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ABSTRACT 

 

Transcription factors (TFs) play a pivotal role in orchestrating the cellular response 

to various environmental stresses. These specialized proteins can activate or inhibit 

the expression of specific genes, enabling cells to adapt and survive in challenging 

conditions. p53 and NF-B are two key TFs that mediate cell life/death decisions with 

opposite roles in cancer: p53 acts as a tumour suppressor, regulating cell fate after 

genotoxic stress, while NF-B promotes inflammation, survival, and chemo-

resistance. Different works show that these two TFs influence each other, and this 

crosstalk has been previously described in different cellular processes and 

phenotypes, but its precise mechanism remains unclear. Moreover, both TFs display 

a dynamic behaviour, key in regulating transcriptional programs and cell fate. The 

potential temporal dimension in their crosstalk remains largely unexplored, thus 

limiting our ability to reproduce an in vivo cancer scenario where both pathways are 

activated dynamically. 

In this work, we studied how p53 and NF-B dynamics affect each other in breast 

cancer cells using molecular biology techniques and live-cell microscopy. Our results 

support the idea of a “dynamic crosstalk” between p53 and NF-B. We found that 

triggering NF-B with pro-inflammatory cytokines perturbs both p53 oscillations after 

DNA damage and progressive nuclear accumulation after Nutlin treatment, leading 

to higher p53 levels in both cases.  This perturbation is abolished if we knock-out NF-

B’s key monomer p65 and is functional, since p53 target genes are transcribed more 

upon NF-B co-activation. A combination of smFISH experiments and mathematical 

modelling suggest that the perturbation of p53 dynamics is caused by NF-B-

mediated upregulation of the TP53 gene. This perturbation impinges DNA damage 

repair efficiency: while p53 oscillations are capable of resolving DNA damage, its NF-

B-perturbed oscillations are less efficient, thus leading to a prolonged state of DNA 

injury. 

Our characterization highlights the relevance of studying the crosstalk of 

transcriptional pathways from a dynamic perspective. It provides novel insights on 

how these two TFs mutually influence each other, and in particular, chemotherapeutic 

treatments and tumour micro-environmental cues can co-participate in cancer cell 

fate decisions. 
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1. INTRODUCTION 
 

1.1. The importance of temporal dynamics of transcription factors. 

 

A plethora of diverse stimuli and stresses destabilizes cells homeostasis, which in 

turn react by activating ad hoc transcriptional programs, for which specific proteins 

called transcription factors (TFs) are in charge. Emerging evidence highlights that 

some TFs involved in different physiological processes exhibit a complex temporal 

evolution, including rhythmic fluctuations in their abundance or activity over time. 

Interestingly, hence, many TFs cannot be represented as mere switches, but display 

elaborate dynamics and crosstalks that have crucial effects at the transcriptional 

level. Such different dynamics arise from systems called “feedback loops”, in which 

the molecular network reacts to perturbation either by reinforcing the input signal 

(positive feedback) or by countering it in the opposite direction (negative feedback) 

(Mengel et al. 2010). Such systems involve proteins regulating the activity of specific 

genes, that in turn regulate (thus inhibiting or activating) the function or the 

concentration of another protein (see Box 1).  

For example, in the context of somitogenesis, different TFs are characterized by an 

oscillatory behaviour. Notch is a TF implicated in a complex transcriptional network 

regulating morphogenesis, by integrating different temporal signals. Notch 

oscillations have been found to be crucial in the physiological mesoderm 

segmentation process, especially their asynchronicity with the oscillatory dynamics 

of another TF, Wnt (Sonnen et al. 2018) (Lloyd-Lewis et al. 2019). Notch signalling 

pathway involved other different TFs, like Hes7 (Maroto et al. 2012). By directly 

binding to the Hes7 promoter, it induces self-repression, leading to oscillatory 

dynamics (Bessho et al. 2003). When Hes7 dynamics is perturbed, somites become 

completely fused (Takashima et al. 2011), while the acceleration of Hes7 oscillations 

accelerates somite generation (Harima et al. 2013). Moreover, the speed of 

biochemical reactions governing the segmentation clock in which Hes7 is involved 

has been found to be decisive in embryo development, with differences between mice 

and humans (Matsuda et al. 2020).    

In the context of development, Hes1 is another important dynamic TF regulated by 

Notch: its oscillations are fundamental in proliferating neural progenitor stem cells, 

while Hes1 dynamics is blocked in differentiating neurons: this leads to an increase 

in the expression of pro-neural factors (Kageyama et al. 2015). 
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The circadian clock is another system in which regulatory genes are rhythmically 

activated, following the day/night period of 24 hours. Many TFs exhibiting oscillatory 

dynamics (like CLOCK, BMAL1, CRY, PER) are involved in transcriptional-translational 

feedback loops that are the core of the circadian clock (Lowrey & Takahashi, 2004) 

(Partch et al. 2014). The coupling between these TFs with several kinases and 

phosphatases (that regulate their stability and localization), are involved in the 

supervision of different processes, like metabolism, hormone secretion, and cell cycle 

(Richards & Gumz, 2013) (Droin et al. 2019). 

YAP (Yes-associated protein 1) and its paralogue TAZ (transcriptional coactivator with 

PDZ-binding motif) provide an additional interesting example. These two TFs form a 

pivotal duo involved in the regulation of organ size control, tissue homeostasis, 

tumour suppression, and mechanotransduction (Moroishi et al. 2015). Several 

studies have unveiled the dynamic nature of YAP activity, characterized by 

oscillations in its nuclear/cytosolic localization. Upon diverse mechanical cues, like 

tension and compression, YAP dynamically shuttles between the cytoplasm (where is 

quiescent) and the nucleus (where it is activated), orchestrating transcriptional 

programs related to cell stemness and its response to the microenvironment 

(Panciera et al. 2017) (Ortega et al. 2021). YAP oscillatory dynamics resulted to be 

independent of substrate stiffness, but rather on the intensity of nuclear compression 

level (Koushki et al. 2023). Moreover, it has been found that YAP activity is related 

to both its nuclear level and shuttling dynamics. (Franklin et al. 2020) demonstrated 

how protracted retention of YAP in the nucleus perturbs the transcription of its 

targets. Both YAP levels and dynamics have been identified as key parameters in 

regulating the expression of the TFs Oct4 and Nanog, that are YAP downstream 

targets involved in pluripotency maintenance and mesoderm differentiation (Meyer 

et al. 2022).  

Also in cancer biology, some TFs are characterized by oscillatory dynamics, which is 

decisive in tuning cell response to stresses. p53 and NF-B are two key players 

regulating cancer gene expression (Gudkov et al. 2011) and they both display 

oscillations in their nuclear abundance (Lev Bar-Or et al. 2000) (Hoffmann et al. 

2002)). These TFs are the two principal subjects of this PhD thesis, and their systems 

and dynamics will be discussed in the following paragraphs [2. for p53, 3. for NF-B]. 

Therefore, to precisely respond to a myriad of stimuli, cells have embraced intricate 

transcriptional networks that delicately modulate their response in accordance with 

the inputs received. The different dynamics followed by these TFs allow a fine 
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elaboration of the stimulus, orchestrating the regulation of gene expression, crucial 

in optimizing the cell's adaptive capabilities. 

 

Box 1 – Feedback loops in systems biology 

Transcriptional networks are intricate systems that govern the expression of genes in response 

to various internal and external cues and rely on feedback loops. Feedback loops have been 

found in various organisms and among different TF-proteins systems (Shen-Orr et al. 2002) and 

can be modelled via differential equations, describing how single players involved in the feedback 

may evolve in time. Feedback loops in transcriptional networks can be classified into two main 

types: negative and positive feedback loops. 

1) Negative feedback loops 

Negative feedback loops are fundamental in maintaining system stability and overcoming system 

perturbation. In this kind of loops, the output of a process inhibits or reduces the initial stimulus. 

In transcriptional networks, negative feedback loops can involve a transcription factor X that in 

turn represses its own gene expression or function: this system is called negative autoregulation 

(a) (Alon 2007). fx is a decreasing function of X and x is the degradation rate of X. Many TFs in 

E. coli and eukaryotic repressors have been shown to undergo negative autoregulation (Rosenfeld 

et al. 2002) (Lee et al. 2002). In other negative feedback loops, the protein X activates the 

transcription of another target gene Y, which, once the concentration of Y reaches a certain 

threshold, can repress the transcription of X or inhibit its activity (b) (Alon, 2007). This kind of 

network (called a two-component negative feedback loop) can be modelled with two ordinary 

differential equations and produces damped oscillations of X and Y over time. This kind of system 

can incorporate a time delay, whose effect is the emergence of oscillations within the network 

(Novák & Tyson, 2008). An example of such a system is the p53-MDM2 feedback loop, in which 

p53 promotes the transcription of MDM2, that in turn represses p53 activation: this results in 

p53-MDM2 asynchronous oscillations (Lahav et al. 2004; Lev Bar-Or et al. 2000). 

 

2) Positive feedback loops 

Positive feedback loops amplify the initial stimulus, leading to a rapid change in system 

behaviour. In biological networks, they play crucial roles in tuning the transcriptional regulatory 

system (Mitrophanov e Groisman 2008). A positive autoregulatory loop involves a TF X that 

activates its own transcription. As X accumulates, it leads to even more X production, resulting 

in a self-sustaining loop. Such systems enable slow response dynamics after the trigger and 

proportionally reach a steady state. MyoD is an example of a TF that undergoes positive 

autoregulation during embryonic stem cells differentiation into muscle cells (Osborn et al. 2011). 

Two-component positive feedback loops involve two proteins (X, Y) and can be double positive 

or double negative. This system can undergo different dynamics according to the gene activation 

state of X and Y. Positive feedback loops are often responsible for abrupt transitions in gene 

expression, driving cells from one state to another and are involved in cell differentiation and cell 

cycle regulation. An example of a two-component feedback loop is the GAL system, where Gal2p 

and Gal3p co-regulate gene expression in response to variations in galactose concentration 

(Venturelli et al. 2012). 

 

X YX

f1(X)

f2(Y)

a. b.

fx(X) and represent the time-derivative of X and Y
levels, respectively.

o f1 and f2 are specific functions regulating the
increase of Y due to X and the decrease of X due
to Y, respectively.

o 1 and 2 are the degradation rates of X and Y,
respectively.
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1.2. p53 is a dynamic transcription factor. 

 

p53 is crucial for regulating cellular response to various stresses. It forms a negative 

feedback loop with MDM2, which keeps p53 levels low in unstimulated cells. 

Activation of p53 leads to MDM2 transcription, inhibiting its own expression. This 

loop's activation or disruption results in dynamic p53 expression, essential for proper 

response to stressful stimuli. It has been shown that different p53 dynamics lead not 

only to different gene expression, but also to alternative cellular fates. Elucidating 

the interplay between p53 and MDM2 has not only improved our understanding of 

normal cellular processes, but has also shed light on such feedback loop dysregulation 

in different human cancers. In this section, we will discuss p53's role in tumour 

suppression, its dysregulation in cancer, the triggers of the p53-MDM2 loop, and the 

diverse p53 dynamic responses, with a focus on literature examples illustrating 

unique cellular reactions according to distinct p53 temporal evolution. 

 

1.2.1. p53 is a key tumour suppressor. 

Since its discovery and the first insights of its role as a tumour antigen in mice (Lane 

& Crawford, 1979) (DeLeo et al. 1979), p53 has been extensively studied over the 

last decades due to its pivotal role in tumour suppression and it is commonly called 

“the guardian of the genome” (Lane, 1992).  

Cells are continuously subjected to a plethora of different genotoxic stresses, that 

can induce DNA damage: this breaks cell homeostasis and, if not correctly repaired, 

DNA damage persistence and spreading can cause genetic mutations and the 

activation of oncogenes (Basu, 2018). To face this scenario, damage-sensing kinases 

(like ATM) activate p53. The triggered transcriptional program depends on the 

stimulus and can induce distinct cellular outcomes. Depending on the nature and the 

severity of DNA damage, p53 activates cell cycle arrest genes, like CDKN1A and 

GADD45a, that allow repair processes and damage resolution, so that the cell can 

survive (Riley et al. 2008) (Tamura et al. 2012). In case of irreversible damage, 

instead, to avoid the spread of genetic errors to daughter cells, transcriptional 

programs leading to apoptosis (via the expression of genes like PUMA and BAX) or 

senescence (via the expression of genes like CDKN1A and PAI-1) are triggered by 

p53 (Toshiyuki & Reed, 1995) (Nakano & Vousden, 2001) (Kortlever et al. 2006).  

Given its anti-tumoural role, different cancer types display a modulation or repression 

of p53 activity, blocking the activation of pro-apoptotic programs and allowing 
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proliferation. Mutations in the p53 gene (TP53) are commonly found in more than 

50% of human cancers, thus perturbing the activation of p53 transcriptional 

programs (Levine & Oren, 2009). In fact, high levels of mutp53 proteins and its 

stabilization were found to be crucial in oncogenic pathways, involving components 

of the Hsp90 chaperone machinery, a stress-induced system that promotes cancer 

cell survival (Mantovani et al. 2019). In the latter half of tumours, which includes 

different examples of breast, lung, liver cancers and haematological tumours, the 

p53 wild-type (WT) form is retained. However, its signalling pathway, and then its 

transcriptional activity, is dysregulated, for example, via the overexpression of the 

murine double minute 2 (MDM2) protein, the negative regulator of p53 (Oliner et al. 

2016) (Hou et al. 2019). The upregulation of MDM2 in these kinds of tumours has 

been found to be related to Mdm2 gene amplification, increased transcriptional-

translational levels, mRNA stability and perturbed post-translational modifications 

(Riley & Lozano 2012) (Li & Lozano, 2013) and actually decreases the effectiveness 

of conventional therapies (Hou et al. 2019). 

Since MDM2 is usually a key player in p53 inhibition in cancers retaining WT p53, in 

the last decades various attempts have been made to target MDM2-p53 interactions 

and restore p53 activity in the perspective of a therapeutic treatment (Vassilev, 

2007) (Shangary & Wang, 2008). Several molecules have been developed to bind 

the hydrophobic pocket of MDM2 (Kussie et al. 1996), thus preventing the binding 

with p53. The first classes of molecules with these properties are called Nutlins and 

were synthesized and tested in 2004: in a pioneer work it has been demonstrated 

how cells treated with these compounds display an accumulation of WT p53 and, 

consequently, its pathway activation (leading to an increase in MDM2 and p21 

proteins level) (Vassilev et al. 2004). Over the years, different new molecules 

interfering with p53-MDM2 interactions have been designed and proposed: among 

all, nine were authorized for clinical trials, frequently in conjunction with other 

therapeutics (Haronikova et al. 2021) (Zhu et al. 2022). However, resistance to 

therapy was found to be the main obstacle arising from trials and therapies based on 

MDM2 inhibition (Shen et al. 2008) (Aziz et al. 2011). Even short treatments alone 

lead to the emergence of non-responsive cell populations, characterized by new 

mutations in the TP53 gene (Michaelis et al. 2011) (Skalniak et al. 2018). New clinical 

trials and research are currently ongoing: tuning doses and timings of p53-MDM2 

inhibitors and their couplings with other tumour-specific drugs represent a future 

opportunity for these small molecules in cancer treatments.  
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To sum up, we described the pivotal role of p53 in tumour suppression and the 

modulation of its activity (or dysregulation) in different cancer types. As we shall see, 

the negative feedback loop in which p53 is involved with MDM2 is strictly related to 

p53 transcriptional activity and, consequently, to cell fate under stressful conditions. 

We will deepen into p53 activation and regulation in the following paragraphs. 

 

1.2.2. The p53-MDM2 feedback loop and its triggers.  

Given its capability to induce the expression of genes involved in cell key life/death 

decision activating senescence/apoptosis programs, in physiological conditions, p53 

is kept at low levels by its negative regulator, MDM2. Following diverse stimuli, mostly 

related to cell-intrinsic danger signals, p53-MDM2 interaction is broken, so that p53 

starts accumulating inside the nucleus where transcribes different genes. 

Importantly, one of the key target genes activated by p53 is Mdm2 itself. The 

increased expression of MDM2, in turn, promotes p53 degradation and attenuates its 

transcriptional activity, allowing cells to recover from the stress and return to 

homeostasis (Figure 1.1). The activation of p53-MDM2 feedback loop involves a 

signalling cascade that is initiated by various stress signals. Each of these stimuli 

activates specific upstream molecular players and mediators that interfere and finally 

perturb p53-MDM2 interactions, thus modulating the downstream signalling cascade.  

Hypoxia is a trigger of the p53-MDM2 feedback loop via the hypoxia-inducible factor 

1-alpha (HIF-1) mediator. Under hypoxic conditions, HIF-1 accumulates and 

directly interacts with p53, leading to post-translational modifications that stabilize 

and activate p53 (An et al. 1998) (Roe et al. 2006).  

In addition, nutrient deprivation can trigger p53 pathway via the AMP-activated 

protein kinase (AMPK) or the serine/threonine kinase (AKT), key sensors of energy 

homeostasis (Humpton & Vousden, 2016). After inducing glucose starvation, AMPK 

can operate by phosphorylating and stabilizing p53, hence initiating the feedback 

loop (Jones et al. 2005). Concurrently with nutrients deprivation, AKT levels drop, 

inducing the phosphorylation and the nuclear translocation of MDM2 (Mayo & Donner, 

2001) (Feng et al. 2004), thus allowing p53 stabilization and its downstream pathway 

activation. 

Oncogene activation can also trigger the p53-MDM2 feedback loop without p53 

modifications (Moll & Petrenko, 2003). Oncogenes such as Ras induce the production 

of p14ARF protein that in turn can inhibit the E3 ligase function of MDM2 and 
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sequester it into the nucleolus, thereby inducing p53 activation (Tao & Levine, 1999). 

Similarly, the hyper-activation of the oncogene Myc has been found to increase the 

transcriptional and translational rate of some ribosomal proteins that in turn can 

directly bind MDM2 and inhibit its ligase functions (Hu et al. 2012). 

 

Finally, the most common “trigger” of the p53-MDM2 feedback loop is DNA damage. 

In eukaryotic cells, the “DNA damage response” (DDR) signalling pathway is 

regulated and coordinated by different sensors and effectors (Zhou & Elledge, 2000). 

The first and predominant DDR kinases are ATM (ataxia-telangiectasia mutated) and 

ATR (ATM- and Rad3-Related) (Canman et al. 1998). While the activation of ATM is 

primarily triggered by DNA double-strand breaks (DSBs), ATR is responsive to a wide 

range of DNA damage, including single-strand breaks (SSBs) and various DNA lesions 

interfering with DNA replication. When DSBs occur, DNA repair and signalling proteins 

accumulate at the foci of DNA damage, that act as sensors for ATM recruitment and 

activation (Mirzoeva & Petrini, 2001) (Lavin & Kozlov, 2007). ATM, in turn, 

phosphorylates both MDM2 (Maya et al. 2001) and p53 at Ser15 residue (Canman et 

al. 1998), thus promoting p53 nuclear accumulation (Cheng & Chen, 2010). It has 

been shown that ATM-mediated phosphorylation of p53 can also employ other 

Figure 1.1. p53-MDM2 feedback loop. In normal conditions, p53 is inhibited by its negative 

regulator, MDM2. After DNA damage, ATM phosphorylates p53, thus preventing its 

proteasomal degradation mediated by MDM2. p53 then accumulates in the nucleus, where it 

transcribes, among different genes involved in cell cycle arrest or apoptosis, MDM2 itself. 

Image created using BioRender.com. 
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mediators like the checkpoint kinase Chk2 (Marechal & Zou, 2013). All these 

pathways have as output the phosphorylation and stabilization of p53: the weakening 

of its binding with MDM2 prevents its degradation and triggers its activation.  

 

1.2.3 Different triggers, different p53 dynamics, different cellular outcomes.   

p53 gets activated by all the mentioned stimuli, but different p53 dynamics arise 

according to the stimulus's nature and its strength.  

