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1 Introduction 

1.1 Definition and hallmarks of cellular senescence 

Cells perpetually have to select between responding with recovery or cell death 

to stress and damage from diverse exogenous and endogenous sources (Fulda 

et al., 2009). However, proliferating cells harbour a further option how to react 

towards stress, named cellular senescence. Cellular senescence is a 

phenomenon by which normal cells cease to divide but stay transcriptionally 

and metabolically active while their cell cycle is durably arrested (Campisi and 

Fagagna, 2007; Hernandez-Segura et al., 2018). Establishing the senescent 

state goes along with a multifarious set of cellular changes. One of the most 

characterising features of senescent cells is missing proliferative activity 

(Hayflick and Moorhead, 1961). For this purpose, the tumour suppressor protein 

p53 (El-Deiry et al., 1993) and the cyclin dependent kinase (CDK) inhibitors p16 

and p21 (Alcorta et al., 1996) trigger cell cycle arrest, mainly in G1 or G2 cell 

cycle phases (Mao et al., 2013). Further, high-mobility group A (HMGA) protein 

dependent (Narita et al., 2006) formation of senescence-associated 

heterochromatin foci (SAHFs) prevents transcription of E2F target genes 

needed for cell cycle progression (Narita et al., 2003). Together with a lack of 

key enzyme activities like caspase-3 (Marcotte et al., 2004), enhanced 

expression of pro-apoptotic genes like Bax and failing to undergo stress-

induced downregulation of anti-apoptotic genes like B-cell lymphoma 2 (Bcl-2) 

(Ryu et al., 2007; Sanders et al., 2013) permit apoptosis resistance in 

senescent cells. Another main characteristic of senescent cells is their altered 

cellular appearance: The cell body enlarges and becomes irregular due to 

rearrangements of the cytoskeleton (Nishio et al., 2001). Further, nuclear 

envelope integrity is disturbed, probably due to down-regulation of lamin B1 

(Freund et al., 2012). Impaired degradation of lysosomes results in an 

accumulation of old and dysfunctional lysosomes (Lee et al., 2006) that are 

characterised by residual bodies, named lipofuscins (Georgakopoulou et al., 
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2013), and enhanced activity of the lysosomal enzyme β-galactosidase. The 

latter is utilised to detect senescent cells with the widely-used senescence-

associated β-galactosidase (SA-β-Gal) staining (Dimri et al., 1995). Analogous 

to lysosomes, reduced mitophagy causes abundant old and dysfunctional 

mitochondria (Passos et al., 2007) that enhance cellular levels of reactive 

oxygen species (ROS) (Passos et al., 2007). Last but not least, senescent cells 

acquire a typical secretory phenotype with mainly proinflammatory activity, 

called senescence-associated secretory phenotype (SASP) (Kuilman and 

Peeper, 2009; Coppé et al., 2010). Depending on the provoking mechanism 

and microenvironment, the SASP is a double-edged sword as it mediates 

positive effects on the cell and the neighbouring tissue like wound healing 

(Demaria et al., 2014) but also negative effects like tumour progression (Coppé 

et al., 2010). In this context, senescence poses a tremendous risk for human 

health (Coppé et al., 2010). 

1.2 Inducers of cellular senescence 

The senescent state was first described more than five decades ago by 

Leonard Hayflick and Paul Moorhead, who had observed that proliferative 

potential and cell division are limited in normal human foetal fibroblasts upon 

continuous subculture (Hayflick and Moorhead, 1961). Almost 30 years later, 

shortening of telomeres, repetitive deoxyribonucleic acid (DNA) sequences at 

chromosome endings, was recognised as origin of replicative senescence (RS) 

(Harley et al., 1990). Thus, telomere shortening is a molecular clock triggering 

not only the ageing process, but also cellular senescence (Baerlocher et al., 

2003). Nowadays, various other stress factors are known to induce premature 

senescence, such as aberrant oncogene activation (Serrano et al., 1997), 

inactivation of tumour suppressor proteins (Chen et al., 2005), epigenetic 

changes (Young and Smith, 2001; Lagger et al., 2002), oxidative agents (Chen 

and Ames, 1994), autophagy (Young et al., 2009; White and Lowe, 2009), and 

mitochondrial dysfunction (Wiley et al., 2016). However, senescence was also 

observed in connection with therapeutic procedures, like cytotoxic drug 
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treatment (Robles and Adami, 1998; Chang et al., 1999) or ionizing radiation 

(Poele et al., 2002; Ye et al., 2013). Next to these published types of therapy 

induced senescence (TIS) (Ewald, 2010), unpublished work by the Zender 

laboratory (K. Wolter) has identified a new subtype of TIS, designated ribosomal 

checkpoint induced senescence (RCIS). Among other things, RCIS can be 

induced pharmacologically by the ribonucleic acid (RNA) polymerase (RNAP) I 

inhibitor CX-5461 (K. Wolter, unpublished). 

1.3 RNA polymerase I inhibitor CX-5461 

1.3.1 RNA polymerase I 

RNA polymerase I (RNAP I) is a 590 kDa multi-enzyme complex consisting of 

14 protein subunits (Engel et al., 2013; Fernández-Tornero et al., 2013) which is 

located in the nucleolus (Roeder and Rutter, 1969). Its main function is to 

transcribe a 45 S precursor ribosomal RNA (rRNA) molecule that is 

subsequently processed to 5.8 S, 18 S and 28 S rRNA subunits that – together 

with 5 S rRNA synthesised by RNAP III – are needed for ribosomal biogenesis 

(Russell and Zomerdijk, 2006). To start transcription, selective factor 1 (SL1) 

(Learned et al., 1985) (an assembly of TATA binding protein (TBP) and RNAP I-

specific TBP associated factors (TAFs) (TAFI48, TAFI63, TAFI110) (Di Pietro et 

al., 2000)) binds RNAP I and the core promotor of ribosomal DNA (rDNA). 

Since multiple RNAP I molecules can transcribe the same gene simultaneously 

(Dundr et al., 2002) with a transcription rate of 95 nucleotides per second 

(Dundr et al., 2002), RNAP I is a very fast-acting polymerase making up to 60% 

of cellular transcription in growing cells (Moss and Stefanovsky, 2002). 

Crucially, excessive cancer growth requires accelerated ribosomal biosynthesis, 

thus making augmented RNAP I activity an important feature of tumourigenesis 

(White, 2005). Therefore, nucleoli enlargement and rRNA synthesis 

acceleration are both commonly used markers for aggressive tumour cells 

(Derenzini et al., 2000; Maggi and Weber, 2005). As boosted rRNA synthesis in 

tumours is correlated with an adverse prognosis (Williamson et al., 2006), 
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RNAP I inhibition is a promising approach in current cancer research (White, 

2005). 

