

model system for this project part due to its non-transformed status. To determine receptor 

expression levels, previously acquired RNA sequencing data were used (Finzel Perez, 2016). 

In the end, I obtained a library of 17 interleukins that were applied in the screening assay  

(Table 1).  

Table 1: Summary of interleukins used for the screening assay 

Expression data of the corresponding receptors were obtained from Finzel Perez, 2016. IL-17 family receptor usage 

according to Gaffen, 2009, IL-28A/IL-29 receptors according to Sheppard et al., 2003. * IFNγ was not part of the 

screening, but was used for further validation experiments (Figure 21D). 

Interleukin Receptor Expression 

[RPKM] 

Reference to p53 / (breast) epithelium / (breast) 

cancer 

IL-4 IL4R 26.87 IL-4 involved in differentiation of breast epithelium 

(Khaled et al., 2007); IL-4 induces apoptosis in 

breast cancer cells (Gooch, Lee and Yee, 1998) 

IL-6 IL6R 2.31 IL-6 induces downregulation of p53 expression via 

DNA hypermethylation (Liu et al., 2015), IL-6 inhibits 

apoptosis in breast carcinoma (Garcia-Tuñón et al., 

2005) 

IL-11 IL11RA 0.72 IL-11 shows faceted pro-tumorigenic properties in 

breast cancer (Johnstone et al., 2015) 

IL-13 IL4R 

IL13RA1 

IL13RA2 

26.87 

8.55 

0.16 

Increased levels of IL-13 in primary breast cancer 

tumor tissue (Srabovici et al., 2011), IL-13 represses 

p53 expression in T cells (Yang et al., 2016) 
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Interleukin Receptor Expression 

[RPKM] 

Reference to p53 / (breast) epithelium / (breast) 

cancer 

IL-15 IL15RA 3.35 IL-15 displays anti-tumoral effects (F. Tang et al., 

2008) 

IL-17/ 

IL-17A 

IL17RA 

IL17RC 

5.47 

2.3 

IL-17 suppresses p53 expression in lymphoma cells 

(Li et al., 2015) 

IL-17B IL17RB 1.06 Increased signaling of IL-17B and its receptor 

promotes tumorigenicity in breast cancer cells 

(Huang et al., 2014) 

IL-17D Unknown - IL-17D can delay tumor growth (O’Sullivan et al., 

2014) 

IL-17E/ 

IL-25 

IL17RA 

IL17RB 

5.47 

1.06 

IL-25 induces apoptosis in breast cancer cells 

(Furuta et al., 2011; Younesi and Nejatollahi, 2014) 

IL-17F IL17RA 

IL17RC 

5.47 

2.3 

IL-17F promotes epithelial-to-mesenchymal 

transition (EMT) in colorectal cancer cells (Chen et 

al., 2019)  

IL-19 IL20RA 

IL20RB 

1.86 

60.86 

IL-19 promotes tumor progression (Hsing et al., 

2012) 

IL-20 IL20RA 

IL20RB 

1.86 

60.86 

IL-20 induces cell death in epithelial cells (Li et al., 

2008), anti-IL-20 antibody inhibits breast cancer 

progression (Hsu et al., 2012) 

IL-22 IL22RA1 

IL22RA2 

0.15 

0.03 

Deletion of IL-22 reduces EMT and tumor invasion 

in a breast cancer mouse model (Katara et al., 2020) 

IL-24 IL20RA 

IL20RB 

1.86 

60.86 

IL-24 induces apoptosis in different cancer cell lines 

(Sauane et al., 2003) 

IL-27 IL27RA 1.21 Lack of IL-27 signaling increases stability of mutant 

p53 in a mice (Dibra et al., 2016) 

IL-28A/ 

IFNλ2 

IL28RA 

IL10RB 

0.11 

7.9 

IL-28A and IL-29 induce anti-proliferative signaling 

in epithelial cells (Brand et al., 2005) 

IL-29/ 

IFNλ1 

IL28RA 

IL10RB 

0.11 

7.9 

IL-28A and IL-29 induce anti-proliferative signaling 

in epithelial cells (Brand et al., 2005) 

IFNγ* IFNGR1 

IFNGR2 

34.29 

20.72 

IFNγ promotes p53-dependent senescence (Kim et 

al., 2009) 
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For the screening, live-cell time-lapse microscopy using a previously described MCF10A 

reporter cell line was performed (Sheng, 2017; Sheng et al., 2019) (Figure 5B). The advantage 

of this reporter cell line is that the fluorescent tag is inserted at the endogenous locus, which 

ensured expression from the endogenous promoter and thereby precise monitoring of p53 

expression levels. Example p53 trajectories of single cells that were followed over 24 hours 

are shown in Figure 18A. For better overview, median p53 trajectories were determined (Figure 

18B). Note that the first p53 pulse usually occurs quite synchronously in MCF10A single cells. 

In contrast to that, the second and the following p53 pulses show a rather asynchronous 

pulsatile behavior. This is why only the first, but usually not the following pulses, can be easily 

identified in the median trajectories. 

The screening data were analyzed in collaboration with Marcel Jentsch (TU Darmstadt). Two 

features were defined that describe the characteristic p53 response of MCF10A cells upon 

DNA damage: The primary and the secondary response (Figure 18C). The primary response 

refers to the maximum p53 level in the time frame of the first p53 pulse, which was set here as 

the first five hours post damage induction. The secondary p53 response was calculated as the 

maximum p53 level five to 24 hours post IR which reflects the second and following p53 pulses 

after IR.  

 

Figure 18: Characteristic features of the p53 response in single MCF10A cells 

A Example single cell trajectories of p53-YFP fluorescence intensity upon 10 Gy IR measured via live-cell time-

lapse microscopy. B Median (thick line) and single cell (thin lines) trajectories of nuclear p53 levels over time after 

10 Gy IR. C Two features were used to describe the p53 response upon IR in MCF10A cells: The primary (1ry) 

response, which is defined as the first pulse (0-5 h post IR) and the secondary (2ry) response, which is defined as 

the second and following pulses (5-24 h post IR).  

As a first experimental step, time-lapse microscopy was performed for 24 h upon IL addition  

1 h prior to IR. I determined the optimum IL concentration by using at least four different 

concentrations: (5 ng/ml,) 10 ng/ml, 50 ng/ml, 100 ng/ml and 200 ng/ml. Furthermore, I used 

96-well plates to capture a sufficient number of conditions during one experiment.  
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Figure 19: Small-scale screening revealed significant effects of IL-4 and IL-6 treatment on the p53 response 

A The heatmap depicts the effect sizes (Δp53) after determining the p53 levels in single cells over a time frame of 

24 h using time-lapse microscopy. Cells were irradiated with 10 Gy IR at t=0 h upon treatment with different 

interleukins (10 ng/ml) 1 h prior to IR. The differences of the median values (effect sizes) for the test conditions and 

the control condition were calculated. The color bar reflects the effect sizes of the tested conditions at the indicated 

time points. Figure description continues on the next page. 

Figure 19: Small-scale screening revealed significant effects of IL-4 and IL-6 treatment on the p53 response 

B-C show the median trajectories of p53 levels over time after 10 Gy IR (at t = 0 h) and treatment with IL-4 (B) or 

IL-6 (C) 1 h prior to IR. The lower panels demonstrate the calculated effect sizes (Δp53, thick lines) and the 95 % 
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confidence intervals (thin lines) as determined by permutation testing of the respective experiments. Corresponding 

median trajectories and effect sizes of the other ILs can be reviewed Figure S 8 and Figure S 9 D-E Quantification 

of the highest p53 levels during the primary response (first pulse, 0-5 h post IR) and the secondary response 

(following pulses, 5-24 h post IR) in single cells treated with IL-4 (D) or IL-6 (E). Black lines indicate the medians, 

boxes include data between the 25th and the 75th percentiles. Whiskers span to maximum values within 1.5x the 

interquartile range. Outliers are shown as black dots. 

Analysis of the pre-screening showed that addition of 10 ng/ml of the respective IL was 

sufficient to observe the full effect on the p53 response (Figure S 5 and Figure S 6). Note that 

for the pre-screening, cells were irradiated with 5 Gy X-rays. After testing different X-ray doses, 

I decided to work with 10 Gy X-rays since the size of effects was increased (Figure S 7). 

To finalize the screening process and to capture all the observed effects in one experimental 

setup, a final screening experiment was performed: Each IL was added at a concentration of 

10 ng/ml 1 h prior to 10 Gy IR and the p53 levels were subsequently tracked for 24 h. For 

better evaluation of the respective effects, I calculated the differences of the median p53 levels 

(effect sizes) of the test conditions and the control condition over the whole time course of the 

experiment and summarized them in a heatmap (Figure 19A). By doing so, I could reveal that 

treatment with IL-4 and IL-6 lead to the biggest changes in the p53 response. In addition,  

IL-19 and IL-27 showed minor effects as well. To estimate statistical significance of my results, 

I applied permutation testing (1000 permutations) and determined the 95% confidence 

intervals. Statistical analysis made evident that only IL-4 and IL-6 addition had a significant 

effect on the p53 response (Figure 19B-C for IL-4 and IL-6, corresponding data for the 

remaining ILs can be found in Figure S 8 and Figure S 9). Quantification of the maximum p53 

levels for the primary and secondary response on a single cell level confirmed that IL-4 and 

IL-6 treatment enhanced only the secondary p53 response, whereas the primary response 

remained unchanged (Figure 19D-E).  

 

Figure 20: Validation of the IL-4-mediated effect on the p53 response 

MCF10A wildtype cells were treated with IL-4 1 h prior to 10 Gy IR and fixed at 0 h, 3 h, 6 h, 10 h, 16 h and 24 h 

post IR. After immunofluorescent antibody staining, the nuclear-to-cytoplasmic (nuc/cyt) ratio of p53 levels was 

determined. The cytoplasmic p53 level was included in the analysis since it faithfully reflects the local background. 

The right panel shows the effect size (Δp53, thick line) and the 95% confidence intervals (thin lines) for the 

demonstrated experiment. 

Since IL-4 mediated the biggest increase of p53 levels over time, the effect was validated in 

MCF10A wildtype cells using immunofluorescence (Figure 20).  
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To sum up, the performed screening assay together with validation experiments revealed that 

IL-4 and IL-6 mediated a statistically significant and reproducible increase in the secondary 

p53 response to DNA damage. Consequently, their effects were chosen for further 

investigation. 

2.2.2 Increased p53 response upon IL treatment due to activity of STAT pathways 

ILs are the main activators of JAK/STAT signaling (Schindler and Darnell, 1995). However, 

several ILs have been associated as well with other pathways involved in inflammatory 

processes like NF-κB or MAPK signaling (Auron, 1998; Craig et al., 2000; Chang et al., 2018). 

These pathways are well-known for their interaction with p53 (Webster and Perkins, 1999; 

Gen, 2004). To exclude effects of other pathways, I inhibited JAK/STAT signaling by adding 

the JAK inhibitor Ruxolitinib (Quintás-Cardama et al., 2010) 1 h prior to stimulation with IL-4 or 

IL-6 and investigated the IR-induced p53 response using live-cell microscopy. Indeed, IL-4 or 

IL-6 did not show any significant effect on the p53 response after blocking STAT signaling 

(Figure 21A-B). Next, I wanted to connect the observed effect with the activation of a distinct 

STAT pathway. For this reason, levels of phosphorylated STAT1, STAT3 and STAT6 upon 

treatment with different ILs were assessed (Figure 21C). Consistent with literature, I observed 

strong STAT6 activation after IL-4 treatment. Besides IL-4, also IL-13 addition lead to slight 

STAT6 activation which has been reported in literature as well (Palmer-Crocker, Hughes and 

Pober, 1996). However, the results of my screening assay did not show increased p53 levels 

upon IL-13 addition (Figure S 8). This could be explained by different levels of receptor 

expression. The previously obtained RNA sequencing data stated a more than 3x higher IL-4 

than IL-13 receptor abundance in MCF10A cells (Table 1).  

Furthermore, it could be demonstrated that IL-6 strongly activated STAT3 signaling which is in 

accordance with literature (Hirano, Ishihara and Hibi, 2000). Since slight STAT3 activation was 

observed upon treatment with other tested ILs (IL-22 and IL-27, for instance), I decided to 

apply Interferon γ (IFNγ) as a different STAT3 activator and analyze it for its effect on p53. This 

strong STAT1 activator with antiviral properties has been reported to induce STAT3 signaling 

as well (Caldenhoven et al., 1999; Van Boxel-Dezaire and Stark, 2007). Essentially, I could 

confirm similar STAT3 activation by IFNγ as upon IL-6 treatment in MCF10A cells (Figure 21C). 

Moreover, I also observed an increased secondary p53 response to IR upon IFNγ using live-

cell microscopy (Figure 21D). Interestingly, the effect seemed to decrease over time which 

might be due to reduced STAT3 activation at later time points.  

To conclude, I could provide evidence that the observed effects of IL-4 and IL-6 treatment 

depend on activation of STAT6 and STAT3 signaling, respectively. 
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Figure 21: Activation of the STAT6 and STAT3 pathways is responsible for the increase in the secondary 

p53 response induced by IL-4 and IL-6 

A-B Median trajectories of nuclear p53 levels over time after addition of 2 µM Ruxolitinib (JAKi, -2 h), IL-4 (A) or  

IL-6 (B) (-1 h) and irradiation with 10 Gy X-rays (0 h) determined by time-lapse microscopy. The lower panels show 

the corresponding effect sizes (Δp53) of JAKi and interleukin treatment vs. interleukin treatment alone. Thick lines 

represent effect sizes; thin lines represent the 95% confidence intervals. C Western blot analysis of phosphorylated 

STAT1 (Tyr701), STAT3 (Tyr705) and STAT6 (Tyr641) upon stimulation with different interleukins or IFNγ for 1 h. 

GAPDH was used as a loading control. D Median trajectories of p53 levels over 24 h upon 10 Gy IR. Cells were 

treated with IFNγ 1 h prior to IR and tracked over time via time-lapse microscopy. In the lower panel, the effect size 

(Δp53, thick line) and the 95% confidence intervals (thin lines) were calculated. 

2.2.3 Knockdown of STAT6 and STAT3 confirms their enhancing effect on p53 

In order to precisely narrow down the observed effects of STAT6 and STAT3 signaling, a 

knockdown experiment was performed using siRNA. The corresponding mRNA levels were 

decreased to 25-30% upon siRNA transfection, levels of the active version of the respective 

STAT protein, however, could be reduced only to around 50% (Figure 22A-B). Subsequently, 
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I followed knockdown cells upon IL treatment over time and monitored the p53 response to 

DNA damage. Strikingly, no significant effects of IL-4 and IL-6 were observed upon STAT6 

and STAT3 knockdown (Figure 22C-D and Figure S 10).  

 

Figure 22: Knockdown of STAT6 and STAT3 signaling reverses the effects of IL-4 and IL-6 on the p53 

response 

A-B mRNA expression of STAT6 (A) and STAT3 (B) upon siRNA-mediated knockdown of the respective gene. 

Scrambled siRNA was transfected as the non-targeting (NT) control. β-actin was used as the endogenous reference 

gene. Error bars indicate the minimum and the maximum value for the relative quantity of three technical replicates. 

The lower panels show the Western blot analysis of cells treated with siRNA against phosphorylated STAT6 

(Tyr641) or STAT3 (Tyr705). Levels of phosphorylated STAT6 (A) and STAT3 (B) after 1 h of treatment with Il-4 or 

IL-6 were visualized. GAPDH was used as a loading control. C-D Median trajectories of p53 levels upon treatment 

with IL-4 (C) or IL-6 (D) 1 h prior to irradiation with 10 Gy X-rays. The lower panels demonstrate the calculated 

effect sizes (Δp53, thick lines) in relation to the NT control and the 95% confidence intervals (thin lines). 

2.2.4 Differences in Mdm2-dependency for STAT6- and STAT3-mediated effects on p53 

After investigating the outcome on p53 levels, my next step was to decipher the mechanisms 

underlying the STAT-p53 crosstalk. Since p53 is embedded in a tightly regulated network, the 
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observed increase in p53 could arise not only from direct upregulation of p53 levels but also 

from interaction with its upstream or downstream regulators. One important factor is the p53 

target gene and negative feedback loop regulator Mdm2. Downregulation of Mdm2 levels or 

activity by STAT signaling could be the potential mechanism leading to increased p53 

accumulation. In this case, I would expect to see no effect on p53 upon inhibition of Mdm2.  

 

Figure 23: Inhibition of Mdm2 prevents the IL-6-, but not IL-4-mediated effects on the p53 response 

A-B Median trajectories of nuclear p53 levels over 24 h tracked by time-lapse microscopy. Cells were treated with 

IL-4 (A) or IL-6 (B) 1 h prior to treatment with 5 µM of the Mdm2 inhibitor Nutlin-3 (t=1 h). In the lower panels, thick 

lines represent the effect sizes (Δp53) of the respective experiment whereas thin lines reflect the 95% confidence 

intervals. C-D Cells were stimulated with IL-4 (C) or IL-6 (D) 1 h prior to IR with 10 Gy X-rays at t=0 h. In addition 

to that, 5 µM Nutlin-3 was added 2.5 h post IR. Median p53 levels were measured for 24 h using time-lapse 

microscopy. Data from two independent experiments were combined. The lower panels show the effect sizes (Δp53, 

thick lines) and the 95% confidence intervals (thin lines).  

To test this hypothesis, I added the Mdm2 inhibitor Nutlin-3 (Vassilev et al., 2004) after IL 

addition to the cells and tracked p53 levels over time using time-lapse microscopy. 



 

 

38 

Interestingly, I could observe fundamental differences in IL-4- and IL-6-treated cells: Whereas 

the IL-4-treated cells still displayed stronger p53 accumulation upon Mdm2 inhibition, the IL-6-

treated cells did not show an effect on p53 levels compared to the control condition (Figure 

23A-B).  

However, activation of p53 upon irradiation includes the activation of the DNA damage 

response whose components are closely interconnected with p53 and could therefore change 

the outcome of my experiment. To this end, the experiment was repeated with a slightly 

different setup. After IL stimulation, cells were irradiated and Mdm2 inhibitor was added at the 

peak time point of the first p53 pulse. Consistent with prior results, p53 accumulated more 

strongly in IL-4-treated cells compared to control cells and IL-6 did not further increase p53 

levels (Figure 23C-D). Additional data where Mdm2 inhibitor was added after the complete first 

p53 pulse confirmed these findings (Figure S 11).  

Taken together, these results indicate that STAT3 activity induced by IL-6 shows its impact on 

the p53 response to IR through direct or indirect interaction with Mdm2, whereas STAT6 

activity upon IL-4 stimulation increases the p53 response independently of Mdm2. Both 

observations seem to be independent from prior DNA damage response activation.  

2.2.4 STAT6 needs initial activation of p53 and is restricted to the secondary p53 response 

The p53-STAT6 interplay was further investigated in the following. Since Mdm2 might not be 

responsible for enhanced p53 levels upon IL-4 addition, two possible mechanisms remain that 

could influence the p53 response: Modulation of a downstream factor that affects p53 levels – 

different from Mdm2 – or general changes in p53 transcription or translation. 

To test for a general mechanism, the impact of IL-4 stimulation on p53 levels without additional 

irradiation or activation of p53 using small molecules was assessed (Figure 24A). Interestingly, 

p53 levels did not display any significant changes upon IL treatment under basal conditions. 

To gain further insights, I treated cells with IL-4 5 h prior to IR instead of 1 h prior to IR. In case 

of transcriptional upregulation, for instance, I would expect enhanced p53 at earlier time points. 

However, despite the timely shifted IL-4 addition, only the secondary p53 response, but not 

the first pulse, was enhanced (Figure 24B). These findings argue against a general mechanism 

like transcriptional upregulation interconnecting STAT6 and p53, since the initial activation of 

p53 seemed to be necessary. Thereby it was not important whether p53 was activated by the 

DNA damage response or simply accumulated due to Mdm2 inhibition. Upon irradiation, the 

effect showed up only after the first p53 pulse. For this reason, it is plausible that STAT6 

impaired either expression itself or activity of a p53 target gene that negatively influences p53 

like the phosphatase Wip1.   
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Figure 24: Increase in the p53 response upon stimulation with IL-4 is exclusive for the secondary p53 

response and requires the initial induction of p53 accumulation 

A Median trajectories of p53 levels over time upon IL-4 treatment at t=-1 h without additional irradiation. The 

calculated effect size (Δp53, thick line) and the 95% confidence intervals (thin lines) are depicted in the lower panel. 

B shows median trajectories of nuclear p53 levels over time determined via live-cell microscopy. Cells were treated 

with IL-4 either 1 h or 5 h prior to irradiation with 10 Gy X-rays (t=0 h). The lower panel shows the effect sizes (Δp53, 

thick lines) and the 95% confidence intervals (thin lines) of the respective treatment in relation to the control 

condition (ctrl). 