DSBs, caused by -irradiation, for example, induced sustained p53 oscillations, with 

the first peak at 3 hours after the trigger, with a period of around 6 hours, that can 

persist in rising and falling over days (Lev Bar-Or et al. 2000) (Lahav et al. 2004). It 

has been also demonstrated that both strength and period of p53 oscillations are 

independent of the dose of -irradiation delivered to cells, but both the number of 

oscillations per cell and the number of cells displaying p53 oscillations increases with 

increasing dose of irradiation in a digital fashion (Geva-Zatorsky et al. 2006). As 

MDM2 expression is under the control of p53 itself, MDM2 levels oscillate as well, 

with a delay of 1 hour compared to p53 (Monk, 2003) (Geva-Zatorsky et al. 2010).  

Conversely, UV light lays the cell exposed to SSBs, thus inducing a DNA damage 

response mediated by ATR. This, in turn, triggers a sustained p53 nuclear 

accumulation, since the synthesis rate of MDM2 by p53 is lower than MDM2 protein 

degradation with these settings (Lu et al. 2005). As demonstrated by Lahav’s 

research group, a short burst of UV light induces irregular p53 pulses, weaker than 

those observed after -irradiation. Moreover, the higher the UV light dose, the higher 

the response and the duration of p53 pulse, without any periodicity nor oscillation 

(Batchelor et al. 2011). This different dynamical behaviour was explained with a 

secondary feedback loop that involves p53 and Wip1: after damage induction by UV, 

p53 activates the expression of Wip1 (wild type p53-induced phosphatase), which in 

turn dephosphorylates p53, leading to a decrease in its stability (Batchelor et al. 

2011).  

In the last decade, several studies highlighted how p53 dynamics can vary between 

cell lines, tissues and even species (Stewart-Ornstein et al. 2017) and how this 

behaviour can be correlated to different cell fate decisions. In a study conducted by 

(Stewart-Ornstein et al. 2017), p53 dynamics was studied across 12 different cell 

lines commonly used in cancer research, including MCF-7, A549 and U2OS. After DNA 

damage induction, while some cells display sustained p53 oscillations, other lines do 
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not have oscillations or show dose-independent p53 dynamics. The reason for such 

differences was found in the ATM kinase activity and in the variability of proteins 

involved in the DNA repair mechanism. The same research group extended the size-

scale of p53 dynamics observation from single cells to tissues in a later study, starting 

from some previous evidence reporting that different tissues display different p53-

target genes activation after DNA damage (Fei et al. 2002). The authors 

demonstrated how, despite similar p53 levels, different tissues display different p53 

dynamics after ionizing radiation, correlating with tissue radiation sensitivity: while 

radioresistant tissues (like the gut) show p53 oscillations and transient activation of 

its target genes, radiosensitive tissues (like the thymus or the spleen) display a 

sustained accumulation of p53 (Stewart-Ornstein et al. 2021). In another study, 

(Yang et al. 2018) demonstrated how p53 dynamics diverge between cell lines 

according to their sensitivity or resistance to different doses of etoposide, a drug that 

induces DSBs. At higher etoposide doses, resistant cells display a high first peak of 

p53 activation, followed by some smaller oscillations, while a sustained accumulation 

of p53 is detected in sensitive cells. These differences in p53 dynamics lead to 

different cellular outcomes, with etoposide-resistant (oscillating) cells surviving 

more. Different p53 dose responses and cellular outcomes were also noticed among 

Nutlin and 5-fluorouracile treatments between different cell lines (Xie et al. 2022).  

Given the wide range of transcriptional programs activated by p53 that can lead to 

opposite fates (apoptosis vs cell cycle arrest/survival), as depicted in Figure 1.2, 

several attempts have been made to answer this question: is it only the dynamics of 

p53, its effect on the expression of target genes, or both that modulate and determine 

cell fate under stressful conditions?  

Initially, an “affinity model” was proposed, sustaining that high levels of p53 induce 

the expression of genes with “low affinity” promoters, involved in apoptosis (BAX); 

instead, low levels of p53 trigger genes with “high affinity” promoters, implicated in 

cell cycle arrest (CDKN1A) (Weinberg et al. 2005) (Murray-Zmijewski et al. 2008) 

(Figure 1.3a). Subsequent studies, however, revealed that both pro-arrest and pro-

apoptotic genes were activated in presence of low- and high-p53 levels: this 

suggested a threshold mechanism by which p53 mediates the concentration of 

apoptotic molecules, thus inferring cell fate decision (Kracikova et al. 2013). 

Therefore, attempts were made to artificially perturb p53 dynamics by blocking p53-

MDM2 interactions: by using the small molecule Nutlin-3, (Purvis et al. 2012) turned 

p53 oscillations induced by -irradiation into a sustained nuclear accumulation. These 

different p53 dynamics have as an outcome the activation of different sets of p53 
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target genes: oscillatory dynamics induced the expression of genes related to cell 

cycle arrest and DNA damage repair (CDKN1A; GADD45A), while sustained dynamics 

activated genes involved in apoptosis and senescence (BAX; PML). Moreover, at low 

levels of DNA damage, p53 sustained dynamics raised the fraction of senescence 

phenotype, while p53 pulses allowed cells to divide and proliferate. From this 

evidence, several studies then made efforts to understand the molecular mechanisms 

regulating p53 dynamics - genes expressions - cellular outcomes. By computing 

different features of p53 dynamics from single-cell profiles, (Paek et al. 2016) 

demonstrated how apoptotic and surviving cells can reach similar p53 levels after 

Figure 1.2. How different stimuli can trigger different p53 dynamics and cellular 

outcomes. DNA double strand breaks caused by -irradiation trigger p53 signalling pathway 

via ATM: p53 levels undergo oscillations and the expression of genes related to DNA repair 

mechanism or cell cycle arrest is induced. Nutlin is a drug that block p53-MDM2 interactions, 

leading to a sustained p53 dynamic. This kind of dynamics induces p53-dependent cell cycle 

arrest or apoptosis. UV radiation causes single strand breaks and triggers p53 signalling 

pathway through the mediation of ATR. This causes a single p53 pulse, whose strength and 

duration depends on the intensity of the damage, and triggers transcriptional programs related 

to apoptosis and senescence. This figure was made by adapting Figure 3 from Luo Q. et al. 

Genes, 2017,8,66 and Figure 1 from Friedel L. & Loewer A. The FEBS Journal, 2021. 
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cisplatin treatment, but p53 accumulation rate is the key parameter in apoptosis 

induction. In fact, they found that apoptotic cells accumulated p53 earlier and faster 

than surviving cells and p53 should reach a critical threshold level to trigger effective 

apoptosis. Moreover, this apoptotic threshold increases after treatment with 

Cysplatin (Figure 1.3b).  

How p53 dynamics is then involved in regulating the expression of such different 

genes? It has been shown that the promoters of p53 target genes have different 

thresholds for their activation: MDM2 promoter has a lower threshold and it is more 

frequently activated by p53 oscillations; on the contrary, CDKN1A promoter shows 

an activation rate strongly modulated by p53 pulses amplitudes (Harton et al. 2019). 

Such a mechanism can also explain why p53 oscillations spontaneously induced by 

transient DNA damage are sufficient to trigger MDM2 but avoid the activation of 

CDKN1A (Loewer et al. 2010).  

Several attempts to understand how p53 dynamics regulates cellular outcomes have 

also been made by considering p53 “downstream genes dynamics”, thus looking at 

the temporal evolution of mRNAs and proteins levels of p53 targets (Hafner et al. 

2019) (Hafner et al. 2020). After DNA damage induction, different types of mRNAs 

dynamics of p53 target genes have been found: their temporal evolution (oscillations, 

plateau, and accumulation) was found related to mRNA half-life, rather than p53 

binding affinity and transcription level (Porter et al. 2016) (Hafner et al. 2017). A 

subsequent study by (Jiménez et al. 2022) quantified the temporal evolution of 

different sets of genes following different p53 dynamics (oscillatory vs sustained). 

Not only do downstream mRNA/protein dynamics depend on p53 dynamics itself, but 

also their temporal dynamics revealed a degree of heterogeneity among different 

genes, suggesting exclusive gene-specific transcription and translation mechanisms 

(like feedback forward loops, positive/negative regulation or activation threshold). 

A new perspective on how different p53 dynamics (oscillations vs sustained) affect 

cellular outcome recently came out, proposing a theoretical model that includes the 

biophysical properties of p53 oscillations and foci involved in DNA damage repair 

mechanism (Heltberg et al. 2022). DSBs cause DNA damage foci, characterized by 

hallmarks like the presence of phospho-H2AX (Mah et al. 2010), that physically 

resemble liquid droplets containing the molecules in charge of DNA repair (Mirza-

Aghazadeh-Attari et al. 2019) (Miné-Hattab et al. 2022). It was recently found that 

p53 is directly recruited at damage foci in a short time after damage induction and 

concurs with the engagement of other molecules involved in the DNA damage repair 
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mechanism (Wang et al. 2022). However, the presence of multiple liquid droplets 

triggers a phenomenon called “Ostwald ripening”, by which droplets with higher 

dimension progressively attract molecules from the dispersed phase, growing at the 

expense of smaller droplets (Houk et al. 2009). Heltberg et al. proposed a biophysical 

model in which oscillations are the optimal way to redistribute p53 molecules and 

avoid the Ostwald ripening: if this phenomenon occurs, only bigger damage foci will 

be repaired because all repair molecules will fall in those droplets. With oscillation, 

p53 can be distributed homogenously in a higher number of damage foci, increasing 

repair efficiency (Figure 1.3c). If p53 oscillations are perturbed, for example by 

small molecules like Nutlin, DNA damage foci are worse repaired. Although there is 

a need for wider results in study confirmation, the proposed model represents a first 

attempt to provide a biophysical explanation of how p53 dynamics can regulate 

cellular response to insult.   

p53 dynamics have turned up to be a pivotal feature in tuning gene expression and 

cell fate, but different tissues and cancers exhibit different p53 dynamics (Stewart-

Ornstein et al. 2021) (Xie et al. 2022). This heterogeneity in p53 response has been 

hypothesized to be related to different proliferative conditions, important in 

modulating cell's receptiveness to DNA damage and regulation of repair mechanism 

(Stewart-Ornstein et al. 2021). With this in mind, the choice of appropriate or new 

anti-cancer drugs should take into account also the transcriptional programs and 

global effects that a perturbed p53 dynamics can produce (Luo et al. 2017) (P. Wang 

et al. 2023). Some attempts have been already made: it has been demonstrated 

how, after DNA damage induction, the treatment with a chemotherapeutic drug called 

rucaparib (Papa et al. 2016), directly alters p53 dynamics and the expression of 

several genes, thus promoting cell proliferation (Hanson & Batchelor, 2020). 

Moreover, since p53 dynamics is a crucial feature in tuning gene expression and cell 

fate, it is worth considering not only perturbations by different external factors 

(Jentsch et al. 2020), but also that p53/MDM2 feedback loop can be entangled with 

other regulatory networks (N. Yang et al. 2020) (Xie et al. 2022). Indeed, various 

studies proposed that the regulation of different responses to stresses by p53 also 

involves NF-B, another TF involved in immune and inflammatory response (Carrà et 

al. 2020). The next chapter will describe NF-B, its pathway, and its functions. 
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Figure 1.3. Different models proposed to explain why different p53 dynamics induce 

different transcriptional programs and cellular outcomes. (a) In the “affinity model”, 

while a sustained dynamics induce high p53 levels and trigger genes with low affinity 

promoters, oscillations (so lower p53 levels) induce the expression of “high affinity” genes. 

(b) Different dynamics induce different cell fates. Only cells that show a more rapid 

accumulation of p53 undergo apoptosis since they early bypass an “apoptotic threshold”, 

which increase over time after the treatment. (c) p53 oscillations can be the best strategy to 

resolve DNA damage, by avoiding the Ostwald ripening phenomenon. In case of sustained p53 

dynamics, Ostwald ripening occurs and only foci with big size will be repaired due to a higher 

attraction of repair molecules, included p53. Image created using BioRender.com. 
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1.3. NF-B: a dynamic transcription factor as well. 

 

NF-B is a transcription factor that orchestrates the cellular response to a variety of 

stresses and it is mainly involved in immune and inflammatory responses. NF-B is 

kept inactivated and sequestered by different inhibitors (including IB) in the 

cytoplasm: upon stimuli, the inhibitors are degraded, and NF-B translocates inside 

the nucleus where it transcribes, among all, also genes related to its negative 

regulators (like NFKBIA, encoding for IB), thus forming a negative feedback loop. 

This kind of system induces oscillations, so that NF-B transcriptional activity is 

tightly controlled, strongly modulating gene expression and cell response to many 

stimuli in different contexts. In this section, we will elucidate the significance of NF-

B in inflammation and cancer. Next, we will delineate the activation mechanisms of 

the NF-B-IB feedback loop and the dynamic responses exhibited by NF-B. To 

underscore the significance of NF-B dynamics, we will present studies from the 

literature that detail how diverse transcriptional regulation and cellular responses are 

related to specific temporal evolutions of NF-B. 

 

1.3.1 NF-B is a master regulator of inflammatory and immune responses. 

The Nuclear Factor of B (NF-B) was firstly found in activated B cells as a DNA-

binding protein (Sen & Baltimore, 1986). NF-B is actually a family of dimeric 

transcription factors composed of various combinations of subunits, primarily 

including p50, p52, p65 (RelA), RelB, and c-Rel (Hayden & Ghosh 2008). These 

subunits assemble in different combinations to form NF-B dimers that can be either 

activators or repressors of gene transcription (Park & Hong, 2016). However, only 

p65/RelA, RelB and c-Rel can recruit the transcriptional machinery, since they carry 

a transactivation domain (Lee et al. 2014). Since the predominant heterodimer found 

in most of cells is RelA-p50 (Oeckinghaus & Ghosh, 2009) and RelA/p65 is the only 

protein with a transcription activation domain in this dimer, in the next paragraphs 

“NF-B” will refer to dimers including p65, unless otherwise stated. 

Over the years, NF-B multifaceted role in regulating hundreds of genes involved in 

different processes and cell types has been thoroughly investigated (Karin & Greten, 

2005) (Taniguchi & Karin, 2018). NF-B is particularly important in the context of 

inflammation, a process that involves immune cells and is adopted to protect tissues 

from infections and injuries. In such a scenario, NF-B mediates the expression of 

pro-inflammatory genes, the transcriptional induction of cytokines, chemokines and 
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the recruitment of innate immune cells, like macrophages (Lawrence, 2009) (T. Liu 

et al. 2017). These cells in turn secrete different inflammatory molecules and can 

differentiate into two possible phenotypes, called classically activated (M1) and 

alternatively activated macrophages (M2) (Wang et al. 2014). M1 macrophages 

secrete pro-inflammatory cytokines like IL-1, IL-6, IL-12, and TNF-, as well as 

chemokines implicated in diverse inflammatory pathways and also induce the 

differentiation of some kind of inflammatory T cells, key orchestrator of the 

inflammatory response (Martinez, 2008) (N. Wang et al. 2014). M2 macrophages, 

instead, release anti-inflammatory cytokines such as IL-10 and IL-13, thus subsiding 

inflammation and facilitating the process of wound healing (Mosser, 2003). Several 

chemokines (like MCP-1 and various CCLs) and adhesion molecules (like E-selectin 

and ICAM-1), all regulated by NF-B, mediate the recruitment of immune cells to the 

site of inflammation and promote the expression of proteins for antigen presentation 

(Tilstra et al. 2011).   

In addition, it has been found that NF-B is strongly implicated in the apoptotic 

process, where it becomes active during or just prior to cell death (Magné et al. 

2006). Interestingly, it can activate both anti- and pro-apoptotic genes. To avoid the 

induction of cell death, NF-B promotes the transcription of genes coding for anti-

apoptotic proteins, like IAP-1, c-IAP-2, that interfere with caspases activity (Stehlik 

et al. 1998) (Erl et al. 1999); c-FLIP, that can inhibit caspase-8 functions (Fiore et 

al. 2018); Bcl-xl and Bfl-1/A1, that prevent cytochrome-c release and subsequent 

caspase-9 activation (Khoshnan et al. 2000). Conversely, in other cases, NF-B can 

promote the transcription of genes like PI3K (Mortezaee et al. 2019), Bax (Shou et 

al. 2002) and the Fas Ligand gene (FasL), whose upregulation promote the 

expression of transmembrane receptors involved in cell death processes (Hsu et al. 

1999) (Serasanambati & Chilakapati, 2016). 

Since NF-B has the capability to tune cellular fate, its misregulation is commonly 

found in cancer: NF-B constitutive activation is a key hallmark of different kinds of 

tumours (Prasad et al. 2010). Genetic alterations such as cancer-related 

chromosomal translocations, deletions, and mutations can interfere with NF-B 

pathway and its regulators, thus resulting in a sustained activation of NF-B. 

Additionally, the persistent presence of pro-inflammatory cytokines secreted by the 

tumour microenvironment promotes the activation of NF-B upstream signalling 

molecules and then its chronic activation (Karin et al. 2002) (Ben-Neriah & Karin, 

2011). All these factors, in turn, promote cancer-cell proliferation, impede apoptosis, 

and allow the expression of angiogenic and angiostatic molecules, like VEGF, IL-1, 
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IL-8 and IL-6, enhancing tumour's possibilities to escape apoptotic programs (B.R. 

Lane et al. 2002) (Serasanambati & Chilakapati, 2016). NF-B activation can also 

have pro- or anti-tumourigenic effects, according to the context. Colitis-associated 

colon cancer cells are characterized by a high expression of genes related to anti-

apoptotic pathways and growth factors secretion (Greten et al. 2004). On the 

contrary, in squamous cell carcinoma, NF-B inactivation through the overexpression 

of IB can increase epidermal growth, probably via an oncogene-induced 

senescence mechanism (Dajee et al. 2003) (Ben-Neriah & Karin, 2011). 

Taken together, we have that NF-B signalling pathway has been found to be central 

in immune responses, regulation of inflammatory processes and cancer. As we shall 

see, the negative feedback loop in which NFB is involved is at the basis of its 

transcriptional activity and hence might influence its role in cancer. We will describe 

NF-B regulation in the following paragraphs. 

 

1.3.2 NF-B signalling pathway and feedback loop. 

In the absence of NF-B-activating stimuli, a set of proteins called IBs (Inhibitor of 

B) are in charge of keeping NF-B sequestered in the cytoplasm (Oeckinghaus & 

Ghosh, 2009). NF-B signalling pathway can then be activated by different signals, 

mediated by specific receptors. Among them, toll-like receptors (TLR) ligands are 

pattern recognition receptors (PRRs) that detect molecules typical of bacteria, viruses 

and pathogens (Kawai e Akira 2010) as lipopolysaccharide (LPS), a structural 

molecule present on the outer envelope of all gram-negative bacteria (Bhattacharyya 

et al. 2010). NF-B pathway is also activated by antigen receptors present on T-cells 

and B-cells (Barnes et al. 2015), as well as by different growth factors (Müller et al. 

2002). It has been also found that ATM can activate NF-B in a DNA damage scenario 

(Wu et al. 2006). Finally, cytokines such as those belonging to Tumour Necrosis 

Factors and Interleukins can also activate NF-B. Interestingly, many members of 

these cytokine families are also transcriptional targets of NF-B (Tilstra et al. 2011), 

leading to a positive feedback loop. 

The NF-B pathway is triggered by the binding of cytokines (like TNF-) to their 

transmembrane receptors, that in turn activate the IB kinase (IKK) (Liu et al. 2012). 