1.3.2 Mechanism of action of CX-5461  

CX-5461 (2-(4-methyl[1,4]diazepan-1-yl)-5-oxo-5H-7-thia-1,11b-diazabenzo[c]-

fluorene-6-carboxylic acid (5-methyl-pyrazin-2-ylmethyl)-amide (Haddach et al., 

2012)) is a potent selective small molecule inhibitor of RNAP I (Drygin et al., 

2011). Mechanistically, CX-5461 disrupts the SL1/rDNA complex with the TBP 

and TAFI110 subunits being most affected, thus inhibiting rRNA synthesis at the 

initiation stage (Drygin et al., 2011). 2 µM of CX-5461 were shown to reduce the 

association between RNAP I and the rDNA promotor by approximately 40 to 

60% in human colorectal carcinoma HCT116, melanoma A375, and pancreatic 

carcinoma MIA PaCa-2 cell lines (Drygin et al., 2011). Although TBP is involved 

not only in RNAP I, but also RNAP II machinery, CX-5461 inhibits RNAP I with 

200-fold selectivity in HCT116 cells (Drygin et al., 2011), probably due to its 

specific interaction with SL1 (Russell and Zomerdijk, 2006). Further, CX-5461 

has 250- to 300-fold selectivity for rRNA transcription inhibition versus DNA 

replication and protein translation (Drygin et al., 2011). 

Although CX-5461 inhibits RNAP I in both normal and cancer cells, the 

accelerated rRNA synthesis rate makes cancer cells more sensitive to CX-5461 

(White, 2005). Initially, CX-5461 was shown to trigger a stress response 

resulting in cell death in cell lines derived from hematopoietic malignancies 

(Drygin et al., 2011). Thereby, CX-5461 significantly inhibits tumour growth not 

only in vitro, but also in vivo without changes in body weight or overt toxicity 

(Drygin et al., 2011). More recently, the Zender laboratory has shown that CX-

5461 induces a robust senescence response in a broad range of murine and 

human solid tumour entities and significantly prolongs survival in otherwise 

highly aggressive and therapy resistant liver cancer mouse models (K. Wolter, 

unpublished). 

Given that effectiveness of CX-5461 was initially demonstrated in lymphoma 

and leukaemia cells (Bywater et al., 2012; Negi and Brown, 2015), CX-5461 is 

now in advanced phase I clinical trial for haematologic malignancies (Australian 
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trial, ACTRN12613001061729). However, a further trial includes solid tumours 

as well (Canadian trial, NCT02719977) since some data have indicated broad 

effectiveness also in solid tumours (Drygin et al., 2011; Li et al., 2016; Yan et 

al., 2016; Xu et al., 2017). 

1.4 Senescence in physiological and pathological 

contexts 

Senescent cells are common in living organisms and have beneficial but also 

detrimental properties in a variety of physiological and pathological contexts. 

For instance, senescence is involved in embryonic development (Muñoz-Espín 

et al., 2013; Storer et al., 2013), vascular remodelling (Rajagopalan and Long, 

2012), wound healing (Jun and Lau, 2010), tissue regeneration (Ritschka et al., 

2017), fibrosis prevention (Krizhanovsky et al., 2008) and ageing (Zindy et al., 

1997; Krishnamurthy et al., 2004; Jeyapalan et al., 2007; Wang et al., 2009). As 

ageing and therefore senescence is one of the greatest risk factors for many 

chronic diseases, such as cardiovascular disease, diabetes, neurodegeneration 

and cancer (Niccoli and Partridge, 2012; McHugh and Gil, 2018), senescence 

has been extensively studied within the last decades. Nevertheless, the 

interplay between senescence and cancer remains controversial (Campisi, 

2005). Senescence was first described as tumour protective mechanism that 

triggers proliferation arrest in cells with dysfunctional telomeres and other 

cellular damages to prevent malignant transformation (Chen et al., 2005; 

Collado et al., 2005; Braig et al., 2005). Moreover, tumourigenesis is prevented 

by extrinsic SASP-dependent immunosurveillance mechanisms (Kang et al., 

2011). Yet, some SASP-associated cytokines and chemokines fuel tumorigenic 

properties like survival, proliferation, and angiogenesis (Krtolica et al., 2001; 

Coppé et al., 2008; Cahu et al., 2012). These SASP factors promote growth of 

neighbouring premalignant and malignant, but not normal, epithelial cells to 

form tumours in mice (Krtolica et al., 2001). Thus, the current working model 

suggests that senescence acts as a barrier for early tumourigenesis but poses a 

risk for tumour progression in pre-existing tumour cells (Krtolica et al., 2001; 
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Eggert et al., 2016). In line with this model, malignant pleural mesothelioma 

patients whose tumours had responded predominantly with senescence instead 

of apoptosis upon platinum-based chemotherapy had shorter time to 

progression and worse overall survival (Sidi et al., 2011). Among others, this 

data indicates senescence as a significantly inferior chemotherapy response 

with worse clinical outcome than apoptosis (Sidi et al., 2011; Jackson et al., 

2012). 

1.5 Senolytic therapy 

Suppressing the adverse effects of senescent cells is on focus of many medical 

research projects since Baker et al. have provided proof-of-principle that 

abolishing senescent cells prevents or delays tissue dysfunction and increases 

both lifespan and healthspan (Baker et al., 2011). Currently, two promising 

approaches are investigated to suppress the shady side of senescent cells: 

SASP-modulating therapy, and specific eradication of senescent cells, called 

senolysis. The effectiveness of a SASP-modulating therapy concept was 

evidenced for instance by janus kinase 2 (JAK2) inhibitor dependent 

reprogramming of the SASP that triggered strong antitumour immune response 

and improved efficacy of docetaxel-induced senescence in a prostate cancer 

mouse model (Toso et al., 2014). The other approach, senolysis, is based on 

attacking selective vulnerabilities of senescent cells that are less or even not at 

all present in non-senescent cells (Zhu et al., 2015). Although the probably most 

common senolytic drug is navitoclax (ABT-263), an inhibitor of the anti-apoptotic 

protein Bcl-2 (Zhu et al., 2016), effectiveness of the senolytic therapy concept 

was first demonstrated for quercetin (phosphoinositide 3-kinase (PI3K) inhibitor) 

and dasatinib (multiple tyrosine kinase inhibitor) (Zhu et al., 2015). Both delayed 

age-related diseases like osteoporosis, as well as physical declines of cardiac 

function, carotid vascular reactivity, and intervertebral discs’ structure in vivo 

(Zhu et al., 2015). Such widespread beneficial effects on human health are the 

reason why search for senolytic drugs is on focus of both cancer and ageing 

research. More recently, senolytic properties were even shown for the Na+/K+-
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ATPase inhibitors ouabain, digoxin and digitoxin that are known as cardiac 

glycosides in heart failure and atrial fibrillation treatment (Guerrero et al., 2019; 

Triana-Martínez et al., 2019). 