2.2.5 STAT6 and STAT3 activation increases levels of the p53 target gene p21 

As a transcription factor, p53 is able to activate transcription of a variety of target genes that 

are crucial for cell fate decisions (Riley et al., 2008). One important and intensively studied 

example is p21, a CDK inhibitor that is responsible for induction of G1 arrest upon DNA 

damage (Deng et al., 1995). In order to monitor the time-resolved p21 response simultaneously 

with p53 in the same cell, I performed live-cell microscopy using a published reporter cell line 

that allowed me to follow p53 and p21 levels at the same time (Sheng et al., 2019) (Figure 5C). 

After stimulation with IL-4 or IL-6, cells displayed increased p21 levels upon IR (Figure 25A-

B). Note that only the 40% G1/G2 phase cells (immediate responders) were included in the 

analysis whereas the 60% S phase cells that show steadily increasing p21 levels at later time 

points of the experiment were excluded (Sheng et al., 2019).   

Moreover, there is evidence that p21 expression can be upregulated independently of p53 

through Sp1 recognition sites, for instance after stimulation with the ligand TGFβ (Datto, Yu 

and Wang, 1995) or upon HDAC inhibition (Sowa et al., 1997). To be able to distinguish 

between p53-dependent and p53-independent increase in p21, I introduced a CRISPR-Cas9-

mediated p53-knockout into the already existing p21-RFP reporter cell line (Figure 25C-D).  
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Figure 25: The IL-4- and IL-6-induced increase in the p21 response is p53-dependent 

A-B Median p21 levels over 24 h measured by time-lapse microscopy. IL-4 (A) or IL-6 (B) was added to the cells  

1 h prior to IR (t=0 h). The lower panels show the effect sizes (Δp21, thick lines) and the 95% confidence intervals 

(thin lines). Importantly, the p21 response is highly heterogeneous and can be stratified according to the cell cycle 

state into G1/G2 phase cells where p21 accumulates immediately (~ 40% of all cells) and S phase cells where p21 

accumulates at later time points (~ 60% of all cells) (Sheng et al., 2019). For this reason, I included only the 40% 

immediate responders into the analysis. Figure description continues on the next page. 
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Figure 25: The IL-4- and IL-6-induced increase in the p21 response is p53-dependent 

C-D A p53-knockout was introduced in the already existing p53-YFP and p21-RFP cell line. The full knockout 

protocol can be reviewed in Schmidt, 2020. Three different clones (c1, c2 and c3) are shown. After genetic analysis 

(Figure S 12), c3 was chosen for further experiments. C Cells were irradiated with 10 Gy and harvested at the 

indicated time points post IR. p53 and actin (loading control) were analysed via Western blot. D Median trajectories 

of p53-YFP levels assessed by time-lapse microscopy. Cells were irradiated with 10 Gy. C1 displayed a high YFP 

signal and was discarded. C3 was used in further experiments. E-F depict the median trajectories of p21 levels over 

time in a p53-knockout cell line. Cells were treated with IL-4 (E) or IL-6 (F) 1 h prior to irradiation with 10 Gy X-rays 

at t=0 h. The calculated effect sizes (Δp21, thick lines) and the corresponding 95% confidence intervals are depicted 

in the lower panels. 

Performing live-cell microscopy with the p53-deficient p21 reporter cell line revealed that there 

was no detectable p21 accumulation at all (Figure 25E-F). This indicates that the increased 

p21 levels upon IL-4 and IL-6 treatment were depending on altered p53 levels. Taken together, 

these findings suggest that p53’s capability to activate transcription of one of its target genes 

might be enhanced upon IL-4 as well as IL-6 treatment. Further studies are required to evaluate 

the full extent of changes in p53 target gene expression and, even more importantly, if this can 

shift the cell towards a distinct cell fate decision.  
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2.3 Rewiring the p53 network in the context of transcriptional regulation and the epigenetic 

landscape 

Accumulation of p53 alone is not enough to trigger transcription of its target genes (Loewer et 

al., 2010). Instead, acetylation and methylation, induced by different epigenetic modifiers, 

control p53’s activity as a transcription factor (Loewer et al., 2010; Friedrich et al., 2019). For 

this reason, I aimed to comprehensively integrate the posttranslational modification status of 

p53 with alterations in p53 target gene transcription and concomitant changes in p53 dynamics 

itself. Thus, the p53 and p21 response were followed and analysed simultaneously in a high 

temporal and spatial resolution. 

2.3.1 Large-scale screening to unravel the interplay of epigenetic modifiers and p53 

To systematically identify how the activity of different epigenetic modifiers influences the 

dynamic p53 response, I used an inhibitor library called the ‘epigenetic probes collection’ that 

was generously provided by Prof. Dr. Stefan Knapp and the Structural Genomics Consortium 

(SGC) Frankfurt. The library comprised a total of 67 inhibitors including inhibitors of histone 

deacetylases (HDACs), histone acetyltransferases (HATs), histone demethylases (HDMs), 

histone methyltransferases (HMTs) and several transcriptional co-factors. The screening was 

performed by live-cell time-lapse microscopy with a MCF10A reporter cell line that allows 

simultaneous monitoring of endogenous p53 and p21 levels (Sheng et al., 2019) (Figure 5C). 

By doing so, I added a second dimension to the screening since I could follow p53 dynamics 

and the response of its target gene p21 at the same time. For the experiments, I used 96-well 

plates to be able to investigate all inhibitors at the same time. Moreover, cells were imaged for 

a time frame of 24 h while, in the screening assay, the inhibitor was always added 2 h prior to 

irradiation. Two different concentrations of inhibitor were chosen: 1 µM that was supposed to 

be sufficient for most of the inhibitors to display a significant cellular activity1 and 5 µM to be 

able to capture effects of inhibitors with lower activity as well. In addition to that, three different 

irradiation doses were used for each concentration: 0 Gy, 5 Gy and 10 Gy. The 0 Gy condition 

– where I did not expect any upregulation of p53 or p21 – was included as a control to easily 

monitor side effects that derive from toxicity of compounds. Furthermore, inhibitors that create 

a fluorescent background by themselves could be identified in that way. Importantly, inhibiting 

epigenetic compounds affects the general transcriptional machinery and these effects – for 

instance p53-independent p21 upregulation – could be registered in that way as well. The  

10 Gy IR dose was applied to confirm that the observed effects could be validated at another 

IR dose different from 5 Gy and to gain better insights of how the inhibitor effects vary between 

                                                

1 According to https://www.thesgc.org/chemical-probes/epigenetics, accessed on 19/09/2021 
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the two doses. As a consequence, six different experiments were performed in order to ensure 

capturing the complete spectrum of activity for each inhibitor (Table 2).  

Table 2: Overview of the six different screening conditions 

Results of the corresponding experiments can be reviewed in Figure 26, Figure 27 and Figure S 13-Figure S 22. 

# exp.  Inhibitor conc. Purpose IR dose Purpose 

#1 1 µM Significant cellular ac-

tivity for most of the 

inhibitors 

0 Gy Control condition to 

identify toxic and fluo-

rescent compounds 

#2 5 Gy Test condition: First IR 

dose 

#3 10 Gy Validation and test con-

dition using a second IR 

dose 

#4 5 µM Capture all possible 

effects 

 

0 Gy Control condition to 

identify toxic and fluo-

rescent compounds 

#5 5 Gy Test condition: First IR 

dose 

#6 10 Gy Validation and test con-

dition using a second IR 

dose 

In general, the application of most of the inhibitors led to increased cell death even in non-

irradiated cells, which indicates that important cellular processes were perturbed or that the 

compounds showed toxic properties. This was more evident for the 5 µM than for the 1 µM 

condition, even though an increase in cell death was also visible upon treatment with 1 µM 

inhibitor in the basal condition without IR. In addition to that, treatment with 5 µM inhibitor alone 

led, for most of inhibitors, to minor changes in p53 or p21, which probably derived from 

pleiotropic effects considering that 5 µM is a relatively high concentration. Some inhibitors were 

very toxic at a concentration of 5 µM and that is why only few or even no cells could be tracked 

during the experiment, which made evaluation of p53 trajectories upon 5 µM inhibitor treatment 

more challenging (Table S 2). 

For this reason, the experiment where cells were irradiated with 5 Gy and treated with 1 µM 

inhibitor was chosen as a paradigm and used for further analysis. To get a first impression, I 

summarized the results of this live-cell experiment in two heatmaps (Figure 26 for p53 levels 

and Figure 27 for p21 levels). Note that experiments with higher inhibitor concentration or 
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higher IR doses showed comparable results, but the overall effects were bigger (Figure S 13-

Figure S 18).  

 

Figure 26: Varying effects on the p53 response upon inhibition of epigenetic modifiers identified in a large-

scale screening assay 

Nuclear p53 levels over a time frame of 24 h were determined using live-cell time-lapse microscopy. MCF10A 

reporter cells were irradiated with 5 Gy IR at t=2.5 h upon treatment with different inhibitors (1 µM) 2 h prior to IR. 

The Mdm2 inhibitor Nutlin-3 (5 µM) served as a positive control, whereas medium or medium with DMSO were 

used as negative controls. All controls are marked with bold letters. The numbers in the color bar directly refer to 

the measured median p53 levels [au]. 

Diverse effects were observed on the pulsatile p53 response upon 5 Gy IR and treatment with 

1 µM inhibitor. In contrast to the positive control Nutlin-3, which is an Mdm2 inhibitor and 

displayed accumulating p53, most of the tested inhibitors showed no or a decreasing effect on 

p53 levels (Figure 26). Strikingly, despite lower p53 accumulation, p21 levels seemed to be 

rather increased than decreased upon inhibitor treatment. However, most of the inhibitors did 

not show strong effects on the p21 response (Figure 27). 
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Figure 27: The impact of different epigenetic modifiers on the p21 response analyzed in a large-scale 

screening assay 

Nuclear p21 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 5 Gy IR at t=2.5 h upon treatment with different inhibitors (1 µM) 2 h prior to IR. The Mdm2 

inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only medium 

or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured 

median p21 levels [au]. 

The next step was to evaluate the inhibitors according to the different effects on p53 and p21 

by clustering them into groups with similar dynamics. To this end, two-dimensional dynamic 

time warping was deployed (Jentsch, 2019). In short, the trajectories in both channels were 

compared pairwise using dynamic time warping as a distance measure. Next, the trajectories 

were distributed into five clusters according to their shape (Figure 28A). After that, the different 

control conditions were combined and their relative distribution into the five clusters was 

assessed. The distribution of the inhibitor-treated conditions in the clusters was then 

normalized to this average distribution of the controls. This enabled calculating a relative 
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change of cluster distribution for each inhibitor-treated condition, which was used to group 

inhibitors according to their effect on both p53 and p21 dynamics (Figure 28B).  

Last, the inhibitors in the different clusters were grouped according to their target’s function. 

The first group (Figure 28B, black lines) consists of the positive control Nutlin-3 and the 

bromodomain and extra-terminal domain (BET) inhibitor dBET6. Their common feature is a 

high fraction of cells assigned to cluster 5 representing a strong increase in both p53 and p21, 

which is the typical response to Nutlin-3 treatment. Since dBET6 displayed an increase in p53 

even before the regular p53 peak time point (Figure 26) and almost no cells could be tracked 

due to cell death (Table S 2), the enhanced p53 response is most likely a secondary effect due 

to toxicity of the inhibitor. The second group (Figure 28B, orange lines) comprises four 

inhibitors: Two BET inhibitors (PLX51107 and Mivebresib) and two HDAC inhibitors 

(Quisinostat and AR-42). In the third group (Figure 28B, yellow lines), there can be found two 

more BET inhibitors (I-BET151 and (+)-JQ1) as well as the CREBBP/p300 inhibitor CPI-637. 

CREBBP/p300 is well-known for its interaction with p53 (Gu, Shi and Roeder, 1997). Note that 

the second and the third group both have an increased fraction of cells in cluster 2 and to a 

lower extend in cluster 3. Trajectories in these clusters share decreased p53 levels and 

increased p21 levels. The similar effects of CREBBP/p300 and BET might be due to shared 

functions: Both are transcriptional co-factors and have HAT activity. The fourth group (Figure 

28B, pink lines) consists of two compounds, namely a Brd7/9 inhibitor (BI-9564) and (-)-JQ1, 

which is the negative inactive control of (+)-JQ1. Due to that and the fact that it showed a 

different cluster distribution than (+)-JQ, this effect was considered as a side effect. I could 

confirm this in later titration experiments where lower concentrations of (+)-JQ1, but not  

(-)-JQ1, affected the p53 response (Figure 36B and Figure S 23). Most of the inhibitors were 

sorted into the biggest group (Figure 28B, red lines) together with the controls. They show 

assignments to the five clusters comparable to control cells. Interestingly, amongst others, 

there can be found inhibitors of HMTs and HDMs. This means – only in the context my 

screening – that methylation did not play a major role on shaping p53 or p21 dynamics.  

This process was repeated for the experiments where I used 5 µM inhibitor in combination with 

5 Gy IR as well as the 1 µM and 5 µM inhibitor together with 10 Gy IR. The clustering results 

from these three additional experiments looked similar but the effects of some inhibitors 

seemed to be overrated because of generally lower cell numbers and probable side effects 

that occurred with higher inhibitor concentrations (Figure S 24-Figure S 26).  

To sum up, two groups could be identified that changed the p53 response in an ostentatious 

way: The HDAC inhibitors and the HAT inhibitors. Surprisingly, at first glance, both of them 

exhibited quite similar effects: p53 levels were decreased, while p21 (to different extents) was 

increased.  
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Figure 28: Clustering the screening results according to p53 and p21 dynamics using dynamic time warping 

A Nuclear p53 and p21 levels upon 1 µM inhibitor treatment 2 h prior to 5 Gy IR were determined over time, 

normalized and clustered using dynamic time warping as a distance measure. B The relative distribution into the 

five clusters of the inhibitor-treated conditions in relation to the control conditions was assessed and clustered again 

resulting in the final clusters depicted in the dendrogram. 
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2.3.2 Concentration-dependent outcome in p53 and p21 dynamics upon HDAC inhibition 

There is evidence from the literature that cells treated with HDAC inhibitors display 

hyperacetylated p53, which can stabilize it on the protein level since it interferes with 

ubiquitination (Li et al., 2002; Carlisi et al., 2008). However, others report increased p53 target 

gene transcription upon acetylation (Loffreda et al., 2017). Increased expression of negative 

feedback regulators might result in lower p53 levels.  

After the initial screening, the next step was to compare all the HDAC inhibitors in the library 

to check for consistent effects. Generally, my screening revealed a decreased p53 response 

and increased p21 levels in MCF10A cells upon treatment with 1 µM inhibitor and 5 Gy IR 

(Figure 29A-B). For two compounds the effect was big enough to be captured by the dynamic 

time warping approach (AR-42 and Quisinostat, Figure 28B). The HDAC inhibitors PCI-34051 

and Ricolinostat, in comparison, did only display minor effects on p53 and p21 with an inhibitor 

concentration of 1 µM so that they were sorted into the biggest cluster together with the controls 

(Figure 28B, red lines). However, in the screening experiment using 5 µM inhibitor, slight 

effects of these inhibitors were visible indicating that the concentration of 1 µM was not high 

enough. LMK-235 was assigned to the control group as well, even though its effect on p53 

looked similar compared to AR-42 and Quisinostat which can be explained by the lower p21 

levels and the concomitant underrepresentation of cluster 2 for LMK-235 (Figure 29 and Figure 

28B).  

 

Figure 29: Treatment with different HDAC inhibitors shows a distinct effect on p53 and p21 levels 

A-B MCF10A reporter cells were treated with 1 µM HDAC inhibitor or DMSO (ctrl) 2 h prior to 5 Gy IR  

(IR at t=2.5 h). Nuclear p53 (A) and p21 (B) levels were followed over time in single cells. The numbers in the color 

bars refer to the median nuclear p53/p21 levels [au].  

To corroborate the findings from the screening, all five HDAC inhibitors were further 

investigated. Since they had different specificities and efficacies (Table S 3), I titrated the 

inhibitors to figure out the lowest effective concentration and to learn more about which 

member of the HDAC family could be responsible for the observed alterations in the p53 

network (Figure 30).  
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Figure 30: Different efficacies of HDAC inhibitors on the p53 and p21 response upon titration 

A-D Nuclear median p53 and p21 fluorescence intensities were measured over time in MCF10A reporter cells using 

live-cell microscopy. Different concentrations of HDAC inhibitors or DMSO (ctrl) were added 2 h prior to 5 Gy IR (IR 

at t=2.5 h).  

Titration of the inhibitors confirmed that PCI-34051 and Ricolinostat were affecting the p53 and 

p21 response only to a minor extent (Figure 30C-D). Considering that the IC50 values for their 

respective targets (10 nM for HDAC8 (PCI-34051) and 5 nM for HDAC6 (Ricolinostat)) were 

approximately in the same range than the other inhibitors and their targets (Table S 3), this 

indicates that HDAC8 and HDAC6 might not have a major impact on the p53 network.  

AR-42 and LMK-235, both targeting HDAC4, convincingly decreased the p53 levels at a 

concentration of 500 nM whereas the effect was strikingly reduced at 100 nM (Figure 30A-B). 

The increase in p21 levels was only visible when adding 500 nM AR-42. Finally, the pan-HDAC 

inhibitor Quisinostat was titrated and revealed very strong effects on p53 as well as on p21 
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even at low concentrations (Figure 31A-B). For this reason, I chose to further investigate the 

impact of HDAC inhibition by using this inhibitor. Since 25 nM seemed to be sufficient to 

modulate p53 as well as p21 dynamics, this concentration was used in the following 

experiments to avoid unspecific side effects.  

 

Figure 31: Effects of the HDAC1 inhibitor Quisinostat on p53 and p21 dynamics 

A-B MCF10A reporter cells were treated with different concentrations of HDAC1 inhibitor (Quisinostat) or DMSO 

(ctrl) 2 h prior to 5 Gy IR (IR at t=2.5 h). Single cells were tracked over time using live-cell microscopy and median 

nuclear p53 and p21 fluorescence intensities were determined. C Single cell analysis of the dynamic p53 response 

in cells treated with 25 nM HDAC1 inhibitor or DMSO (ctrl) and irradiated with 5 Gy IR. Pulses were detected in 

single cells and the fraction of cells that showed a distinct number of pulses was calculated (4.4.2). D MCF10A 

wildtype cells were treated with DMSO (ctrl, upper blot) or 25 nM HDAC1 inhibitor (lower blot) 2 h prior to 5 Gy IR 

and harvested at the indicated time points post IR. Western blot analysis of p53 and GAPDH (loading control) was 

performed.   

Note that Quisinostat had the lowest IC50 value for HDAC1 (0.11 nM, Table S 2), meaning that 

mainly HDAC1 was inhibited when I added Quisinostat at low concentrations to the cells. 

Therefore, I will refer to Quisinostat as HDAC1 inhibitor in the following. In addition to that, 

another interesting feature was observed upon inhibitor titration: The p21 response seemed to 

be even decreased when adding lower HDAC inhibitor concentrations (Figure 30A-B, D, Figure 

31B). To quantify the changes in the p53 response in more detail, I analyzed p53 pulses in 
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single cells upon HDAC1 inhibition. It was confirmed that the low p53 levels at later time points 

derived from less pulsatile activity as, for instance, for less than 50% of the inhibitor-treated 

cells a second pulse could be detected (Figure 31C). These findings were validated on the 

population level in MCF10A wildtype cells showing decreased levels of p53 during the second 

pulse upon inhibition of HDAC1 (Figure 31D).  

2.3.2.1 HDAC inhibition reduces the level of p53 transcription  

There are two potential ways that could decrease the p53 response in the observed pattern: 

Since HDACs are able to regulate transcriptional levels, the transcription rate of p53 could be 

decreased upon HDAC1 inhibition. The second possibility would be that p53’s protein stability 

was decreased due to higher levels of negative feedback loop regulators.  

 

Figure 32: Decreased p53 response upon HDAC1 inhibition depends rather on transcriptional regulation 

than on feedback loops 

A-B Different concentrations of HDAC1 inhibitor or DMSO (ctrl) were added to MCF10A wildtype cells 2 h prior to 

5 Gy IR. Cells were harvested 9 h post IR. mRNA levels of p53 (A) and Mdm2 (B) were measured via qRT-PCR. 

B2M was used as an endogenous control. Error bars show the minimum and the maximum value for the relative 

quantity of three technical replicates. C-D MCF10A reporter cells were treated with HDAC1 inhibitor or DMSO (ctrl) 

2 h prior to addition of the Mdm2 inhibitor Nutlin-3. The area under the curve (AUC) of each p53 (C) or p21 (D) 

single cell trajectory was determined (4.4.5). Black lines indicate the medians, boxes include data between the 25th 

and the 75th percentiles. Whiskers span to maximum values within 1.5x the interquartile range. Outliers are shown 

as black dots.  
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For this reason, p53 mRNA levels upon addition of different HDAC1 inhibitor concentrations 

were assessed. I could show that p53 expression was decreased to 30%-50% upon all the 

applied inhibitor concentrations (Figure 32A). To find out if and how the expression of the p53 

target gene and negative feedback loop regulator Mdm2 was affected by that, I analysed its 

mRNA levels. Surprisingly, I observed two different effects: Mdm2 transcription seemed to be 

rather decreased upon treatment with lower inhibitor concentrations (25 nM to 100 nM) while 

it was increased at higher inhibitor concentrations (500 nM and 1 µM) (Figure 32B). This could 

be interpreted as an additional effect driving Mdm2 transcription at higher inhibitor 

concentrations despite reduced p53 levels. p53 might be more active as a transcription factor 

due to higher acetylation at higher inhibitor concentrations.    