Once activated, IKK phosphorylates IB, the main negative regulator of NF-B, at 

two serine residues; IB is therefore poly-ubiquitinated and degraded by the 

proteasome, freeing NF-B, which in turn can translocate inside the nucleus (Tak & 

Firestein, 2001). Once NF-B translocates inside the nucleus, it activates up to 500 
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genes, including IB itself. This forms a negative feedback loop: newly synthetized 

IB in turn forms a complex with NF-B, inhibiting its activity and relocating it into 

the cytoplasm (Figure 1.4). While IBis the stronger inhibitor of NF-B, other IBs 

isoforms, like IB and IB, are also degraded analogously upon stimuli and can be 

transcribed by NF-B and hence are involved in the feedback loop (Hoffmann et al. 

2002). For the record, this pathway (including p65/RelA-carrying dimers) is called 

the “NF-B canonical pathway”; another pathway exists, the “non-canonical” one, 

that has in NFB inducing kinase (NIK) and p52/RelB subunit its core players (Solan 

et al. 2002) (Gilmore, 2006) (Sun 2017). Whereas the canonical pathway is mainly 

implicated in the control of genes involved in inflammation and innate immunity, the 

non-canonical pathway seems to be crucial in regulating gene expression during 

lymphoid organogenesis (Strickland & Ghosh, 2006) (Tilstra et al. 2011). Another 

transcriptional target of NF-B, that creates an additional negative feedback loop, is 

the zinc finger protein A20 (ubiquitin-editing enzyme TNFAIP3) that inhibits the 

signalling upstream of IKK, thus ending IBs degradation processes (Hutti et al. 

2007) (Werner et al. 2008). 

 

Figure 1.4. NF-B-IB feedback loop. In absence of stimuli, NF-B is sequestered in the 

cytoplasm by its negative regulator, IB. After a triggering stimulus (cytokines, chemokines, 

LPS…), IKK phosphorylates IB, freeing NF-B that can translocate inside the nucleus. Here, 

NF-B activates different transcriptional programs involved in inflammatory and immune 

responses. Among all genes involved in immune and inflammatory response, NF-B 

transcribes IB itself. Image created using BioRender.com.   
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These feedback loops ensure both stability and flexibility to NF-B system. Moreover, 

in a tumour environment where inflammatory stimuli are continuously renewed, such 

feedbacks give rise to oscillations in NF-B localization, between the cytoplasm and 

the nucleus, where it exerts its transcriptional functions (Colombo et al. 2018).  

 

1.3.3 NF-B dynamics can tune gene expression. 

NF-B oscillations were firstly detected via classical biochemical assays at the bulk 

population level on TNF-treated cells (Hoffmann et al. 2002). Some years later, the 

group by M.R. White was able to follow NF-B dynamics in single-cells after TNF- 

treatment via fluorescence microscopy. This tool enabled to directly quantify features 

of NF-B oscillations, revealing clues correlating dynamics and gene expression 

modulation (Nelson et al. 2004). Additionally, the use of microfluidic devices helped 

a more precise tuning of NF-B triggering inputs, by modulating the amplitude, 

frequency and signal duration (Colombo et al. 2018). Interestingly, several studies 

highlighted that the dynamics of NF-B are cell-specific and change according to the 

triggering stimulus (Bartfeld et al. 2010), opening new questions on the role of these 

dynamics in the regulation of gene expression. 

It has been then demonstrated how continuous stimulation with TNF- triggers 

multiple NF-B nuclear-to-cytosol translocations and out-of-phase oscillations in IB 

levels (Nelson et al. 2004). Moreover, while continuous perfusion with TNF- induces 

sustained NF-B oscillations with a period of one hour and a half in 3T3 cells, 

“sawtooth-like” TNF- pulses synchronize NF-B oscillations and also transcriptional 

output, reducing heterogeneity in cell-to-cell responses (Kellogg & Tay, 2015). 

Squared pulses of TNF-, that synchronize NF-B oscillations, led to different target 

mRNA expression dynamics (oscillating, sustained increased and intermediate 

dynamics). Hence, genome-wide analysis revealed different dynamic patterns of 

gene expression, each of which was enriched for genes with similar biological 

functions (Zambrano et al. 2016). At the downstream level, different populations of 

responding genes can be detected according to NF-B oscillations: early, intermediate 

and late genes, transcribed in one hour, at 1.5 hour and after 3 hours after TNF- 

stimulation, respectively (Sung et al. 2009). The modulation of TNF- pulses, 

inducing different types of NF-B dynamics, affects downstream gene expression 

depending on whether the target gene belongs to one of the three classes (Ashall et 

al. 2009).  
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Since NF-B-mediated transcriptional programs are critical in different cellular 

process, this question could arise: is NF-B nuclear abundance or its temporal 

dynamics responsible for transcriptional regulation? Actually, (Lee et al. 2014) 

demonstrated how the fold-change of nuclear NF-B, rather than its nuclear levels, 

is the key feature involved in transcriptional regulation. Moreover, they found that 

different genes have different patterns of transcription, related to their sensitivity to 

NF-B fold change. From this evidence, the authors hypothesized that NF-B-

mediated dynamic transcription is regulated as a type 1 feedforward loop motif. This 

kind of system is sensitive to fold changes and is tuned by different competitors, that 

are other molecules specific for each gene (they proposed three of them: p50, p52 

and BCL3).  

Furthermore, the artificial perturbation of NF-B dynamics was proved to strongly 

affect gene expression. (Sung et al. 2009) co-treated cells with TNF- and 

Leptomycin, which keeps NF-B sequestered in the nucleus, but unable to interact 

with chromatin, due to its binding with IB. This treatment induced a general 

decrease of the transcription of intermediate and late genes (like VCAM, LIF and IL-

15). Conversely, co-treatment with TNF- and Cycloheximide, which blocks inhibitor 

translation and hence keeps NF-B in the nucleus, while not interfering with its 

chromatin interactions, enhances the transcription of early and intermediate genes. 

These findings suggest that NF-B oscillations might function as a fine-tuning of the 

expression of early and late genes, allowing NF-B to monitor the chromatin 

landscape evolution and genes accessibility over time. In a subsequent study, (Cheng 

et al. 2021) triggered NF-B sustained dynamics in macrophages by abolishing 

oscillations via IB knock-out (KO): this induced a change of their epigenetic state, 

whose immune response-related gene expression was upregulated. These results led 

the authors to hypothesize that NF-B dynamics can tune the transcriptional 

activation of inflammatory genes in macrophages by changing the epigenetic state 

and chromatin accessibility, with non-oscillatory NF-B engaging latent enhancers.  

Different NF-B dynamics can also lead to different cell fates. In a work by (Lee et 

al. 2016) it has been demonstrated that a short pulse of TNF- is unable to trigger 

anti-apoptotic programs, thus enabling the caspase pathway and causing a higher 

level of cell death. Conversely, a longer exposure to TNF- (with pulses lasting from 

5 to 60 minutes) leads to a sustained NF-B transcriptional activity, leaning towards 

pro-survival and mitigating caspase pathway. This evidence was found in Hela cells, 

but different cell types display different cell fate regulation. In a work by (Yamashita 

e Passegué 2019), it has been demonstrated that, while TNF- has pro-death effects 
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in granulocyte-macrophage progenitors (GMPs), it plays a critical role in survival and 

regeneration of hematopoietic stem cells (HSCs). 

All this evidence confirms even more how relevant is NF-B dynamics in regulating 

gene expression and cell fate (Figure 1.5). However, several studies highlighted how 

these dynamics are not only cell type-specific, but also different at single cell level, 

revealing a high degree of heterogeneity in NF-B dynamical response and in its 

target genes activation (Lee et al. 2014) (Zambrano et al. 2020). It has been 

hypothesized that such heterogeneity arises from single cells susceptibility to 

triggering stimuli and depends on the stochastic nature of transcription itself (Lee & 

Covert, 2010) (Zambrano et al. 2014) (Tunnacliffe & Chubb, 2020). Even within a 

homogeneous cell population, NF-B dynamics can be heterogeneous at the single-

cell level (Kizilirmak et al. 2022). The fraction of TNF--responding cells increases 

with the dose (Tay et al. 2010) and a prolonged and mild stimulation results in the 

activation of a smaller number of cells compared to a brief and strong pulse (Kellogg 

et al. 2015). These studies suggest that an activation threshold is present and is 

single-cell specific (Zhang et al. 2017). In addition, the feedback loop system in which 

NF-B is embedded and other molecular players involved (like E2F) can be identified 

as a source of heterogeneity (Paszek et al. 2010) (Ankers et al. 2016) (Kizilirmak et 

al. 2022). 

Figure 1.5. Different NF-B dynamics can arise from concentration- and time-

dependent triggers and induce different cellular outcomes. Such different kinetics 
characterize inflammatory processes and different kinds of pathologies. Figure is taken from 
Bacher et al. by permission from Cells, Regulation of Transcription Factor NF-B in its Natural 

Habitat: the Nucleus by S. Bacher et al. 2021, 10(4), 753. 
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NF-B regulates different cellular processes, including differentiation, development, 

and inflammation, with implications for cancer progression and chemoresistance 

(Bacher et al. 2021). Understanding its dynamics is vital for comprehending its 

functions in cancer. Integrating pathways related to inflammation and non-

inflammation in dynamic tumour contexts is essential (Kizilirmak et al. 2022) (Kaur 

et al. 2023). Different studies suggest that p53, known primarily for its role in DNA 

repair and cell cycle regulation, is directly involved in NF-B signalling regulation in 

various physiological contexts. Exploring the interplay between NF-B and p53 could 

not only shed new light on how these pathways influence each other and tune cellular 

homeostasis, but also on how cancer cells respond to therapies in inflammatory 

contexts: the next chapter will describe the evidence present in the literature on p53 

and NF-B crosstalk. 
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1.4. The crosstalk between p53 and NFB. 

 

In the intricate landscape of cancer, tumour progression and its response to therapy 

are tightly regulated by both p53 and NFB. Their transcriptional activity profoundly 

influences disease progression and therapeutic outcomes. It is now established by 

scientific literature that a reciprocal influence between p53 and NFB influences 

different kinds of cellular processes. If we imagine a tumoral context, where cancer 

cells are subjected to therapy and inflammation is an active process in the tumour 

microenvironment, we can assume that both p53 and NFB pathways are 

simultaneously activated. The crosstalk between them forms an intricate regulatory 

network that orchestrates cellular responses to stress and inflammation, thus 

influencing the effect of therapies aimed at inducing cancer cells death. Exploring the 

multifaceted interplay between p53 and NFB in the context of cancer could provide 

crucial insights into the underlying mechanisms of tumorigenesis. Moreover, 

understanding the nuanced interactions between p53 and NFB could offer new 

potential avenues for developing anti-cancer therapies that privilege the pro-

apoptotic pathway of p53 over the pro-survival one of NF-B. In this section, we will 

describe the shreds of evidence of p53/NF-B crosstalk, both at the functional and 

molecular level. There will be particular emphasis on what is still missing in this 

research field, thus motivating the core topic of this PhD thesis. 

 

1.4.1. Functional crosstalk between p53 and NFB. 

Both p53 and NFB signalling pathways are related to how a cell integrates different 

kinds of stresses and elaborates a proper response. This is particularly important in 

cancer, where cell response can be quite different according to the transcriptional 

program induced by these TFs. p53 and NFB exerts completely opposite functions 

in response to intrinsic and extrinsic sources of stress and for this reason, they have 

usually been described as mutual antagonists. Indeed, upon genotoxic stress, p53 

elicits different transcriptional programs, that can result in temporary cell arrest, 

senescence or induce apoptosis (Murray-Zmijewski et al. 2008b). On the contrary, 

NFB enhances inflammation, promoting cell proliferation and resistance to 

chemotherapy-induced apoptosis (Ak & Levine, 2010). These contrasting outcomes 

of p53 and NF-B pathways rely on the specific set of target genes. While p53 includes 

among its target genes those that regulate the cell cycle, apoptosis and growth-

inhibiting factors, NF-B, instead, triggers the transcription of genes promoting 
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cellular growth, preventing apoptosis, and releasing cytokines and chemokines 

involved in immune response (Gudkov et al. 2011).  

Given the implication of both p53 and NFB in tumourigenesis and the importance 

they have in key cellular processes regulating cell fate, their functional antagonism 

could be a target of potential anti-cancer strategies (Schneider & Krämer, 2011). The 

simultaneous activation of p53 and the inhibition of NFB hold significant promise in 

developing a therapy aimed at balancing their effects. Eligible compounds should 

simultaneously activate the biological functions of p53 (not just stabilize its 

expression), and inhibit the NFB pro-survival transcriptional program (Dey et al. 

2008) (Shankar et al. 2017) (Rasmi et al. 2020). Different compounds and small 

molecules that showed this dual mechanism are reported in Figure 1.6. Other 

compounds (not reported in Figure 1.6), that were found to both inactivate NFB 

and activate p53 are Curaxins (Gasparian et al. 2011) and curcumin (Allegra et al. 

2018).  

 

Figure 1.6. Examples of compounds that have been reported to both promote p53 
functions and inhibit NF-B activity. A therapy targeting cancer cells should induce cell-

cycle arrest or apoptosis (transcriptional programs mainly related to p53) and avoid 
proliferation and the enhancement of inflammation (effects related to NF-B activation). Figure 

is taken from “Double-edged swords as cancer therapeutics: simultaneously targeting p53 and 

NF-κB pathways” by Anwesha Dey (2008).  
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Nevertheless, categorizing p53/NF-B crosstalk as a purely pro- or anti-survival 

process based on their functional antagonism is an oversimplification (Schneider & 

Krämer, 2011b); indeed, other studies revealed a sort of cooperation between these 

TFs. Ryan et al demonstrated that NFB is essential for p53-mediated cell death in 

osteosarcoma cells, since its impairment abrogates p53-induced apoptosis (Ryan et 

al. 2000). Positive regulation by NF-B on p53 downstream functions were found by 

(O’Prey et al. 2010), that reported how p53-driven Noxa and p53AIP1 (p53 target 

genes) expressions require the p65 subunit of NF-B. Also in Neuroblastoma cells, 

p53 and NFB were found to cooperate in regulating apoptosis through the activation 

of MEK1 pathway (Armstrong et al. 2006). In the context of immune regulation, Lowe 

et al. demonstrated that p53 and NFB work synergically in human macrophages. 

The activation of both TFs enhanced the expression of inflammatory cytokines genes 

(IL-6, IL-8 and CXCL1), suggesting an amplifying mechanism of macrophages in 

responding to tissue-damaging insults (Lowe et al. 2014). Inhibition of both p53 and 

NFB in IMR-90 fibroblasts resulted in both an increase of cell growth and an 

impairment of senescence-associated -galactosidase (SA--gal) induction: this 

evidence suggested cooperation between p53 and NFB in promoting senescence 

(Chien et al. 2011).  

Although several clues regarding its functionality, the study of p53/NF-B crosstalk 

at the molecular level has revealed more complex regulatory mechanisms that cannot 

be reduced to mere antagonism. In the next paragraph, we will describe literature 

studies investigating how p53/NF-B works at the molecular level.  

 

1.4.2. Molecular crosstalk between p53 and NF-B. 

It is now widely known that p53/NF-B crosstalk is involved in many different cellular 

processes (Figure 1.7) (Carrà et al. 2020). Different studies indicated that both a 

direct and indirect interplay between p53 and NF-B is present at the molecular level. 

By “direct interplay”, we mean a regulation that includes only p53 and NF-B, while 

for “indirect interplay” we instead intend an interplay that involves other molecules.  

The first studies investigating the direct interplay between p53 and NFB reported 

how both p53 and NFB (the RelA subunit, specifically) can compete for a restricted 

pool of p300 and CREB bind protein (CBP) complexes (Ravi et al. 1998) (Webster & 

Perkins, 1999). These molecules are required by both TFs for an efficient activation 

of their target genes and are involved in a wide array of cellular programs 

(Karamouzis et al. 2007). A direct interaction between p53 and NF-B has also been 
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reported both in vitro and in vivo: such interplay involves TFs' respective dimerization 

and tetramerization regions and leads to the suppression of each other's 

transcriptional activity (Ikeda et al. 2000).  

Figure 1.7. The crosstalk between p53 and NF-B in different tumoural contexts and 

cellular processes. Antagonistic or synergic behaviours are context-dependent. Figure is 
taken from “P53 vs NF-κB: the role of nuclear factorappa B in the regulation of p53 activity 
and vice versa” by Giovanna Carrà et al. (2020). 



 

31 
 

These findings, however, were obtained by over-expressing p53 and NF-B via 

transient transfections. The competition between p53 and NFB for p300/CBP 

binding is mediated by IKK, which can directly phosphorylate CBP, switching its 

protein binding affinity from p53 to NFB: this contributes to the upregulation of 

NFB-mediated anti-apoptotic genes and the downregulation of p53-mediated pro-

apoptotic genes (Huang et al. 2007). Another direct antagonistic interplay between 

p53 and NF-B was reported by (Kawauchi et al. 2008), who investigated p53-

mediated repression of NF-B-mediated transcriptional activity. They demonstrated 

that upon its activation, p53 could enhance NF-B binding to DNA, but reducing its 

transcriptional activity in mouse embryonic fibroblasts: the formation of a complex 

between p53, the p65 subunit of NF-B and IKK induces the phosphorylation of 

histone H3, thus suppressing NF-B transcriptional activity. This study, however, was 

conducted with ectopically and probably over-expressed p53. In another study, the 

crosstalk between p53 and NF-B was addressed in renal cell carcinoma at the 

molecular level, by using small molecule suppressing NF-B activity (Gurova et al. 

2005). By artificially decreasing NF-B activity with a super-repressor of IB, Gurova 

et al. showed how treatment with the small molecule 9AA (9-aminoacridine) 

enhances p53 response and decreases tumour growth. However, this approach 

employed a strong deregulation of NF-B by using the super-repressor and triggered 

p53 in a non-canonical manner: p53 was phosphorylated at Ser392 residue, which is 

different from the residue that is typically phosphorylated by MDM2, Ser15 (Loughery 

et al. 2014). 

Conversely, other studies reported a sort of direct positive interplay between p53 and 

NF-B in regulating each other. (Wu e Lozano, 1994) highlighted that the p65 subunit 

of NFB might directly induce p53 expression, since the promoter sequence of p53 

contains a binding site for NFB. This evidence was obtained in Hela cells under 

transient transfection settings. Other works revealed that the KO of p53 resulted in 

a repression of NFB transcriptional activity (Murphy et al. 2011)  and in a loss of 

p65 occupancy, indicating that p53 is involved in maintaining NFB chromatin 

association (Cooks et al. 2013). In another work, the p52 subunit of NF-B was found 

to be recruited at the promoters of p53 target genes (like p21, DR5 and PUMA) 

(Schumm et al. 2006). The suppression of p52 compromised the expression of p21 

and PUMA, two key p53 target genes involved in the cell cycle.  

Yet, beyond their individual role in influencing each other's expression and 

transcription of the other TF's target genes, other works have investigated indirect 

interactions between p53 and NF-B at the molecular level: both MDM2 and IB, 
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key regulators of p53 and NFB, respectively, have been found to be involved in 

p53/NFB crosstalk.  

One of the key players involved in p53 feedback loop, MDM2, can interact with NFB. 

Indeed, not only p53, but also NFB can transactivate the MDM2 gene (Kashatus et 

al. 2006). In the context of antagonism with p53, the transcriptional upregulation of 

MDM2 by NFB, which could be mediated by IKK2 (a subunit of IKK) and Bcl3, 

attenuates p53 stability and promotes its degradation: this strategy was found in 

different kinds of cancer (Tergaonkar et al. 2002) (Kashatus et al. 2006) (Pavlakis & 

Stiewe, 2020). A p53-independent role of MDM2 in regulating NFB is also reported 

in the literature: (Mulay et al. 2012) demonstrated how MDM2 acts as a co-factor in 

the binding of NFB to the promoters of its target genes. Blocking MDM2 resulted in 

an attenuation of inflammatory response after kidney injury. It has been 

demonstrated that MDM2 is a target gene of NFB itself and its upregulation by 

NFB is found in activated T-cells (Busuttil et al. 2010). Conversely, (Heyne et al. 