1.6 DNA damage response as a hallmark of senescence 

Attacking the hallmarks of senescent cells presents a promising strategy to 

uncover new senolytic drugs (Zhu et al., 2015). One of these hallmarks is an 

activated DNA damage response (DDR) (Fagagna, 2008). The first link 

between senescence and DDR activation was shown in the context of telomere-

initiated senescence (Fagagna et al., 2003). Telomeres are defined as 

chromosome endings and therefore resemble DNA double strand breaks 

(DSBs). Thus, telomere capping proteins are required to avoid DDR activation 

at telomeres (Karlseder et al., 2004; Denchi and Lange, 2007). However, it is 

believed that the probability of telomere uncapping increases at critically 

shortened telomeres due to destabilised telomeric loops, thus allowing DDR 

activation (Griffith et al., 1999). This hypothesis is assisted by the finding that 

DNA damage foci (γH2AX/53BP1) co-localise with the shortest telomeres in 

replicative senescent BJ foreskin fibroblasts (Zou et al., 2004). Based on these 

observations, a causal connection between senescence and DDR activation 

has been suggested and some authors proposed senescence as an outcome of 

a protracted DDR (Fagagna et al., 2003; Herbig et al., 2004; Jeyapalan et al., 

2007). The concept of DDR associated senescence was confirmed by following 

studies that demonstrated that not only RS (Fagagna et al., 2003) but also 

oncogene-induced senescence is accompanied by DDR activation based on 

replication fork stalling and DSB formation (Bartkova et al., 2006; Di Micco et 

al., 2006). Moreover, the DNA damage marker γH2AX and the senescence 

marker heterochromatin protein 1γ (HP1γ) – but not p16 – co-segregate closely 

in human colon adenomas, thus indicating DDR associated senescence in the 

early phase of tumourigenesis (Bartkova et al., 2006). 
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1.7 Overview of the DNA damage response (DDR) 

1.7.1 DNA damage 

DNA damage poses a tremendous danger for cellular stability and functionality 

as it affects the basic cellular mechanisms of transcription and replication 

intensively (Jackson and Bartek, 2009). While normal cells undergo apoptosis 

or cellular senescence in response to unrepairable DNA lesions (Robles and 

Adami, 1998), tumour cells continue proliferation due to activated oncogenes or 

reduced levels of tumour suppressor proteins thus making DNA damage one of 

the most important risk factors for initiation and propagation of cancer (Hanahan 

and Weinberg, 2011). DNA damage can be caused by various triggers, for 

instance spontaneous hydrolysis of nucleotide residues (Gates, 2009), 

endogenous mediators like ROS (Srinivas et al., 2019), or exogenous factors 

such as chemotoxic drugs and ultraviolet radiation (Boyce and Howard-

Flanders, 1964; Rasmussen and Painter, 1964). Since each cell of the human 

body is confronted with approximately 104-105 DNA lesions per day (Lindahl 

and Barnes, 2000; Tubbs and Nussenzweig, 2017), systematic repair of 

genomic injuries is indispensable for human life. This system, named the DNA 

damage response (DDR), consists of various DNA repair mechanisms (Jackson 

and Bartek, 2009), but also cell cycle checkpoint pathways (Barnum and 

O’Connell, 2014), and chromatin modification processes (Luijsterburg and 

Attikum, 2011). Inherited defects in DDR factors are responsible for severe 

diseases, like the bone marrow failure syndrome Fanconi Anemia (FA) 

(Ceccaldi et al., 2012), the cancer susceptibility syndromes Lynch syndrome 

(Fishel et al., 1993; Bronner et al., 1994) and Xeroderma pigmentosum 

(Cleaver, 1968), the neurodegenerative disease Ataxia-oculomotor apraxia 

(Moreira et al., 2001), and the immune deficiency syndrome Ataxia 

telangiectasia (Savitsky et al., 1995). Together, these examples underline the 

inevitable role of a functional DDR for human health. 
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1.7.2 DNA repair mechanisms 

Relating to the multiplicity of different kinds of DNA damages, a large set of 

diverse DNA repair mechanisms exists with each of them having its own 

damage specificity (Jackson and Bartek, 2009). In the following, four different 

types of DNA damage are distinguished: 1) damage of a single base, 2) DNA 

single strand breaks (SSB), 3) DNA double strand breaks (DSB), and 4) 

interstrand crosslinks (ICL). Base defects are repaired by three different 

mechanisms: Mismatch repair removes biosynthetic errors like base-base 

mismatches (Jiricny, 2006), while base excision repair fixes DNA damages from 

oxidation, deamination or alkylation (Krokan and Bjørås, 2013), and nucleotide 

excision repair corrects bulky DNA adducts and intrastrand crosslinks (Marteijn 

et al., 2014). In single strand break (SSB) repair, poly-adenosine-diphosphate-

ribose-polymerase 1 (PARP1) recognises free DNA endings (Chaudhuri and 

Nussenzweig, 2017) and – together with X-ray repair cross-complementing 

protein 1 (XRCC1) – facilitates the assembly of SSB repair proteins like DNA 

polymerase β and DNA ligase III that finally fix the break (Chaudhuri and 

Nussenzweig, 2017). 

However, double strand break (DSB) repair is much more complex and four 

different DSB repair pathways are discriminated (Scully et al., 2019). The 

predominant DSB repair pathway in all mammalian cells is non-homologous 

DNA end-joining (NHEJ) (Chang et al., 2017). Since NHEJ is based on simple 

DNA ending recognition and ligation independent of DNA sequences and cell 

cycle phases, it is very fast but error-prone (Chang et al., 2017). NHEJ starts 

with DNA ending recognition by Ku70/Ku80 heterodimer (Ku) (Mimori and 

Hardin, 1986) that prevents free DNA endings from extensive end resection 

(Mimitou and Symington, 2010). Ku forms a complex with the catalytic subunit 

of DNA-PK (DNA-PKcs), thus generating the full DNA-dependent protein kinase 

(DNA-PK) (Gottlieb and Jackson, 1993). Pairing of two DNA-PK complexes 

results in autophosphorylation and triggers the activation of exo- and 

endonucleases that edit incompatible DNA endings (Goodarzi et al., 2006). 