To corroborate these findings, the Mdm2 inhibitor Nutlin-3 was applied after HDAC1 inhibition. 

Indeed, both the decrease in p53 as well as the increase in p21 could be observed under these 

conditions as well (Figure 32C-D). This indicates that Mdm2 played a minor role concerning 

the observed HDAC1 inhibitor-driven effects on p53 and p21 and that the major impact seemed 

to be on the level of transcription.  

2.3.2.2 HDAC inhibitors display a dual effect on p21 

In order to validate the previously observed increase in p21 levels upon HDAC1 inhibitor 

addition (Figure 31A-B), I assessed p21 mRNA levels in MCF10A wildtype cells (Figure 33A). 

Indeed, at higher concentrations (500 nM and 1 µM) of HDAC1 inhibitor, p21 showed 

enhanced expression. Intriguingly, p21 mRNA was not increased, but decreased at 

concentrations lower than 500 nM which has been seen before in live-cell microscopy only at 

concentrations lower than 10 nM (Figure 31B). This indicates a discrepancy of sensitivities 

between studies on the population level compared to studies in the single cell level. As a next 

step, I characterized this dose-dependent switch in p21 further using a very high and a very 

low concentration from the live-cell microscopy experiments (Figure 29 and Figure 31B): 1 µM 

and 1 nM. To directly analyze the transcriptional rate of p21, I used a previously published 

transcriptional p21 reporter (Sheng et al., 2019) (Figure 5D). This reporter reflects p21 

production rate as it contains a self-cleaving peptide (P2A) inserted between endogenous p21 

and RFP. The reporter system could demonstrate an increase in p21 transcription upon 

treatment with 1 µM HDAC1 inhibitor whereas addition of 1 nM inhibitor lead to a slight 

decrease in p21 transcriptional levels (Figure 33B).  

Since there has been proposed p21 upregulation in a p53-independent way upon HDAC 

inhibition (Sowa et al., 1997), I tested the two inhibitor concentrations in a p21 reporter cell line 

containing a p53-knockout (Figure 33C). This experiment revealed that the strong increase in 

p21 due to 1 µM HDAC1 inhibitor addition was independent of p53 while there were no visible 

changes of p21 in the p53-deficient cell line upon treatment with 1 nM inhibitor. This indicates 
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that the observed decrease in p21 expression (Figure 33B) might depend on a decrease in 

p53’s activity as a transcription factor or, more likely, on the decrease in p53 levels. In addition 

to that, I tested the two inhibitor concentrations in the previously used p53 and p21 reporter 

cell line without irradiating the cells (Figure 33D). Corroborating my results, in this setup p21 

levels were highly increased upon treatment with 1 µM HDAC1 inhibitor, but stayed unchanged 

upon treatment with the lower concentration.  

 

Figure 33: Titration of the HDAC1 inhibitor Quisinostat reveals its dual effect on the p21 response 

A Cells were treated with different concentrations of HDAC1 inhibitor 2 h prior to 5 Gy IR and harvested 9 h post 

IR. After that, p21 mRNA levels were measured using qRT-PCR. B2m served as an endogenous reference. Error 

bars indicate the minimum and the maximum value for the relative quantity of three technical replicates. 

B-D Different MCF10A reporter cell lines were treated with 1 µM or 1 nM of HDAC1 inhibitor or DMSO (ctrl) 2 h 

prior to 5 Gy IR (B-C) or without IR (D). The area under the curve (AUC) of p21 trajectories was determined in 

single cells using time-lapse microscopy. Medians are shown as black lines, boxes include data between the 25th 

and the 75th percentiles. Whiskers span to maximum values within 1.5x the interquartile range. Outliers are depicted 

as black dots. The following cell lines were used: B p21 transcriptional reporter expressing p53-YFP and a 

P2A-RFP-PEST-knockin in the p21 gene (Sheng et al., 2019) C p53-knockout cell line containing a homozygous 

p53-knockout and expressing p21-RFP D reporter cell line that had been used in the previous experiments 

containing p53-YFP and p21-RFP. 

To sum up, my findings suggest that there are two different effects of HDAC inhibition: p53 

expression gets downregulated, which results in reduced p21 transcription, and p53-

independent upregulation of p21. The first effect is visible already at lower concentrations, 

which could either implicate that it is HDAC1-specific or that it is less sensitive to incomplete 

inhibition leading to remaining HDAC activity. The second effect only shows up at higher 

concentrations. Concordantly, p21 promoter activation through its Sp1 sites independently 

from p53 has been reported to be induced upon HDAC inhibition (Sowa et al., 1997). However, 

this concentration-dependent switch has not been issued so far and adds a new layer to the 

complex interactions of the p53 pathway, particularly since numerous HDAC inhibitors are 

tested in clinical trials or even approved for cancer treatment.  

2.3.3 Systematic changes in p53 and p21 dynamics upon HAT inhibition 

CBP/p300 as well as different proteins of the BET family like Brd4 are well-known for 

interaction with p53 serving as co-factors to support p53-mediated transcription (Scolnick et 
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al., 1997; Wu et al., 2013). Furthermore, they cannot only bind to acetylated residues but also 

have inherent HAT activity themselves. Strikingly, for CBP/p300 it was shown that they are 

able to modify p53 and contribute to its stability via acetylation (Yuan et al., 1999; Grossman, 

2001). This could corroborate my screening results where I observed lower p53 levels upon 

HAT inhibition (Figure 34A). In contrast to that, p21 levels were increased (Figure 34B).  

Concerning the previously demonstrated clustering approach, two out of the three applied 

CBP/p300 inhibitors (SGC-CBP30 and I-CBP112) were sorted into the big cluster together with 

the controls (Figure 28B, red lines). Only one of them (CPI-637) that showed the strongest 

effect on p53 and p21, was clustered with two of the BET inhibitors (Figure 28B, yellow lines). 

 

Figure 34: Distinct effects of HAT inhibition on the p53 and p21 response 

A-B 1 µM HAT inhibitor or DMSO (ctrl) was added 2 h prior to 5 Gy IR (IR at t=2.5 h) to MCF10A reporter cells. 

Nuclear p53 (A) and p21 (B) levels were tracked over time in single cells. The numbers in the color bars reflect the 

median nuclear p53/p21 levels [au]. 

Titration of the three CBP/p300 inhibitors lead to smaller effects on both p53 and p21 compared 

to the initial concentration of 1 µM (Figure 35). At a concentration of 50 nM, the trajectories 

looked very similar to the control trajectories. Importantly, the efficacies concerning the 

changes in p53 and p21 correlated with the IC50 values of the inhibitors against CBP/p300 

(Table S 4). For instance, I-CBP112 revealed only a slight effect upon titration (Figure 35C) 

and it had the highest IC50 values compared to the other two inhibitors for its targets CBP/p300 

(151/625 nM compared to 30/51 nM and 21/38 nM). This argues for the fact that the observed 

effects indeed derive from target inhibition and not from side effects of the inhibitors.  
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Figure 35: Only minor changes in p53 and p21 levels after titration of different CBP/p300 inhibitors 

A-C MCF10A reporter cells were treated with different concentrations of CBP/p300 inhibitors or DMSO (ctrl) 2 h 

prior to 5 Gy IR (IR at t=2.5 h). Median trajectories of p53 and p21 levels were determined over time using live-cell 

microscopy.  

Furthermore, several inhibitors of the BET protein family were further investigated. This family 

consists of the bromodomain-containing proteins Brd2, Brd3, Brd4 and Brdt (Taniguchi, 2016). 

According to the clustering, the following inhibitors could be identified to change p53 and p21 

responses in a distinguished way: dBET6 (PROTAC), PLX51107, Mivebresib, I-BET151 and 

(+)-JQ (Figure 28B).  

 

Figure 36: Influence of Brd4 and Brd9 inhibition on the p53 and p21 response upon inhibitor titration 

A-B Different concentrations of Brd9 inhibitor (A), Brd4 inhibitor (B) or DMSO (ctrl) were added 2 h prior to 5 Gy IR 

(IR at t=2.5 h) to MCF10A reporter cells. Median trajectories of p53 and p21 levels were assessed by live-cell time-

lapse microscopy. 
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Out of these five, (+)-JQ and Mivebresib were chosen for titration experiments since they 

showed a high specificity and efficacy towards their main target Brd4 (Table S 4). dBET6 

(PROTAC) was discarded due to toxicity, PLX51107 due to its side effects targeting CBP/p300 

and I-BET151 due to high IC50 values. In addition to that, the Brd9 inhibitor I-BRD9 (GSK602) 

was used for titration. Brd7 and Brd9 are not members of the BET family, but contain a 

bromodomain as well. The aim here was to validate the screening results assigning more 

importance to Brd4 than Brd9 in the context of p53 dynamics. To this end,  

I-BRD9 (GSK602), (+)-JQ and Mivebresib were titrated confirming that Brd4 inhibition had the 

major impact on p53 and p21 (Figure 36 and Figure 37A-B).  

 

Figure 37: Brd4 inhibition decreases p53 levels even at low concentrations in a strong and reproducible 

manner 

Figure description continues on the next page. 
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Figure 37: Brd4 inhibition decreases p53 levels even at low concentrations in a strong and reproducible 

manner 

A-B Different concentrations of the Brd4 inhibitor Mivebresib or DMSO (ctrl) were added 2 h prior to 5 Gy IR (IR at 

t=2.5 h) to MCF10A reporter cells. Median trajectories of nuclear p53 and p21 levels were determined in single cells 

using live-cell microscopy. C The coefficient of variation of nuclear p53 levels in cells treated with 5 nM Brd4 inhibitor 

or DMSO (ctrl) and 5 Gy IR was calculated (4.4.6). D Brd4 inhibitor or DMSO (ctrl) were added 2 h or 5 h prior to  

5 Gy IR. The maximum p53 levels of the primary (first pulse) and the secondary (second and following pulses) were 

determined in single cells via live-cell microscopy. Black lines represent the medians, the boxes comprise data 

between the 25th and the 75th percentiles. Whiskers span to maximum values within 1.5x the interquartile range. 

Outliers are shown as black dots. E MCF10A wildtype cells were treated with different concentrations of Brd4 

inhibitor or DMSO (ctrl) 5 h prior to irradiation with 5 Gy and harvested 2.5 h post IR. p53 and GAPDH (loading 

control) levels were analyzed via Western blot. F 25 nM Brd4 inhibitor or DMSO (ctrl) were added to the cells 5 h 

prior to IR. Cells were harvested at the indicated time points post IR. p53 and actin (loading control) levels were 

determined by Western blot analysis. 

Especially Mivebresib seemed to have a strong influence displaying almost the full effect on 

p53 at a concentration of 5 nM (Figure 37B). These findings are in concordance with the very 

low IC50 value of Mivebresib targeting Brd4 (1.5 nM, Table S 4). For this reason, Mivebresib 

was used for further investigation of how Brd4 inhibition was impacting the dynamic p53 

response and the outcome on p21. 

Analyzing p53 pulses in single cells demonstrated that p53 pulses upon Brd4 inhibition display 

a more synchronous behavior (Figure 37C). Note that this is an apparent difference to p53 

dynamics observed upon HDAC1 inhibition: In that case, pulsatile behavior was strongly 

depleted (Figure 31C). Since the decrease in p53 was restricted mainly to the secondary p53 

response upon inhibitor addition 2 h prior to IR, I added the inhibitor 5 h prior to IR instead and 

found that the primary response could be decreased as well (Figure 37D). Titration was 

repeated with the new addition timing (Figure S 27), which was then applied to all the following 

experiments. For validation of the effect in MCF10A wildtype cells, I did Western blot analysis 

titrating the Brd4 inhibitor to be aware of differences concerning the lower sensitivity of studies 

on the population level. This had been observed earlier (compare section 2.3.2.2). Indeed, I 

showed that p53 levels were decreasing in a dose-dependent manner and p53 protein levels 

reached their minimum at a Brd4 inhibitor concentration of 25 nM (Figure 37E). In a last step, 

results could then be validated in MCF10A wildtype cells demonstrating that p53 levels were 

reduced in the whole time course of the experiment (Figure 37F).  

In order to further validate the results obtained upon inhibitor addition, I performed siRNA-

mediated knockdown of Brd4 resulting in a decrease of Brd4 mRNA to 22% (Figure 38A). 

However, it could not be confirmed that depletion of Brd4 leads to decreased levels of p53 

since the primary and secondary p53 response were rather increased in siRNA-treated cells 

(Figure 38B). In contrast to that, p21 levels were increased upon Brd4 depletion (Figure 38C). 

This means that knockdown of Brd4 could partly validate my earlier findings. It could be 

possible that the impact of Brd4 depletion on p53 is only displayed when Brd4 is completely 
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abolished, particularly since I did not check remaining Brd4 protein levels which might be even 

higher.  

 

Figure 38: Knockdown of Brd4 reproduces the increase in p21, but not the decrease in p53 

A-C siRNA-mediated knockdown of Brd4 was performed in MCF10A reporter cells. Experiments were done 3 d 

post transfection of siRNA or a non-targeting control (NT). A Cells were harvested and Brd4 mRNA levels were 

determined via qRT-PCR. β-Actin was used as an endogenous control. Error bars refer to the minimum and the 

maximum value for the relative quantity of three technical replicates. B-C Cells were treated with 5 nM Brd4 inhibitor 

or DMSO 5 h prior to 5 Gy IR and live-cell microscopy was performed. B Maximum p53 levels for the primary (first 

pulse) and the secondary (second and following pulses) response were assessed in single cells. C The area under 

the curve (AUC) was determined for p21 single cell trajectories. D 5 nM of the degrader/PROTAC Brd4 inhibitor or 

DMSO (ctrl) were added to the cells 5 h prior to 5 Gy IR and live-cell microscopy was performed. The boxplots show 

the maximum p53 levels of the primary and secondary p53 response. E The AUC of p21 single cell trajectories was 

calculated. B-E The median is represented by black lines, the boxes show data between the 25th and the 75th 

percentiles. Whiskers span to maximum values within 1.5x the interquartile range. Outliers are depicted as black 

dots.  

For this reason, another approach was used for validation: Inhibition with the mechanistically 

and structurally different Brd4 inhibitor dBET6 (PROTAC). This inhibitor relies on interaction 

with the bromodomain of Brd4 and subsequent recruitment of E3 ubiquitin ligases resulting in 

degradation of the protein (Winter et al., 2017). Despite the high toxicity resulting in high p53 

levels demonstrated in the screening (Figure 26 and Figure 28B), using the inhibitor 5 h prior 

to IR at a concentration of 5 nM could corroborate the lower p53 response (Figure 38D) as well 

as higher p21 levels (Figure 38E).  
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2.3.3.1 Brd4 inhibition decreases p53 expression levels 

Mechanisms on the transcriptional or posttranslational level could lead to the observed 

reduction in p53 levels. First, I quantified p53 and Mdm2 mRNA levels to learn more about the 

transcriptional changes resulting from Brd4 inhibition. Upon all the tested Brd4 inhibitor 

concentrations, p53 mRNA levels were reduced (Figure 39A). Surprisingly, Mdm2 mRNA 

levels were enhanced (Figure 39B).  

 

Figure 39: Decrease of p53 expression upon Brd4 inhibition independently from the Mdm2-feedback loop 

A-B MCF10A wildtype cells were treated with different concentrations of Brd4 inhibitor or DMSO (ctrl) 5 h before 

irradiation with 5 Gy and harvested 3 h post IR. qRT-PCR was performed to determine p53 (A) and Mdm2 (B) 

mRNA levels. β-Actin was used as endogenous reference. The minimum and maximum values of the relative 

quantities of three technical replicates are represented by the error bars. C-D 5 nM Brd4 inhibitor or DMSO (ctrl) 

were added to MCF10A reporter cells 5 h prior to Nutlin-3 treatment. The area under the curve (AUC) of p53 (C) 

and p21 (D) single cell trajectories was determined. The medians are represented by the black lines, the boxes 

include data that lie within the 25th and the 75th percentiles. Whiskers span to maximum values within 1.5x the 

interquartile range. Black dots show the outliers. E MCF10A wildtype cells were treated with 25 nM Brd4 inhibitor 

or DMSO (ctrl) 5 h prior to Nutlin-3 treatment. Cells were harvested 9 h post treatment and p53 mRNA levels were 

assessed using qRT-PCR. β-Actin served as endogenous control. Error bars indicate minimum and maximum 

values of relative quantities of three technical replicates. 

Since I did not expect that HAT inhibition increased p53-mediated target gene transcription, I 

would assume that the increase in Mdm2 transcription might be independent of p53. To confirm 

that Mdm2 was not the major reason for the decreased p53 response, I analyzed p53 levels 

upon Brd4 and Mdm2 inhibition (Figure 39C). As expected, p53 levels were still decreased 

upon Brd4 inhibition. Also the increase in p21 levels could be observed under these conditions 
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(Figure 39D). These findings were further validated in MCF10A wildtype cells showing the 

reduction of p53 transcription using qRT-PCR (Figure 39E). To conclude, the obtained results 

indicate that Brd4 inhibition led to transcriptional downregulation of p53. Mdm2 might play a 

minor role, but was not the driving factor for lower p53 levels, even though there seemed to be 

more Mdm2 mRNA present upon Brd4 inhibition.   

2.3.3.2 Brd4 inhibition augments p21 transcription independently of p53 

After characterizing the effects that Brd4 displayed directly on p53, I investigated how this 

affected the p53 target gene p21. In the screening, I observed higher p21 levels upon Brd4 

inhibition (Figure 34B). I validated these results in MCF10A wildtype cells (Figure 40A).  

 

Figure 40: Brd4 inhibition enhances p21 transcription independently of p53 

A 25 nM Brd4 inhibitor or DMSO (ctrl) were added to MCF10A wildtype cells 5 h prior to 5 Gy IR. Cells were 

harvested at the indicated time points post IR and protein levels of p21 and actin (loading control) were detected 

via Western blot analysis. B Cells were treated with different concentrations of Brd4 inhibitor or DMSO (ctrl) 5 h 

before irradiation with 5 Gy and harvested 3 h post IR. p21 mRNA levels were determined via qRT-PCR. β-Actin 

was used as an endogenous control. The error bars show the maximum and minimum relative quantity of three 

technical replicates. C-E Different MCF10A reporter cell lines were treated with varying concentrations of Brd4 

inhibitor or DMSO (ctrl) 5 h prior to 5 Gy IR (C-D) or without IR (E). The area under the curve (AUC) of p21 single 

cell trajectories was assessed using time-lapse microscopy. Medians are depicted as black lines, boxes comprise 

data between the 25th and the 75th percentiles. Whiskers span to maximum values within 1.5x the interquartile 

range. Black dots refer to outliers. The following cell lines were used: C p21 transcriptional reporter expressing p53-

YFP and a P2A-RFP-PEST-knockin in the p21 gene (Sheng et al., 2019) D p53-knockout cell line containing a 

homozygous p53-knockout and expressing p21-RFP E reporter cell line that was already used in the previous 

experiments expressing p53-YFP and p21-RFP. 
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Furthermore, different Brd4 inhibitor concentrations were tested to assess p21 mRNA levels 

(Figure 40B). A dose-dependent increase of p21 transcription could be confirmed, although 

the effect seemed to be slighter compared to the previously observed increase in protein levels 

(Figure 40A). However, more convincingly, p21 transcription was shown to be strongly 

enhanced on the single cell level using the p21 transcriptional reporter (compare Figure 5D 

and Sheng et al., 2019) (Figure 40C).  

To find out whether the – upon HAT inhibition unexpected – increase in p21 transcription was 

depending on p53, live-cell microscopy was performed using a p53-depleted p21 reporter cell 

line (Figure 40D). Indeed, I observed p21 accumulation at all the tested inhibitor 

concentrations. These findings strongly suggest that Brd4 inhibition upregulates p21 

expression independently of p53. Corroborating these findings, I added varying concentrations 

of Brd4 inhibitor to the earlier used p53 and p21 reporter cell line without additional irradiation 

and found that p21 was upregulated even without the activity of the DNA damage response 

(Figure 40E). 

To evaluate the impact of Brd4 on p53’s posttranslational modifications, Western blot analysis 

was performed to determine levels of acetylated p53 (Figure 41A). As a paradigm to study p53 

acetylation, I chose the acetylation at residue K382, which is catalyzed by CBP/p300 and has 

shown to be important for p53-dependent transcription (Gu and Roeder, 1997). In order to 

simplify the readout concerning the effect of Brd4 inhibition, I quantified band intensities and 

calculated the ratio of the control sample to the corresponding inhibitor-treated sample. Since 

the reduced p53 expression had to be taken into account, I applied the same procedure to 

bands of total p53 to be able to compare it to acetylated p53 (Figure 41B). As a result, the 

ratios for acetylated p53 were strikingly higher meaning that the fraction of acetylated p53 is 

higher in the control samples than in the inhibitor-treated samples relative to total p53 levels.  