2013) showed that MDM2 could bind a fraction of RelA/p65 molecules; this binding 

occurs at the N-terminal Rel homology domain (RHD) of RelA/p65 subunit of NFB 

and results in its ubiquitination and degradation. This evidence has been though 

found in H1299 lung adenocarcinoma cells (lacking p53), transfected to over-express 

a flag-tag version of both p65/RelA and MDM2, to study their interactions via co-

precipitation assay. Interestingly, also NFB activation state can modulate MDM2: 

in rhabdomyosarcoma cells with unperturbed NFB pathway, MDM2 induces not only 

the inhibition of p53 activity, but also the activation of the NF-B pathway; 

conversely, when dysregulated p65/RelA elicits constitutive NF-B pathway activity, 

MDM2 was found to inhibit this pathway promoting tumour-suppression (Cheney et 

al. 2008).     

If we instead consider the NF-B feedback loop, it was discovered that the crosstalk 

with p53 can involve IB. It is reported that IB can directly interact with p53, 

negatively modulating its functions. In unstimulated cells, a portion of cytosolic p53 

complexes with IB, but its dissociation (induced by the phosphorylation of p53 at 

Ser46 residue) can occur in response to apoptotic stress, hypoxia, DNA damage, and 

TGF-β1-mediated growth suppression (Chang, 2002) (Zhou et al. 2003). These 

interactions between IB and p53 may be explained by the fact that both p53 and 

p65 subunit of NF-B have homologous structures in the Rel homology domain of p65 

and the p53 core domain, as sustained by (Dreyfus et al. 2005) that performed 

alignment of p53 and p65 crystal structures. The same group demonstrated a specific 

interaction between IB and p53, which is partly mediated by the DNA binding 
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region of p53, and the amino terminus of IB. Notably, mutations in the IB 

structure strongly regulate the capability to bind, and then interfere, with NFB and 

p53. While the IB244C (mutant in the C-terminal domain) significantly increases 

the transcription levels of NFB and p53, causing an enhancement in p53-mediated 

cell death, IBM (dominant negative mutant) bounds both p53 and p65, inhibiting 

their transcriptional activities (Li, 2006). This last mutant form of IB is found in 

acute lymphoblastic leukaemia cells, where p53-induced apoptotic programs are 

impaired (M. Zhou et al. 2003). It has been also hypothesized that IB conformation 

can be perturbed by BCR-ABL (a kinase protein mainly involved in leukaemia), thus 

promoting IB-p53 interactions that impair p53 functions in myeloid leukaemia cells 

(Crivellaro et al. 2015) (Carrà et al. 2016). Conversely, p53 was found to reduce 

ubiquitin-proteasome related gene expression in ovarian cancer cells, thus 

preventing IBproteasomal degradation, inhibiting the NF-B signalling pathway 

and promoting anti-inflammatory effects (Son et al. 2012). 

In addition, IKK2, the kinase that phosphorylates IB, freeing NFB, was found to 

be involved in p53/NFB crosstalk. After DNA damage, IKK2 was found to 

phosphorylate p53 at Ser362 and Ser366, different residues than those involved in 

MDM2 binding (Xia et al. 2009). In this way, p53 levels are kept low promoting 

melanoma development and oncogene-induced melanocyte transformation (Yang et 

al. 2009) (Schneider & Krämer, 2011b). It was shown that the inhibition of IKK2 

resulted in an increase in p53 levels, as well as a higher expression of p21 and the 

induction of cell cycle arrest and apoptosis (Yang et al. 2009). Notably, IKK2 

inhibition was found to perturb p53 oscillations (triggered by DNA damage) by 

modulating both p53 and MDM2 degradation rates (Konrath et al. 2020). Moreover, 

the isoform IKKis involved in the crosstalk between p53 and NFB since it can 

phosphorylate CBP protein modulating the competition between the two TFs for CBP 

binding (Huang et al. 2007) (Tergaonkar & Perkins, 2007).  

From all the information reported, the crosstalk between p53 and NFB turns out to 

be very complicated, despite holding an undeniable significance in understanding 

cancer cells' responses to stress, chemotherapy and inflammation. This intricate 

interplay revealed a multifaceted phenomenon, orchestrated by different 

intermediary and subsidiary proteins: all the previously mentioned relationships 

between p53, NFB and their regulators are reported in the scheme in Figure 1.8. 

This scenario highlights the complexity inherent in p53/NF-B interactions, which 

appear even contradictory; moreover, such different interplays and consequent 

outcomes are strictly related to the cellular context. In addition to mutual 
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antagonism/cooperation, other degrees of complexity may be considered as well. 

Mutations of p53, a common hallmark of cancer, were found to be implicated in 

enhancing NF-B activity and inflammation (Weisz et al. 2007) (Cooks et al. 2013). 

Moreover, new different genes have been identified as targets of both p53 and NF-

B and could act as key nodes of their crosstalk. It has been found via genomic 

analysis that CDKN1A, IL4I1, SERPINE1 and RRAD are genes co-regulated by p53 

and NF-B in cells treated with ionizing radiation. The degree of activation of such 

genes relies on p53/NF-B balance and can result in different cellular outcomes 

(Szołtysek et al. 2018).  

 

However, previous studies investigated p53/NF-B crosstalk, highlighting either their 

antagonism or cooperativity, by using transient transfections, over-expressing one 

TF (H. Wu & Lozano, 1994) (Ikeda et al. 2000) (Gurova et al. 2005). These 

approaches, although valid, can mask the effect of one TF on the other or modify the 

complex transcriptional network in which they are entangled, activating non-

Figure 1.8. Scheme of the crosstalk between p53, NF-B and other players involved 

in their feedback loops (MDM2, IB and IKK). Red arrows indicates positive regulation, 

black arrows indicate negative regulation, dotted lines indicates the cellular processes induced 
by p53 and NF-B. Single relationships between these molecules are reported with citations 

from the specific study describing it. References: 1. Lahav G. et al. Nat. Genet. 2004. 2. 
Hoffmann A. et al. Science, 2002. 3. Lowe G. et al. J. of Bio. Chem. 2010. 4. Thomasova D. 
et al. Neoplasia, 2012. 5. Heyne K. et al. Cell Cycle, 2013. 6. Carrà G. et al. Int. J. Mol. Sci, 
2016. 7. Shao J. et al. Oncogene, 2000. Son D. et al. Plos One, 2012. 8. Gurova K. et al. 
Proceedings of the National Academy of Sciences, 2005. 9. Wu & Lozano, Journal of Biological 
Chemistry, 1994. 10. Ravi R. et al. Cancer Research, 1998. 11. Bohuslav J. et al. J. of Biol. 

Chemistry, 2004; Cooks T. et al. Cancer Cell, 2013. 12. Gudkov & Komarova. Cold Spring 
Harbor Perspectives in Medicine, 2016. 13. Xia Y. et al. Proceedings of the National Academy 
of Sciences, 2009.  
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canonical pathways, or leading to TFs non-physiological levels that can significantly 

alter the transcriptional outcomes.  

Further, what is also lacking is a dynamic perspective on this interplay, that could 

help clarify the complexity of the interactions arising from the wide variety of 

experimental evidence described above. As described in the previous paragraphs, 

both p53 and NF-B are involved in two feedback loops, resulting in different 

dynamical accumulation in the nucleus. Such different dynamics are crucial in 

regulating their functions since they strongly influence the expression of target genes 

and global cell fate. Previous studies investigating p53/NF-B crosstalk were 

performed in a “static” manner, and the clues found may appear incomplete. To 

further decipher the regulatory nodes common to these two pathways, we must move 

beyond snapshots of their behaviours and delve into the real-time temporal 

dynamics, accounting also for cell heterogeneity. A comprehensive view of how p53 

and NF-B dynamically communicate, regulate, and influence each other's functions 

is a missing piece in the puzzle.  
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2. AIM OF THE WORK 
 

Cells integrate stresses through the activation of different transcriptional programs. 

p53 and NFB are two core TFs involved in cell response to DNA damage and 

inflammation. They are typically described as antagonists in cancer: while p53 

induces cell cycle arrest or tumour suppression, NFB promotes a chronic 

inflammatory status thus enhancing tumour development. They are often 

dysregulated in cancer: p53 is mutated or repressed, while NFB is upregulated and 

persistently activated. A reciprocal influence between them has emerged as a 

hallmark of different cellular processes in cancer cells. However, it is not totally 

understood how p53 and NFB crosstalk leads to reciprocal up/downregulation or 

tunes their target genes and cell fate.  

p53 and NFB pathways are coupled at multiple regulatory nodes: the resulting gene 

expression and cellular outcomes (e.g., apoptosis vs. cell cycle arrest) could depend 

on such interplay. The mechanism behind such crosstalk requires further 

investigation, especially since targeting p53/NF-B crosstalk is increasingly 

considered crucial to induce apoptosis in cancer cells. A possible limitation of previous 

studies is that they were performed in “static” conditions and do not provide a 

description of how the crosstalk might be regulated over time. Indeed, time is a 

fundamental dimension in this context: the activation of both p53 and NFB result 

in dynamic and pulsatile modulation of their nuclear levels. Moreover, different p53 

and NFB dynamics can cause different gene expression profiles and cellular fates. 

Their dynamics – and their role in modulating cellular functions – have been so far 

studied separately, a condition that poorly represents a tumour scenario where 

multiple stimuli (e.g., therapy for p53 and inflammation for NFB) simultaneously 

impinge both TFs pathways. How the oscillatory dynamics of both TFs are integrated 

into their crosstalk, modulate gene expression and cell fate remains to be unravelled.  

The general purpose of this PhD thesis is to investigate the crosstalk between p53 

and NF-B with a dynamic perspective and study how the interplay between their 

dynamics regulates cellular life/death decisions in response to stresses. To 

investigate this, we (a) applied live-cell fluorescence microscopy to assess whether 

p53 and NFB dynamic behaviours affect each other in breast cancer cells; (b) 

performed gene editing on p53/NFB to evaluate the contribution of one TF in 

regulating the other one’s dynamics; (c) investigated whether p53/NFB coupled 

dynamics can modulate the expression of related genes and cellular outputs (like 

DNA damage repair and cell fate).   
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3. RESULTS 
 

3.1. First evidence of p53/NFB crosstalk in MCF-7 cells.  

 

In this first part, we illustrate the cellular model adopted in this work and its validation 

after gene editing to obtain both p53 and NFB fluorescently tagged, necessary to 

characterize TFs dynamics with live-cell microscopy. We then show how p53 

dynamics result perturbed after a simultaneous activation of both p53 and NFB 

upon specific stimuli triggering sustained or oscillatory p53 dynamics. 

 

3.1.1. Cellular model validation and first evidence of p53/NF-B crosstalk. 

To investigate the crosstalk between p53 and NFB we chose the breast cancer MCF-

7 cell line. These cells carry both NF-B and p53 functional pathways, as we assessed 

by RT-qPCR. At 1 hour after TNF treatment (10 ng/mL), NFKBIA expression 

increases (Figure 3.1A), thus indicating an activation of NFB-mediated 

transcription. At 8 hours after Nutlin (10 M) treatment (that induces a sustained 

accumulation of p53, by blocking its interaction with MDM2), CDKN1A expression is 

raised (Figure 3.1B).  

 

In order to study TFs dynamics via live-cell imaging, our lab developed an MCF-7 line 

in which p53-GFP was knocked-in (KI) via gene editing. Cells were collected at several 

time points after -irradiation and p53 dynamics was assessed via Western Blot 

(Figure 3.2A), giving an oscillatory dynamic of p53-GFP after DNA damage induction 

Figure 3.1. qPCR assessing the expression of p53 and NF-B targets in MCF-7. (A) 

NFKBIA expression in MCF-7 cells at 1 and 8 h after TNF-N° biological replicates = 2. (B) 

CDKN1A expression in MCF-7 cells at 1 and 8 h after Nutlin. N° biological replicates = 3. 
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(with a period of oscillations of around 5 hours after -irradiation), consistent with 

previous reports. This cell line was also validated via qPCR, thus comparing the 

expression of two p53 target genes (CDKN1A and MDM2) with the parental line: both 

genes are upregulated at 4 hours after -irradiation (10 Gy)(Figure 3.2B).  

 

We wondered if triggering p53 pathway had some effects on NF-B dynamics and 

vice versa. For this reason, we firstly evaluated both p53 nuclear levels and NFB 

nuclear/cytosolic localization upon stimuli triggering one or both TFs using specific 

stimuli (Nutlin, TNF- and Nutlin+TNF-, respectively) via immunofluorescence 

assay.  

As a first result, NF-B dynamics did not seem to be affected by p53 activation. 

Treatment by Nutlin alone did not result in NF-B translocation in the nucleus, as 

expected (Figure 3.3A). Additionally, NF-B nuclear-to-cytosolic localization, 

computed with the nuclear-to-cytosolic ratio (N.C.R.), over time did not seem to be 

majorly perturbed upon co-stimulation: both TNF- and Nutlin+TNF- treatments 

trigger NF-B translocation within 1 hour after the stimulus (N.C.R. => 1) and then 

it is mostly cytosolic up to 8 hours (N.C.R. < 1).  We note that NF-B N.C.R. at 30 

mins and 1 hour is slightly lower for the Nutlin+TNF-, but we do not expect this 

difference to be related to p53 activation, since at these early time-points, Nutlin has 

not yet led to a significant p53 accumulation.  

Figure 3.2. Validation of MCF-7 p53-GFP line. (A) Western Blot assessing p53-GFP 
oscillations upon DNA damage induction via -irradiation. N° biological replicates = 1. (B) qPCR 

on CDKN1A and MDM2 expression upon DNA damage induction via -irradiation. N° biological 

replicates = 1. 
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We next observed that, while TNF treatment does not activate p53 at all, p53 

progressively accumulates inside the nucleus upon Nutlin treatment, as expected. 

Interestingly, by activating both pathways with Nutlin and TNF-, p53 nuclear 

abundance increases to higher levels than with Nutlin treatment alone over time 

(Figure 3.3B). To confirm this observation, we quantified p53 protein levels via 

Western Blot by treating cells with Nutlin and Nutlin+TNF-. We were able to assess 

the enhancement in p53 accumulation, also with this technique, by Nutlin upon a 

coupled activation of NF-B by TNF-(Figure 3.4). We next wondered if this 

enhancement in p53 levels upon TNF- is transcriptionally functional. 

We then performed single-molecule fluorescence in situ hybridization (smFISH), a 

technique that enables to measure the number of copies of a selected mRNA with 

single-cell sensitivity by employing multiple fluorescently labelled oligonucleotides to 

target the mRNA of interest (Imbert et al. 2021). With this technique, we quantified 

Figure 3.3. Time-course on p53-GFP and NF-B upon Nutlin and TNF- treatments. 

(A) Immunofluorescence up to 8 hours on NF-B reveals that NF-B dynamics is not perturbed 

by simultaneous p53 activation by Nutlin. (B) Immunofluorescence up to 8 hours on p53 
reveals that its nuclear accumulation is higher if cells are co-treated with Nutlin and TNF-. 

Representative images; n stands for the number of analysed cells. Scale bar = 5 m. Data 

plotted: mean ± S.E.M. N° biological replicates = 1. Statistical test: Kruskal-Wallis (*p< 0.05, 
**p< 0.01, ***p< 0.005). 
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the expression of CDKN1A, a major target gene of p53, upon Nutlin and TNF- at 1 

and 8 hours after treatments. We obtained that the greater levels of nuclear p53 

observed upon Nutlin+TNF- treatment also induce a stronger expression of CDKN1A 

gene expression (Figure 3.5), suggesting that the higher amount of accumulated 

p53 is functional and enables the transcription of its targets. 

Figure 3.5. smFISH on CDKN1a upon simultaneous activation of p53 and NF-B. (A) 

Exemplary smFISH acquisitions (blue = Hoechst, white = CDKN1A probe). Scale bar = 5 m. 

(B) Quantification of mature mRNAs levels. The double treatment results in a greater 
activation of CDKN1A gene, indicating that the enhancement in p53 levels with this coupled 
activation with NF-B is functional at the transcriptional level. N° of analysed cells are reported 

for each condition. N° biological replicates = 1. Black bar = median, with interquartile range. 
Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, ***p< 0.005). 

Figure 3.4. Western Blot to evaluate p53 response to Nutlin and Nutlin+TNF-. We 

compared the effects on p53 accumulation by Nutlin and Nutlin+TNF- and the double 

treatment induces a stronger accumulation of p53, a trend similar to that obtained from 

immunofluorescence assay. N° biological replicates = 2. Statistical test: unpaired T-test, one-
tailed p-value (*p< 0.05, **p< 0.01, ***p< 0.005). 

 

B. 
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3.1.2. Live cell imaging reveals an enhanced p53 accumulation upon Nutlin 

when NF-B is simultaneously activated. 

To further investigate previous findings in fixed MCF-7 cells (p53-GFP line), we moved 

to confocal microscopy. To follow coupled p53 and NF-B dynamics in living cells, we 

performed a lentiviral infection (see details in Materials and Methods, paragraph 

5.3) on this cell line so they express the p65/RelA subunit of NFB fused with the 

fluorescent tag mScarlet, under the control of the endogenous p65 promoter. We 

chose this combination of fluorescent molecules since they have separated spectra 

(GFP: exctiation = 475 nm, emission = 509 nm; mScarlet: exctiation = 569 nm, emission = 

594 nm), so we did not expect bleedthrough in the fluorescence emission of the two 

fluorophores. After the infection, mScarlet-positive cells were sorted and NFB 

activation was validated via confocal imaging. The setup for live-cell imaging includes 

an incubator that ensures a standard environment for cells (5% CO2 at 37°C) and 

enables time-lapse acquisitions. We validated fluorescently tagged TFs dynamics 

upon previous cited treatments. The treatment with Nutlin induces a progressive 

accumulation (sustained dynamics) of nuclear p53 (Figure 3.6A), while -irradiation 

(10 Gy) generates p53 oscillations, with two major peaks detectable at around 3 and 

8 hours after irradiation (Figure 3.6B). The addition of TNF- leads to partial NFB 

translocation to the nucleus within 30 minutes after the stimulus. After 1 hour, NFB 

is already back into the cytosol and no further translocations are observed at later 

Figure 3.6. Validation of MCF-7 double-tagged line with live-cell confocal imaging. 
(A) p53-GFP sustained dynamics upon Nutlin and (B) oscillations upon -irradiation are 

perceptible. (C). NF-B-mScarlet translocation is visible at around 30 minutes upon TNF- 

treatment. Scale bar: 10 m. 
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times (Figure 3.6C). Hence, this model allows following both p53 and NF-B 

dynamics using live-cell imaging and such dynamics follow physiological trends.     

To analyse single-cell dynamics of both p53 and NF-B, we generated a semi-

automatic pipeline written in ImageJ Macro language and MATLAB (see details in 

Materials and Methods, paragraph 5.9). Briefly, movies acquired at confocal 

microscope are separated according to stimuli and fields of view. Usually, to 

determine the mean cytosolic NFB intensity, a ring with a radius slightly larger than 

the nucleus is generated around each nucleus, and the average intensity within this 

region is calculated (Kizilirmak et al. 2021). However, MCF-7 cells tend to grow very 

close to each other and this worsens the correct quantification of the nuclear-to-

cytosolic ratio (N.C.R.) for NF-B. We then used a Machine learning trained network 

called Cellpose (Stringer et al. 2021) for automatic and precise segmentation of both 

cell nuclei and entire cell boundaries in each frame. A stack with the time-course of 

single-cell masks is then generated. Next, single nuclei masks are associated with 

the respective cytoplasm masks and both the nuclear intensity of p53 and the nuclear 

to cytosolic fluorescent intensity ratio of NFB are calculated. Then, each cell is 

tracked between frames via an algorithm called the Hungarian linker method 

(Jaqaman et al. 2008) (Careccia et al. 2019). Single-cell profiles are then extracted 

and grouped in matrices, from which different features of TFs dynamics, can be 

computed (Figure 3.7), like the area-under-the-curve (AUC, that quantifies the total 

protein level accumulation), timings and intensities of peaks of oscillation.  