Further, Ku facilitates the binding of repair proteins like DNA polymerases and 

DNA ligase IV that fix the damage (Grawunder et al., 1997; Mahajan et al., 
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2002). While NHEJ is very fallible, homologous recombination (HR) is the most 

accurate DSB repair pathway (Scully et al., 2019). In HR, accuracy is reached 

by previous DNA end resection (Bonetti et al., 2018) and the use of homologous 

DNA sequences as templates for DNA refilling (Resnick, 1976). Due to its need 

for a sister chromatid serving as template, HR is limited on S and G2 cell cycle 

phases (Escribano-Díaz et al., 2013). In HR, DNA endings are bound by 

MRE11-RAD50-NBS1-complex (MRN) (Lavin, 2007) that conducts DNA end 

resection via its exo- and endonuclease activity. The resected single stranded 

DNA (ssDNA) endings are rapidly bound by the heterotrimeric replication 

protein A (RPA) complex to protect them from forming secondary structures 

(Raderschall et al., 1999). However, RPA competes with the strand-exchange 

protein RAD51 (Shinohara et al., 1992), and breast cancer type 2 susceptibility 

protein (BRCA2) facilitates the displacement of RPA by RAD51 (Jensen et al., 

2010). Subsequently, RAD51 catalyses the invasion of the ssDNA strand into a 

homologous sister chromatid to form a displacement-loop (D-loop) (Sung, 

1994). The invaded strand is extended by DNA-polymerases (McIlwraith et al., 

2005), dissociates, and anneals with the other DNA ending of the broken 

molecule to serve as template for its complementary strand to regenerate 

(Nassif et al., 1994). Alternatively, the complementary strand forms a second D-

loop, thus building a double Holliday junction, that is resolved at its crossing 

points either in non-crossover or crossover mode (Bzymek et al., 2010). The 

two further DSB repair pathways, alternative end joining (a-EJ) and single-

strand annealing (SSA), simply anneal homologous sequences flanking the 

DSB (Chang et al., 2017). Hence, DNA sequences between these repeats are 

always lost by MRN-dependent end resection, making these two pathways very 

mutagenic (Chang et al., 2017). However, a-EJ is promoted by PARP1 (Robert 

et al., 2009) and needs only short sequence homology of at least five 

nucleotides (Sharma et al., 2015). In contrast, SSA requires homology of at 

least 30 base pairs, and RPA is needed to protect these long ssDNA molecules 

(Shinohara et al., 1998). 

False covalent joints between nucleotide residues of complementary DNA 

strands, called interstrand crosslinks (ICLs), are another highly toxic type of 
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DNA damage since they prevent DNA unwinding needed for DNA replication 

and transcription (Deans and West, 2011). Their repair is conducted by the FA 

pathway (Rodríguez and A., 2017). To this end, ICLs are recognised by a 

heterodimeric complex consisting of FA complementation group protein M 

(FANCM) and FAAP24 (Ciccia et al., 2007). Subsequently, the FA core complex 

and the FANCD2-FANCI complex are recruited to the damaged site (Liang et 

al., 2016). The FANCD2-FANCI complex is activated by mono-ubiquitinylation 

at K561 (FANCD2) (Meetei et al., 2004) and K523 (FANCI) (Smogorzewska et 

al., 2007) by the E3 ubiquitin-ligase FANCL (Meetei et al., 2003) which is one of 

the eight subunits of the FA core complex (Shakeel et al., 2019). Ultimately, the 

activated FANCD2-FANCI complex recruits FA-associated nuclease 1 (FAN1) 

to incise one DNA strand (Liu et al., 2010; Pizzolato et al., 2015). The resulting 

DSB is finally repaired by HR (De Silva et al., 2000). 

1.7.3 Coordination of the DDR 

The DDR system is not limited on DNA repair mechanisms (Jackson and 

Bartek, 2009) but further includes complex cellular processes like cell cycle 

checkpoint activation (Barnum and O’Connell, 2014) and chromatin 

modifications (Luijsterburg and Attikum, 2011). The coordination of these 

different cascades is realised by two PI3K-related kinase family members: 

ataxia telangiectasia and Rad3 related kinase (ATR) and ataxia telangiectasia 

mutated kinase (ATM). ATR activation is mainly triggered by ssDNA (Zou and 

Elledge, 2003) that arises for instance at stalled replication forks upon 

replicative stress. ssDNA is stabilised by RPA (Wold and Kelly, 1988) that 

interacts with ATR-interacting protein (ATRIP) to stimulate the binding of ATR-

ATRIP to ssDNA (Zou and Elledge, 2003). Subsequently, ATR is activated by 

autophosphorylation at T1989 (Liu et al., 2011; Nam et al., 2011). Activated 

ATR phosphorylates numerous downstream targets, for instance checkpoint 

kinase 1 (CHK1) that supports cell cycle checkpoint arrest (Liu et al., 2000). 

ATM, the other important DDR regulative kinase, is activated as part of cellular 

DSB response (Lee and Paull, 2004; Lee and Paull, 2005; Jazayeri et al., 2008) 

by MRN via monomerisation and autophosphorylation at S1981 (Bakkenist and 
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Kastan, 2003). Amongst the downstream targets getting phosphorylated and 

therefore activated by ATM are the cell cycle protein checkpoint kinase 2 

(CHK2) (Matsuoka et al., 1998), the chromatin regulating protein Krüppel 

associated box (KRAB)-interacting protein 1 (KAP1) (Ziv et al., 2006), and the 

H2A histone family member X (H2AX) (Burma et al., 2001). Phosphorylated 

H2AX (γH2AX) accumulates rapidly in nucleosomes adjacent to DSBs 

(Rogakou et al., 1998) and promotes chromatin decondensation to facilitate the 

recruitment of further DDR proteins, like MRN (Kobayashi et al., 2002), RAD51 

(Paull et al., 2000), p53 binding protein 1 (53BP1) (Ward et al., 2003) and 

breast cancer type 1 susceptibility protein (BRCA1) (Paull et al., 2000). The 

balance between BRCA1 and 53BP1 is suggested to determine DSB repair 

pathway choice (Escribano-Díaz et al., 2013) since BRCA1 supports HR 

(Moynahan et al., 1999) while 53BP1 stimulates NHEJ (Nakamura et al., 2006). 

1.7.4 Cell cycle checkpoints 

Prohibiting cell cycle progression and cell division in the presence of DNA 

damage is crucial for guarding genomic stability (Barnum and O’Connell, 2014). 