     

Figure 41: Decrease of p53 acetylation upon Brd4 inhibition 

A 1 µM of Brd4 inhibitor or DMSO (ctrl) was added to MCF10A wildtype cells 5 h prior to 5 Gy IR. Cells were 

harvested at the indicated time points after irradiation. Levels of acetylated p53 (K382ac), total p53 and actin 

(loading control) were detected using Western blot analysis. Depicted here is one out two performed blots (technical 

replicates). B Bands were quantified using ImageJ and the ratios between control and Brd4 inhibitor-treated 

samples were calculated for acetylated and total p53.  
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Taken together, I obtained results strongly indicating that Brd4 inhibition is activating a 

mechanism driving p21 expression independently from p53. However, evidence from the 

literature proposes that Brd4 acts as a co-factor to facilitate p53-mediated transcription by 

recruiting it to target gene promoters (Wu et al., 2013), thereby suggesting rather a negative 

effect of Brd4 inhibition on p21. In my experiments, this negative effect might be masked by 

the strong p53-independent upregulation of p21. Additionally, I could provide first hints that 

Brd4 might be involved in p53 acetylation. Further experiments are required to confirm the 

changes in the acetylation state of p53 and, even more importantly, show that these changes 

are relevant for p53’s ability to bind to target gene promoters.   
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3. Discussion 

By modulating the activity of its direct regulators, p53 dynamics were shown to control cell fate 

(Purvis et al., 2012). However, the p53 network does not act isolated in the cell. Crosstalk with 

a variety of different cellular signaling pathways is essential for integrating external and internal 

inputs. In the present study, I combined time-resolved single cell measurements of p53 

dynamics with computer-aided analysis techniques to systematically investigate how the p53 

response is modulated by the activity of NF-κB and STAT signaling as well as by changes in 

epigenetic modification states.  

3.1 Multifaceted crosstalk of NF-κB and p53  

In the first part of my project, I studied crosstalk mechanisms by capturing the effect of targeted 

perturbations of a selected signaling network on the dynamic p53 response to DNA damage. I 

chose the NF-κB network, another central pathway of the human stress response, as a 

paradigm. I experimentally observed that dynamics of p53 upon DNA damage were affected 

by the activity state of the NF-κB network. Complementing my single cell microscopy data with 

subpopulation-based modeling enabled me to systematically analyze the observed crosstalk 

and predict molecular interaction points. The corresponding model-based analysis indicated 

that none of the previously considered network interactions alone was sufficient to explain the 

observed modulation of p53 dynamics. Instead, it was predicted that multiple parallel 

interactions between both networks shape the signaling response and suggest possible 

molecular mechanisms for further validation.  

As has been extensively discussed in the corresponding publication (Konrath et al., 2020), two 

possible mechanisms how the p53 network is modulated by the applied pharmacological 

perturbations were predicted. For each mechanism, three processes were affected: 

Degradation of inactive or active p53, degradation of Mdm2 as well as activation of p53 (Figure 

17 and Figure 42A). Although a further confinement of these predictions was not possible, a 

number of studies exist that support the predictions and provide a molecular basis for the 

proposed interaction with IKK2 or the NF-κB network. IKK2 was shown to interfere with the 

degradation of p53 (Xia et al., 2009; Yang et al., 2010). Inhibiting IKK2 activity resulted in both 

studies in a decreased degradation rate of p53 which is in line with the prediction that inhibition 

of IKK2 reduces the degradation of active p53 (αmpa). However, the degradation of p53 was 

reported to be independent of Mdm2 which is not in agreement with our prediction (Xia et al., 

2009). More recently, Ishak Gabra et al. uncovered that IKK2 phosphorylates p53 at serine 

residue S392 (Ishak Gabra et al., 2018), which was previously shown to affect p53 degradation 

as well as its DNA binding and tetramerization (Hupp et al., 1992; Sakaguchi et al., 1997; Kim 

et al., 2004; Du, Wu and Leng, 2015). Preventing phosphorylation of p53 at S392 resulted in 

reduced degradation of p53 (Kim et al., 2004; Du, Wu and Leng, 2015). Interestingly, Du et al. 
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could link the degradation to ubiquitination of p53 by the ubiquitin ligase UBE4B (Du, Wu and 

Leng, 2015), which is known to promote Mdm2-mediated degradation of p53 (Wu et al., 2011). 

Thus, it can be hypothesized that IKK2 inhibition reduces the Mdm2-induced degradation of 

p53 by preventing its ubiquitination by UBE4B. 

Another prediction of the model was that IKK2 affects degradation of Mdm2. In particular, 

inhibition of IKK2 was predicted to either increase the basal degradation of Mdm2 (αm) or 

reduce the ATM-dependent degradation of Mdm2 (αsm). Indeed, IKK2 can phosphorylate 

Mdm2 at S166 (Lau, Niu and Pratt, 2012). A previous study has indicated that inhibition of Akt-

mediated phosphorylation of Mdm2 at this serine residue prevented translocation of Mdm2 to 

the nucleus and caused increased p53 levels (Mayo and Donner, 2001). Consequently, it is 

possible that inhibition of IKK2 decreases the amount of Mdm2 that is available in the nucleus 

for the degradation of p53. Reduced levels of Mdm2 upon IKK2 knockout (Tergaonkar et al., 

2002) support this notion and favor the predicted increase in the degradation of Mdm2 (αm). 

Conversely, preventing the activation of NF-κB by overexpression of a non-degradable IκBα 

mutant led to increased levels of Mdm2 (Fujioka et al., 2004). As IKK2 inhibition prevents 

activation of NF-κB, the latter result supports the predicted reduction in the degradation of 

Mdm2 (αsm).  

Moreover, the model predicted a reduced ATM-mediated activation of p53 upon IKK2 

inhibition. This is in line with results of Ishak Gabra et al. who analyzed the phosphorylation of 

p53 at S15 and S392. Phosphorylation of p53 at S15 is known to be mediated by ATM (Banin 

et al., 1998). Blocking the phosphorylation of p53 at S392 led to a delayed phosphorylation of 

p53 at S15 (Ishak Gabra et al., 2018). These results indicate that IKK2 inhibition could indeed 

reduce ATM-mediated activation of p53. Taken together, my experimental observations 

corroborate most of the predicted interaction points between the NF-κB and p53 network 

(Table S 5).  

Following delayed p53 accumulation, the transcription of most of the tested p53 target genes, 

including p21/CDKN1A and the pro-apoptotic factors NOXA/PMAIP1 and PUMA/BBC3, was 

increased. Interestingly, it has been proposed that p53 and NF-κB can integrate their 

respective signaling strengths since they compete for the same transcriptional co-factors, 

namely CBP and p300 (Ravi et al., 1998; Webster and Perkins, 1999; Culmsee et al., 2003). 

This could be a contributing factor to increased transcriptional activity of p53. To test this 

hypothesis, levels of acetylated p53 can be assessed in order to estimate the activation state 

of p53. To assess phenotypic changes of IKK2 inhibitor treated cells, I performed cell cycle 

analysis using flow cytometry. However, a strong G2 arrest as well as an increased apoptotic 

fraction of cells (reflected by the subG1 cells) was monitored in A549 wildtype, but also in p53-

depleted cells (data not shown). This suggests a dominant phenotype of the IKK2 inhibitor that 

masked p53-dependent cell fate alterations. 
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In contrast to IKK2 inhibition, the NF-κB activation via TNFα only changed p53 to a minor 

extent, which makes sense considering that NF-κB signaling is activated by DNA damage (Wu 

et al., 2006; Wang, Mani and Wu, 2017). Hence, the unperturbed p53 response to IR is already 

influenced and shaped by IR-induced NF-κB signaling. In addition to that, inhibiting DNA 

damage-activated NF-κB signaling has important implications for cancer therapy. It has been 

demonstrated that blocking NF-κB makes cells more susceptible to DNA damage-induced cell 

death (Wang, Mayo and Baldwin, 1996). Also chemotherapeutic resistance has been linked to 

NF-κB signaling (Wang, Mani and Wu, 2017). However, further studies need to be performed 

analyzing the individual involvement of p53, NF-κB and related pathways. 

Further contributions from other signaling pathways leading to the observed delay in p53 

dynamics can currently not be fully excluded. TPCA-1 is a known inhibitor of STAT3 signaling, 

which I verified via Western blot analysis. While the other IKK2 inhibitors used in this study did 

not directly block STAT3 phosphorylation, they might still indirectly alter STAT3 activity since 

the STAT3-activating ligand IL-6 is a target gene of NF-κB (Libermann and Baltimore, 1990). 

This could result in decreased STAT3 activity upon loss of NF-κB signaling in damaged cells.  

As just indicated, NF-κB is only one player in the complex landscape of cell survival pathways 

that regulate immunity and promote cell growth. To achieve further insight into how these 

pathways shape the anti-tumorigenic p53 response, I performed more comprehensive studies 

using different activators of the immune response. 

3.2 STAT3 and STAT6 pathways synergize with the p53 response   

As a second step to decipher crosstalk mechanism of the p53 network, I developed a screening 

approach that enabled to systematically monitor alterations in the dynamic p53 response to 

DSBs resulting from activation of endogenous cellular signaling. As a paradigm, I chose a set 

of interleukins, inflammatory cytokines activating different STAT pathways. Computational 

analysis allowed to systematically identify and evaluate corresponding modulation of p53 

dynamics. Thus, crosstalk with STAT3 and STAT6 signaling could be demonstrated that has 

not been investigated yet in a time-resolved manner adding new perspectives to previous 

findings. Complementing the obtained screening results with further experimental 

investigations revealed that STAT3 and STAT6 pathways use different mechanisms to interact 

with the p53 network (Figure 42B). 

First, I could demonstrate that IL-4 augmented the secondary p53 response to IR significantly 

via an Mdm2-independent mechanism. This increase was displayed only when p53 

accumulation was initiated either by DNA damage or by Mdm2 inhibition. Under basal 

conditions, without irradiation of the cells, p53 levels did not change due to IL-4 treatment. A 

plausible mechanism could be that activation of STAT6 decreases expression or activity of a 

p53 target gene that, in turn, affects p53, most likely as a negative feedback loop regulator. 
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This could explain why initial activity of p53 was needed to observe the effect on p53 in a 

temporally delayed manner. The phosphatase Wip1 might be the most interesting candidate 

at this point. Moreover, there are numerous E3 ubiquitin ligases, apart from Mdm2, known to 

decrease stability of p53 (Sane and Rezvani, 2017). Pirh2, for instance, is induced by p53 and 

can promote its ubiquitination independently from Mdm2 (Leng et al., 2003). However, if and 

how these putative candidates are modulated by STAT6 signaling remains to be determined 

in further experiments. To this end, mRNA and protein levels of the most interesting factors 

could be assessed or, as a more sophisticated approach, RNA sequencing could be performed 

to identify all the changes of p53-regulating genes upon STAT6 activation. 

Although STAT6 is discussed as potential target for treatment of certain tumor types, it is, 

compared to STAT3, less associated with tumor biology (Verhoeven et al., 2020). 

Nevertheless, there is evidence that IL-4 is able to promote apoptosis in breast cancer cells 

(Gooch, Lee and Yee, 1998) hinting towards a role of STAT6 in epithelial cancers. 

Furthermore, it was shown that STAT6 signaling is involved in mammary epithelial 

development (Khaled et al., 2007). In combination with the relatively high IL-4 receptor 

abundance in MCF10A cells, it is not surprising that IL-4 seems to be an important effector in 

breast epithelium. Supporting my findings, Kim et al. discovered that addition of IL-4 enhanced 

protein levels of p53 as well as p21 and concomitantly induced cell cycle arrest in endothelial 

cells (Kim et al., 2003). Furthermore, growth inhibition in melanoma cells upon IL-4 stimulation 

could be linked to p21 activation (Lee et al., 2016). Interestingly, they also describe that STAT6 

activation depends on p21 since it was decreased upon p21 knockdown suggesting a 

bidirectional crosstalk between p53 network components and STAT6.  

Second, I showed that the secondary p53 response to DNA damage was significantly 

increased upon IL-6-mediated STAT3 activation. Corroborating my findings, I observed that 

the alternative STAT3 activator IFNγ increased the secondary p53 response in a similar way. 

However, at later time points, the effect seemed to decrease. Interestingly, it was described 

that IFNγ-induced STAT3 signaling is rather transient as long as there is STAT1 signaling 

active (Ramana, Kumar and Enelow, 2005). Since I detected a strong STAT1 activation in 

MCF10A cells after IFNγ treatment, this might explain the shorter time frame of increased p53 

levels. However, STAT1 itself is known for its interaction with p53 and, therefore, a STAT1-

dependent effect cannot be excluded here. In fact, it has been reported that basal Mdm2 levels 

were reduced upon STAT1 activation (Townsend et al., 2004). In this study, Mdm2 levels were 

still very low after 24 h, which indicates that STAT1-mediated effects were not reduced after 

24 h. In contrast to that, I observed a decrease in the IFNγ-mediated effect on p53 at later time 

points. This leads me to the conclusion that this effect might be rather due to STAT3 instead 

of STAT1 activation.  
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Furthermore, when the interaction of p53 and Mdm2 was inhibited, STAT3 activation could not 

further elevate p53 levels suggesting that Mdm2 was responsible for the observed effect. 

Hence, activation of STAT3 signaling could result in decreased Mdm2 levels or activity due to 

direct or indirect modulation of Mdm2. In addition to that, it is possible that another negative 

regulator of p53 acting in concert with Mdm2 could be impaired upon STAT3 activation. 

Importantly, it has been reported that MdmX binds to and thereby stabilizes Mdm2 protein 

enhancing degradation of p53 (Sharp et al., 1999; Wang, Wang and Jiang, 2011). Furthermore, 

MdmX is known to interact with p53 and, thus, impairs its transcriptional activity (Danovi et al., 

2004). Moreover, the ubiquitin ligase UBE4B is known to promote Mdm2-dependent 

degradation of p53 (Wu et al., 2011) and could therefore be another potential target of STAT3 

signaling. In order to discover whether Mdm2 levels were affected due to IL-6 treatment, 

Western blot analysis was performed and did not display any differences in Mdm2 comparing 

IL-6-treated with control cells (data not shown). However, experiments on the population level 

tend to be not sensitive enough to capture small effects meaning that a final conclusion cannot 

be drawn at this point. Further experiments on the single cell level like immunofluorescence 

need to be performed to find out whether there are changes in Mdm2 levels upon STAT3 

activation.  

Intriguingly, the oncogenic role of STAT3 has been extensively described (Wake and Watson, 

2015) – as well as its opposing effect on p53. Indeed, p53 and STAT3 have been reported to 

negatively regulate each other. In breast cancer cells, for instance, it was shown that p53 

decreases STAT3 phosphorylation and, thus, its activity as a transcription factor (Lin et al., 

2002). Vice versa, STAT3 directly interacts with the p53 promoter, represses its transcription 

and expression of its target genes (Niu et al., 2005). This is not in line with my findings. 

However, differences in the experimental setups could account for the different observations. 

Niu et al. transfected plasmids expressing either wildtype STAT3 activated via co-transfection 

of its oncogenic activator v-Src or constitutively active STAT3 alone. The study has been 

performed regarding oncogenic transformation since constitutive STAT3 signaling has been 

linked to numerous cancers (Lieblein et al., 2008; Jiang et al., 2011). Opposing to that, I 

activated physiological STAT3 signaling in a targeted and short-termed way in conjunction with 

genotoxic stress, which makes differences in the outcome on the p53 response possible. In 

further experiments, it would be interesting to follow p53 after long-term stimulation with IL-6, 

which might then rewire more signaling processes in the cell over time, maybe thereby 

reflecting the cellular context of chronic inflammation.  

To conclude, I discovered that specific activation of STAT6 or STAT3 signaling modulated the 

p53 response to DNA damage in a positive manner in MCF10A cells. Clear differences in the 

p53 network member Mdm2 concerning the increase in p53 could be revealed, although the 

exact mechanisms by which the aforementioned STAT pathways interact with p53 remain to 
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be determined. Genome-wide studies applying RNA sequencing could determine 

transcriptional changes in p53 network-related genes in the context of IL-4 or IL-6 treatment. 

This approach would help to elucidate the exact molecular basis for my findings, although it 

might be difficult to obtain clear results that identify the right modulator of p53, since the 

observed modulation of p53 is rather minor.  

Moreover, I evaluated the impact of interleukin treatment on the p53 response to IR by 

monitoring the concomitant p21 response. It was revealed that p21 levels were enhanced upon 

stimulation with IL-4 as well as IL-6. Importantly, this increase was dependent on the preceding 

p53 response, which indicates that the observed modulation might be able to change the p53-

induced cellular fate. However, no changes in cell division could be detected under the applied 

experimental conditions (data not shown). This indicates that modulation of p53 network 

members induced by the applied interleukins might not be strong enough to promote significant 

changes in cell fate decisions. Does this mean activity of STAT signaling is not relevant for the 

p53 response? One point that should be taken into consideration is that the regulation of STAT 

pathways is very complex. Inflammatory responses lead to secretion of a variety of different 

cytokines. Hence, STAT signaling relies on the integration of numerous inputs that are 

processed into activation of four JAK kinases (Murray, 2007). The selective use of distinct JAK 

kinases for the different receptors is not fully understood yet, but it is likely that different inputs 

can either fine-tune or enhance the outcome for the cell. Several cases have been reported 

where interleukins synergize upon combined addition. For instance, IL-2 treatment can inhibit 

IL-4-stimulated STAT6 phosphorylation, while both cytokines cooperate to increase STAT5 

phosphorylation in regulatory T cells (Zhou, Alvarez and Cobb, 2021). Furthermore, the 

outcome of STAT signaling concerning target gene expression is also cell type-dependent 

(Murray, 2007). One important factor is the receptor abundance on the cell surface of the 

respective cell type, which was also my major criterion for choosing candidate interleukins for 

the screening. But there is another point to consider: The availability of STAT molecules plays 

an important role and can change cellular outcomes. IFNγ, for instance, activates STAT3 

signaling more strongly in the absence of STAT1, as has been mentioned earlier (Ramana, 

Kumar and Enelow, 2005). Strikingly, the same mechanism can be observed in the reciprocal 

way, meaning that in cells lacking STAT3, IL-6 is able to induce a strong STAT1 response 

(Costa-Pereira et al., 2002). Moreover, specifically for STAT6 signaling, it has been shown that 

the expression profile of target genes differs greatly among different types of immune cells 

depending on the genomic accessibility of the target genes (Murray, 2007; Goenka and 

Kaplan, 2011). Additionally, a lot of STAT pathway-related studies have been performed in 

cancer cell lines. With the background of cancer-related mutations/deletions, p53 could be 

more strongly affected than in a non-transformed cell line. For instance, this has been shown 
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in a study from Pencik et al., where STAT3 activation had a strong impact on p53 levels, which 

could be deducted to ARF expression upon PTEN depletion (Pencik et al., 2015).  

Taken together, these findings suggest that cell type and genetic profile as well different 

signaling inputs are closely connected with the distinct outcomes of STAT signaling pathways. 

For this reason, a more comprehensive screening using combinations of interleukins and 

different cell lines could add entirely new perspectives of p53-STAT crosstalk.  

3.3 Rewiring the p53 network upon modulation of physiological signaling pathways 

Pathways associated with immune responses and cell survival, namely STAT and NF-κB 

pathways, are highly interconnected with p53, which is supported by numerous studies. In this 

thesis, I investigated how modulating the activity of these pathways influences the dynamic 

p53 response. Intriguingly, changing the activity of neither of these pathways was up- or 

downregulating p53 in a way that it clearly affected p53-mediated cell fate decisions (data not 

shown), although transcription of the p53 target genes was altered. This indicates that 

physiological signaling does not easily change the p53-mediated cellular fate upon severe 

genotoxic stress. Since p53 is highly interconnected with most of the cellular signaling 

pathways, it is possible that single, temporally restricted perturbations are not sufficient to alter 

the entire network response. Nevertheless, these slight modulations could become important 

if the perturbations are persistent over a longer period of time. These cells survive and 

proliferate since they do not display any obvious disability, but, for instance, slightly increased 

inflammatory signaling can then enhance secretion of cytokines to the neighboring cells. As a 

consequence, this might induce inflammation, which could potentially even lead to cancer 

development (Coussens and Werb, 2002; Kany, Vollrath and Relja, 2019). 

Slight modulations of cellular signaling can also become important in the context of cell 

competition: During development of adult organisms, as a result of cell-cell interaction, cells 

can be removed from the tissue when surrounded by cells with higher fitness (Amoyel and 

Bach, 2014). This cell fitness can be assessed by determining features like cell cycle length, 

transcriptional outcome, signaling activity or metabolic rate (Di Gregorio, Bowling and 

Rodriguez, 2016). Cell competition plays an important role during embryonic and organ 

development (Madan, Gogna and Moreno, 2018). Strikingly, in Drosophila it has been shown 

that, besides Myc, STAT signaling is one of the major regulators of cell competition (Rodrigues 

et al., 2012). They observed that cells lacking STAT are killed by neighbouring cells harboring 

wildtype STAT, while cells with hyperactivated STAT will survive this competition. Current 

research focuses on the role of fitness in adult tissues suggesting an important contribution to 

regulation of homeostasis and aging (Di Gregorio, Bowling and Rodriguez, 2016). Importantly, 

this does not include strongly impaired cells, but rather viable cells that could display 

suboptimal features (Marques-Reis and Moreno, 2021). In this context, cell competition is 
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responsible for eliminating cells that show aberrant signaling patterns. For my work, this could 

implicate that, for instance, slight upregulation of STAT signaling could be the decisive factor 

for cell survival instead of cell death, which would make my findings important both for tissue 

development and homeostasis.  