Figure 3.7. Pipeline for time-courses analysis. Time-lapses at confocal microscope are 
processed via custom-written routines, extracting single-cell profiles of both p53 and NF-B 

and quantifying features of their dynamics.    
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We then triggered p53 sustained dynamics with Nutlin and NF-B translocation with 

TNF- and we followed cells after these single and coupled treatments. With our 

pipeline, we were able to extract single-cell profiles, as shown in Figure 3.8A for NF-

B and Figure 3.9A for p53. From this matrix representation, where dynamics 

differences can be visually displayed, a first strong peak of NFB nuclear localization 

is detectable at the beginning of the time-course. After this first synchronous peak 

among the cell population, a clear NFB translocation is no longer detectable, except 

in isolated cases and for brief moments. This leads to the observation that in MCF-7 

cells NF-B does not show persistent oscillations after a first trigger, as instead 

happens in other cell lines (Kellogg & Tay, 2015). However, this kind of behaviour 

has also been observed for other cell lines, like HeLa cells (Lee et al. 2016) 

(Zambrano et al. 2020). As we previously saw from experiments in fixed cells, NF-

B dynamics triggered by TNF- is not perturbed if p53 is activated by Nutlin at the 

same time (Figure 3.8B-C). No differences are detectable from average profiles and, 

despite a small but significant difference of maximum NF-B translocation level after 

Nutlin+TNF-, its timing is around 30 minutes after the stimulus with TNF-, so 

Figure 3.8. Quantification of NF-B dynamics features. (A) After TNF- treatment, NF-

B translocates in around 30 minutes and then returns in the cytoplasm. NF-B N.C.R. profiles 

are plotted up to 7 hours to enhance early NF-B translocation. (B) Average profiles on NF-B 

N.C.R. (C) Quantification of maximum NF-B translocation level (left) and respective timing 

(right). Black bar = median, with interquartile range. Statistical test: Kruskal-Wallis (*p< 
0.05, **p< 0.01, ***p< 0.005). 
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before p53 activation by Nutlin. Interestingly, p53 sustained dynamics induced by 

Nutlin is instead enhanced by the addition of TNF-. As shown in single-cell matrices, 

p53 levels accumulated more if cells were treated with both Nutlin and TNF than 

with Nutlin alone (Figure 3.9A). Exemplary profiles of how p53 sustained dynamics 

behave in single cells and the average profiles of cell population are reported in 

Figure 3.9B and Figure 3.9C, respectively. These results are also confirmed via the 

area-under-the-curve quantification, assessing a greater accumulation of p53 upon 

Nutlin+TNF-treatment than Nutlin alone (Figure 3.10). We therefore wondered 

what happens if we trigger a different kind of p53 dynamics and activate NF-B at 

the same time. 

 

 

Figure 3.9. Single-cell p53 profiles upon Nutlin. (A) We triggered p53 sustained dynamics 
by adding Nutlin to our cells. Simultaneous activation of NF-B with TNF- enhanced p53 

response to Nutlin. Single-cell matrices of p53 profiles. (B) n° single-cell p53 profiles = 5. (C) 
Median of p53 profiles; coloured area: interquartile range, n = number of analysed cells. 
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3.1.3. p53 oscillations are perturbed by TNF- stimulation.  

We next exposed our cells to -irradiation (10 Gy), a stimulus that induces DNA 

damage and triggers p53 oscillations (Lev Bar-Or et al. 2000). We also activated the 

NFB pathway by adding TNF-. Upon -irradiation alone, p53 levels oscillate and 

two peaks of oscillations are clearly visible from the single-cell matrix (at around 3 

and 7 hours after the stimulus) (Figure 3.11A). Upon activation of both TFs with -

irradiation and TNF, p53 dynamics is perturbed. The second peak of oscillation is 

much more recognizable and p53 levels reach a higher intensity than with -

irradiation alone. From exemplary profiles from single cells and the population 

median profile of p53, it seems that NFB activation via TNF- perturbs p53 

oscillations, turning this kind of dynamics into a more sustained accumulation over 

time (Figure 3.11B-C). We quantified the parameters of these dynamics. First, p53 

oscillations result to be accelerated if we also activate NFB with TNF-: in this case, 

the second peak of oscillation occurs earlier, reducing the inter-peak time interval 

(Figure 3.12A-B).  

Moreover, a greater amount of p53 accumulates in nuclei after the co-activation with 

NFB and the second peak of oscillation reaches higher levels (Figure 3.12C-D). 

Therefore, while -irradiation alone brings a damped p53 oscillation, the addition of 

Figure 3.10. Quantification of p53 accumulation upon Nutlin and TNF-. We quantified 

the area-under-the-curve from single p53 profiles. Nutlin+TNF- treatment induces a higher 

accumulation of p53 than Nutlin treatment alone. Black bar = median, with interquartile range. 
Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, ***p< 0.005). 
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TNF- induces more rapid p53 oscillations that turn into a monotonic increase in this 

time span. 

 

Overall, these results suggest a possible crosstalk between p53 and NFB in MCF-7 

cells that has a more drastic effect on p53 dynamics: when we activate both TFs, p53 

dynamics (sustained and oscillatory) result perturbed by TNF-. However, TNF- can 

Figure 3.11. Single-cell p53 profiles upon DNA damage induction. (A) We triggered p53 
oscillatory dynamics with -irradiation. A coupled treatment with TNF-, that triggers NF-B 

activation, perturbs p53 oscillations. Single-cell matrices of p53 profiles. (B) n° single-cell p53 
profiles = 5. (C) Median of p53 profiles; coloured area: interquartile range, n = number of 

analysed cells. 
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trigger other different pathways than NFB that may have effects on the regulation 

of p53 activity (Milne et al. 1994) (Sabio & Davis, 2014). Furthermore, the system 

used for live-cell imaging had both the endogenous (untagged) version of NF-B, so 

the fluorescently tagged version might not mirror the dynamics of the endogenous 

one. Hence, we next decided to generate more suitable cellular models to address 

these issues and to perform live cell imaging experiments to understand if these 

perturbations of p53 dynamics that we observed by adding TNF do indeed depend 

on NFB.  

 

Figure 3.12. Quantification of p53 oscillations features upon -irradiation and TNF-

. From single-cell p53 profiles we quantified (A) timings of oscillations peaks (statistical test: 

Kruskal-Wallis), (B) inter-peak-intervals (statistical test: unpaired t-test), (C) area-under-the-
curve (statistical test: unpaired t-test) and (D) p53 intensity at the first two oscillation peaks 
(statistical test: Kruskal-Wallis). Significance: *p< 0.05, **p< 0.01, ***p< 0.005. 
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3.2. NFB activation drives p53 dynamics perturbations. 

 

In this section, we investigate whether NF-B plays a role in the perturbation of p53 

sustained and oscillatory dynamics we previously observed. We generated and 

characterized new MCF-7 cell lines: starting with the cell line carrying endogenous 

p53 labelled with GFP, we generated a first model where NF-B was knocked-out and 

a second one where we re-introduced p65-mScarlet under the control of the 

endogenous p65 promoter, so all protein copies of both TFs were fluorescently 

tagged. We next studied p53 dynamics upon -irradiation/Nutlin and TNF- 

comparing these cells. We also triggered NF-B activation with another inflammatory 

cytokine (IL-1), to assess whether an enhancement in p53 sustained dynamics upon 

Nutlin is still inducible, as we saw after coupled treatment with TNF-.  

 

3.2.1. Generation and validation of double tagged and NF-B KO cell lines. 

Following the preliminary results described above, we focused on developing the 

cellular material necessary for studying p53 dynamics in presence/absence of NFB. 

Briefly, we performed a knock-out (KO) by CRISPR-Cas9, to completely remove the 

p65/RelA monomer of the NF-B protein, on the MCF-7 p53-GFP clone we previously 

generated. After the transfection with specific CRISPR-Cas9 vectors (see details in 

Material and Methods, paragraph 5.3), cells underwent antibiotic selection. We then 

obtained a pool of cells from which single-cell clones were isolated, expanded and 

screened. The first clone we obtained carries p53-GFP (without the endogenous 

protein) and is p65 KO (as confirmed by Western Blot in Figure 3.13), which will be 

called NFkB-. From this new population, we repeated the lentiviral infection with the 

p65-mScarlet construct and we repeated clonal isolation and screening. In this way, 

Figure 3.13. Validation of NFkB+ and NFkB- cell lines via Western Blot. We generated 
and validated two new cell lines. NFkB- cells carry p53-GFP and is KO for NF-B. NFkB+ cells 

carry both p53-GFP and p65-mScarlet, without the endogenous proteins. (A) -p65 gel. (B) 

-p53 gels. p53 levels were blotted both in normal conditions (-) and after a 6h-treatment 

with Nutlin 10 mM (+). 
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we obtained a new clonal population, that will be called NFkB+, in which both the 

endogenous p53 and p65 proteins were completely replaced with a fluorescently 

tagged version, p53-GFP and p65-mScarlet (Figure 3.13). Notably, expression 

levels of both p53-GFP and p65-mScarlet were found to be comparable to those of 

the untagged proteins in the parental population. Finally, we performed an RT-qPCR 

experiment to evaluate the expression of two NF-B and p53 target genes (NFKBIA 

and CDKN1A, respectively) in NFkB+ cells. While CDKN1A activation is maintained 

between the two clonal lines, meaning that p53 works in both clonal populations, 

NFKBIA expression is strongly reduced in NFkB- cells, in which we performed NF-B 

KO (Figure 3.14). 

We then repeated live-cell imaging experiments, thus comparing NFkB+ and NFkB- 

cells, triggering different p53 dynamics. With this control, we were able to investigate 

the role of NF-B activation with TNF- in p53 dynamics perturbation.  

 

3.2.2. NF-B enhances p53 sustained dynamics upon inflammatory stimuli.  

To assess whether p53 dynamics perturbation upon a co-treatment with Nutlin and 

TNF-depends on NF-B, we performed live-cell confocal imaging of NFkB+ and NFkB- 

cell lines at the same time. We then applied our analysis pipeline and we extracted 

single-cell p53 profiles. NFkB+ cells displayed similar behaviour to the MCF-7 p53-

GFP cells: Nutlin treatment activated sustained p53 dynamics, TNF- did not activate 

p53 at all, and a simultaneous treatment of Nulin+TNF- enhanced p53 nuclear 

Figure 3.14. Validation of NFkB+ and NFkB- cell lines via qPCR. (A) NFKBIA expression 
quantification upon 1 hour of TNF-. (B) CDKN1A expression quantification upon 8 hours of 

Nutlin. N° biological replicates = 2. Statistical test: unpaired t-test (*p< 0.05, **p< 0.01, 
***p< 0.005). 
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accumulation. This is visible from representative (Figure 3.15A) and median p53 

profiles (Figure 3.15B). Interestingly, this enhancement in p53 response to Nutlin 

upon TNF- is missing in NFkB- cells: both Nutlin and Nutlin+TNF- treatments induce 

a similar accumulation of p53, as reported in Figure 3.16.  

We then compared the area-under-the-curve computed from single-cell profiles 

between NFkB+ and NFkB- cells (Figure 3.17). Also from this quantification, NFkB+ 

cells accumulated more p53 after Nutlin+TNF- treatment than with Nutlin alone. 

Instead, NFkB- cells do not display a significant difference in p53 nuclear 

accumulation between single and double treatment. These comparisons overall 

indicate that the enhancement of p53 response to Nutlin upon a simultaneous 

treatment with TNF-depends on NFB.  

Figure 3.15. p53 sustained dynamics upon Nutlin and TNF- in NFkB+ cells. (A) We 

triggered p53 sustained dynamics by adding Nutlin to NFkB+ cells. A coupled activation with 
NF-B enhanced p53 response to Nutlin, as saw from previous experiments. n° single-cell p53 

profiles = 5. (B) Median of p53 profiles; coloured area: interquartile range, n = number of 

analysed cells. 
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We next wondered whether another stimulus triggering the NF-B pathway could 

induce similar changes in the Nutlin-induced p53 sustained dynamics we observed 

upon co-stimulation with TNF-. We chose IL-1(200 ng/mL), a pro-inflammatory 

cytokine that activates NF-B signalling pathway, since it induces the 

phosphorylation, and subsequent degradation, of IB (Leibowitz & Yan, 2016) (Diep 

et al. 2022). We firstly validated the MCF-7 response by comparing NF-B nuclear 

translocation dynamics between IL-1and TNF-(Figure 3.18A-B). TNF induced 

a quick and narrow peak of NF-B translocation inside the nucleus around 30 minutes 

after the treatment and the presence of nuclear NF-B (N.C.R. => 1) after this first 

peak can be seen in different cells. IL-1, instead, triggered a delayed and broader 

peak of NF-B translocation. Moreover, while TNF effects were quite homogeneous 

in the cell population, IL1 did not act in all cells and NF-B maximum N.C.R., was 

lower than TNF (Figure 3.18C, left). 

Figure 3.16. p53 sustained dynamics upon Nutlin and TNF- in NFkB- cells. (A) We 

triggered p53 sustained dynamics by adding Nutlin to NFkB- cells. Without NF-B, p53 

sustained dynamics upon Nutlin is not enhanced by TNF- treatment. n° single-cell p53 

profiles = 5. (B) Median of p53 profiles; coloured area: interquartile range, n = number of 
analysed cells. 



 

52 
 

 

Figure 3.17. Comparison of p53 accumulation level between NFkB+ and NFkB- cells. 
We quantified the area-under-the-curve from single p53 profiles. Nutlin+TNF- treatment 

induces a higher accumulation of p53 than Nutlin treatment alone only in NFkB+ cells (red 
dots). NFkB- cells do not display differences in p53 accumulation (white dots). Black bar = 
median, with interquartile range. Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, ***p< 
0.005).  

Figure 3.18. TNF- and IL-1 trigger different NF-B dynamics, but still enhance p53 

response to Nutlin. (A) Time-course of NF-B translocation upon IL-1 treatment. Scale bar 

= 10 m. (B) Single-cell NF-B N.C.R. profiles are plotted up to 8 hours to enhance the 

difference in early NF-B translocation between TNF- and IL-1(arrows highlight the peak of 

nuclear translocation). N° cells = 442 (Nutlin); 288 (Nutlin+TNF-); 255 (Nutlin+IL-1). (C) 
Quantification of NF-B maximum translocation level (left) and enhancement in p53 response 

(right). Black bar = median, with interquartile range. Statistical test: Kruskal-Wallis (*p< 
0.05, **p< 0.01, ***p< 0.005). 
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Both IL-1 and TNF- enhanced p53 sustained accumulation upon Nutlin (Figure 

3.18C, right).  

We then repeated the live-cell imaging experiments comparing p53 sustained 

response to Nutlin and Nutlin+IL-1 treatments. What we actually observed was 

similar trends to those obtained with TNF: IL-1 does not elicit p53 activation, 

Nutlin induced a sustained accumulation of p53 inside the nucleus and a double 

stimulation (Nutlin+IL-1) enhances p53 levels, as reported from representative and 

median profiles in NFkB+ cells (Figure 3.19). In NFkB- cells no enhancement is visible 

upon Nutlin+IL-1 treatment (Figure 3.20), and the accumulation of p53 is similar 

between the two treatments. These observations were quantified by calculating the 

area-under-the-curve (Figure 3.21). We can then conclude that p53 sustained 

accumulation upon Nutlin can be enhanced upon a stimulus that activates also NF-

B and this enhancement depends directly on the presence of NF-B. We next 

wondered the effect on p53 oscillations if NF-B is removed from the system. 

 

Figure 3.19. p53 sustained dynamics upon Nutlin and IL-1 in NFkB+ cells. (A) We 

triggered p53 sustained dynamics by adding Nutlin to NFkB- cells. A coupled activation with 
NF-B through IL-1 enhanced p53 response to Nutlin, as saw from previous experiments. n° 

single-cell p53 profiles = 5. (B) Median of p53 profiles; coloured area: interquartile range, n 

= number of analysed cells. 
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Figure 3.20. p53 sustained dynamics upon Nutlin and IL-1 in NFkB- cells. (A) We 

triggered p53 sustained dynamics by adding Nutlin to NFkB- cells. Without NF-B activation, 

p53 sustained dynamics upon Nutlin is not enhanced by IL-1 co-treatment. n° single-cell p53 

profiles = 5. (B) Median of p53 profiles; coloured area: interquartile range, n = number of 

analysed cells. 

Figure 3.21. Comparison of p53 accumulation level between NFkB+ and NFkB- cells 
(IL-1 experiment). We quantified the area-under-the-curve from single p53 profiles. 

Nutlin+IL-1 treatment induces a higher accumulation of p53 than Nutlin treatment alone only 

in NFkB+ cells (red dots). NFkB- cells do not display any p53 dynamics perturbation (white 

dots). Black bar = median, with interquartile range. Statistical test: Kruskal-Wallis (*p< 0.05, 
**p< 0.01, ***p< 0.005).     
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3.2.3. NF-B perturbs p53 oscillatory dynamics upon TNF-. 

We then compared p53 response between NFkB+ and NFkB- upon a coupled 

stimulation with -irradiation (10 Gy) and TNF-(10 ng/mL). NFkB+ cells display 

similar behaviour to the starting population from which we generated this clone: while 

-irradiation alone triggers damped p53 oscillations, the coupled activation of NF-B 

with TNF- perturbs such oscillations, that become closer to a sustained dynamics 

(Figure 3.22). 

 

Under the same conditions, NFkB- cells responses to -irradiation and -

irradiation+TNF- have similar trends. Contrary to what happens in NFkB+ cells, 

where NF-B is activated upon TNF- treatment, oscillations are not perturbed in 

NFkB- cells (Figure 3.23). In Figure 3.24 we quantified the total amount of p53 

nuclear accumulation via the area-under-the-curve computation from single-cell p53 

profiles. Despite a significant difference between single and double treatments in 

NFkB- cells, higher levels of p53 are reached in NFkB+ cells upon the double treatment 

with -irradiation and TNF-.  

Figure 3.22. p53 oscillatory dynamics upon -irradiation and TNF- in NFkB+ cells. 

(A) We triggered p53 oscillations by exposing NFkB+ cells to -irradiation (10 Gy). Co-

activation with NF-B enhanced p53 oscillations after DNA damage, as seen from previous 

experiments. n° single-cell p53 profiles = 5. (B) Median of p53 profiles; coloured area: 
interquartile range, n = number of analysed cells. 
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Figure 3.23. p53 oscillatory dynamics upon -irradiation and TNF- in NFkB- cells. (A) 
We triggered p53 oscillations by exposing NFkB- cells to -irradiation (10 Gy). Without NF-B, 

p53 oscillations are not perturbed by TNF- treatment. n° single-cell p53 profiles = 5. (B) 

Median of p53 profiles; coloured area: interquartile range, n = number of analysed cells. 

Figure 3.24. Comparison of p53 accumulation level between NFkB+ and NFkB- cells 
after DNA damage + TNF-. We quantified the area-under-the-curve from single p53 

profiles. -irradiation+TNF- treatment induces a higher accumulation of p53 than -irradiation 

treatment alone in NFkB+ cells. NFkB- cells display slightly higher p53 levels with the double 
treatment, but still lower than those computed in NFkB cells. Black bar = median, with 

interquartile range. Results from representative experiment, n° biological replicates = 2. 

Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, ***p< 0.005).     
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When we computed parameters characterizing oscillations, we found that oscillations 

are more perturbed in NFkB+ cells. p53 oscillations are accelerated upon -irradiation 

and TNF- treatment in NFkB+ cells, since both the first and second peak of 

oscillations occur earlier than -irradiation alone and timings computed in NFkB- cells 

(Figure 3.25A). We then looked at the intensity of 1st and 2nd peaks of p53 oscillatory 

dynamics. We obtained that, while small differences (despite significant) are 

detectable in the intensities of 1st peaks, 2nd peaks of oscillation are higher in NFkB+ 

cells (Figure 3.25B). This corroborates our previous results, suggesting that upon a 

coupled activation with TNF-, p53 oscillations progressively turn into a sustained 

accumulation. 

Figure 3.25. Comparison of p53 oscillations features between NFkB+ and NFkB- cells 
after DNA damage + TNF-. From single-cell p53 profiles we quantified timings of 

oscillations peaks (A) and p53 intensity at the first two oscillation peaks (B), between NFkB- 

(black/grey) and NFkB+ (red) cells. Results from representative experiment, n° biological 
replicates = 2. Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, ***p< 0.005, n.s. are 
not shown). 
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3.3. Investigating the molecular mechanism of NF-B-mediated 

perturbation of p53 dynamics. 

 

Our previous results suggest that a crosstalk involving p53 and NFB dynamics is 

actually present in MCF-7 cells. When we trigger NFB and p53 signalling pathways 

at the same time, p53 sustained and oscillatory dynamics are perturbed in a way that 

globally increases the accumulation of p53. These results were somehow in contrast 

with most of the studies in the literature that highlight the molecular antagonism 

between p53 and NFB (Gudkov et al. 2011). Different studies reported how NFB 

can inhibit p53 activity by up-regulating MDM2 (Heyne et al. 2013) or via its target 

genes, which can interfere with p53-related pro-apoptotic processes (Perkins, 2007) 

(Gudkov et al. 2011) (Figure 1.6). However, previous studies did not include 

information or considerations regarding p53 and NFB dynamics in the context of 

their crosstalk. Therefore, our current results, although diverging from some previous 

studies, introduce a new variable into the system: the temporal evolution of p53 and 

NFB, pivotal in regulating their transcriptional program and cellular outcome after 

stresses (Purvis et al. 2012) (Bacher et al. 2021). We next decided to investigate the 

molecular mechanism behind these observations. 

 

3.3.1. NF-B and p53 activation and target gene expression correlate at 

single-cell level. 

To provide some first insight in the molecular mechanism governing p53/NF-B 

crosstalk, we decided to assess whether the NF-B-derived perturbation of p53 

dynamics is cell-intrinsic. We divided the cell population treated with stimuli 

triggering both p53 (Nutlin/-irradiation) and NFB (TNF-/IL-1) according to a 

threshold: the mean value in the population of NFB nuclear response over the time-

course (through the AUC) and we used only profiles spanning for at least 12 hours. 

We chose this specific time-point due to the pronounced disparity in p53 responses 

we observed from fixed and live experiments upon treatments activating only p53 

(Nutlin/-irradiation) and simultaneous treatments activating both p53 and NF-B 

(Nutlin/-irradiation + TNF-/IL-1). In cells treated with both Nutlin and TNF, 

those cells that displayed a higher NF-B nuclear response displayed a higher 

accumulation of p53 over time (Figure 3.26A). A similar result upon TNF- is 

detectable upon -irradiation treatment, where a higher NF-B nuclear response 

correlates with a stronger p53 accumulation over time in the same cells (Figure 
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3.26B). Interestingly, we obtained a similar trend after the double treatment with 

IL-1(Figure 3.26C).  

 

We next wondered whether this positive correlation between NF-B and p53 

responses to simultaneous stimuli occur also at the transcriptional level. To this aim, 

we then performed a smFISH on two p53 and NF-B target genes, CDKN1A and 

NFKBIA, respectively, at the same time. We chose Nutlin and TNF- as treatments 

and 8 hours as a time-point, since we previously saw an enhancement in CDKN1A 

expression upon a boosted p53 accumulation with these stimuli (Figure 3.6). In 

Figure 3.27A, we report example images of smFISH and quantification of mature 

mRNA is reported alongside them. Cells display a high level of CDKN1A and NFKBIA 

after Nutlin and TNF- treatments, respectively, at 8 hours after the treatment. With 

Nutlin, no correlation between NFKBIA and CDKN1A is visible. Upon only TNF-, we 

reported low levels of CDKN1A expression, that nevertheless weakly correlate with 

NFKBIA levels.  

Interestingly, upon the double treatment with Nutlin and TNF-, we have a stronger 

positive correlation between the expression levels of NFKBIA and CDKN1A, as 

reported in Figure 3.27B, lower-right panel. This result is in line with single-cell 

analysis previously reported for this type of treatment: those cells in which we detect 

a greater activation of NF-B (and consequent greater expression of its target gene 

NFKBIA) display a higher nuclear accumulation of p53 (and consequent greater 

expression of its target gene CDKN1A). 

Figure 3.26. Comparison between p53 and NFB responses at single-cell level upon 

TNF-IL-1. Cells responses were split in two populations according to NFB response 

(low/high) and plotted against respective p53 response (AUC). (A). NFkB+ cells upon 
Nutlin+TNF- treatment. (B) NFkB+ cells upon -irradiation+TNF- treatment. (C) NFkB+ cells 

upon Nutlin+IL-1 treatment. Statistical test: Wilcoxon Rank Sum Test (p-values are reported 

in each figure). 
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Figure 3.27. smFISH comparing CDKN1A and NFKBIA upon Nutlin+TNF- treatment. 

(A) Exemplary smFISH acquisitions (blue = Hoechst, white = CDKN1A probe, red = NFKBIA 
probe). Scale bar = 5 m. (B) Quantification and correlation between NFKBIA and CDKN1A 

mature mRNAs levels. N° biological replicates = 1. N° of analysed cells are reported; 
Spearman’s Correlation Coefficients () are reported with relative p-values in each condition. 
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3.3.2. NF-B activation enhances p53 transcription. 

Given this evidence, we next asked: how does NF-B activation enhance p53 levels, 

thus perturbing its dynamics? The hypothesis we made is that NF-B can promote 

the transcription of p53 itself in the conditions we tested. Indeed, previous studies 

suggest that TP53, the gene of p53 protein, can be a transcriptional target of NF-B 

since the promoter sequence of TP53 contains a binding site for NFB (H. Wu & 

Lozano, 1994) (Pahl, 1999) (Schumm et al. 2006); TP53 is also reported as a target 

gene of NF-B in online databases (https://bioinfo.lifl.fr/NF-KB/). This could explain 

the increase in p53 protein levels observed from live-cell imaging upon -

irradiation/Nutlin and TNF- treatment (higher than Nutlin treatment alone) and the 

differences in p53 dynamics enhancement we observed when comparing NFkB+ and 

NFkB- cells.  

We next investigated the possibility that, after a simultaneous treatment activating 

both TFs, p53 response to Nutlin is enhanced by NF-B due to an increase in NF-B-

mediated p53 transcription. We then performed a smFISH looking directly at TP53 

gene expression level after Nutlin+TNF- treatment and we chose 1 and 8 hours as 

time-points. Results are reported in Figure 3.28. We obtained a slight but significant 

increase in the amount of mature TP53 mRNAs at 8 hours after the treatment with 

Nutlin. This result can be explained by a positive autoregulation of the TP53 gene, 

which is reported to be a target of p53 itself (Fischer, 2017) (Ghosh et al. 2022). 

Interestingly, we found a higher amount of TP53 mature mRNAs after both TNF- 

and Nutlin+TNF- treatments. With TNF-, despite an increase in the expression of 

the TP53 gene, we did not observe an increase in p53 levels via live-cell imaging or 

immunofluorescence, potentially because MDM2 activity is not blocked. The 

simultaneous activation of both TFs via Nutlin and TNF- induces the stronger 

expression of TP53, which can be explained with a sort of superposition of Nutlin and 

TNF-effects.  

 

 

 

 

 

 

https://bioinfo.lifl.fr/NF-KB/
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3.3.3. Mathematical simulations suggest that increased p53 transcription 

upon TNF- causes perturbed dynamics. 

To gain further insights into the crosstalk of p53 and NF-B, we decided to use a 

mathematical model of the p53-MDM2 feedback loop. In the last decades, this kind 

of tool has emerged as an indispensable tool in the biologist's toolkit, since it offers 

a systematic and quantitative approach to dissecting transcriptional networks. The 

Figure 3.28. smFISH on TP53 gene expression upon Nutlin and TNF-. (A) Exemplary 

smFISH acquisitions (blue = Hoechst, red = TP53 probe). Scale bar = 10 m. (B) 

Quantification of TP53 mature mRNAs levels. N° of analysed cells are reported for each 
condition. Data are merged from n° of biological replicates = 2. Statistical test: Kruskal-Wallis 
(*p< 0.05, **p< 0.01, ***p< 0.005). 
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negative feedback loop of the p53-MDM2 system has actually been extensively 

studied and different mathematical models have been proposed. Each model is built 

around differential equations that describe the temporal evolution of each player 

composing the system. Simpler models account only for p53 and MDM2 protein 

concentrations (Lev Bar-Or et al. 2000), while more complex models employ different 

“intermediaries”, like other proteins involved in the loop and delays accounting for 

ongoing molecular processes (transcription, translation, mRNAs degradation) 

(Ahmed & Verriest, 2017) (Eliaš & Macnamara, 2021).  

In particular, we wanted to use mathematical modelling to understand to what extent 

the simple enhancement in TP53 transcription, which we hypothesized is related to 

NF-B activation, is able by itself to produce the perturbation of p53 response to DNA 

damage and to Nutlin we experimentally observed. We chose the model proposed by 

(Hunziker et al. 2010), whose structure and governing ordinary differential equations 

(ODEs) are reported in Figure 3.29, due to its relative simplicity and for being 

mathematically intuitive. A description of the parameters proposed in the original 

paper is reported in Materials and Methods paragraph 5.10. Contrary to other 

models that require time delays to generate oscillations (Geva-Zatorsky et al. 2006) 

(Purvis & Lahav, 2013), thus using delayed differential equations instead of ODEs, 

this model employs nonlinearities caused by the p53 oligomerization and by the p53-

MDM2 interaction to trigger an oscillatory behaviour (Hunziker et al. 2010) upon 

different perturbations. To simulate DNA damage induction, the paper proposed to 

drastically change three parameters, specifically: increased MDM2 degradation (↑), 

Figure 3.29. p53-MDM2 feedback loop model. The model relies on four ordinary 

differential equations describing the temporal evolution of four concentrations: p53, MDM2, 
MDM2 mRNA and the complex between p53 and MDM2. 
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decreased MDM2-mediated ubiquitination of p53 (↓) and decreased binding between 

p53 and MDM2 (↓kf). To simulate Nutlin treatment, instead, (Hunziker et al. 2010) 

changed only one parameter (↓kf), arguing that Nutlin decreases the binding between 

p53 and MDM2 (Zajkowicz et al. 2013). 

However, the model has some limitations and needed further refinement. First, their 

model was not able to reproduce the damped oscillatory behaviour of p53 that we 

observe experimentally upon DNA damage. As shown in Figure 2A in (Hunziker et al. 

2010), their simulated p53 oscillations displayed a high first peak at 1 hour after 

trigger, then a 4 hours plateau below the basal level, followed by oscillations with a 

period of approximately 4 hours. To overcome this, we performed simulations with 

randomized parameters around the original values (Hunziker et al. 2010) and 

searched for p53 dynamics profiles similar to our experimental observations. With 

our method, we obtained parameter values (provided in Materials and Methods, 

paragraph 5.10) leading to a p53 dynamic profile that is similar to those observed 

in our MCF-7 cells from confocal imaging upon DNA damage induction (Figure 

3.30A). The profile displays damped oscillations, with a first peak of oscillation at 

around 2.5-3 hours after the stimulus (time=0 in the simulation) and a second lower 

peak. 

With this model, we then performed simulations to assess the effect of enhanced 

TP53 transcription upon TNF- treatment, as obtained from the smFISH experiment 

on TP53 (Figure 3.28). Assuming constant translation and degradation rates of the 

mRNA, it should lead to an increase in p53 synthesis rate (p). We then proposed a 

model of linear increase of p, p(t), mirroring the mRNA accumulation observed 

experimentally (detail in Materials and Methods, paragraph 5.10), for different 

values of the fold change increase of p(t) between t=0h and t=24 h compatible with 

our experimental observation through smFISH. Doing so, we actually obtained a 

perturbation in p53 oscillatory dynamics, which is similar to that observed in live-cell 

imaging upon a simultaneous treatment with -irradiation and TNF-. (Figure 3.30B). 

In particular, the simulations show how: (1) the first peak remains almost 

unchanged; (2) the second peak of oscillations was enhanced and anticipated; (3) 

oscillations progressively become a sustained accumulation. Hence, the results from 

mathematical modelling suggest that the NF-B-dependent perturbation of p53 

oscillations can be caused solely by an enhanced transcription of TP53. 
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We then decided to assess if for our model the effect of the co-treatment upon Nutlin 

could again be explained through an increasing p53 synthesis. However, the model 

needed further refinement since the perturbation proposed to simulate Nutlin in 

(Hunziker et al. 2010)(drastically reducing the binding constant kf of p53 and MDM2) 

did not reproduce the progressive accumulation of p53 that we observed in our 

experiments (Figure 2A in (Hunziker et al. 2010)). So, we decided to model Nutlin 

pharmacokinetics with a Hill function, along the lines of others (Purvis et al. 2012), 

so it would affect gradually kf, which will become time-dependent (kf(t), see Materials 

and Methods, paragraph 5.10). For appropriate kinetic values, we obtained profiles 

showing a progressive accumulation of p53, similar to live-cell imaging experiments 

(Figure 3.31A). With this model, we again assessed the effect of increasing the 

synthesis rate as observed for the co-treatment, analogously to what we did for 

gamma irradiation. This caused again an increase in the quantity of p53, which 

progressively accumulated (Figure 3.31B) indicating that a moderate increase in 

synthesis rate led to accumulations of p53 compatible with the ones observed 

experimentally. 

Figure 3.30. Mathematical simulations of p53-MDM2 feedback loop upon DNA 
damage and enhanced p53 synthesis rate. (A) A profile of p53 oscillatory dynamics similar 
to those observed via live-cell microscopy, obtained through parameters randomization 
around the original model values. (B) Progressive increase of p (to mirror NF-B mediated 

enhance TP53 transcription) for increasing fold changes transformed p53 oscillations into a 
sustained accumulation, similarly to the behaviour we observed in MCF-7 after double 

treatment of -irradiation+TNF-. 
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In summary, mathematical modelling provided a robust framework to investigate the 

perturbations of p53 dynamics due to NF-B activation. By refining our model and 

performing data-constrained perturbations on the p53/MDM2 feedback loop model, 

we observed trends that reproduced the experimental results and supported our 

hypothesis of an increased p53 synthesis rate driven by NF-B activation as the cause 

of the perturbed p53 dynamics observed when NF-B is activated simultaneously. 

 

 

 

 

 

 

 

 

   

Figure 3.31. Mathematical simulations of p53-MDM2 feedback loop upon Nutlin and 

enhanced p53 synthesis rate. (A) By properly simulating pharmacokinetics of Nutlin, a 
profile of sustained accumulation was obtained. (B) Progressive increase of p enhanced p53 

accumulation, similarly to the behaviour we observed in MCF-7 after double treatment of 
Nutlin+TNF-. 
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3.4. p53 perturbed dynamics by NF-B and cellular response to 

stresses.  

 

Our results suggest that the activation of NF-B via inflammatory cytokines perturbs 

p53 dynamics, which become more sustained. p53 is well known as the master 

regulator of cell response to different stresses and its dynamics are important in the 

transcriptional program that will be activated (Purvis et al. 2012). We next asked 

what could happen to cell fate and DNA damage repair mechanism with p53 dynamics 

perturbed by NF-B activation via TNF- and IL-1.  

 

3.4.1. TNF- is a main driver of MCF-7 cell death induction. 

To assess whether a simultaneous activation of p53 and NF-B, triggered by different 

stimuli, thus inducing different dynamics, might induce different cell fates we 

evaluated first the rate of cell death. We performed a Flow Cytometry assay on NFkB+ 

and NFkB- cells upon all possible combinations of treatments previously tested, 

splitting the experimental conditions according to p53 dynamics: sustained (upon 

Nutlin) and oscillatory (upon -irradiation). MCF-7 were treated with TNF- or IL-1 

to activate NF-B, while also co-stimulated with Nutlin/-irradiation. Cells were 

collected 24 hours after treatments and exposed to TO-PRO-3 stain, which can 

penetrate damaged membranes, indicative of dead cells. We chose this staining 

because the dye exhibits far-red fluorescence signal (exctiation = 642 nm, emission = 

661 nm), so we did not expect crosstalk with p53-GFP and p65-mScarlet signals (see 

protocol in Materials and Methods paragraph 5.11.).  

Results from p53 sustained dynamics are reported in Figure 3.32. In NFkB+ cells, 

Nutlin treatment does not induce cell death, as expected. Both TNF- and 

Nutlin+TNF- treatments induce a higher rate of cell death, similar levels to H2O2 

(positive control). However, IL-1 and Nutlin+IL-1 do not induce cell death since 

the number of dead cells is similar to untreated condition. We obtained similar trends 

in NFkB- cells: only cells treated with TNF- undergo cell death, while the number of 

dead cells treated with Nutlin and/or IL-1 is below the threshold. 

The same experiment, but in cells in which we triggered p53 oscillatory dynamics 

with -irradiation, produced similar results, as reported in Figure 3.33. In both 

NFkB+ and NFkB- cells, DNA damage induction does not provoke cell death, while 

TNF- and its combination with -irradiation leads to a significantly higher rate of cell 

death. IL-1β, alone or in combination with -irradiation, does not induce cell death. 
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From these results, we can speculate that with these experimental settings, cell death 

is merely tuned by TNF- treatment. This result is actually coherent with the model 

proposed by (Lee et al. 2016), in which treating cells with a single pulse of TNF- 

favours the caspase pathway (thus promoting apoptotic transcriptional programs), 

to the detriment of NF-B pro-survival activity. However, from these results, different 

p53 dynamics neither increase nor decrease the induction of cell death, regardless of 

Figure 3.32. Cell death rate upon sustained p53 dynamics. Quantification of cell death 
levels from Flow Cytometry experiment. p53 sustained dynamics was triggered with Nutlin; 
NF-B pathway was triggered with TNF- and IL-1. Error bars: standard deviation of technical 

replicates (n=3).  

Figure 3.33. Cell death rate upon oscillatory p53 dynamics. Quantification of cell death 
levels from Flow Cytometry experiment. p53 oscillatory dynamics was triggered with -
irradiation; NF-B pathway was triggered with TNF- and IL-1. Error bars: standard 

deviation of technical replicates (n=3).  
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the presence of NF-B. In fact, both NFkB+ and NFkB- cells do not display different 

trends in cell death levels upon TNF- or IL-1. 

 

3.4.2. NF-B-perturbed p53 dynamics result in less efficient DNA damage 

repair. 

We next focused our attention on the DNA damage repair mechanism, prompted by 

a work published in 2022 by the group of Mogens H. Jensen. In the biophysical model 

proposed by this paper, the DNA damage repair mechanism has higher efficiency 

with p53 oscillations. In case of perturbations or abolition of p53 oscillations (like 

with Nutlin or UV light), DNA damage foci will not be properly repaired, due to the 

Ostwald ripening phenomenon (Houk et al. 2009). With the premises and 

considerations proposed in that paper, we therefore asked what happens to the DNA 

damage repair if the oscillatory dynamics of p53 are perturbed by the activation of 

NF-B, as we saw from our live-cell imaging experiments (Figure 3.11 and Figure 

3.22).   