Thus, cell cycle checkpoint activation is a relevant part of the DDR system 

(Barnum and O’Connell, 2014). The cell cycle is a strictly regulated cellular 

process that is classified in four main phases: first gap phase (G1), DNA 

synthesis phase (S), second gap phase (G2), and mitosis (M) (Barnum and 

O’Connell, 2014). Cell cycle progression through these phases is stimulated by 

a group of serine/threonine kinases, called CDKs, that promote DNA synthesis 

and mitotic progression by phosphorylating key substrates (Malumbres and 

Barbacid, 2001; 2009). The activation of these CDKs is regulated by periodic 

synthesis and ubiquitin-dependent proteolysis of their regulatory subunits, 

called cyclins (Glotzer et al., 1991). If a cyclin binds to its CDK, the CDK forms 

an active heterodimeric complex (Malumbres and Barbacid, 2001; 2009). 

Moreover, CDK activity is regulated by the two families of cyclin-dependent 

kinase inhibitors INK4 (including p16INK4a (McConnell et al., 1981)) and CIP/KIP 

(including p21cip1/waf1 (Xiong et al., 1993)). Last but not least, CDKs are 

influenced by phosphorylation events. Most importantly, inhibitory 
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phosphorylations at CDK residues within their ATP binding loop are carried out 

by the protein kinase WEE1 (Parker and Piwnica-Worms, 1992) and removed 

by the phosphatase cell division cycle 25 (CDC25) (Strausfeld et al., 1991; 

Hoffmann et al., 1994). Thereby, CDC25 promotes transition from G1 to S 

(mainly CDC25A (Hoffmann et al., 1994)) and G2 to M (mainly CDC25B and 

CDC25C (Strausfeld et al., 1991)) phase. In response to DNA damage, the 

serine-threonine kinases CHK1 and CHK2 trigger cell cycle arrest at diverse 

stages by phosphorylating CDC25, thus targeting it for proteasomal degradation 

(Peng et al., 1997; Sanchez et al., 1997; Matsuoka et al., 1998). 

CHK1 and CHK2 are part of a complex internal supervision system containing 

four main cell cycle checkpoints (G1 checkpoint, intra-S-phase checkpoint, G2 

checkpoint, spindle assembly checkpoint) that trigger cell cycle arrest after error 

detection (Hartwell and Weinert, 1989). If cellular reserves, cell size, or genomic 

DNA integrity are unfavourable for DNA replication, G1 checkpoint is activated 

to prevent progression to S phase (Killander and Zetterberg, 1965). The most 

familiar component of G1 checkpoint is p53, which promotes the expression of 

p21 (El-Deiry et al., 1993) that inhibits G1 CDKs (Harper et al., 1993; Harper et 

al., 1995; Deng et al., 1995). After passing G1 checkpoint, cells undergo DNA 

replication in S phase. Disturbances within the replication process (e.g. by DNA 

lesions or insufficient supply of deoxynucleotide triphosphates) result in 

replicative stress. This goes along with abundant ssDNA formation that triggers 

ATR-CHK1-mediated intra-S-phase checkpoint (Longhese et al., 1996). As a 

further barrier, G2 checkpoint prohibits entry into mitosis until damaged DNA or 

incompletely replicated DNA is sufficiently repaired. The main kinase involved in 

G2 checkpoint is CHK1 (Liu et al., 2000). Besides executing inactivating 

phosphorylation of CDC25 (Peng et al., 1997; Sanchez et al., 1997), CHK1 

phosphorylates the tyrosine-specific protein kinase WEE1, thus triggering its 

stabilisation (O’Connell et al., 1997). WEE1 mediates cell cycle arrest via 

phosphorylation and thus inactivation of CDK1 (Parker and Piwnica-Worms, 

1992). Moreover, sustained G2 arrest is enforced by p53 upon persistent DNA 

damage via up-regulation of E2F7 (Carvajal et al., 2012) and down-regulation of 

the CDC25C gene (St. Clair et al., 2004). Last but not least, the mitotic kinase 
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aurora B activates spindle assembly checkpoint in the middle of M phase to 

prevent anaphase onset until each chromosome is properly attached to the 

spindle apparatus (Hauf et al., 2003). Although it is generally accepted that all 

cell cycle checkpoints are reversible and cell cycle proceeds when the damage 

signal fades, however, prolonged cell cycle arrest can trigger apoptosis (Orth et 

al., 2011) and cellular senescence (Demidenko and Blagosklonny, 2008), thus 

changing the cellular fate permanently. 

1.8 Current state of research linking CX-5461 with the 

DDR 

Initially, the RNAP I inhibitor CX-5461 was suggested to inhibit rRNA synthesis 

selectively without affecting DNA, mRNA or protein synthesis (Drygin et al., 

2011). However, this concept was challenged by some following studies that 

had observed DDR activation upon CX-5461 treatment (Negi and Brown, 2015; 

Quin et al., 2016; Xu et al., 2017). The first study reporting DDR activation upon 

CX-5461 treatment was published by Negi and Brown in 2015. Their 

experiments had revealed ATM-CHK2- and ATR-CHK1-pathway activations 

with subsequent G2 arrest in CX-5461 treated acute lymphoblastic leukaemia 

(ALL) cells (Negi and Brown, 2015). This finding was supported by another 

study showing accumulation of ATM, ATR, CHK1 and CHK2 proteins in CX-

5461 treated primary immortalised human fibroblasts (BJ-T) (Quin et al., 2016). 

Paradoxically, the authors suggested that CX-5461 activates ATM-CHK2- and 

ATR-CHK1-pathways in the absence of DNA breaks since they neither 

observed γH2AX foci in immunofluorescence nor extended comet tail moments 

in single cell gel electrophoresis (Quin et al., 2016). Quite the opposite, Xu et al. 

proposed that CX-5461 provokes SSBs or gaps and to a minor degree also 

DSBs based on their experiments showing statistically increased comet tail 

moments 30 minutes after CX-5461 treatment in HCT116 cells (Xu et al., 2017). 

Further, they observed formation of γH2AX, as well as RAD51, RPA2 and 

53BP1 foci 24 hours after CX-5461 treatment in HCT116 and U2OS cells (Xu et 

al., 2017). Intriguingly, CX-5461 was more toxic in various BRCA2 deficient cell 
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lines than in BRCA2 proficient ones, and cells absent of functional BRCA2 

acquired more often 53BP1 foci and stronger H2AX and RPA phosphorylation 

upon drug treatment (Xu et al., 2017). Moreover, HCT116 cells deficient for 

BRCA2, but not BRCA2 wild type cells, acquired chromosomal abnormalities 48 

hours after CX-5461 treatment (Xu et al., 2017). Since other methods of rDNA 

transcription inhibition (BMH-21, siRNA for POLR1B) did not cause γH2AX and 

53BP1 foci formation (Xu et al., 2017), the authors suggested that CX-5461 

might trigger DNA damage independent from its main function in rDNA 

transcription inhibition (Xu et al., 2017). 