3.4 The dynamic p53 response is affected by acetylating and deacetylating proteins 

In the last and most comprehensive part of my project, I studied how epigenetic modifiers 

modulate the dynamic p53 response to DNA damage and how this influences expression of 

p21. Surprisingly, I found that inhibition of HDACs and HATs, enzymes that could potentially 

deacetylate or acetylate p53, respectively, downregulate p53 already on the transcriptional 

level (Figure 42C). This indicates that, in both cases, p53 was modulated via general regulatory 

mechanisms of transcription, which does not exclude that posttranslational modifications could 

have additional influence on the stability and activity of p53 protein. Furthermore, both groups 

of enzymes were able to strongly induce p21 transcription independently from p53, although 

there could be observed differences between HDAC and HAT inhibitors concerning p21 

induction. 

Titration of the different HDAC inhibitors revealed that HDAC1 and HDAC4 inhibitors had a 

stronger impact on p53 than HDAC6 and HDAC8 inhibitors. Since all of the inhibitors had IC50 

values in a similar range for their main target, I concluded that HDAC1 and HDAC4 were mainly 

responsible for the observed effects and that the other inhibitors affect p53 due to pleiotropic 

effects at higher concentrations. In the end, the HDAC1 inhibitor Quisinostat was chosen for 

further investigation of HDAC-driven changes in the p53 network. In this thesis, I was generally 

referring to Quisinostat only as an HDAC1 inhibitor. However, it should be kept in mind that 

Quisinostat could also display its effects on p53 and p21 via inhibition of HDAC4 (IC50=0.64 

nM) which might be in line with the results obtained upon treatment with HDAC4 inhibitors. 

Moreover, all the HDAC inhibitors were able to affect p53 and p21 at high concentrations (most 

evidently in the 5 µM screening). This could be explained by considering side effects: The 

higher the inhibitor concentration is, the more targets that share structural similarities are 

potentially inhibited.  

Literature suggests that cells treated with HDAC inhibitors display hyperacetylated p53, which 

can stabilize it on the protein level since it interferes with ubiquitination (Li et al., 2002; Carlisi 

et al., 2008). In contrast to that, I observed a decreased p53 response upon treatment with all 

the applied HDAC1 inhibitor concentrations. Additionally, I found that p53 expression was 

decreased on the transcriptional level indicating that HDAC1 acts on p53 upon interaction with 

the p53 promoter. Histone acetylation, which is the major function of HDACs, has been 

associated with transcriptional active chromatin (Hebbes, Thorne and Crane-Robinson, 1988). 

In accordance with that, HDAC1 and HDAC2 can be part of different co-repressor complexes 
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that are recruited to DNA by co-factors in order to downregulate transcription (Laherty et al., 

1997; Zhang et al., 1999). Why do I observe decreased p53 expression upon inhibition of a 

well-known transcriptional repressor? Intriguingly, analysis of expression profiles in HDAC1-

deficient cells showed that a subset of genes was actually downregulated, suggesting an 

additional role for HDAC1 as a positive regulator of transcription (Zupkovitz et al., 2006). In 

line with that, it was discovered that HDAC inhibition impairs DNA repair protein expression 

and, thereby, decreases p53 expression in murine renal cancer (Renca) cells (Kiweler et al., 

2020). More systematically, Sonnemann et al. compared different HDAC inhibitors and found 

that p53 transcription was either decreased or unaltered upon treatment (Sonnemann et al., 

2013). However, despite reduced mRNA levels, they still detected an increase in p53 protein 

levels arguing that there is a stabilizing effect of HDAC inhibition that overcomes transcriptional 

downregulation. In line with these findings, it was shown that the HDAC inhibitor Trichostatin 

A (TSA) reduces p53 mRNA, but not p53 protein levels in MCF7 cells (Sachweh et al., 2013). 

Corroborating my results, decreased p53 mRNA together with protein levels were observed in 

pancreatic cancer cell lines upon HDAC inhibitor treatment (Stojanovic et al., 2016). In this 

study, they also demonstrated that HDAC1 and HDAC2 are able to physically bind to the p53 

promoter. This discrepancy concerning total p53 levels suggests that HDAC-p53 interaction 

relies on multiple factors and that fine-tuning of transcriptional downregulation and 

posttranslational stabilization might determine the final outcome and could be cell line-

dependent. In my experimental setup, transcriptional downregulation could be overweighing 

compared to posttranslational stabilization, which explains the relatively strong decrease of 

p53 on the mRNA as well as on the protein level that I have observed. 

When analyzing transcriptional targets of p53 upon HDAC1 inhibition, I observed lower Mdm2 

and p21 mRNA levels at low HDAC1 inhibitor concentrations, while their transcription 

increased at higher HDAC1 inhibitor concentrations. According to that, I assumed that there is 

an additional mechanism driving Mdm2 and p21 transcription at higher inhibitor concentrations 

despite reduced p53 levels. Concerning p21, I could clearly show that the transcriptional 

upregulation was independent of p53. This is in line with previous findings demonstrating that 

HDAC inhibition induces p21 promoter activation through its Sp1 sites independently from p53 

(Sowa et al., 1997). For Mdm2, I can only speculate at this point if the increase in Mdm2 

transcription is depending on p53 or not. p53 might be more active as a transcription factor 

due to higher acetylation at higher inhibitor concentrations. Increased p53 target gene 

transcription upon acetylation has been reported (Loffreda et al., 2017). This is in line with 

Brandl et al. who have found that low levels of acetylated p53 are highly active and can trigger 

target gene expression and apoptosis in colorectal cancer cells (Brandl et al., 2012). Moreover, 

this would implicate that the direct effect on p53 acetylation shows up only at high inhibitor 

concentrations. At lower concentrations, there is only the negative effect on general 
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transcription of p53 observable. However, it could also be possible that HDAC1 inhibition 

induces the Mdm2 upregulation independently from p53. Basal Mdm2 is transcribed from its 

constitutive P1 promoter, which is not induced by p53 (Barak et al., 1994). Whether basal or 

p53-dependent upregulation is caused by HDAC1 inhibition, could be tested in a p53-deficient 

cell line. What is known for sure at this point is that both the increase in p21 and Mdm2 

transcription result from the same HDAC1 inhibitor concentration.  

The downregulation of p53 and p21 expression could be HDAC1 specific, since it is already 

visible at relatively low inhibitor concentrations. But it is also possible that it does not require 

complete inhibition and that is why it already shows up when there is still remaining HDAC1 

activity. The upregulation of p21 can be observed only at higher concentrations meaning that 

either complete HDAC1 inhibition is only achieved at higher concentrations or that a secondary 

effect is displayed here: When using high inhibitor concentrations, it is likely that unspecific 

side effects occur where additional, structurally related targets are affected. In any case, this 

concentration-dependent switch adds new perspectives to HDAC1-p53 crosstalk, especially 

since HDAC inhibitors display implications for cancer therapy. Expanding the image of the 

double-edged role of HDAC inhibitors in the context of cancer treatment, their mode of action 

has been shown to differ depending on the cellular type and stage of cancer: While in the 

preleukaemic stage, knockdown of HDAC1/2 accelerated tumor development, their 

knockdown caused differentiation and apoptosis in leukaemic cells (Ceccacci and Minucci, 

2016). This implies that HDAC function indeed is ambiguous and further studies in different 

cellular contexts are required. 

The second group that has been revealed to modulate p53 are the HAT inhibitors. Titration 

experiments of candidate inhibitors confirmed what the screening assay already implied: 

Brd4/BET inhibitors tend to have a strong impact on p53 and p21 dynamics, while CBP/p300 

inhibitors induce rather slight changes. This was surprising since CBP/p300 are considered to 

be the prime example when it is up to p53’s posttranslational modifications. Well-known not 

only as a co-factor to support transcriptional activation by p53, they also acetylate p53 itself, 

thereby stabilize it and increase its activity as a transcription factor (Scolnick et al., 1997; Yuan 

et al., 1999; Grossman, 2001). Also, the interaction of Brd4 as a transcriptional co-factor with 

p53 is well-described. Brd4 binds to acetylated histones via its two bromodomains and recruits 

p53 to target promoters (Wu et al., 2013). Brd4 has inherent HAT activity and it has been 

described that in acetylates histones leading to decompaction of chromatin (Devaiah et al., 

2016). It seems likely that Brd4 can acetylate p53 as well, although this has not been reported 

so far. What is known about the Brd4-p53 interaction is that the association is not impaired by 

the inhibitor JQ1, which means that it does not involve bromodomain binding of acetylated 

residues (Stewart et al., 2013). This is in contrast to CBP/p300 that have been shown to bind 

to p53 acetylated at K382 via the bromodomain (Mujtaba et al., 2004).   
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Concerning my results, I observed downregulation of p53 transcription upon Brd4 inhibitor 

treatment indicating an important role of Brd4 for maintaining transcriptional levels of p53. It 

has been reported that Brd4 inhibition leads to downregulation of Myc expression (Mertz et al., 

2011). Intriguingly, Myc acts as a transcriptional activator at the p53 promoter representing a 

positive feedback loop upon aberrant Myc upregulation (Roy et al., 1994; Harris and Levine, 

2005). Despite lower p53 levels, I found that p21 expression was increased in Brd4 inhibitor-

treated cells, even without DNA damage induction. I could confirm that the increase in p21 was 

on the transcriptional level and independent of p53.  

Recent studies support my findings and propose synergistic effects upon Brd4 inhibition and 

p53 activation in acute myelogenous leukemia (AML) (Latif et al., 2021). Here, they report that 

Brd4 inhibition potentiates p53-induced apoptotic effects. Importantly, they found that many 

p53 target genes including p21 were upregulated upon Brd4 inhibition although p53 was not 

increased on the protein level, suggesting that Brd4 can suppress p53-mediated transcription. 

For this reason, they proposed combination therapy as cancer treatment. Interestingly, they 

did not find increased binding of p53 to the target gene promoters or stabilization of the mRNA 

suggesting that Brd4 has a repressive function on p53 itself by decreasing its activity. 

Corroborating my findings, Zhang et al. reported that p21 levels were augmented after BRD4 

inhibition (Zhang et al., 2017). Since they detected reduced p53 protein levels upon JQ1 

treatment and did not find any influence of p53 knockdown on p21, they concluded that the 

induction of p21 expression was independent of p53. Instead, they observed that JQ1-induced 

downregulation of YAP was responsible for enhanced p21 expression, which led to reduced 

chondrosarcoma growth. Interestingly, YAP activation is inhibited by cell density (Zhao et al., 

2007). To test if the decrease in YAP was responsible for p21 induction upon Brd4 inhibitor 

treatment, there could be done a series of experiments using different cell densities. Strikingly, 

another link between Brd4 and p21 could be Myc, which is downregulated upon Brd4 inhibition: 

Myc represses transcription from the p21 promoter, although there is no direct binding of Myc 

to the p21 promoter (Gartel et al., 2001). Instead, it was suggested that Myc forms complexes 

with Sp1/Sp3. This indicates that Brd4 inhibition could also increase Sp1/Sp3-dependent 

transcription of p21. These findings confirm the antitumor potential of Brd4 inhibitors (Mertz et 

al., 2011). According to that, I found that the Brd4 inhibitor strongly impaired cellular growth 

when I analyzed cell proliferation using the acquired time-lapse images (data not shown). 

However, the effect already showed up without DNA damage induction, hinting towards p53-

independent mechanisms also on the phenotypic level.  

To conclude, I discovered a strong decrease of p53 transcription upon treatment with two 

inhibitor groups that have opposing functions, which remains quite unexpected and 

controversial: HDAC and HAT inhibitors. Additionally, in both cases, p21 expression was 

upregulated. For HDAC inhibitors, this upregulation showed up only at higher inhibitor 
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concentrations. These results could implicate that there are mechanisms triggering high p21 

expression upon sudden changes in major transcriptional regulatory factors. p21 might serve 

as an “emergency break” stopping cell cycle progression in order to avoid uncontrolled 

transcriptional upregulation. In the case of HDAC1 and HDAC4, this mechanism seems to be 

very clear: HDACs suppress transcription of p21 by histone deacetylation in proximity of the 

p21 promoter and, in the case of HDAC1, also by direct interaction with the transcriptional 

activator Sp1 (Lagger et al., 2003; Mottet et al., 2008; Zupkovitz et al., 2010). Upon loss of 

such an important transcriptional repressor, it is not surprising that the cell has evolved a 

backup plan. Concerning Brd4 inhibition, the mechanism responsible for upregulation of p21 

is less evident. Decreased Myc expression might be the driving factor, although it has been 

shown that Myc downregulation has major impacts on cancer cells, but affects non-

transformed, yet normally proliferating cells only to a minor extent (Soucek et al., 2008).  

3.6 Rewiring the p53 network upon perturbation of transcriptional regulators 

To conclude, in the third part of my project I was able to monitor the p53 and p21 response to 

DNA damage upon introducing strong perturbations of histone modifying enzymes using 

pharmacological inhibitors. When considering the big picture of my screening data, one 

question arises: Why did only inhibitors of acetylases or deacetylases show relevant changes 

in p53? Literature describes at least two histone methyltransferases (HMTs) that are known to 

methylate p53: SMYD2 and SET8, which have been shown to keep p53 transcriptionally 

inactive (Huang et al., 2006; Shi et al., 2007). It has, for example, been demonstrated that 

SMYD2 inhibition is able to decrease methylation of endogenous p53 in KYSE-150 cells and 

overexpressed p53 in HEK293T cells, although it did not affect total p53 protein levels (Eggert 

et al., 2016). Despite that, there is strong evidence that p53 protein stability as well as target 

gene transcription, importantly also p21, is increased upon SMYD2 knockdown in A549 cells 

(Friedrich et al., 2019). Unfortunately, the library did not contain SMYD2 inhibitors. However, 

the library compound BAY-6035 was targeting SMYD3 that has also been reported to decrease 

p53 protein levels in epithelial cancer cells (Zhang et al., 2019). Furthermore, although none 

of the library compounds was targeting SET8, the SET7 inhibitor (R)-PFI-2 was part of the 

library and also SET7 has implications for the activity of p53 (Liu et al., 2011). Indeed, I 

observed a slight increase in p21 levels in my screening assay upon addition of 1 µM SMYD3 

or SET7 inhibitor. In contrast to that, the p53 response remained unaffected. For this reason, 

HMT inhibitor-treated conditions were sorted into the big control group during the clustering 

process. Although the large increase in p21 levels for some HDAC or HAT inhibitors seemed 

to be dominating here and might mask small, but unique differences in dynamic patterns, I 

would still agree with the clustering results that HMT inhibitor-associated effects were rather 

negligible in my screening approach. 
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One explanation for these controversial observations could be that the library components 

targeting HMTs and HDMs might be less efficient or specific compared to the HDAC and HAT 

inhibitors. Contradicting to that, the IC50 values of both inhibitor classes were in a similar range. 

Since IC50 values and concentrations that had already been shown to be active in cellular 

systems are below 5 µM, it is likely that I did capture all the potential effects. However, it is still 

possible that effects on p53 show up only at higher concentrations despite low IC50 values 

since p53 is not the main target of these inhibitors. But for BAY-6035, for instance, it was 

demonstrated that methylation of MEKK2 was reduced already at a concentration of 70 nM in 

a cellular system (Gradl et al., 2021). This indicates that non-histone substrates in general 

might be modified already at lower concentrations as well. In fact, there is one difference 

between HDACs and HDMs concerning their mode of action that might not fully explain, but 

support my screening results. Despite the high number of different functions, the substrate 

specificity is relatively low among individual HDACs (Riester et al., 2007). In contrast to that, it 

has been demonstrated that HDMs exhibit a very high amino acid specificity (Shi and 

Whetstine, 2007). This could be an additional factor why a broad spectrum of inhibitors against 

different HDACs and HATs show similar outcomes on p53 dynamics. Also, the choice of cell 

line can play an important role. Most of the studies reporting strong effects of HDMs and HMTs 

on p53 were conducted in cancer cell lines. For this reason, further cell lines should be tested 

in the context of my screening assay to be able to draw a final conclusion about the different 

roles of p53 acetylation and methylation. 

3.7 Conclusion and Outlook 

In the presented thesis, I was able to successfully establish small-scale and large-scale 

screening assays applying live-cell time-lapse microscopy as a method to systematically 

validate and compare p53 and p21 dynamics upon IR and varying perturbations. This enabled 

me to investigate 72 different conditions with high time resolution over a time frame of 24 h. 

Additionally, I could potentially follow hundreds of cells per condition on a single cell level (if 

cells were not dying due to inhibitor treatment and IR), which offers way more information than 

conventional approaches ever could. Importantly, following protein dynamics on the single cell 

level enabled me to detect even slight differences since single cell studies have shown to be 

more sensitive than studies on the population level. One example is the validation of the IL-4-

mediated effect on p53 dynamics. Western blot analysis did not show detectable changes in 

p53, while immunofluorescence could finally validate my results, although the effect seemed 

to be smaller than previously observed in live-cell microscopy. Furthermore, for the applied 

HDAC1 and Brd4 inhibitors it was evident that I had to add higher concentrations in qPCR and 

Western blot analysis to observe the same effects than upon microscopy, even after removing 

the differences in seeded cell numbers. This was especially pronounced in the experiments 

demonstrating the dual effect of the HDAC1 inhibitor on p21 expression. Last, I obtained highly 
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reproducible data, which makes this approach applicable in the future for different cell lines 

and also any other research scope as long as suitable reporter cell lines are available.  

I decided to use characterized ligands and pharmacological inhibitors to perturb cellular 

signaling and to inhibit epigenetic regulators. As has been recently discussed (Konrath et al., 

2020), pharmacological inhibitors have the advantage that they act almost immediately upon 

treatment and provide flexibility for time-variant perturbations. In addition to that, this flexibility 

also allowed me to use a multitude of inhibitor concentrations, which can add new insights and 

enables to capture the whole spectrum of inhibitor activity. This has been demonstrated to be 

important upon titration of the HDAC1 inhibitor that showed opposing effects on p21. When 

applying small molecules, there is also little opportunity for a network to compensate the loss 

of essential activities (Michel and Seifert, 2015). Moreover, the short time frame between 

introduction of perturbation and monitoring of the outcome facilitates estimating the mode of 

action of the applied perturbation, for instance if the observed effect is direct or indirect 

according to the time until it is observable. However, most pharmacological inhibitors target 

signaling proteins with enzymatic functions, which restricts the network nodes amenable to 

perturbations. Moreover, small-molecule inhibitors are often restricted by limited specificity, 

leading to off-target effects that can hinder the interpretation of a given perturbation (Bain et 

al., 2007). In my project, I had to deal with implications that TPCA-1 has been shown to inhibit 

STAT3 in addition to its target IKK2 (Nan et al., 2014). Furthermore, for evaluating results 

obtained with the inhibitor library targeting epigenetic modifiers, I had to sort out some HAT 

inhibitors due to already reported side effects. I addressed these constraints by employing 

different strategies. In general, there are three possibilities to introduce molecular 

perturbations: Using pharmacological inhibitors, downregulating gene expression via siRNA- 

or shRNA-mediated knockdown or genetically perturbing the cell through CRISPR/Cas9-

mediated knockout. To validate results obtained with the IKK2 inhibitor TPCA-1, I applied 

multiple structurally independent inhibitors and focused on features of dynamics that were 

consistently altered by all molecules. In the second part of my project, I confirmed 

exclusiveness of STAT3 and STAT6 signaling via siRNA-mediated knockdown of both 

proteins. As a validation for Brd4-mediated effects, I deployed siRNA-mediated knockdown of 

Brd4 as well as a structurally and functional different inhibitor that induces the degradation of 

the target protein (PROTAC). The second validation with the inhibitor I had to perform since 

the knockdown could not fully replicate the observed effects, which leads me to the negative 

part of knockdown experiments: Knockdowns almost never allow complete depletion of the 

protein of interest. This might be due to lack of siRNA specificity or, like in my case, limited cell 

transfection efficiencies. For this reason, knockdown experiments can be hard to interpret 

since there is always remaining activity of the protein left. In addition to that, the downside of 

genetic perturbations is that most of these approaches require extended incubation periods, 
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limiting the precision of perturbation timing and allowing compensation through altered network 

states. Because of that, despite the drawbacks, application of inhibitors was very attractive for 

my purposes. 

By using the applied framework, I demonstrated that modulation of p53 dynamics upon 

perturbations of cellular signaling and changes in the epigenetic modification machinery is 

possible. I was able to detect even slight, but yet significant modifications of the p53 response. 

A summary of the elucidated crosstalk mechanisms is depicted in Figure 42. 