When DSBs occur, histone H2AX undergoes phosphorylation and is subsequently 

recruited to the damaged sites, where it, in turn, recruits other molecules involved 

in DNA repair machinery (Kuo & Yang, 2008). To evaluate the efficiency of different 

p53 dynamics in repairing DNA damage foci, we then quantified the number of -

H2AX foci in NFkB+ and NFkB- cells, by immunofluorescence (see analysis procedure 

in Materials and Methods paragraph 5.5). We triggered p53 oscillatory dynamics via 

-irradiation (10 Gy) and then we perturbed its oscillations via Nutlin (10 M) and 

TNF- addition (10 ng/mL). We compared the amount of H2AX foci at 1 hour, when 

we expect a higher number of foci, since cells are in the acute phase of DNA damage 

induction, and 24 hours, when DNA damage should have been repaired (Heltberg et 

al. 2022).  

We started by comparing NFkB+ and NFkB- cells upon -irradiation, 

irradiation+Nutlin (to force p53 sustained dynamics) and irradiation+TNF-, 

treatment that perturbs p53 oscillations (Figure 3.34A). In Figure 3.34B the 

numbers of -H2AX foci, that were quantified at 1 and 24 hours after treatments in 

NFkB+ cells, are reported. While TNF- does not induce DNA damage, as expected, 

-irradiation (alone or combined with other stimuli) elicits a high level of damage foci 

at 1 hour (acute phase) for all the conditions involving -irradiation. Overall, this is 

highly reduced at 24 hours, indicating repair. Interestingly, cells treated with 

irradiation+Nutlin, where p53 dynamics is sustained, are less efficient in repairing 
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DNA damage, since we detected a high number of damage foci 24 hours after the 

treatment. This result is in line with the model proposed by (Heltberg et al. 2022), in 

which p53 sustained dynamics is less able to effectively repair the induced damage 

than the oscillatory one. Moreover, cells treated also with TNF- display a high 

number of damage foci at 24 hours, at a similar level to cells co-treated with -

irradiation+Nutlin. This means that NF-B-perturbed p53 dynamics worsened the 

efficiency of the DNA damage repair mechanism, similarly to what we observed for 

-irradiation+Nutlin. 

 

Figure 3.34. Quantification of DNA damage foci upon Nutlin and TNF- in NFkB+ cells. 

(A) Immunofluorescence images of -H2AX, marker of DNA damage (white signal) in NFkB+ 

cells. Blue signal = Hoechst. Scale bar: 10 m. (B) Quantification of the number of -H2AX 

foci. N° of biological replicates = 1. N° of analysed cells are reported in each condition. Black 
bar = median, with interquartile range. Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, 
***p< 0.005). 
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In NFkB- cells, we detected similar trends for -irradiation and -irradiation+Nutlin. 

While upon the first treatment DNA damage significantly decreases after 24 hours, 

the second one prevents cells from efficiently repairing DNA damage, as evidenced 

by a heightened number of damage foci 24 hours post-treatment. Interestingly, in 

these cells, lacking p53 oscillatory dynamics perturbation by NF-B activation, the 

levels of damage upon the co-treatment with TNF-significantly decreased and DNA 

damage foci are better repaired, reaching similar levels to -irradiation treatment 

alone (Figure 3.35). This further confirms that NF-B-mediated disruption of p53 

oscillations worsens DNA repair. 

  

Figure 3.35. Quantification of DNA damage foci upon Nutlin and TNF- in NFkB- cells. 

(A) Immunofluorescence images of -H2AX, marker of DNA damage (white signal) in NFkB- 

cells. Blue signal = Hoechst. Scale bar: 10 m. (B) Quantification of the number of -H2AX 

foci. N° of biological replicates = 1. N° of analysed cells are reported in each condition. Black 
bar = median, with interquartile range. Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, 
***p< 0.005). 
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To further confirm these results, we repeated this experiment, but now activating the 

NF-B pathway via IL-1 addition (200 ng/mL). Similarly to the previous experiment, 

NFkB+ cells retain a high number of -H2AX foci if p53 oscillations upon -irradiation 

are perturbed with Nutlin. Notably, cells treated with -irradiation and IL-1 also 

display a higher number of damage foci at 24 hours, which is significantly similar to 

cells co-treated with Nutlin (Figure 3.36, left). In NFkB- cells, instead, while after -

irradiation DNA damage foci are repaired in 24 hours, we detected a higher number 

upon co-treatment with Nutlin. Interestingly, without NF-B pathway activation, the 

levels of damage significantly decreased upon co-treatment with IL-1, and DNA 

damage foci were repaired more effectively, reaching levels similar to those observed 

with -irradiation treatment alone (Figure 3.36, right). We can then conclude that 

also with IL-1 we found a behaviour similar to TNF-: NF-B-dependent perturbation 

of p53 oscillatory dynamics upon DNA damage and IL-1 worsens its efficiency in 

DNA damage repair. 

 

 

 

 

 

Figure 3.36. Quantification of DNA damage foci upon Nutlin and IL-1 in NFkB+ and 

NFkB- cells. Quantification of the number of -H2AX foci upon -irradiation and Nutlin/IL-1β 

treatments in NFkB+ (left) and NFkB- (right) cells. N° of biological replicates = 1. N° of 
analysed cells are reported in each condition. Black bar = median, with interquartile range. 
Statistical test: Kruskal-Wallis (*p< 0.05, **p< 0.01, ***p< 0.005). 
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4. DISCUSSION 
 

The identification of the precise mechanism of how p53 and NF-B mediate cell 

life/death decisions after stresses is crucial in tuning appropriate therapies to trigger 

apoptosis in cancer cells. These TFs are often dysregulated in cancer and a reciprocal 

influence between each other has been proven to be related to different cellular 

processes (Carrà et al. 2020). Since their pro-apoptotic and pro-survival roles, p53 

and NF-B have often been described as antagonists, but how their crosstalk works 

is still debated and not completely understood. In an in vivo scenario, cancer cells 

are subjected to stimuli coming from the tumour's inflammatory microenvironment 

and therapy-induced DNA damage. This suggests that the activation of p53 and NF-

B pathways, and the cell's response to stress, consequently, depends on the 

interplay between these pathways. However, previous studies have mostly focused 

on overexpression of one TF to counterbalance the other or the use of novel small 

molecules that might cause off-target confounding effects, potentially masking the 

real interplay between them. 

A further level of complexity arises from the fact that both TFs display a dynamic 

behaviour. Their dynamics are pivotal in orchestrating cellular responses to different 

stimuli and controlling gene expression (Purvis et al. 2012) (Bacher et al. 2021). 

These intricate dynamics ensure precise timing and coordination of cellular decisions, 

such as cell cycle arrest, apoptosis, or inflammation. However, TFs dynamics have 

never been investigated in the context of p53/NF-B crosstalk since in the literature 

most studies investigated the crosstalk with a static approach, without considering 

p53 and NF-B temporal evolutions.  

In this work, we investigated p53/NF-B crosstalk, by either removing or tagging 

endogenous proteins and avoiding over-expressions. We find that the crosstalk 

between p53 and NF-B is reflected in their dynamics, which are perturbed upon their 

simultaneous activation, which in turn affects target gene expression and DNA 

damage repair mechanism. Our findings emphasize the importance of studying the 

interaction between transcriptional pathways from a dynamic standpoint and at the 

single-cell level. By following at the same time both p53 and NF-B dynamics via live-

cell fluorescence microscopy, we showed that a simultaneous activation of p53 and 

NF-B pathways perturb p53 response after a triggering stimulus. This was the case 

when inducing different p53 dynamics: both oscillatory upon DNA damage and 

sustained upon Nutlin treatment. Sustained p53 nuclear accumulation upon Nutlin 

was indeed enhanced by NF-B activation via TNF- or IL-1 treatments. p53 
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oscillations after DNA damage induction become accelerated and more sustained in 

time upon NF-B activation with TNF-. These results are in contrast with a paper by 

(Konrath et al. 2020), where they observed acceleration, but not enhancement in 

p53 oscillations upon a co-stimulation of -irradiation and TNF-. A possible 

explanation for this difference may lie in the fact that, given the same extent of 

damage and quantity of TNF-, (Konrath et al. 2020) used lung carcinoma cells with 

over-expressed fluorescently tagged p53 under the control of a different promoter 

(without an NF-B binding site, contrarily to the endogenous one). Importantly, by 

knocking-out NF-B from our cells, we did not observe enhancement nor perturbation 

in p53 oscillations and p53 accumulation dynamics upon the same stimuli triggering 

NF-B. These data suggest that NF-B is directly involved in p53 dynamics 

perturbation.  

To deepen our observations, we then focused on single-cell p53 and NF-B responses. 

By separating cell population according to the level of NF-B response, we saw that 

those cells in which NF-B nuclear levels over time were higher displayed a higher 

amount of nuclear p53. By using smFISH, we detected a similar correlation between 

CDKN1A and NFKBIA expression levels, target genes of p53 and NF-B, respectively. 

With the same technique, we probed TP53 mature mRNAs, obtaining a higher level 

of mature transcripts both upon TNF- and Nutlin+TNF- treatments. These results 

highlight that the NF-B-derived perturbations of p53 dynamics that we detected via 

live-cell imaging may be due to a direct NF-B-mediated transcription of the TP53 

gene by NF-B when it gets activated. Mathematical modelling of the p53-MDM2 

feedback loop further sustained our hypothesis: by increasing the p53 synthesis rate, 

its response to perturbation simulating Nutlin was enhanced, and its oscillations upon 

the simulation of DNA damage were accelerated and turned into a sustained 

accumulation, closely resembling our experimental data.  

These results were quite surprising, because, with few exceptions (O’Prey et al. 2010) 

(Lowe et al. 2014), p53 and NF-B are usually described as antagonists, with one 

inhibiting the activity of the other and vice versa (Cooks et al. 2014) (Shi & Jiang, 

2021). In our cells, instead, a simultaneous activation of both TFs leads to an 

enhancement in p53 nuclear accumulation and its target gene expression. To 

investigate the effects of NF-B-driven p53 dynamics perturbation, we focused on 

DNA damage repair mechanism, prompted by a recent biophysical model, proposing 

that p53 oscillations can stabilize the repair foci, avoiding the Oswald ripening 

phenomenon and leading to an efficient repair (Heltberg et al. 2022). We then tested 

the hypothesis made by this model in cells in which p53 dynamics was perturbed by 
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NF-B activation and our results seemed to be in line with one of their assumptions. 

In fact, our data suggest that while unperturbed p53 oscillations efficiently repaired 

DNA damage, their perturbation upon Nutlin treatment or NF-B pathway activation 

led to a persistent level of DNA damage foci.  

Our data thus suggest a novel insight of the crosstalk between p53 and NF-B. 

Indeed, in our MCF-7 breast cancer cells this crosstalk appears to be synergic at the 

molecular level (since NF-B activation stimulates the expression of p53), but 

antagonistic at a functional level, since the perturbed p53 dynamics induced by NF-

B activation lead to delayed DNA damage repair. 

This impairment in DNA damage repair could play a double-edged sword role in a 

scenario where cells are subjected to anti-cancer treatments. The perturbed p53 

sustained dynamics could trigger transcriptional programs leading to apoptosis or 

senescence (Friedel & Loewer, 2022), but chronic DNA damage may activate other 

molecular pathways that instead promote cell survival (Clementi et al. 2020). 

Persistent DNA damage has also the potential to give rise to a variety of mutations 

and to induce genomic instability, which serves as the principal catalyst for cancer 

progression and chemoresistance (Zhang, 2020) (Moon et al. 2023). Moreover, it has 

been shown that anti-cancer treatments based on DNA damage efficiently induced 

apoptosis in proliferating cells, while quiescent cancer cells can overcome the damage 

and develop chemoresistance (Wu et al. 2017) (Lindell et al. 2023). It would be very 

interesting to investigate how p53 dynamics behave when perturbed by NF-B 

activity in these two populations. Moreover, it will be necessary to also investigate if 

and how mutp53 protein dynamics can be perturbed by NF-B in cancers 

characterized by p53 mutations (Mantovani et al. 2019) (Chen et al. 2022). 

Our current results pose intriguing and significant questions that we aim to address 

in the future. A comprehensive understanding of the biological outcome of such p53 

dynamics perturbations upon NF-B activation requires deeper investigation. In our 

experiments, NF-B was triggered with a single pulse of TNF-; this acute 

inflammatory stimulus was sufficient to trigger cell death programs, as we detected 

a high number of dying cells via FACS. Our findings on MCF-7 cell fate are consistent 

with previous studies (Lee et al. 2016), but how p53 dynamics can be modulated in 

case of chronic inflammation needs to be further investigated. In future experiments, 

we address modulating NF-B dynamics by applying to cells pulses of TNF- with 

specific microfluidic devices (Zambrano et al. 2016). In this way, we will be able to 

further correlate multiple features of TFs dynamics, enhancing our comprehension of 
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how p53 and NF-B dynamics are entangled in the temporal scale, even for prolonged 

and pre-existing inflammatory signals.  

By smFISH and mathematical modelling of the p53/MDM2 feedback loop, we showed 

how perturbations in p53 dynamics might be attributed to NF-B's direct transcription 

of the TP53 gene. To further validate these data, we planned to perform ChIP 

(Chromatin Immunoprecipitation), in order to assess more deeply whether NF-B 

binds the promoter of p53 and of its target genes occurs after TNF-/IL-1 treatment. 

We focused our attention in studying p53/NF-B crosstalk in breast cancer cells, but 

it is worth investigating if we can generalize our results in other cancer settings. 

Regulating p53 and NF-B dynamics to control tumour response might be particularly 

relevant in colorectal cancer (CRC), which is characterized by a resistant phenotype 

with high metastatic capacity after chemotherapy (Solé et al. 2022) and a persistent 

NF-B-derived inflammatory status (Hai Ping et al. 2016). Despite some clues on 

p53/NF-B crosstalk in CRC (Wagner et al. 2015), a simultaneous characterization of 

both TFs dynamics has never been performed. Osteosarcoma is another valid target 

for studying p53/NF-B crosstalk. In this malignant bone tumour, while WT p53 form 

is present, but its functions are impaired by MDM2 overexpression (Senturk et al. 

2017) (Ho et al. 2021), NF-B was found to be involved in tumour initiation and 

progression (Avnet et al. 2021). We actually performed a pilot experiment on 

osteosarcoma U2OS cells, detecting a similar trend to that found in MCF-7: we 

quantified a higher nuclear abundance in p53 nuclear levels upon simultaneous 

activation of p53 and NF-B with Nutlin and TNF-, respectively, via 

immunofluorescence and Western Blot.  In the future, we plan to introduce 

fluorescently tagged versions of our TFs in the HCT116 CRC cell line and U2OS 

osteosarcoma cell line, so we will be able to follow their dynamics with a live-cell 

imaging approach. 

A further level of complexity relies on the entanglement in p53/NF-B crosstalk 

(Figure 1.8). Other molecular players are involved in reciprocal interactions between 

p53 and NF-B, such as MDM2, IB and IKK (Tergaonkar et al. 2002) (Carrà et al. 

2016) (Konrath et al. 2020). In this work, we have shown how the dynamics of p53 

are perturbed by NF-B, but their negative regulators also follow dynamics related to 

the TF they regulate, being part of the feedback loop. A future evolution of this work 

will include the study of MDM2 and IB dynamics upon NF-B-driven p53 dynamics 

perturbation, by tagging these two with different fluorescent molecules. Moreover, 

both p53 and NF-B have been demonstrated to directly bind to IB and MDM2, 
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respectively (Carrà et al. 2016) (Cheney et al. 2008). However, it is currently not 

clear whether these interactions are modulated during TFs oscillations. Future studies 

will address this topic by using Fluorescence Cross-Correlation Spectroscopy (Bacia 

et al. 2006): from fluctuating fluorescence signals, a cross-correlation function is 

computed and used to measure the degree of binding or co-localization between two 

molecules. 

Finally, there is accumulating evidence that both p53 and NF-B dynamics are 

predictors of the response to chemotherapy and anti-cancer drugs of cells cultured 

in 2D, but these models inevitably mimic only partially the physical and chemical 

environment of in vivo highly complex tumours (Valkenburg et al. 2018). For this 

reason, a realistic characterization of p53/NF-B dynamics should be done employing 

a configuration that resembles the tumour microenvironment, such as three-

dimensional tumour spheroids and organoids, a powerful and realistic tool to study 

tissue genesis, development and disease (Tang et al. 2022), thus reducing the cell-

to-organ gap, intrinsic in traditional cell cultures systems. Pilot experiments are 

already ongoing in this direction: we are currently setting up technical and 

experimental conditions to perform live-cell imaging of p53 and NF-B dynamics on 

spheroids generated from our MCF-7 lines. 

Taken together our data point out the importance of using a dynamic point of view 

to understand the crosstalk between p53 and NF-B dynamics from their crosstalk. 

Our data offer novel insights on the interaction providing a more nuanced view on 

the proposed “antagonism” between these two TFs. We think that our approach could 

be extended to understand the interaction of different transcriptional networks with 

similar structures. We believe that single-cell quantitative characterization of p53/NF-

B dynamic crosstalk could shed new light in resulting cell fate decisions in response 

to anti-cancer treatments and inflammatory micro-environmental signals. 
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5. MATERIALS AND METHODS 
 

5.1. Cell culture. 

MCF-7 cells and derived clonal populations were cultured in RPMI medium (Thermo-

Fisher, cat 11835105), supplemented with 10% of heat-inactivated Fetal Bovin 

Serum (FBS, Thermo-Fisher, cat 10270106), 100 units/mL penicillin-streptomycin 

(Thermo-Fisher, cat. 15140122) and 2 mM L-Glutamine (Gibco, Thermo-Fisher, cat. 

25030081). Cells were cultured at 37°C in a humidified incubator with 5% CO2. For 

regular maintenance, cells were split every 3-4 days through trypsinization (Thermo-

Fisher, cat 11835105), seeded into 75 cm flasks or p100 dishes, and subjected to 

weekly testing for mycoplasma contamination using a PCR-based assay. 

 

5.2. Treatments for p53 and NF-B activation. 

To trigger p53 oscillatory dynamics, MCF-7 cells were exposed to -irradiation (10 

Gy), with a 137Cs source (Biobeam 2000), thus inducing DSBs. To trigger p53 

sustained dynamics, MCF-7 cells were treated with Nutlin-3a (10 M, Sigma-Aldrich, 

SML0580), a small molecule that blocks p53 interactions with its negative regulator 

MDM2. To trigger NF-B cytosolic-to-nuclear translocation, cells were treated with 

either TNF- (10 ng/mL, DBA, cat 11835105) or IL-1 (200 ng/mL, DBA, cat 200-

01B). Both cytokines bind to a specific transmembrane protein, which in turn 

activates a reaction cascade inducing IB phosphorylation and NF-B release. 

 

5.3. Plasmids production and lentiviral infection of p65-mScarlet.  

Federica Colombo and Alessandra Agresti kindly shared plasmids and protocol for 

p65-mScarlet lentiviral infection. Plasmids were produced via bacterial 

transformation. Each plasmid was diluted to a final concentration of 2-5 ng/mL in 

H2O and the quantity used for each transformation was 15 ng. Each solution was 

added to the “top 10” bacteria (Thermo-Fisher, cat C404003), and then left in ice for 

30 minutes. Bacteria were then subjected to heat-shock (2 minutes, 42°C) and let 

them recover in ice for 10 minutes. 1 mL of Lysogeny broth (LB, without antibiotic) 

was added to bacteria, incubated then for 1 hour, while mildly shaking (300 rpm) at 

37°C. Tubes were then centrifuged at 4000 rpm for 5 minutes, the supernatant was 

discarded and the bacteria pellet was suspended in 400 L of LB. 200 L were then 

spread with a spatula on a plate coated with Ampicillin-resistant LB-agar. Plates were 

then left upside down overnight at 37°C. The day after, one bacterial colony from the 
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plate was added to a beuta containing 120 mL of LB with 1:1000 diluted Ampicillin, 

and then left on a stirring platform overnight at 37°C. The following day, MIDI-Prep 

protocol (NucleoBond Xtra EF plasmid purification, Carlo Erba, cat FC140420L) was 

performed to extract plasmids, that were then quantified via UV spectrophotometry. 