However, co-treatment strategies with CX-5461 and DDR inhibitors revealed 

conflicting results. While pre-treatment with the ATR kinase inhibitor VE-822 

allowed overcoming CX-5461 induced G2 arrest and increased the apoptotic 

fraction in two different leukaemia cell lines, this was not the case for the ATM 

inhibitor KU-60019 (Negi and Brown, 2015). Further, combination therapy with 

CX-5461 and dual DDR inhibition (ATM (KU-55933) and ATR (VE-821) 

inhibitors) caused abnormal mitosis and cell death in BJ-T p53sh (expressing a 

short hairpin RNA targeting p53) but not BJ-T p53 wild type cells (Quin et al., 

2016), and knocking down BRCA2 or DNA-PK, but not 53BP1, enhanced the 

lethality of CX-5461 in HCT116 cells (Xu et al., 2017). Altogether, the 

discrepancies of pre-existing data leave a lot of questions unanswered, and this 

work mainly aimed to examine the interplay between CX-5461 triggered DDR 

activation and senescence induction.  
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2 Aim Of This Work 

Unpublished work by the Zender laboratory (K. Wolter) has demonstrated CX-

5461 as potent inducer of a novel type of cellular senescence, designated 

ribosomal checkpoint induced senescence (RCIS). Since senescence in 

general was shown to be linked to DDR activation, we wondered if RCIS 

induction is accompanied by DDR signalling as well. Previous publications 

reporting DDR activation upon CX-5461 treatment were limited on the first 

hours upon drug treatment, thus letting long-term effects and senescence 

induction unnoticed. This work goes beyond previous studies by performing 

parallel in-depth time course analysis of DDR and senescence markers during 

the whole process between initial CX-5461 treatment and final RCIS 

establishment in murine NrasG12V p19-/- HCC cells. Besides being the first work 

reporting correlations between pharmaceutical RCIS induction and DDR 

activation, this work is the first characterising DDR activation upon CX-5461 

treatment in a hepatocellular carcinoma (HCC) cell line in general. 

Previous work by the Zender laboratory has demonstrated the use of two-step 

anticancer strategies with senescence induction by CX-5461 followed by 

senolytic therapy as promising strategy to improve therapeutic outcome (K. 

Wolter, unpublished). Yet, so far, a lack of efficient senolytic drugs with 

favourable clinical safety profile prevents translation of such two punch 

concepts into clinical application. Although DDR protraction was determined as 

hallmark of cellular senescence, however, nothing is known about the potential 

of using DDR inhibitors as senolytic drugs. Therefore, it was the main aim of 

this work to investigate if DDR inhibitors are senolytic and thus effective in such 

two-step anticancer treatment strategies. Moreover, this work aimed to improve 

current knowledge how CX-5461 induces DDR activation in general. We 

analysed how cell cycle and genomic stability change during pharmaceutical 

RCIS establishment, determined how p53 status influences the cellular drug 

response, and finally proposed a new mechanism how CX-5461 might trigger 

DDR activation.  
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3 Material and Methods 

3.1 Material 

3.1.1 Equipment 

Equipment Company 

Apotome Zeiss 

Biofuge fresco Heraeus 

Blot paper Bio-Rad 

Cell scraper, 16 cm Sarstedt 

Centrifuge Heraeus™ Pico™ 17 Thermo Fisher Scientific 

Centrifuge Megafuge 2.0R Thermo Fisher Scientific 

Centrifuge tubes (TubeOne 1.5 ml, 2.0 ml) Starlab 

ChemiDoc Imaging System Bio-Rad 

CO2 incubator Sanyo 

Coverslips R. Langenbrinck 

Cryo tubes Corning Incorporated 

Culture plates 6-, 12-, 24-, 96-well Thermo Fisher Scientific 

Falcons 15 ml, 50 ml Greiner Bio-One 

Flasks 50 ml, 100 ml, 500 ml, 1000 ml Schott Duran  

Flow cytometer (Guava Easy Cyte plus) Guava Technologies 

Fluorescence microscope Olympus 

Freezer (Igloo GreenLine VIP insulation 830L) Telstar 

GELoader™ Tips Hartenstein 

Immersion oil Cargille 

Neubauer chamber Assistent 

Microplate reader (Infinite® M Plex) Tecan  

Microscope (CKX41) Olympus  

Microscope slides R. Langenbrinck 

Milli-Q® Integral Water Purification System Merck Millipore 

Mini-Protean® Tetra Cell Bio-Rad  
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Mini Trans-Blot® Module Bio-Rad 

Multichannel pipet (2-20 µl, 20-200 µl) Gilson 

Multichannel pipet (100 µl, 300 µl) Eppendorf 

pH meter SI analytics 

Pipet (2 µl, 20 µl, 100 µl, 200 µl, 1000 µl) Gilson 

Pipet (10 µl, 100 µl) Eppendorf 

Pipetboy IBS Integra Biosciences 

Pipet tips (TipOne 10 µl, 200 µl, 1000 µl) Starlab  

Power Pack™ Basic Power Supply (P25T) Biometra 

Polyvinylidene difluoride (PVDF) transfer 
membrane 

Merck Millipore 

Reagent reservoir, 60 ml Brand 

Rocking shaker (DRS-12) Neolab  

Sonication System Biorupter 

Sterile bench Heraeus Instruments 

Stripette™ serological pipets (5 ml, 10 ml, 25 ml, 
50 ml) 

Corning 

Thermomixer comfort Eppendorf 

Tissue culture chambers, 4- and 8-well Sarstedt 

Tissue culture dish, 100 mm Sarstedt 

Tissue culture flask, T-25 Sarstedt 

Transfer pipets 
Biologix Research 
Company 

Vortex mixer (Reax 2000) Heidolph 

Waterbath Memmert 
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3.1.2 Chemicals 

Chemical Company 

Aceton  ROTH 

Acrylamide/Bis-acrylamide Rotiophorese Gel  ROTH 

Albumin fraction V, protease-free (BSA) ROTH 

Ammonium persulfate (APS)  Sigma Aldrich 

β-mercaptoethanol  ROTH 

Bromophenol blue  Sigma Aldrich 

Colcemid solution in HBSS, Gibco, KaryoMAX Thermo Fisher Scientific 

Crystal violet  Sigma Aldrich 

Distilled water, invitrogen, DNase/RNase free Thermo Fisher Scientific 

Dulbecco’s Modified Eagle Medium (DMEM), Gibco Thermo Fisher Scientific 

Dimethylsulfoxide (DMSO)  Sigma Aldrich 

Ethylenediaminetetraacetic acid (EDTA)  ROTH 

Ethyleneglycoltetraacetic acid (EGTA)  ROTH 

Ethanol PanReac AppliChem 

Fetal bovine serum (FBS)  PAN Biotech 

Glacial acetic acid (GAA)  SAFC Pharma 

Glutaraldehyde Serva 

Glycine ROTH 

Glycerol  ROTH 

HCl  VWR Chemicals 

Hydrogen peroxide solution  Sigma Aldrich 

Isopropanol  Honeywell 

K3FE(CN)6 Sigma Aldrich 

K4FE(CN)6 Sigma Aldrich 

KCl  AppliChem 

KH2PO4 ROTH 

MEM-NEAA (100x), Gibco Thermo Fisher Scientific 

Methanol VWR Chemicals 

MgCl2 ROTH 

Mounting medium with DAPI, Vectashield HardSet Vector Laboratories 

Na2HPO4 2H2O ROTH 
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NaCl  VWR Chemicals 