 

Figure 42: Summary of p53 crosstalk mechanisms elucidated in the present thesis 

A By deploying mathematical modeling, it was revealed that two mechanisms could lead to the observed effects 

upon IKK2 inhibition. The first mechanism describes an increase in Mdm2-mediated degradation of inactive p53 

and in the basal degradation of Mdm2. The second mechanism comprises a decrease in Mdm2-mediated 

degradation of active p53 and in ATM-mediated degradation of Mdm2. Both share reduced ATM-mediated 

activation of p53. B Moreover, it was shown that STAT3 and STAT6 activation enhance the p53 response. For 

STAT3, this effect is linked to Mdm2 activity, while for STAT6, the effect seems to be independent from Mdm2, but 

dependent on the initial activation of the p53 response. C It was demonstrated that HDAC1 inhibition and Brd4 

inhibition both strongly downregulate p53 transcription. In contrast to that, transcription of p21 is upregulated upon 

Brd4 inhibition, while HDAC1 inhibition shows a dual effect depending on the inhibitor concentration. 

However, my results suggest that the p53 network is quite stable against perturbations. Only 

slight changes in the cell fate were visible despite altered dynamic patterns and modified target 

gene transcription. As already discussed in the respective chapters, the applied perturbations 

might become more meaningful for the cell adding the factor of timing. Another point that needs 
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to be considered in the context of cellular fate decisions is that I was using relatively high doses 

of IR (5/10 Gy) for my experiments, which disrupts or activates numerous cellular signaling 

processes and might therefore contribute to masking the effective influence of the perturbation. 

For this reason, it might be worth analyzing inhibitor-induced modulations in the p53-mediated 

cell fate upon lower doses of IR. 

To sum up, my findings suggest that the p53 signaling network provides stability, which is also 

important considering that p53 is able to induce terminal cell fates. However, it could also be 

possible that I was not able to capture effects due to experimental limitations. 2D cell culture 

is a limited system lacking interactions between the cellular and extracellular environment, 

alterations in cell morphology, polarity and means of division (Kapałczyńska et al., 2018). 

Especially since cytokines provide a communication platform for cells to transfer information, 

it might be interesting to study mechanism where cytokine signaling is involved also in 3D cell 

culture or even in whole organism like in the mouse model.  
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4. Material and methods 

4.1 Cell culture  

A549 cells were cultured in McCoy’s 5A medium (GE Healthcare Life Sciences) supplemented 

with 10% (v/v) fetal calf serum (FCS) (Thermo Fisher Scientific), 100 U/ml penicillin, 100 µg/ml 

streptomycin and 2 mM GlutaMAX (Thermo Fisher Scientific). For selection of transgenes in 

A549 reporter cells (Chen et al., 2013; Finzel et al., 2016), additional antibiotics (25 µg/ml 

hygromycin (Thermo Fisher Scientific) and 200 µg/ml G418 (geniticine disulfate) (Carl Roth)) 

were added. MCF10A reporter (Sheng, 2017; Sheng et al., 2019) and wildtype cells were 

cultivated in DMEM/F-12 medium supplemented with 5% (v/v) horse serum, 20 ng/ml 

epidermal growth factor (EGF), 0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml 

insulin, 100 U/ml penicillin, 100 µg/ml streptomycin and GlutaMAX (Debnath, Muthuswamy 

and Brugge, 2003). A detailed description of the reporter cell lines used in this study can be 

found in the introduction (1.4).  

All the cell lines were grown at 37 °C and 5% CO2 in 10 cm petri dishes. For passaging, medium 

was aspirated and cells were washed with 10 ml 1x PBS. After removing the 1x PBS, 2 ml 

(A549) or 1 ml (MCF10A) 1x trypsin/EDTA solution in 1x PBS was added and cells were 

incubated at 37 °C and 5% CO2 for 5 (A549) or 20 (MCF10A) min. When the cells got detached 

from the plate, the trypsinization was stopped by dilution with 3 ml medium. Next, cells were 

transferred in a 15 ml conical tube and centrifuged for 5 min at 300 g. After centrifugation, the 

supernatant was aspirated and cells were resuspended (according to the desired dilution, 

which was usually around 1:6) in medium. In the end, 1 ml of the diluted cells were transferred 

to 9 ml medium in new 10 cm petri dishes. In average, cells were passaged every 2 (A549) or 

3-4 d (MCF10A). 

4.2 Experimental setups, treatment with inhibitors and IR 

4.2.1 Project part 1 – NF-κB 

For most of the experiments, if not stated differently in the results section, inhibitors and ligands 

were added in the following concentration (Table 3) 1 h prior to 10 Gy X-rays (dose rate of  

1 Gy/26 s, 250 keV, 10 mA) and imaging started immediately or 0.5 h after irradiation. 

Table 3: Used ligands and inhibitors of NF-κB 

Ligand/Inhibitor Manufacturer Used concentration 

TNFα Enzo Life Science 10 ng/ml 

IL-6 PeproTech 10 ng/ml 

TPCA-1 MedChemExpress 15 µM 
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Ligand/Inhibitor Manufacturer Used concentration 

sc-514 MedChemExpress 120 µM 

BMS-345541 MedChemExpress 0.93 µM 

4.2.2 Project part 2 – ILs and STAT 

If not stated differently in the results section, ligand was added 1 h prior to 10 Gy X-rays (dose 

rate of 1 Gy/26 s, 250 keV, 10 mA) and imaging started immediately after irradiation. Moreover, 

in the case of inhibitor treatment, 2 µM of the JAK inhibitor Ruxolitinib (MedChemExpress) was 

added 1 h before the ligands. 

A list of used ligands can be reviewed in Table 1. All ILs were purchased from PeproTech. In 

the pre-screening, concentrations ranging from 5-200 ng/ml were tested, while in the final 

screening and all the following experiments, ILs were added at a concentration of 10 ng/ml.  

4.2.3 Project part 3 – p53’s PTMs 

For the screening and titration experiments, if not mentioned differently in the results section, 

inhibitor was used in the following concentrations (Table 4) 2 h prior to 5 Gy X-rays (dose rate 

of 1 Gy/26 s, 250 keV, 10 mA) and imaging started 2.5 h before irradiation. In the follow-up 

experiments investigating Brd4 inhibition, the inhibitor Mivebresib was added 5 h prior to IR. 

Furthermore, for practicability reasons, imaging was started only 1 h before IR in the later 

experiments. The inhibitor library was a generous gift from the SGC in Frankfurt. 

Table 4: Used inhibitors and controls of epigenetic modifiers  

Library containing inhibitors against Histone acetyltransferases (HATs), Histone deacetylases (HDACs), Histone 

methytransferases (HMTs) and Histone demethylases (HDMs) and co-factors binding to modified histones or DNA 

and interacting with epigenetic modifiers; co-factorac means that rather acetyltransferases bind, co-factorme refers 

to preferred association with methytransferases. 

Inhibitor # cond. Target Group (mainly) Used conc. 

A-196 1 SUV420H1 and 

SUV420H2  

HMT 1/5 µM 

NI-57 2 BRPF bromodomain co-factorac 1/5 µM 

GSK-J4 3 JMJD3/UTX HDM 1/5 µM 

OF-1 4 BRPF bromodomains co-factorac 1/5 µM 

CPI-637 5 CREBBP, EP300 HAT, co-

factorac 

50 nM - 5 µM 

NVS-BPTF-1 6 BPTF (FALZ) co-factorac 1/5 µM 
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Inhibitor # cond. Target Group (mainly) Used conc. 

NVS-BPTF-C 7 BPTF (FALZ) co-factorac 1/5 µM 

LMK-235 8 HDAC4 HDAC 50 nM - 5 µM 

TP-064 9 PRMT4 HMT 1/5 µM 

L-Moses 10  PCAF bromodomain HAT, co-

factorac 

1/5 µM 

NI-198 11 Inactive control to  

NI-57 

- 1/5 µM 

UNC0642 12 G9a/GLP HMT 1/5 µM 

I-CBP112 13 CREBBP (CBP) and 

EP300 

HAT, co-

factorac 

50 nM - 5 µM 

(+)-JQ1  14 BET bromodomain HAT, co-

factorac 

50 nM - 5 µM 

A-395 15 EED co-factorme 1/5 µM 

TP-472 16 BRD9 co-factorac 1/5 µM 

PFI-4 17 BRPF1B co-factorac 1/5 µM 

PFI-3 18 SMARCA2, 

SMARCA4, PBRM1 

(PB1) 

chromatin 

remodelling 

1/5 µM 

GSK4027 19 KAT2B (PCAF), 

KAT2A (GCN5) 

HAT, co-

factorac 

1/5 µM 

Ricolinostat 

(ACY-1215) 

20 HDAC6 HDAC 50 nM - 5 µM 

VinSpinIn 21 Spin family proteins co-factorac 1/5 µM 

SGC3027 22 PRMT7  HMT 1/5 µM 

SGC-CBP30 23 CREBBP and EP300 

bromodomains  

HAT, co-

factorac 

50 nM - 5 µM 

(R)-PFI-2 24 SETD7 HMT 1/5 µM 

SGC707 25 PRMT3 HMT 1/5 µM 

UNC1999 26 EZH2 HMT 1/5 µM 
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Inhibitor # cond. Target Group (mainly) Used conc. 

BAY-6035 27 SMYD3 HMT 1/5 µM 

TP-238 28 CECR2/FALZ co-factorac, 

chromatin 

remodelling 

1/5 µM 

dBET6 29 BET (degrader/ 

PROTAC) 

HAT, co-

factorac 

5 nM - 5 µM 

I-BET151 

(GSK1210151A)  

30 BET HAT, co-

factorac 

1/5 µM 

PCI-34051 31 HDAC8 HDAC 50 nM - 5 µM 

ABBV-744 32 BET BDII HAT, co-

factorac 

1/5 µM 

TP-422 33  CECR2/FALZ; control  - 1/5 µM 

GSK2801 34 BAZ2A/B co-factorme 1/5 µM 

BAZ2-ICR 35  BAZ2A/B 

bromodomains  

co-factorme 1/5 µM 

GSK591 36 PRMT5  HMT 1/5 µM 

PFI 3 5072 37 polybromo 1, 

SMARCA4 and 

SMARC2  

chromatin 

remodelling 

1/5 µM 

OICR-9429  38 WDR5  co-factorac 1/5 µM 

SGC3027N 39 PRMT7; control - 1/5 µM 

MRK-740 40 PRDM9 HMT 1/5 µM 

I-BRD9 

(GSK602) 

41 BRD9 co-factorac 50 nM - 5 µM 

ICG-001 42 β-catenin/TCF co-factor 1/5 µM 

AR-42 43 HDAC4 HDAC 50 nM - 5 µM 

Quisinostat 

(JNJ-26481585) 

44 HDAC1 HDAC 500 pM - 5 µM 

25 nM for further 

exp. 
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Inhibitor # cond. Target Group (mainly) Used conc. 

BAY-299 45  BRD1 and the 

second bromodomain 

of TAF1 

HAT (TAF1), 

co-factorac 

1/5 µM 

GSK6853 46 bromodomain of 

BRPF1 

co-factorac 1/5 µM 

A-366 47 G9a  HMT 1/5 µM 

BAZ2-ICR 5266 48 BAZ2 bromodomain co-factorac 1/5 µM 

(-)-JQ-1 49 BRD4; control - 50 nM - 5 µM 

GSK-LSD1 50 LSD1 HDM 1/5 µM 

GSK864 51 IDH1 mutants 

R132C/R132H/R132G 

HMT 1/5 µM 

MS-049 52 PRMT4 HMT 1/5 µM 

Mivebresib  

(ABBV-075) 

53 BET/Brd4 HAT, co-

factorac 

500 pM - 5 µM 

5 nM used for 

further exp. 

Nutlin-3 54 pos. control - 5 µM 

DMSO 55 control for Nutlin-3 - - 

PLX51107 56 BET  HAT, co-

factorac 

1/5 µM 

BI-9564 57 BRD9/7 co-factorac 1/5 µM 

LLY-283 58 PRMT5 HMT 1/5 µM 

UNC1215 59 L3MBTL3 co-factorme 1/5 µM 

NVS-CECR2-1 60 CECR2 co-factorac, 

chromatin 

remodelling 

1/5 µM 

I-BRD9 61 BRD9 co-factorac 1/5 µM 

GSK343  62 EZH2 HMT 1/5 µM 

LP-99 63 BRD7/9 co-factorac 1/5 µM 

DMSO 64 control for library - 1/5 µM 
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Inhibitor # cond. Target Group (mainly) Used conc. 

Tasquinimod 65 HDAC4 HDAC 1/5 µM 

medium 66 control - 1/5 µM 

medium  67 control - 1/5 µM 

UF010 68 class I HDACs HDAC 1/5 µM 

medium 69 control - 1/5 µM 

MS023  

(HCl salt) 

70 PRMT1 HMT 1/5 µM 

SGC-0946 71 H3K79 HMT 1/5 µM 

BI-9564 72 BRD9 and BRD7 co-factorac 1/5 µM 

4.3 Live-cell time-lapse microscopy 

A defined number of cells (Table 5) was seeded in 3.5 cm poly-d-lysine-coated glass-bottom 

plates (MatTek), 24-well ibiTreat polymer-bottom plates (ibidi) or 96-well F-bottom (chimney 

well) µclear plates (Greiner Bio-One).  

Table 5: Number of cells seeded 2 d prior to microscopy experiments 

Cell line 3.5 cm plate 24-well plate 96-well plate 

A549 0.8x 105 cells/well 0.25x 105 cells/well - 

MCF10A  - 0.3x 105 cells/well 8x 104 cells/well 

The day of the experiment, medium was replaced with fresh one lacking phenol red and 

riboflavin (FluoroBrite, Thermo Fisher Scientific). Microscopy was performed using a Nikon Ti 

inverted fluorescence microscope with a Nikon DS-Qi2 camera and a 20x plan apo objective 

(NA 0.75). Filter sets were used according to the different fluorescent channels (CFP: 438/24 

nm excitation (EX), 458 nm dichroic beam splitter (BS), 483/32 nm emission (EM), YFP: 500/24 

nm EX, 520 nm BS, 542/27 nm EM, RFP: 562/40 nm EX, 593 nm BS, 624/40 nm EM). Images 

were acquired every 15-22 min (depending on the number of positions in the respective 

experiment) for the duration of 24 h using Nikon Elements software. A constant temperature 

of 37 °C, 5% CO2 and humidity (OkoLab) were maintained by an incubator that enclosed the 

microscope.  
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4.4 Data analysis 

4.4.1 Nuclear segmentation and signal quantification 

Throughout the whole time course of the experiments, tracking of cells was performed using 

custom-written Matlab (R2016b, MathWorks) scripts. The scripts were based on codes 

developed by Alon et al. and the CellProfiler project (Carpenter et al., 2006; Cohen et al., 

2008). Thereby, flat-field correction and background substraction was applied to raw images 

showing either H2B-CFP or CBX5-CFP signal. Next, individual nuclei were segmented from 

nuclear marker images using adaptive thresholding and seeded watershed algorithms. A 

greedy match algorithm was used to assign segmented cells to the corresponding cells in the 

next images. Cells were only considered for analysis if they were tracked from the first to the 

last time frame. Moreover, cells were either tracked in forward (project part 1 and 2) or 

backward direction (project part 3). Upon forward tracking, if a cell divided, the daughter cell 

closest to the last position of the mother was chosen and the tracks from mother and daughter 

were merged. After segmenting the nuclei, the integrated nuclear fluorescence intensity of the 

p53-YFP or p21-RFP signal was calculated for every time point in each single cell that was 

tracked. The resulting single cell trajectories are then usually shown as median trajectories for 

better overview or data were further analyzed on the single cell level.   

4.4.2 Pulse detection 

In order to characterize the pulsatile p53 behavior and distinguish p53 pulses from 

experimental background noise, pulse detection was applied. Therefore, single cell trajectories 

were normalized to the median p53 level in the cell. For detection of p53 pulses in MCF10A 

cells, 0.3x the median p53 level was set as a threshold for reducing local maxima and minima. 

After that, a watershed algorithm was used to find peaks. Finally, the fraction of cells showing 

a distinct number of pulses could be calculated. This method also enables to analyze and 

compare certain features of p53 pulses like amplitude, timing or duration of pulses.  

4.4.3 Calculating maximum p53 values 

For each condition of interest, the maximum value of each single cell trajectory over a defined 

time frame was used to calculate the median “max p53” value. 

4.4.4 Effect sizes and confidence intervals 

First, effect sizes were determined by substracting the medians of the two conditions that were 

compared for each time point. Permutation testing was applied in order to estimate significance 

of the results. To this end, 1000 permutations were performed to calculate the corresponding 

95% confidence intervals.  
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4.4.5 Area under the curve 

Since p21 dynamics, due to their heterogeneity, are less easy to classify according to certain 

features, the area under the curve (AUC) throughout all the time points was used as a measure 

for the p21 response. First, the background was determined as the lowest value for each single 

cell trajectory and substracted from all the values to minimize noise. Next, trajectories were 

integrated using the trapezoidal method. This enables to determine the AUC by subdividing 

the area under the integral into trapezoids with more easily computable areas. Finally, the 

median values of the single cell AUCs were used to be able to compare AUCs of different 

conditions.  

4.4.6 Coefficient of variation 

The coefficient of variation was used as a measure to estimate heterogeneity in the p53 

response after certain treatments. For the condition of interest, the standard deviation for each 

time point using all the values derived from single cell measurements was calculated and 

divided by the mean. Like this, different conditions could be compared according to their 

coefficients of variation over time.  

4.5 Harvesting  

In order to harvest cells for qRT-PCR or Western blot analysis, 5-6x 105 cells were seeded in 

a 6 cm petri dish 2 d prior to harvesting. After the respective inhibitor, ligand and IR treatment, 

cells were put on ice and medium was aspirated. Cells were washed with 2 ml ice-cold 1x PBS 

containing 50 mM sodium fluoride (and 50 nM Panobinostat for analysis of acetylated p53) and 

harvested in two steps in a total of 2 ml of the prepared 1x PBS mix with a cell scraper. After 

the cells were transferred to a 2 ml microcentrifuge tube, cells were centrifuged for 5 min and 

5000 rpm at 4 °C. Supernatant was aspirated, cells were frozen in liquid nitrogen and cell 

pellets were stored at -80 °C. 

4.6 RNA extraction and cDNA synthesis 

For isolation of RNA, pellets of harvested cells (4.5) were treated with the High Pure RNA 

isolation Kit (Roche) following the manufacturer’s protocol. The RNA concentration was 

determined using a UV-Vis spectrophometer (NanoDrop 2000c, Thermo Fisher Scientific). 

Depending on the concentration of RNA, up to 1 µg of total RNA was used for generation of 

complementary DNA (cDNA). Leftover RNA was stored at -80 °C and eventually used again 

for cDNA generation when needed.  
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Table 6: Reaction mix for the first step of cDNA synthesis  

 Reagent Volume Manufacturer 

RNA (500 ng - 1 µg) Less than 9 µl - 

Oligo d(T)23 VN (50 µM)  2 µl New England Biolabs 

dNTP solution mix (10 mM)  1 µl New England Biolabs 

DEPC-treated H2O  Ad 12 µl Carl Roth 

After mixing these components in a PCR reaction tube, they were incubated for 5 min at 70 °C 

in the thermocycler (Peqlab, VWR). Next, the following reagents were added: 

Table 7: Reaction mix for the second step of cDNA synthesis 

Reagent Volume Manufacturer 

5x ProtoScript II Buffer 4 µl New England Biolabs 

DTT (0.1 M)  2 µl New England Biolabs 

ProtoScript II Reverse Transcriptase  1 µl New England Biolabs 

RNase Inhibitor, murine 1 µl New England Biolabs 

The resulting mix was incubated for 1 h at 42 °C in the thermocycler. After that, the enzymes 

were inactivated by heat for 5 min at 80 °C. The generated cDNA was diluted 1:10 with 180 µl 

DEPC-treated H2O and stored at -20 °C until the qRT-PCR experiment was performed. 

4.7 qRT-PCR 

Quantitative reverse transcriptase-PCR (qRT-PCR) was performed in triplicates in MicroAmp 

Fast 96-well reaction plates (0.1 ml). A primer mix with a final concentration of 243.2 nM for 

each primer was prepared using 6.4 µl forward primer (100 µM), 6.4 µl reverse primer  

(100 µM) and 987.2 µl DEPC-treated H2O. The final reaction mix for the qRT-PCR was 

consisting of the following components: 

Table 8: Reaction mix for qRT-PCR 

Reagent Volume Manufacturer 

cDNA 3 µl - 

Primer mix  9.5 µl - 

Power Up SYBR Green Master Mix 12.5 µl 

Applied Biosystems, 

Thermo Fisher Scientific 
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qRT-PCR was performed using a StepOnePlus PCR machine (Applied Biosystems, Thermo 

Fisher Scientific). The thermal profile of the PCR reaction was as follows: 

Table 9: qRT-PCR protocol  

Stage Temperature Time Cycles 

Holding 95 °C 10 min  

Cycling  95 °C 15 s 

x40 

 60 °C 1 min 

To determine the levels of gene expression, the ΔΔCT method was applied. 

Table 10: List of oligonucleotide primers used for qRT-PCRs during the thesis 

All primers were purchased and synthesized by Eurofins Genomics. 