Paola Falletta shared HEK 293T cells, necessary for virus production. 3x106 HEK 293T 

cells, cultured in DMEM supplemented with 10% FBS, 1x L-glutamine and 1x 

pen/strep, were seeded in a p100 dish the day before transfection. The following day, 

the medium was replaced 2 hours before transfection with 9 mL of DMEM and 

plasmids, HBS 2X (used volume for p100 plate = 500 L) and CaCl2 (2.5 M, used 

volume for p100 plate = 50 L) were thawed before transfection. The protocol relies 

on three plasmids: p65-mScarlet construct (12000 ng) (Figure 5.1), VSV-G (7000 

ng, Addgene, cat 8454) and psPAX2 (11000 ng, Addgene, cat 12260). Each plasmid 

was added at the working concentration in H2O. After 5 minutes at room temperature 

(RT), CaCl2 was added to the master mix. After 5 minutes at RT, HBS is added 

dropwise, while bubbling the master mix with a 2 mL pipette. The mix was then added 

dropwise to the plate with HEK 293T cells. The medium was replaced 14 hours after 

transfection and the supernatant containing the virus was collected, filtered with a 

0.22 m syringe filter and added to MCF-7 cells 30 hours after the medium change. 

Infected cells were incubated at 37°C and 5% CO2 and were passaged 3-4 times with 

BSL 2 laboratory procedures for at least 2 weeks, after which the virus became 

inactivated.     

 

Figure 5.1. mScarlet-p65 vector used for lentiviral infection of MCF-7. Construct used 
to infect MCF-7 p53-GFP line and derived clonal populations. Image created with SnapGene. 
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5.4. Generation of clonal cell population. 

MCF-7 cells were harvested by 1x Trypsin and counted. A final concentration of 1 

cell/100 L was achieved by serial dilutions and 100 L were pipetted from a reservoir 

to a 96-well plate. The plate was screened for single colonies in the following weeks 

and growing colonies were then expanded. 

 

5.5. Immunofluorescence and image analysis. 

MCF-7 cells were seeded on coverslips and grown up to 80% of confluency. Cells 

were treated according to the experimental settings (-irradiation/Nutlin/TNF-/IL-

1), washed once in PBS and fixed in 4% paraformaldehyde (PFA) for 10 minutes at 

RT. After fixation, cells underwent quenching with 50 mM NH4Cl to reduce 

background, permeabilization with 0.1% Triton X-100 (Sigma Aldrich) and blocking 

at RT for 45 minutes in PBS supplemented with 20% FBS, 0.05% Tween 20 (Sigma 

Aldrich, cat. P2287) and 5% BSA (Sigma Aldrich, cat. A7906). Next, cells were 

incubated for 1 hour at RT with primary antibodies (diluted in 2% BSA) to detect p53 

(mouse monoclonal antibody, Santa Cruz cat sc-126, 1:200 dilution), NF-B (rabbit 

monoclonal antibody, Cell-Signalling/Euroclone, cat BK8242S, 1:100 dilution) or the 

DNA damage marker -H2AX (rabbit polyclonal -H2AX antibody, Abcam cat ab11174, 

1:200 dilution). After three PBS washes, cells were incubated with secondary 

antibodies 1:1000 diluted in 2% BSA (anti-mouse IgG Alexa Fluor 488, Thermo-

Fisher, cat A11029; anti-rabbit IgG Alexa Fluor 546, Thermo-Fisher, cat A11035; 

anti-rabbit IgG Alexa Fluor 647, Thermo-Fisher, cat A32733), for 1 hour at RT in the 

dark. Cells were washed three times in PBS and incubated in the dark with a DNA 

staining solution (Hoechst 33342, Thermo-Fisher, cat. H3570, 1:5000 dilution in 

PBS), for 10 min at RT. After two washes with PBS, coverslips were mounted with 

Vectashield (Vector Laboratories) and sealed. Images were collected with a widefield 

microscope (Olympus IX-81), equipped with a sCMOS camera (physical pixel size = 

108.3 nm) and a 60x 1.49 N.A. oil-immersion objective (Olympus Life science, 

Segrate, IT) (UV led exposure: 100 ms; Blue led exposure: 500 ms; Yellow led 

exposure = 500 ms).  

Images were then analysed with custom-written ImageJ/FIJI and MATLAB routines. 

Cells nuclei and entire profiles were automatically segmented via the Cellpose tool 

(Stringer et al. 2021). To quantify p53 nuclear abundance and NF-B N.C.R., both 

raw data, nuclei and cytoplasms masks were loaded in MATLAB. Each nuclear mask 

is associated with its cytoplasm mask according to the level of superimposition 
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between the two masks. Cells detected at the boundary of the image were excluded. 

p53 mean fluorescence intensity was computed from single-cell nuclear masks, while 

NF-B N.C.R. was computed as follows. The code quantifies the area of both the 

nucleus and the entire cell (Anucl, Acell), with respective fluorescence intensities (Inucl, 

Icell). Cytoplasm’s fluorescence intensity is computed as: 𝐼𝑐𝑦𝑡𝑜𝑝𝑙 =

(𝐴𝑐𝑒𝑙𝑙 ∗ 𝐼𝑐𝑒𝑙𝑙 − 𝐴𝑛𝑢𝑐𝑙 ∗ 𝐼𝑛𝑢𝑐𝑙)
(𝐴𝑐𝑒𝑙𝑙 − 𝐴𝑛𝑢𝑐𝑙)⁄ . N.C.R. is then calculated as Inucl / Icytopl. Data 

from single images were then grouped according to the treatment. 

To quantify the number of -H2AX foci, z-stack images were collected with a z-step 

of 0.5 m (UV led exposure = 20 ms; Yellow led exposure = 250 ms). We then used 

the ThunderSTROM ImageJ plugin (Ovesný et al. 2014) to automatically detect and 

quantify spots of DNA damage (camera setup parameters: offset = 100; 

photoelectrons per A/D counts = 0.22; basal level = 100; connectivity = 8; threshold 

for spot detection = 4*std(Wavelet filter) with local maximum method). The 

algorithm generated a table with the positions of single spots. Cell nuclei were 

segmented through Cellpose (Stringer et al. 2021). Masks and tables with spots 

positions were loaded in MATLAB, where a custom-written routine assigned each spot 

to the respective nucleus and quantified the number of spots per cell. Cells detected 

at the boundary of the image were excluded.  

 

5.6. Western Blot. 

Cells were cultured on 10 cm dishes up to 80-90% of confluency. According to 

experimental time-points, dishes were washed once with PBS and lysed in 140 L 

RIPA buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% Sodium deoxycholate, 1% 

Triton X-100, 2 mM EDTA dihydrate) supplemented with protease inhibitors (Sigma-

Aldrich, cat. 4693124001). Samples were next incubated at 4 °C for 15 min under 

constant rotation, centrifuged at 13000 rcf at 4°C and the supernatants were then 

collected into new vials. Lysates were then quantified via the BCA assay (Thermo-

Fisher, cat. 23225). Single lysates were prepared in order to load from 25 to 40 g 

of proteins, thus adding H2O and 4x Laemmli protein sample buffer (Biorad, cat 

1610747, supplemented with 10% of -mercaptoethanol) up to the final volume. 

Lysates were then loaded into an 8% SDS-polyacrylamide gels (Lower gel: 4.7 mL 

H2O, 2.5 mL Resolving Buffer, 6.6 mL Acrylamide, 100 L ammonium persulfate, 10 

L TEMED; Stacking gel: 2.862 mL H2O, 2.5 mL Upper Buffer, 833 L Acrylamide, 50 

L ammonium persulfate, 5 L TEMED); electrophoresis ran at 100 Volts for ~2-3 
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hours. Proteins were then transferred to nitrocellulose membranes in cold transfer 

buffer (25 mM Tris, 192 mM glycine, 20% methanol) through run at 100 Volts for 2 

hours (or at 15 Volts, overnight) at 4°C. Membranes were then exposed to Ponceau 

solution, washed with TBS-T solution (0.1% Tween20 in TBS: 20 mM Tris base, 137 

mM sodium chloride, pH 7.6) and blocked in 5% non-fat dried milk in TBS-T solution 

for 1 hour at RT on oscillating platform. Membranes were then incubated overnight 

at 4°C with primary antibodies, all diluted in 5% non-fat dried milk in TBS-T solution 

(anti-p53 mouse monoclonal antibody, Santa Cruz cat sc-126, 1:3000 dilution; anti-

NF-B rabbit monoclonal antibody, Cell-Signalling/Euroclone, cat BK8242S, 1:2000 

dilution; anti-GAPDH rabbit monoclonal Abcam, cat. ab128915, 1:40000 dilution; 

anti-vinculin mouse monoclonal, Thermo-Fisher, cat. MA5-11690, 1:4000 dilution). 

Next, membranes were washed three times in TBS-T, 5 min each wash at RT, while 

shaking, and then incubated for 1 hour at RT with peroxidase-conjugated secondary 

antibodies (anti-mouse IgG, Cell Signalling, cat. 7076; anti-rabbit IgG, Cell 

Signalling, cat. 7074) diluted 1:5000 in 5% non-fat dried milk in TBS-T solution. 

Membranes were then developed using an ECL substrate (Bio Rad, cat. 1705061) 

and images were acquired with a CCD camera via ChemiDoc MP imaging system. 

Bands intensity was quantified via ImageLab software. 

 

5.7. smFISH and image analysis. 

Cells were seeded on coverslips and cultured up to 80% of confluency. After 

treatments, cells were fixed in 4% PFA (10 min at RT), and washed with 135 mM 

Glycine in PBS for 10 min at RT. smFISH protocol changed according to the probe. 

For CDKN1A and NFKBIA probes (Design Ready Stellaris), cells were incubated with 

a washing buffer I, composed of 10% saline sodium citrate (SSC) in nuclease-free 

water (Sigma-Aldrich, cat 95284), for 5 minutes at RT. Then, cells were incubated 

with a washing buffer II, composed of 10% SSC and 20% deionized formamide in 

nuclease-free water, for 5 minutes at RT. Next, cells underwent hybridization, by 

placing coverslips onto a drop (80 L) of hybridization solution (1 L of probe in 100 

L of 10% SSC, 10% dextran sulphate and 20% deionized formamide in nuclease-

free water) and left over-night in a humidified chamber (37°C). The following day, 

cells were washed twice with buffer I (30 min per wash, at 37 °C in the dark), once 

in 10% SCC-20×, and then incubated with a DNA staining solution (Hoechst 33342, 

1:10000 diluted in PBS) for 10 min at RT in the dark.  
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For TP53 probe (HuluFISH), cells were washed twice with HuluWash buffer (2x SSC, 

2M Urea) for 10 minutes each at RT. Cells were then hybridized into a humidified 

chamber (30°C) by placing the coverslips onto a drop of hybridization solution (0.5 

L of TP53 probe diluted into 50 L of 2x SSC, 2M Urea, 10% dextran sulphate, 5x 

Denhardt’s solution). The following day, cells were washed twice in HuluWash buffer 

(30 minutes per wash, at 37 °C in the dark) and then incubated with a DNA staining 

solution (Hoechst 33342, 1:10000 in PBS) for 10 min at RT in the dark. Coverslips 

were mounted on glass slides with Vectashield (Vector Laboratories) and sealed. 3D 

z-stack images were collected with the widefield microscope (Olympus IX-81) used 

also for immunofluorescence (see paragraph 5.5) (z-step = 0.3 m; UV led 

exposure: 20 ms; Yellow led exposure (CDKN1A): 500 ms; Red led exposure = 500 

ms (NFKBIA), 100 ms (TP53)). 

Images were then processed with custom-written routines and FISH-Quant (Mueller 

et al. 2013). Nuclei and single-cell profiles were segmented via Cellpose and then 

transformed into FISH-Quant regions-of-interest (ROI) by Python routines written by 

Tom Fillot. With FISH-Quant, the amount of mature RNA molecules per cell was 

detected as 3D Gaussian spots exhibiting peak intensity levels above a predetermined 

threshold, which was kept constant for each analysed image. The threshold was 

differently set according to the analysed probe (TP53, CDKN1A, and NFKBIA).  

 

5.8. RNA extraction and RT-qPCR. 

Cells were cultured on 10 cm dishes up to 80-90% of confluency. According to 

experimental time-points, cells were lysed in 500 L of TRIzol reagent (Thermo-

Fisher, cat. 15596018) to extract the total RNA. Lysates were then purified using 

silica membrane columns (NucleoSpin RNA Plus, Machery-Nagel, Carlo Erba, cat 

FC140955N), thus extracting the RNA that was quantified and tested for purity by 

NanoDrop fluorometer (Thermo-Fisher). For each sample, 2 g of RNA underwent 

reverse transcription to cDNA using the High-Capacity cDNA Reverse Transcription 

Kit (Thermo-Fisher cat. 4368814). Real-time qPCR analysis was then performed to 

assess the expression of p53/NF-B target genes. The reaction solution was prepared 

as follows: 8 l of cDNA solution (5 L of cDNA 1:100 diluted + 3 L of nuclease-free 

H2O) and 5 L of Oligo Solution, composed by 10 L of SYBR Green mix (Roche, 

LightCycler 480 I Master) and 2 mL of primer mix (100 M of forward and reverse 

primers). GAPDH was used as an internal standard for cDNA normalization. 
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5.9. Live-cell confocal imaging and data analysis. 

Cells were seeded and cultured onto µ-Slide 8-Well Glass Bottom supports (Ibidi, cat 

80827), in order to reach 60-70% confluency on the day of the live-cell imaging 

experiment. Before imaging, cells were incubated with nuclei staining (Hoechst 

33342, 1:10000 in RPMI), for 10 minutes at 37°C and 5% CO2; then the medium 

was replaced with 150 L of fresh medium. Treatments were prepared at double 

concentration and 150 L were directly added to the respective well. We used both a 

Leica TCS SP5 and SP8 confocal microscopes, with an incubation system where cells 

were stably maintained at 37°C in 5% CO2. We used a 20x, 0.5 NA objective, open 

pinhole (Airy = 3) and 400 Hz of acquisition frequency. p53-GFP and p65-mScarlet 

were imaged with the 488 nm and 546 nm Argon lasers, respectively, in the SP5 

microscope and with a White Light Laser in the SP8 microscope. Hoechst 33342 

stained nuclei were imaged with the low energy 405 nm UV diode laser (power = 5-

10%). Images were acquired as 16-bit, 1024×1024, thus returning a single LIF file 

containing all TIFF x-y-t stacks. The frequency of acquisition was decided according 

to the experimental conditions that we were testing and the number of fields of view 

per condition: to acquire the fast NF-B dynamics on multiple fields and to avoid 

oversampling, the acquisition frequency was set between 6-8 minutes. 

Time-courses were processed and analysed via semi-automatic custom-written 

ImageJ/FIJI macros and MATLAB scripts. From the global LIF file, single TIFFs, 

corresponding to the single fields of view, were grouped into separate stacks. Each 

frame of the stack was then segmented via Cellpose, to have masks of both nuclei 

and entire cell profiles, that were subsequently grouped into new stacks. In MATLAB, 

each stack was processed one at a time. Each nucleus was associated with its 

“cytoplasm” according to the level of superimposition between the two masks. Cells 

detected at the boundary of the image were excluded. p53 and NF-B mean 

fluorescence intensity was computed from nuclear masks, while NF-B N.C.R. was 

computed as reported in Paragraph 5.5. Each mask was then tracked along the 

time-course with the Hungarian linker algorithm (Jaqaman et al. 2008) (Careccia et 

al. 2019). Single-cell profiles were then grouped in several matrices according to the 

measured entity: p53 nuclear intensity, NF-B nuclear intensity and N.C.R., nuclei 

and cytoplasms areas and x-y coordinates in the field of view. Matrices were then 

concatenated according to the respective treatment and profiles were smoothed with 

the smoothdata MATLAB function (method = Gaussian, window size for p53 = 7 

(Konrath et al. 2020), window size for NF-B = 4). Single-cell profiles that do not 

reach 2/3 of the length of the acquisition and that do not start from the first frame 
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were excluded. AUC of p53 and NF-B profiles (after removing the basal level) were 

calculated as the integral in the time interval considered, normalized by the actual 

length of each profile. Peaks of oscillations of p53 dynamics were computed using 

the islocalmax MATLAB function, thus considering the two peaks with higher 

prominence. To investigate the relationship between p53 and NF-B nuclear 

responses at the single-cell level, we measured the area under the curve (AUC) of 

nuclear NF-B as a way to quantify the extent of NF-B translocation, instead of 

relying on N.C.R. profiles. 

 

5.10. Mathematical modelling. 

The model we used was proposed by (Hunziker et al. 2010). We started from the set 

of parameters proposed by the paper, described in Table 1 (3rd column). Before each 

simulation, parameters were randomized allowing a maximal fold change around the 

original value in an interval of ±5. The system equilibration up to 72 hours was 

tested. The starting values of P, M, R and C in ODEs (Figure 3.29) were set at 0, 

60, 0, and 0, respectively (Azam et al. 2018). ODEs were resolved by the ode23tb 

Table 1. Parameters of the mathematical model. Parameters of p53-MDM2 feedback loop 
proposed by Hunziker et al. (3rd column) and used in our model (4th column) are reported (in 
resting condition) with respective description, value and unit. 
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function in MATLAB, with an absolute tolerance error of 10-3. Simulations of DNA 

damage and Nutlin treatments were performed according to parameters 

modifications proposed by (Hunziker et al. 2010). Simulations were run to assess 

how p53-MDM2 feedback loop might evolve in 24h. 

We reported the best parameters able to reproduce p53 oscillations and sustained 

dynamics observed in the experiments in the 4th column of Table 1. To simulate DNA 

damage, parameters have been modified in this way:  (MDM2 degradation rate) was 

increased by a factor of 2.5;  (MDM2-dependent degradation of p53) was decreased 

by a factor of 5.5; kf was decreased, by increasing r by a factor of 10. 

To simulate Nutlin, we employed an approach inspired by the delayed effect of Nutlin 

proposed by (Purvis et al. 2012). We applied to the parameter kf a time-dependent 

reduction from kf (at t=0) to kf/R (for large t), according to the following formula: 

 𝑘𝑓(𝑡) =  𝑘𝑓 ∙ 1 (1 + 𝑁(𝑡) ∙ (𝑅 − 1))⁄ . The formula relies on the normalized effect of Nutlin 

(N(t)) that in turn reproduces different types of pharmacokinetics. In particular, we 

found an accumulation of p53 similar to the one observed in our experiments if R 

(maximum fold change reduction)=500 and 𝑁(𝑡) =  𝑡𝑛 (𝑡1

2

𝑛 + 𝑡𝑛⁄ ) with t1/2 (time of half-

maximum)=24 h, n=3. 

To simulate the increase in p53 protein synthesis, which would be directly 

proportional to the rise in mature mRNA from the same gene, we applied a time-

dependent linear function to scale the parameter p(t) according to different fold 

changes, between 6 (baseline) and 20. 

 

5.11. Flow Cytometry analysis. 

Cells were seeded in a 6-wells plate and the experiment was performed when cells 

reached 70–80% of confluency. According to the respective timings of treatments, 

cells were washed in PBS, trypsinized and resuspended in 250 mL of staining solution, 

composed of 5% FBS, and TO-PRO-3 iodide (642/661) 1 M for 5 minutes to allow 

TO-PRO-3 incorporation in the dead cells fraction. Cells were then washed, 

centrifuged, and resuspended in 50 l of staining solution for analysis. Levels of cell 

death were measured by FACS on a BD FACS Canto II (BD Biosciences), and data 

were analysed using FlowJo software. 
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5.12. Statistical analysis. 

All the statistical tests that have been used and the number of experimental replicates 

are described in figures captions. The threshold of significance was set to p-

value=0.05. In the scatter dot plots, the median is shown as a line within the 

interquartile range. 
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