Normal goat serum (NGS)  abcam 

N-N-dimethylformamide (DMF)  Sigma Aldrich 

Phosphate-buffered saline (PBS), pH 7.4, Gibco Thermo Fisher Scientific 

Penicillin-streptomycin (PenStrep), Gibco Thermo Fisher Scientific 

Paraformaldehyde (PFA)  Sigma Aldrich 

Phosphatase inhibitor (PhosSTOP, EASYpack) Roche 

Phenazine methosulfate (PMS)  Sigma Aldrich 

Ponceau S solution  Sigma Aldrich 

Powdered milk  ROTH 

Propidium iodide (PI) Sigma Aldrich 

Protease inhibitor (cOmplete Tablets Mini, EDTA-
free) 

Roche 

Protein assay reagent A/B/S  Bio-Rad 

Protein ladder, broad range, Spectra, Multicolour Thermo Fisher Scientific  

Protein ladder, high range, Spectra, Multicolour Thermo Fisher Scientific 

Sodium dodecyl sulfate (SDS), ultrapure ROTH 

RNAse  Qiagen 

Sodium pyruvate 100 mM (100x), Gibco  Thermo Fisher Scientific 

Stripping buffer Thermo Fisher Scientific 

Tetramethylethylenediamine (TEMED) ROTH 

Tris base (Trizma®) Sigma Aldrich 

Triton-X100 ROTH 

Trypsin-EDTA 0.05%, Gibco Thermo Fisher Scientific 

Tween-20 ROTH 

Urea AppliChem 

Western ECL substrate, luminol/enhancer solution Bio-Rad 

Western ECL substrate, peroxide solution Bio-Rad 

X-Gal (5-bromo-4-chloro-3-indolyl-β-D- 
galactopyranoside) 

PeqLab 

XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H- 
tetrazolium-5-carboxanilide), invitrogen 

Thermo Fisher Scientific 
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3.1.3 Antibodies 

Abbreviations used in the following tables: species (Sp), mouse (M), rabbit (Rb), 
goat (Go). 
 

Tab. 1 | Primary antibodies for western blotting 

Antigen Company Number Sp 

α-Tubulin CST 2125S Rb 

Aurora A  abcam ab13824 M 

Aurora B  abcam ab2254 Rb 

β-Actin  ICN Biomedicals  lab intern M 

c-MYC abcam ab32072 Rb 

Cyclin A2 abcam ab38 M 

Cyclin B1  CST 4138S Rb 

Cyclin D1  CST 2922S Rb 

FANCD2  abcam ab108928 Rb 

FANCI  abcam  ab74332 Rb 

FANCM  abcam ab95014 Rb 

HMGA2  abcam ab97276 Rb 

Lamin B1 CST 13435S Rb 

p16  Santa Cruz  sc-1207 Rb 

p21  BD Biosciences 556431 M 

p53 CST 2524S M 

PARP1 CST 9542S Rb 

pATM (S1987) invitrogen PA5-37346 Rb 

pATR (S428)  CST 2853S Rb 

pCHK1 (S345) CST 2348S Rb 

pCHK2 (T383)  abcam  ab59408 Rb 

pKAP1 (S824)  abcam  ab70369 Rb 

pRPA32 (S4/S8)  Bethyl A300-245A-M Rb 

RAD51  abcam ab63801 Rb 

Vinculin  Sigma Aldrich  V9131 M 
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Tab. 2 | Secondary antibodies for western blotting 

Antigen Company Conjugation Sp 

Mouse (115-035-062) Dianova Peroxidase Go 

Rabbit (111-035-045) Dianova Peroxidase Go 

 

Tab. 3 | Primary antibodies for immunofluorescence 

Antigen Company Number Sp 

Ki67  abcam ab15580 Rb 

γH2AX (S139) Merck Millipore M05-636 M 

p53BP1 (S1778) CST 2675S Rb 

DNA:RNA hybrids [S9.6] Kerafast ENH001 M 

 

Tab. 4 | Secondary antibodies for immunofluorescence 

Antigen Company Conjugation Sp 

Mouse IgG (H+L) Life Technologies Alexa 488 Go 

Rabbit IgG (H+L) Life Technologies Alexa 594 Go 

 

3.1.4 Inhibitors 

Target Company Number Name 

ATM AstraZeneca AZD-0156 - 

ATR AstraZeneca AZD-6738 - 

Bcl-2 Selleckchem ABT-263 Navitoclax 

CHK1 Selleckchem LY-2603618 Rabusertib 

CHK2 Tocris CCT-241533 - 

DNA-PK Selleckchem NU-7441 - 

PARP Selleckchem AZD-2281  Olaparib 

PARP Selleckchem AG-014699  Rucaparib 

PARP Selleckchem MK-4827  Niraparib 

RNA polymerase I Adooq Bioscience CX-5461 - 

RPA lab intern unpublished - 
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3.1.5 Buffers and solutions 

Buffer / Solution Composition 

  

TBS 50 mM TrisBase, 150 mM NaCl; in H2O 

  

TBS-T 0.1% Tween-20 in TBS 

  

PBS (pH 7.4) 10 mM Na2HPO4 x 2 H2O, 2 mM KH2PO4, 0.137 mM  

 NaCl, 2.7 mM KCl; in H2O 

  

PBS/MgCl2 (pH 5.5) 1 mM MgCl2 in PBS 

  

X-Gal staining solution 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 x 3 H2O, 1 mg/ml 
X-Gal; in PBS/MgCl2 (pH 5.5) 

  

IF antibody dilution 1% NGS, 0.2% Triton X-100, 0.1% Tween-20; in PBS 

  

IF blocking solution 5% NGS, 0.2% Triton X-100, 0.1% Tween-20; in PBS 

  

Laemmli buffer [4x] 200 mM Tris-HCl (pH 6.8), 277 mM SDS, 40% 
glycerol, 20% β-mercaptoethanol, 3 mM bromophenol 
blue; in H2O 