Target  Sequence 5’3’ 

ACTB/β-actin forward 

reverse 

GGC ACC CAG CAC AAT GAA GAT CAA 

TAG AAG CAT TTG CGG TGG ACG ATG 

B2M forward 

reverse 

CCA CTG AAA AAG ATG AGT ATG CCT 

CCA ATC CAA ATG CGG CAT CTT CA 

BRD4 forward 

reverse 

GTG GGA GGA AAG AAA CAG GGA CA 

AGG AGG AGG ATT CGG CTG AGG 

GADD45A forward 

reverse 

GCA ATA TGA CTT TGG AGG AAT TCT C 

TGA CTC AGG GCT TTG CTG 

MDM2 forward 

reverse 

GAT GAA AGC CTG GCT CTG TGT GT 

TTC GAT GGC GTC CCT GTA GAT TCA 

CDKN1A/p21 forward 

reverse 

TGG ACC TGT CAC TGT CTT GT 

TCC TGT GGG CGG ATT AG 

TP53/p53 forward 

reverse 

TGA CTG TAC CAC CAT CCA CTA 

AAA CAC GCA CCT CAA AGC 

PML forward 

reverse 

AGA CTC AGA TGC CGA AAA CTC 

GGT CAG CAA GGT TCT CGT C 

BBC3/PUMA forward 

reverse 

CGA CCT CAA CGC ACA GTA CG 

GGG TGC AGG CAC CTA ATT GG 
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Target  Sequence 5’3’ 

PMAIP1/NOXA forward 

reverse 

GGA GAT GCC GCC TGG GAA GAA G 

TGC CGG AAG TTC AGT TTG TC 

STAT3 forward 

reverse 

AGC TAC AGC AGC TTG ACA C 

CAC CAA AGT GGC ATG TGA TTC 

STAT6 forward 

reverse 

AAT GGC GCA CCG TTT GAG 

GAC GAG GGT TCT CAG GAC TTC 

PPM1D/Wip1 forward 

reverse 

ATA AGC CAG AAC TTC CCA AGG 

TGG TCA ATA ACT GTG CTC CTT C 

4.8 Protein extraction 

50 µl RIPA lysis buffer (50 mM Tris, 100 mM NaCl, 1% Triton X-100, 0.5% Na-Deoxycholate 

and 0.1% SDS) mixed with 1% protease inhibitor cocktail plus (Carl Roth), 1% phosphatase 

inhibitor cocktail (Sigma-Aldrich), 50 mM sodium fluoride, 1 mM sodium orthovanadate and 50 

nM Panobinostat (for analysis of acetylated p53) was added to harvested cell pellets (4.5). For 

mechanical cell lysis, reaction tubes were scratched 20x over a rack. After that, cells were 

lysed on ice for 20 min. Next, samples were centrifuged for 30 min at 13300 rpm at 4°C. After 

centrifugation, proteins in the supernatant were transferred to a new reaction tube. In order to 

reduce denaturation of proteins, the reaction tubes were kept on ice at all times. Proteins were 

quantified via Bradford protein assay using 1x Roti-Nanoquant reagent (Carl Roth).  

4.9 Western blot 

For denaturation of proteins, 15-25 µg of protein were incubated together with 1x NuPage LDS 

Sample Buffer (Thermo Fisher Scientific) and 50 mM DTT as reducing agent for 10 min at 

70 °C. Then, proteins were separated by polyacrylamide gel electrophoresis using either pre-

casted 4-12% Bis-Tris gradient gels (Thermo Fisher Scientific) or gels that were casted 

according to the protocol in Table 11. 

2-5 µl of Precision Plus Protein Dual Color Standards (Bio-Rad) was used as a marker for 

estimation of protein sizes. The gel was running at 40 mA for around 2 h using the Mini Trans-

Blot Cell System (Bio-Rad) with electrophoresis buffer (250 mM Tris/HCl, 2 M glycine, 5% 

SDS). Importantly, for analysis of acetylated p53, 50 nM Panobinostat was added to the 

electrophoresis buffer, blotting buffer and TBS/0.1% Tween 20 (TBS-T). After separation of 

proteins, they were transferred from the gel to a polyvinylidene difluoride (PVDF) membrane 

(Thermo Fisher Scientific) at 200 mA for 1 h 30 min using transfer buffer (25 mM Tris, 192 mM 

glycine, 20% methanol). To saturate unspecific binding sites, the membrane was blocked with 

5% powdered milk (Carl Roth) or 5% BSA (Carl Roth) in TBS-T for 1 h. Then, the membrane 
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was incubated with the primary antibody diluted in the desired concentration (Table 12) over 

night at 4 °C. The next day, the membrane was washed 4x for 5 min with TBS-T. After that, 

the membrane was incubated with the secondary antibody (diluted 1:10000 in 5% powdered 

milk in TBS-T) for 1 h at RT. Importantly, the secondary antibodies were coupled to horse 

radish peroxidase (HRP), which enabled detection of the proteins using chemiluminescence. 

After another 4x washing for 5 min with TBS-T, proteins were detected with the Amersham 

ECL Prime Western Blotting Detection Kit (GE Healthcare) following the manufacturer’s 

instructions. Images were acquired using the Fusion Fx documentation system (Vilber 

Lourmat). ImageJ was used for quantification of bands. 

Table 11: Protocol for casting polyacrylamide gels 

4x Separation gel (10%/12.5%) Volume 4x Stacking gel (4%) Volume 

Solution B (1.5 M Tris, 14 mM 

SDS, H2O ad 1 l, pH = 8.8) 

9 ml Solution C (495 mM Tris, 14 mM 

SDS, H2O ad 1 l, pH = 6.8) 

3.8 ml 

H2O 15 ml/12 ml H2O 9 ml 

Acrylamide 12 ml/15 ml Acrylamide 2.2 ml 

10% Ammonium persulfate 

(APS) 

200 µl 10% Ammonium persulfate 

(APS) 

100 µl 

Tetraethylmethylenediamine 

(TEMED) 

20 µl Tetraethylmethylenediamine 

(TEMED) 

40 µl 

 

Table 12: Primary and secondary antibodies used for Western blot analysis 

Milk/BSA in the dilution section refers to 5% powdered milk in TBS-T/5% BSA in TBS-T. 

Target # antibody Manufacturer Dilution 

β-actin A5316 Sigma-Aldrich 1:10000 in milk 

Chk2 (pThr68) cs 2661 Cell Signaling 1:1000 in BSA 

GAPDH G9545 Sigma-Aldrich 1:10000 in milk 

Mdm2 SMP14, sc-965 Santa Cruz Biotechnology 1:200 in milk 

p21 12D1, cs 2947 Cell signaling 1:1000 in BSA 

p53 (monoclonal) DO-1, sc-126 Santa Cruz Biotechnology 1:5000 in milk 

p53 (polyclonal) cs 9282 Cell Signaling 1:1000 in milk 

p53 (acLys382) ab75754 abcam 1:2500 in BSA 
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Target # antibody Manufacturer Dilution 

STAT1 sc-136229 Santa Cruz Biotechnology 1:200 in BSA 

STAT3 (pTyr705) cs 9131 Cell Signaling 1:1000 in BSA 

STAT6 (pTyr641) cs 9361 Cell Signaling 1:1000 in BSA 

Wip1 H-300, sc-20712 Santa Cruz Biotechnology 1:1000 in milk 

α-mouse IgG, HRP 31410 Thermo Fisher Scientific 1:10000 in milk 

α-rabbit IgG, HRP 31460 Thermo Fisher Scientific 1:10000 in milk 

4.10 Immunofluorescence 

2x 105 cells/well were seeded on glass coverslips coated with poly-L-lysine (Sigma-Aldrich) in 

6-well plates 2 d prior to the experiment. After the corresponding treatment, cells were washed 

with 1 ml 1x PBS and fixed with 1 ml 2% paraformaldehyde in 1x PBS for 10 min under the 

fume hood. After that, cells were washed 3x 5 min with 1x PBS and eventually stored at 4 °C, 

while covered with 1x PBS. For permeabilization, cells were treated with 1 ml 0.1 % Triton  

X-100 (Carl Roth) in 1x PBS for 20 min. Next, cells were blocked with 1 ml of 10% goat serum 

(PAN-Biotech) in 1x PBS for 30 min. After the blocking step, cells were incubated with the 

primary antibody in the desired dilution in 1% BSA in 1x PBS in a humidified chamber for 1 h. 

Then, cells were washed 3x 5 min with 0.1 % Triton X-100 and incubated with the secondary 

antibody using a 1:500 dilution in 1% BSA in 1x PBS in a humidified chamber for 30 min. 

Starting with the secondary antibody incubation, the coverslips were kept in the dark. After 

washing the cells 3x 5 min with 0.1 % Triton X-100, the nuclei were stained with 0.5 ml 2 µg/ml 

Hoechst 33342 (Invitrogen) for 5 min. In the following, cells were washed with 1x PBS and 

then dipped in H2O to remove residual salts. The coverslips were embedded on microscopy 

slides using Prolong Antifade (Thermo Fisher Scientific). Images were acquired using a 20x 

Plan Apo objective (NA 0.75) and the appropriate filter sets (DAPI: 387/11 nm EX, 409 nm BS, 

447/60 nm EM, YFP: 500/24 nm EX, 520 nm BS, 542/27 nm EM, Cy5: 620/60 nm EX, 660 nm 

BS, 700/75 nm EM). Automated segmentation was done using Matlab (R2016b, MathWorks) 

and algorithms from CellProfiler (Carpenter et al., 2006). 

Table 13: Primary and secondary antibodies used for immunofluorescence 

Target # antibody Manufacturer Dilution 

p53 DO-1, sc-126 Santa Cruz Biotechnology 1:250 in 1% BSA/1x PBS 

p65 C-20, sc-372 Santa Cruz Biotechnology 1:50 in 1% BSA/1x PBS 
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Target # antibody Manufacturer Dilution 

α-mouse IgG, 

Alexa Fluor 647 

A-21236 Thermo Fisher Scientific 1:500 in 1% BSA/1x PBS 

α-rabbit IgG, 

Alexa Fluor 488 

A-11034 Thermo Fisher Scientific 1:500 in 1% BSA/1x PBS 

4.11 siRNA transfection 

In order to perform a knockdown of a desired target gene, 20-24 h prior to transfection 4x 105 

cells were seeded in a 6-well plate. The day of transfection, the appropriate amount of siRNA 

was added to 250 µl pre-warmed Opti-MEM reduced serum medium (Thermo Fisher 

Scientific). To increase knockdown efficiency with Brd4 siRNA, seeding and transfection was 

performed together, meaning that cells were not attached to the plate yet at the time point of 

transfection. 7.5 µl TransIT-X2 reagent (Mirus) was added to the mix and incubated for 25 min. 

Finally, the TransIT-X2-siRNA mixture was added dropwise to the cells and distributed by 

rocking the plate gently. 1 d after transfection, cells were seeded for the respective experiments 

(live-cell microscopy and harvesting for qRT-PCR). The experiments were performed 3 d after 

transfection. 

Table 14: concentrations and sequences of siRNAs used for knockdown experiments 

Target siRNA type Manufacturer Used concentration 

Brd4 ON-TARGETplus, 

SMARTPool 

Horizon Discovery 50 nM 

STAT3 Silencer Select, s743 Thermo Fisher Scientific 25 nM 

STAT6 Silencer select, s13540 Thermo Fisher Scientific 25 nM 

4.12 Transfection for CRISPR/Cas9-mediated gene editing 

In order to introduce a p53-knockout in an existing p21 reporter cell line (Figure 5C), an 

established protocol was used (Schmidt, 2020). According to that, a blasticidin resistance gene 

should be knocked in and interrupt the TP53 locus. Positive clones could be identified via 

selection with blastidicin-containing medium. To this end, 20-24 h before transfection, 2.5x 105 

cells/well were seeded in a 12-well plate. The next day, 1 h before the transfection, medium 

was exchanged with fresh growth medium. For the transfection, 50 µl pre-warmed Opti-MEM 

reduced serum medium (Thermo Fisher Scientific) was mixed with a total of 1 µg DNA, 

consisting of 50 ng repair template (blasticidin resistance gene flanked by 50 nt homology 

arms), 475 ng of a sgRNA-coding plasmid (pCR096) and 475 ng of a Cas9-coding plasmid 

(pCR001). Furthermore, 2 µl of P3000 reagent from the Lipofectamine 3000 Kit (Invitrogen) 

was added. After pipetting up and down, the mix was incubated for 5 min at RT. Next, in 
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another reagent tube, 50 µl of pre-warmed Opti-MEM reduced serum medium (Thermo Fisher 

Scientific) were mixed with 3 µl Lipofectamine 3000 reagent. Then, both mixtures were 

combined and mixed by pipetting up and down. After 15 min of incubation at room temperature, 

the mixture was added dropwise to the cells and distributed by rocking the plate gently. 3 d 

after transfection, cells were transferred to a 20 cm petri dish in medium containing blasticidin 

for selection of positive integration. The medium was changed 2x per week. After colonies 

were visible (around three weeks after transfection), monoclonal colonies were transferred into 

single wells of a 24-well plate. Whenever cells were grown confluent, they were transferred to 

bigger plates in order to expand the cell population. To analyze the cells genetically for positive 

insertion – and if the insertion was homo- or only heterozygous – direct PCR was performed 

using the Phire Tissue direct PCR Kit (Thermo Fisher Scientific). To this end, 20 µl of 

trypsinized cells were centrifuged. Cell pellets were resuspended in 20 µl Dilution buffer and 

stored at -20 °C. Direct PCRs were performed as follows: 

Table 15: Reaction mix for direct PCR 

Reagent Volume 

Template DNA 5 µl 

Forward primer (10 pmol/µl) 0.6 µl 

Reverse primer (10 pmol/µl)  0.6 µl 

Betaine 3.8 µl 

2x Direct PCR Master Mix 10 µl 

 
Table 16: Direct PCR program 

Stage Temperature Time Cycles 

Initial denaturation 98 °C 3 min  

Denaturation 98 °C 15 s  

Annealing 65-50 °C 30 s 16x [-1 °C/cycle] 

Elongation 72 °C 2 min  

Denaturation 98 °C 15 s  

Annealing 50 °C 30 s 24x 

Elongation 72 °C 1 min 10s  

Final elongation 72 °C 10 min  
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Used primers (PID 1104: TGA GTG ACA GAG CAA GAC CCT ATC and PID 1105: TAG GGC 

ACC ACC ACA CTA TGT C) bind to TP53 around the desired cleavage site resulting in 

amplification of a short fragment in case of no integration and a long fragment in case of 

positive integration. After gel analysis (Figure S 12), positive clones were determined and 

further analyzed via live-cell microscopy (4.2) and Western blot (4.10) for complete knockout 

of the p53 protein (Figure 25C-D).   
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6. Appendix 

6.1 Abbreviations 

°C Degree Celsius 

APS Ammonium persulfate 

ARF Alternative reading frame protein 

ATM Ataxia-telangiectasia mutated 

ATR ATM and Rad3-related 

au Arbitrary units 

AUC Area under the curve 

BBC3 Bcl-2 binding component 3 

BET Bromodomain and extra-terminal domain 

BS Dichroic beam splitter 

BSA Bovine serum albumin 

CBP CREB-binding protein 

CBX5 Chromobox protein homolog 5 

CD45 Cluster of differentiation 45 

cDNA Complementary DNA 

CDKN1A Cyclin-dependent kinase inhibitor 1A 

CFP Cyan fluorescent protein 

Chk1 Checkpoint kinase 1 

Chk2 Checkpoint kinase 2 

cm Centimeter 

CO2 Carbon dioxide 

CREB cAMP response element-binding protein 

CRISPR Clustered regularly interspaced short palindromic repeats 

CTD C-terminal regulatory domain 

ctrl Control 

d Day 
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DBD DNA binding domain 

DDR DNA damage response 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonucleic acid 

DNA-PKcs DNA-dependent protein kinase catalytic subunit 

DSB DNA double-strand break 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

EM Emission 

EMT Epithelial-to-mesenchymal transition 

ERK Extracellular signal-regulated kinase 

EX Excitation 

FCS Fetal calf serum 

GADD45a Growth arrest and DNA-damage-inducible protein a 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

Gy Gray 

h Hour 

H2O Water 

HAT Histone acetyltransferases 

HDAC Histone deacetylase 

HDM Histone demethylases 

HMT Histone methyltransferases 

Hsp70 Heat shock protein 70 

i Inhibitor/inhibition 

IC50 Half-maximal inhibitory concentration 

IFN Interferon 

IκBα Inhibitor of κ light chain gene enhancer in B cells α 
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IKK IκB kinase 

IL Interleukin 

IPI Inter-peak-interval 

IR Ionizing radiation 

JAK Janus kinase 

K Lysine 

keV Kiloelectron volt 

K-Ras Kirsten rat sarcoma virus 

l Liter 

LPS Lipopolysaccharide 

mA Milliampère 

Mdm2 Mouse double minute 2 homolog 

MdmX Murine double minute X 

min Minute 

µg Microgram 

mg Milligram 

µl Microliter 

ml Milliliter 

µM Micromolar 

mM Millimolar 

µm Micrometer 

mRNA Messenger RNA 

MT(p) Metallothionein (promoter) 

Msn2 Multicopy suppressor of SNF1 mutation protein 2 

NaCl Sodium Chloride 

NEMO NF-κB essential modulator 

NF-κB Nuclear factor-κ B 

ng Nanogram 
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NGF Nerve growth factor 

nM Namomolar 

nuc/cyt Nuclear-to-cytoplasmic 

ODE Ordinary differential equations 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PI3K Phosphoinositide-3-kinase 

PIAS Protein inhibitors of activated STAT 

PMAIP1 Phorbol-12-Myristate-13-Acetate-Induced Protein 1 

PML Promyelocytic leukemia protein 

pmol picomole 

PR Proline-rich region 

PTEN Phosphatase and tensin homolog 

PTM Posttranslational modification 

PUMA p53 upregulated modulator of apoptosis 

PVDF Polyvinylidene difluoride 

qRT-PCR Quantitative reverse transcriptase-PCR 

RE Response element 

RFP Red fluorescent protein 

RNA Ribonucleic acid 

RNAseq RNA sequencing 

RPKM Reads per kilobase of transcript per million mapped reads 

rpm Revolutions per minute 

S Serine 

s Second 

SCF Skp, Cullin, F-box containing 

SDS Sodium dodecyl sulfate 

SET8 SET domain-containing 8 



 

 

122 

SGC Structural Genomics Consortium 

SH2 Src homology 2 

siRNA Small interfering RNA 

Smyd2 SET and MYND domain-containing 2 

SOCS Suppressor of cytokine signaling 

ss Single-stranded 

STAT Signal transducers and activators of transcription 

SV40 Simian virus 40 

UbC(p) Ubiquitin C (promoter) 

UV Ultraviolet 

TAD Transactivation domain 

TBS Tris-buffered saline 

TBS-T Tris-buffered saline with Tween 20 (Polysorbate 20) 

TEMED Tetraethylmethylenediamine 

TET Tetramerization domain 

TGFβ Transforming growth factor β 

Thr Threonine 

TME Tumor microenvironment 

TNFα Tumor necrosis factor α 

Tris Tris(hydroxymethyl)aminomethane 

Tyr Tyrosine 

U Unit 

V Volt 

v/v Volume per volume 

Wip1 Wildtype p53-induced phosphatase 

YFP Yellow fluorescent protein 
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6.4 Supplementary figures 

 

Figure S 1: L1 regularization-based evaluation of subpopulation-specific parameters 

The parameters correspond to the six biochemical processes that were assumed to be subpopulation-specific. The 

processes include basal transcription of the Mdm2 gene (βmt), translation of Mdm2 mRNA (βmtm), synthesis of p53 

(βp), activation of ATM (βs), basal transcription of the Wip1 gene (βwt) and translation of Wip1 mRNA (βwtw). 

Subpopulation-specific parameters are represented by colored dots. Each color denotes an individual 

subpopulation. Parameters with a value close to zero are identified by L1 regularization as unspecific (circles). 

 

Figure S 2: Fitting parameter triplets to the perturbation data 

A Each dot represents a combination of parameter pairs (light red) or triplets (dark red) and the corresponding 

discrepancy between simulation and experimental data. B The plots show simulations of three representative 

parameter combination fits, resulting in different fit qualities. 
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Figure S 3: Simulations of the 30 best ranked parameter combination fits 

The black line with dots represents the peak-based mean. The red line depicts the simulation of the specified 

parameter combination fit. For a more compact visualization, the peak-based mean and the simulation of individual 

subpopulations is represented by the weighted mean, which is determined by averaging over all subpopulations. 

The weight is derived from the number of cells assigned to a subpopulation. 

 

Figure S 4: Time-variant IKK2 inhibition used to validate the 30 best ranked parameter combinations 

The experimental data (black dots) shows mean p53 dynamics upon IR and IKK2 inhibition at the specified time 

points. Simulations of four selected parameter combinations are represented by the colored lines, denoting the 

weighted mean of subpopulation dynamics. The index of each parameter combination derived from the 

corresponding summarized log10 χ2 value (Figure 14) is given by the number in brackets. 
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Figure S 5: Live-cell microscopy screening assay reveals only minor changes in the primary p53 response 

upon interleukin treatment 

Nuclear p53 levels were determined in live-cell time-lapse microscopy. Cells were treated with interleukin 1 h prior 

to irradiation with 5 Gy X-rays. Quantification of the highest p53 levels during the primary response (first pulse,  

0-5 h post IR) in single cells treated with the indicated IL concentration. Red lines represent the medians, boxes 

include data between the 25th and the 75th percentiles. Whiskers span to maximum values within 1.5x the 

interquartile range. Note that data from three independent experiments were combined; some ILs were used with 

an additional concentrations of 5 ng/ml. Data derived from IL-19 treatment could not be assessed in the initial 

screening due to technical reasons, but IL-19 was included in the final screening (Figure S 8). 
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Figure S 6: Screening assay shows changes in the secondary p53 response upon interleukin treatment 

Nuclear p53 levels were determined in live-cell time-lapse microscopy. Cells were treated with interleukin 1 h prior 

to irradiation with 5 Gy X-rays. Quantification of the highest p53 levels during the secondary response (second and 

following pulses, 5-24 h post IR) in single cells treated with the indicated IL concentration. Red lines indicate the 

medians, boxes include data between the 25th and the 75th percentiles. Whiskers span to maximum values within 

1.5x the interquartile range. Note that data from three independent experiments were combined; some ILs were 

used with an additional concentrations of 5 ng/ml. Data derived from IL-19 treatment could not be assessed in the 

initial screening due to technical reasons, but IL-19 was included in the final screening (Figure S 8).  
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Figure S 7: The observed effect of IL-4 treatment can be increased upon 10 Gy IR 

Median trajectories of nuclear p53 levels over time were determined via live-cell microscopy (left panel). Cells were 

treated with IL-4 1 h prior to irradiation with 5 or 10 Gy X-rays (t=0 h). The right panel shows the effect sizes (Δp53, 

thick lines) and the 95% confidence intervals (thin lines) of the condition upon IL-4 treatment in relation to the 

respective control condition (ctrl) with the corresponding IR dose. 

 

Figure S 8: Figure description on the next page. 



 

 

132 

Figure S 8: Minor effects of interleukin treatment on the p53 response to IR in small-scale screening assay 

A-I Median trajectories of p53 levels over time after 10 Gy IR (at t=0 h) and treatment with the respective interleukin 

at a concentration of 10 ng/ml 1 h prior to IR. The lower panels demonstrate the calculated effect sizes (Δp53, thick 

lines) and the 95% confidence intervals (thin lines) as determined by permutation testing of the respective 

experiments. Note that all the data (together with data from Figure 19 and Figure S 9) derive from one single 

experiment. 

 

 

Figure S 9: Slight changes in the p53 response upon interleukin treatment were revealed in a small-scale 
screening assay 

A-F Median trajectories of p53 levels over time after 10 Gy IR (at t = 0 h) and treatment with the respective interleukin 

at a concentration of 10 ng/ml 1 h prior to IR. The lower panels demonstrate the calculated effect sizes (Δp53, thick 

lines) and the 95% confidence intervals (thin lines) as determined by permutation testing of the respective 

experiments. Note that all the data (together with data from Figure 19 and Figure S 8) derive from one single 

experiment. 
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Figure S 10: No effect of IL-4 or IL-6 treatment upon STAT6 or STAT3 knockdown, respectively 

A-B Median trajectories of p53 levels upon treatment with IL-4 (A) or IL-6 (B) 1 h prior to irradiation with 10 Gy  

X-rays. siRNA-mediated knockdown using siRNA against STAT6 or STAT3 was performed according to Figure 22. 

The lower panels demonstrate the calculated effect sizes (Δp53, thick lines) in relation to the NT control and the 

95% confidence intervals (thin lines). 

 

 

Figure S 11: IL-4, but not IL-6 displays effects on the p53 response upon Mdm2 inhibition 

A-B Cells were stimulated with IL-4 (A) or IL-6 (B) 1 h prior to IR with 10 Gy X-rays at t=0 h. Additionally, 5 µM 

Nutlin-3 was added 5 h post IR. Median p53 levels were measured for 24 h using time-lapse microscopy. Data from 

two independent experiments were combined. The lower panels show the effect sizes (Δp53, thick lines) and the 

95% confidence intervals (thin lines).  
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Figure S 12: Used p53 knockout cell line contains a heterozygous integration of blastidicin and a deletion 
in the other allele 

A Results of direct PCR (Table 16) for clone 2 (c2) and clone 3 (c3) as well as wildtype cells (-) serving as a negative 

control. The band visible at around 1800 bp indicates integration of blasticidin for both clones, while a band at  

566 bp would indicate no integration. Both clones show a band lower than 566 bp, which suggests a deletion at the 

locus instead of integration. B For clone 3, the band lower than 566 bp was cut out of the gel, DNA was purified 

and send to sequencing (Eurofins). Sequencing results of clone 3 revealed a deletion leading to a frameshift, which 

results in no expression of p53 protein at all (Figure 25C). 
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Figure S 13: Screening using 5 µM inhibitor and 5 Gy IR reveals that epigenetic modifiers influence the p53 

response in different ways  

Nuclear p53 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 5 Gy IR at t=2.5 h upon treatment with different inhibitors (5 µM) 2 h prior to IR. The Mdm2 

inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only medium 

or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured 

median p53 levels [au]. 
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Figure S 14: The impact of different epigenetic modifiers on p21 levels analysed in a large-scale screening 

assay using 5 µM inhibitor and 5 Gy IR 

Nuclear p21 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 5 Gy IR at t=2.5 h upon treatment with different inhibitors (5 µM) 2 h prior to IR. The Mdm2 

inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only medium 

or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured 

median p21 levels [au]. 
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Figure S 15: Screening assay using 1 µM inhibitor and 10 Gy IR shows the impact of different epigenetic 

modifiers on the p53 response 

Nuclear p53 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 10 Gy IR at t=2.5 h upon treatment with different inhibitors (1 µM) 2 h prior to IR. The 

Mdm2 inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only 

medium or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the 

measured median p53 levels [au]. 
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Figure S 16: Changes in p21 levels upon 1 µM inhibitor treatment and 10 Gy IR 

Nuclear p21 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 10 Gy IR at t=2.5 h upon treatment with different inhibitors (1 µM) 2 h prior to IR. The 

Mdm2 inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only 

medium or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the 

measured median p21 levels [au]. 
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Figure S 17: Screening reveals changes in the p53 response upon addition of 5 µM inhibitor against different 

epigenetic modifiers and 10 Gy IR 

Nuclear p53 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 10 Gy IR at t=2.5 h upon treatment with different inhibitors (5 µM) 2 h prior to IR. The 

Mdm2 inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only 

medium or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the 

measured median p53 levels [au]. 
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Figure S 18: The impact of different epigenetic modifiers on the p21 response analysed in a large-scale 

screening assay using 5 µM inhibitor and 10 Gy IR 

Nuclear p21 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were irradiated with 10 Gy IR at t=2.5 h upon treatment with different inhibitors (5 µM) 2 h prior to IR. The 

Mdm2 inhibitor Nutlin-3 (5 µM) was used as a positive control. Several negative controls were included using only 

medium or medium with DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the 

measured median p21 levels [au]. 
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Figure S 19: Screening assay shows effects of different epigenetic modifiers on the p53 response upon 

addition of 1 µM inhibitor and 0 Gy IR 

Nuclear p53 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were treated with different inhibitors (1 µM) 0.5 h after start of the experiment. The Mdm2 inhibitor Nutlin-3  

(5 µM) was used as a positive control. Several negative controls were included using only medium or medium with 

DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured median p53 

levels [au]. 
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Figure S 20: The influence of epigenetic modifiers on the p21 response using 1 µM inhibitor and 0 Gy IR 

Nuclear p21 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were treated with different inhibitors (1 µM) 0.5 h after start of the experiment. The Mdm2 inhibitor Nutlin-3  

(5 µM) was used as a positive control. Several negative controls were included using only medium or medium with 

DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured median p21 

levels [au]. 
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Figure S 21: The impact of different inhibitors against epigenetic modifiers on the p53 response using a 

concentration of 5 µM inhibitor and 0 Gy IR 

Nuclear p53 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were treated with different inhibitors (5 µM) 0.5 h after start of the experiment. The Mdm2 inhibitor Nutlin-3  

(5 µM) was used as a positive control. Several negative controls were included using only medium or medium with 

DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured median p53 

levels [au]. 
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Figure S 22: The impact of different epigenetic modifiers on the p21 response analysed in a large-scale 

screening assay using 5 µM inhibitor and 0 Gy IR 

Nuclear p21 levels were measured over a time frame of 24 h using live-cell time-lapse microscopy. MCF10A reporter 

cells were treated with different inhibitors (5 µM) 0.5 h after start of the experiment. The Mdm2 inhibitor Nutlin-3  

(5 µM) was used as a positive control. Several negative controls were included using only medium or medium with 

DMSO. All controls are marked with bold letters. The numbers in the color bar reflect the measured median p21 

levels [au]. 

 

Figure S23: Figure description on the next page. 
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Figure S 23: No changes in p53 and p21 levels after titration of the inactive compound (-)-JQ1 

MCF10A reporter cells were treated with different concentrations of (-)-JQ1 or DMSO (ctrl) 2 h prior to 5 Gy IR (IR 

at t=2.5 h). Median trajectories of p53 and p21 levels were determined over time using live-cell microscopy.  

 

Figure S 24: Clustered screening results using 5 µM inhibitor and 5 Gy IR according to p53 and p21 

A Normalized nuclear p53 and p21 levels upon 5 µM inhibitor treatment 2 h prior to 5 Gy IR were determined over 

time and clustered using dynamic time warping as a distance measure. B The relative distribution into the five 

clusters of the inhibitor-treated conditions in relation to the control conditions was assessed and clustered again 

resulting in the final clusters depicted in the dendrogram. 
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Figure S 25: Dynamic time warping enables clustering of screening results using 1 µM inhibitor and 10 Gy 

IR according to the shape of p53 and p21 dynamics  

A Normalized nuclear p53 and p21 levels upon 1 µM inhibitor treatment 2 h prior to 10 Gy IR were determined over 

time and clustered using dynamic time warping as a distance measure. B The relative distribution into the five 

clusters of the inhibitor-treated conditions in relation to the control conditions was assessed and clustered again 

resulting in the final clusters depicted in the dendrogram. 
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Figure S 26: Screening results using 5 µM inhibitor and 10 Gy IR were clustered according to p53 and p21 

dynamics applying dynamic time warping 

A Normalized nuclear p53 and p21 levels upon 5 µM inhibitor treatment 2 h prior to 10 Gy IR were determined over 

time and clustered using dynamic time warping as a distance measure. B The relative distribution into the five 

clusters of the inhibitor-treated conditions in relation to the control conditions was assessed and clustered again 

resulting in the final clusters depicted in the dendrogram. 
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Figure S 27: p53 levels are reduced and p21 levels are increased upon Brd4 inhibitor treatment even at low 

concentrations 

A-B Different concentrations of the Brd4 inhibitor Mivebresib or DMSO (ctrl) were added 5 h prior to 5 Gy IR (IR at 

t=2.5 h) to MCF10A reporter cells. Median trajectories of nuclear p53 and p21 levels were determined in single cells 

using live-cell microscopy. 
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6.5 Supplementary tables 

Table S 1: Description of parameters included in the model 

Parameter Description Parameter Description 

Ts ATM-P-mediated activation 

of p53 

αmt Degradation of Mdm2 transcript 

Tw Wip1-mediated dephos-

phorylation of ATM-P 

βmt Basal transcription of Mdm2 

gene 

αm Basal degradation of Mdm2 βmtm Translation of Mdm2 transcript 

αmpa Mdm2-mediated degradation 

of activated p53 

βp Synthesis of p53 

αmpi Mdm2-mediated degradation 

of p53 

βs DSB-induced activation of ATM 

αpi Basal degradation of p53 βsp ATM-P-mediated activation of 

p53 

αs Basal dephosphorylation of 

ATM-P 

βpawt Transcription of Wip1 gene 

induced by active p53 

αsm ATM-P-induced degradation 

of Mdm2 

αwt Degradation of Wip1 transcript 

αw Basal degradation of Wip1 βwt Basal transcription of Wip1 gene 

αwpa Wip1-mediated dephos-

phorylation of active p53 

βwtw Translation of Wip1 transcript 

αws Wip1-mediated 

dephosphorylation of ATM-P 

ns ATM-P-mediated activation of 

p53 

βpamt Transcription of Mdm2 gene 

induced by active p53 

nw Wip1-mediated dephosphory-

lation of ATM-P 
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Table S 2: Cell numbers tracked in the different screening experiments 

 
Inhibitor 

 
# Cond. 

1 µM 
0 Gy 

1 µM 
5 Gy 

1 µM 
10 Gy 

5 µM 
0 Gy 

5 µM 
5 Gy 

5 µM 
10 Gy 

A-196 1 240 317 115 73 211 161 

NI-57 2 92 273 62 50 134 111 

GSK-J4 3 204 287 107 0 4 22 

OF-1 4 70 253 77 20 84 63 

CPI-637 5 105 207 70 36 27 49 

NVS-BPTF-1 6 154 267 137 47 40 134 

NVS-BPTF-C 7 81 240 76 13 20 10 

LMK-235 8 8 16 17 1 9 19 

TP-064 9 150 327 115 76 231 360 

L-Moses 10 145 194 170 88 202 209 

NI-198 11 70 173 162 66 162 129 

UNC0642 12 196 329 96 20 14 5 

I-CBP112 13 166 373 96 113 209 126 

(+)-JQ1  14 33 54 56 18 29 14 

A-395 15 394 382 122 95 99 164 

TP-472 16 191 236 168 75 51 129 

PFI-4 17 168 220 158 118 225 201 

PFI-3 18 131 221 90 25 78 50 

GSK4027 19 109 225 142 110 122 76 

Ricolinostat  20 61 91 62 14 5 28 

VinSpinIn 21 143 201 85 58 139 73 

SGC3027 22 114 173 162 184 219 248 

SGC-CBP30 23 123 154 123 131 123 98 

(R)-PFI-2 24 198 204 103 63 217 113 

SGC707 25 154 312 148 98 278 262 

UNC1999 26 176 514 195 197 363 530 

BAY-6035 27 99 243 127 131 80 175 

TP-238 28 174 277 148 103 71 154 

dBET6 29 0 9 1 0 86 36 

I-BET151  30 54 43 31 36 38 49 

PCI-34051 31 83 375 115 69 93 158 

ABBV-744 32 83 140 105 33 58 36 

TP-422 33 237 358 139 283 296 316 

GSK2801 34 100 265 118 205 132 239 

BAZ2-ICR 35 96 306 135 193 205 196 

GSK591 36 124 386 100 104 137 163 

PFI 3 5072 37 139 227 169 159 64 150 

OICR-9429  38 286 251 60 136 234 226 

SGC3027N 39 153 269 200 114 195 248 

MRK-740 40 219 516 146 186 176 212 

I-BRD9  41 126 322 169 38 3 2 

ICG-001 42 12 209 127 0 3 3 

AR-42 43 8 11 25 25 211 31 

Quisinostat 44 6 26 18 4 9 10 
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Inhibitor 

 
# Cond. 

1 µM 
0 Gy 

1 µM 
5 Gy 

1 µM 
10 Gy 

5 µM 
0 Gy 

5 µM 
5 Gy 

5 µM 
10 Gy 

BAY-299 45 35 179 74 84 20 37 

GSK6853 46 186 350 210 163 305 235 

A-366 47 111 65 105 56 63 143 

BAZ2-ICR 5266 48 226 349 167 147 146 147 

(-)-JQ-1 49 202 267 212 205 205 238 

GSK-LSD1 50 150 312 190 165 274 216 

GSK864 51 129 297 155 114 301 351 

MS-049 52 186 411 181 65 187 186 

Mivebresib 53 9 31 18 13 21 21 

Nutlin-3 54 12 73 57 3 46 73 

DMSO 55 133 286 93 54 213 242 

PLX51107 56 80 89 62 36 26 29 

BI-9564 57 138 208 105 92 207 168 

LLY-283 58 72 301 170 82 113 153 

UNC1215 59 84 364 143 138 241 180 

NVS-CECR2-1 60 16 47 173 0 13 33 

I-BRD9 61 73 283 128 137 206 142 

GSK343  62 194 298 174 262 484 477 

LP-99 63 161 213 147 111 163 158 

DMSO 64 163 197 72 80 187 195 

Tasquinimod 65 71 300 53 70 83 154 

medium 66 114 295 122 62 296 74 

medium  67 275 257 104 102 287 245 

UF010 68 102 200 97 40 31 119 

medium 69 116 195 76 80 222 189 

MS023  70 69 95 85 0 26 6 

SGC-0946 71 153 435 34 15 250 176 

BI-9564 72 197 234 124 173 165 146 

 
  

  
   

 Total 9132 17107 8178 6157 10167 10321 
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Table S 3: HDAC inhibitors used in the inhibitor screening and their corresponding IC50 values2 

Inhibitor # cond. IC50 values 

Quisinostat (HDAC1) 44 HDAC1 0.11 nM, HDAC2 0.33 nM, HDAC4 0.64 nM, 

HDAC10 0.46 nM HDAC11 0.37 nM  

AR-42 (HDAC4) 43 HDAC 30 nM 

 

LMK-235 (HDAC4) 8 HDAC4 11.9 nM 

HDAC5 4.2 nM 

Ricolinostat (HDAC6) 20 HDAC6 5 nM, >10-fold more selective than for 

HDAC1/2/3, slight activity against HDAC8, minimal 

activity against HDAC4/5/7/9/11 

PCI-34051 (HDAC8) 31 HDAC8 10 nM, >200-fold selectivity over 

HDAC1/6, >1000-fold selectivity over HDAC2/3/10 

 

Table S 4: HAT inhibitors used in the inhibitor screening and their corresponding IC50 values3 

Inhibitor # cond. IC50 values 

CPI-637 5 30/51 nM, substantial activity against BRD9 

SGC-CBP30 23 21/38 nM, 40x and 250x selectivity over the 1st BRD 

of BRD4(1) and BRD4(2) 

I-CBP112 13 151/625 nM 

PLX51107 56 Kd: 1.6 nM (BRD2-BD1), 2.1 nM (BRD3-BD1), 1.7 nM 

(BRD4-BD1), 5 nM (BRDT-BD1), 5.9 nM (BRD2-

BD2), 6.2 nM (BRD3-BD2), 6.1 nM (BRD4-BD2), 120 

nM (BRDT-BD2), ∼100 nM (CBP), ∼100 nM (EP300) 

I-BET151 

(GSK1210151A) 

BD I and BD II 

30 Pan-BET 

BRD2, BRD3 and BRD4 with 0.5 μM, 0.25 μM, and 

0.79 μM 

dBET6 

(degrader/PROTAC) 

29 BET: 14 nM 

                                                

2,3 Information about inhibitors taken from https://www.medchemexpress.com/, https://www.selleckchem.com/ and 

https://www.thesgc.org/sites/default/files/fileuploads/Brochure%20-%20SGC%20Epigenetic%20Chemical%20Pro

bes%20Feb%202020.pdf, accessed on 02/09/2020 
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Inhibitor # cond. IC50 values 

(+)-JQ1 14 Pan-BET 

BRD4 1st 2nd BRD: 50/90 nM 

Mivebresib (ABBV-075) 53 BRD4 1.5 nM 

I-BRD9 (GSK602) 41 BRD9 7.3 nM 

 

Table S 5: Evidence of IKK2-specific crosstalk 

Summary of the possible IKK2-p53 interaction nodes predicted by the model and supporting literature 

Predicted effect of IKK2 

inhibition 

Reference Description 

Reduced Mdm2-

mediated degradation 

of active p53 (αmpa) 

(Scheidereit, 2006; Hinz et al., 

2010) 

 

(Hupp et al., 1992; Batchelor 

et al., 2011; Steiert, Timmer 

and Kreutz, 2016; Ishak 

Gabra et al., 2018) 

IKK2 promotes degradation of 

p53 independently of Mdm2 

 

IKK2 phosphorylates p53 at 

S392 which leads to ubiqui-

tination by UBE4B and Mdm2-

mediated de-gradation 

Increased basal 

degradation of Mdm2 

(αm) 

(Sakaguchi et al., 1997; Kim 

et al., 2004; Du, Wu and Leng, 

2015) 

IKK2 phosphorylates Mdm2 at 

S166 which interferes with its 

translocation to the nucleus 

Reduced ATM-

dependent degrada-

tion of Mdm2 (αsm) 

(Xia et al., 2009) Suppressing NF-κB signaling by 

overexpressing a non-degra-

dable IκBα mutant causes 

increased levels of Mdm2 

Reduced ATM-

mediated activation  

of p53 (βsp) 

(Batchelor et al., 2011; Wu et 

al., 2011; Lau, Niu and Pratt, 

2012) 

Blocking the IKK2-mediated 

phosphorylation of p53 at S392 

delays the ATM-mediated phos-

phorylation of p53 at S15 
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