  

Cell lysis buffer 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA 
(pH 8.0), 1 mM EGTA (pH 8.0), 1% Triton X-100; in 
H2O; 1 pill protease inhibitor (Roche, cOmplete Tablets 
Mini, EDTA-free) and 1 pill phosphatase inhibitor 
(Roche, PhosSTOP, EASYpack) are dissolved in 
15 ml cell lysis buffer 

  

SDS running buffer 25 mM TrisBase, 192 mM glycine, 0.1% SDS; in H2O 

  

WB transfer buffer 25 mM TrisBase, 192 mM glycine, 0.01% SDS, 20% 
methanol; in H2O 
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3.1.6 Cell culture media 

Medium Composition 

  

Growth medium 10% FBS, 1% MEM-NEAA, 1% PenStrep, 1% sodium 
pyruvate; in DMEM 

  

Freezing medium 40% FBS, 10% DMSO; in growth medium 

 

3.1.7 Cell lines 

Name Tissue Species 

NrasG12V p19-/- Hepatocellular carcinoma murine 

NrasG12V p19-/- p53-/- Hepatocellular carcinoma murine 

SMMC-7721 Hepatocellular carcinoma human 

 

3.1.8 Software 

Topic Category Software 

Experimental work Flow cytometry Guava CytoSoft 5.2 

 Microplate reader i-control 2.0 

 Microscope Olympus cellSens 

 Fluorescence microscope Olympus cellSens 

 Apotome AxioVision Imaging Software 

 Western blot analysis Image Lab Software 

Data analysis Statistical analysis GraphPad Prism 6 

 Graphical illustration GraphPad Prism 6 

 Picture editing Image J 

Data presentation Figure design Microsoft PowerPoint 

 Writing program Microsoft Word 

Literature research Literature programs EndNote X8 and JabRef 



32 
 

3.2 Methods 

3.2.1 Cell culture 

Cells were cultivated in growth medium (see chapter 3.1.6) within Petri dishes 

at 37 °C in a CO2 incubator. Cellular subconfluence was maintained by regularly 

passaging cells in 1:10 ratio. To this end, cells were washed with PBS, 

detached via incubation with 1 ml trypsine for five minutes at 37 °C, and 

resuspended in fresh growth medium. To determine the cell density, 10 µl of the 

cell suspension was put on a Neubauer chamber and cells were counted 

manually. The cell density was calculated with the following formula: cell 

number per ml = (cell count within four big squares / 4) x 10,000.  

Cryoconservation at - 80 °C was used for long-term preservation of cell lines. 

For freezing, cells were detached by trypsinisation, transferred to a 15 ml cell 

culture tube and centrifuged for five minutes at 800 rpm. After resuspending the 

pellet in 5 ml of freezing medium (see chapter 3.1.6), the cell suspension was 

filled in cryo tubes and stored at - 80 °C. For thawing, cryo tubes were held in a 

37 °C water bath for 30 seconds. The defrosted cells were diluted with 5 ml of 

pre-warmed growth medium and centrifuged for five minutes at 800 rpm. After 

resuspending the pellet in fresh growth medium, the cell suspension was 

transferred to a cell culture bottle and stored in a 37 °C CO2 incubator. 

3.2.2 Treatment with CX-5461 

For most experiments, cells were treated with the RNAP I inhibitor CX-5461. 

The drug was stored as 1 mM stock at - 20 °C. Prior to treatment, cells were 

stored for 36 hours in cell culture dishes in a 37 °C CO2 incubator. Immediately 

before treatment, CX-5461 was defrosted and diluted with fresh growth medium 

to a final concentration of 500 nM (if not explicitly stated different). The growth 

medium within the cell culture dishes was replaced by the freshly prepared 

medium containing 500 nM of CX-5461. After incubating for 24 hours in a CO2 

incubator at 37 °C, the CX-5461 containing medium was removed, cells were 

washed once with PBS, and fresh growth medium without CX-5461 was added. 
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Finally, cells were cultivated in a 37 °C CO2 incubator up to the indicated 

treatment time point.  

3.2.3 Crystal violet colony formation assay 

For crystal violet colony formation assay, cells were cultivated in 24 well plates 

and treated in different ways as illustrated in Tab. 5. For fixation, cells were 

washed two times with PBS and incubated with 10% PFA for 20 minutes at 

room temperature. After a washing step with Milli-Q® water, cells were 

incubated with 0.5% crystal violet for 20 minutes, washed two more times with 

Milli-Q® water, and air-dried under a fume hood. 

 

Tab. 5 | Experimental set-up for crystal violet colony formation assay 

Abbreviations used in this table: plating (P), inhibitor treatment (I), CX-5461 
treatment (C), fixation (F). Settings are labelled by a-e as used in the results 
part of this work. 
 

 Setting Timeline 

a inhibitor on growing cells 

 
 
 
 

b pre-treatment with inhibitor 

 
 
 
 

c simultaneous treatment 

 
 
 
 

d inhibitor on RCIS cells (2 days) 

 
 
 
 

e inhibitor on RCIS cells (9 days) 

 
 
 3d 3d 3d 

I 

7d 

7d 
F P C 

36h 

24h 

P I F 
36h 48h 

P I F 
36h 

I+C 
24h 

P I+C F 
36h 48h 

I P F 
36h 48h 

I I 

C 
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3.2.4 XTT cell viability assay 

For XTT cell viability assay, cells were cultivated in 96 well plates for 36 hours. 

Next, the prepared cells were treated with a dilution series of different drug 

concentrations for 48 hours (100 µl of liquid per well). Each treatment setting 

was conducted in triplicates and three wells were filled with pure growth 

medium without cells to measure background activity. Immediately before 

labelling cells, 10 µl of PMS solution (10 mM PMS in PBS) was mixed with 4 ml 

of XTT solution (0.1% XTT in pre-warmed growth medium) and 25 µl of this 

mixture was added to each well. After incubating for two hours at 37 °C, 

absorbance was measured at 450 nm using Tecan Microplate Reader. 

3.2.5 Senescence-associated β-galactosidase staining 

For SA-β-Gal staining, cells were plated in 10 cm dishes and treated with CX-

5461 as described in chapter 3.2.2. To stain all different treatment time points 

simultaneously, plating and treatment were performed individually for each 

sample, so that finally all samples were ready for fixation all at once. For 

fixation, cells were washed with PBS, incubated with 0.5% glutaraldehyde in 

PBS (pH 7.4) for five minutes at room temperature, washed once more with 

PBS, and two more times with 1 mM MgCl2 in PBS (pH 5.5) for five minutes 

each at room temperature. Next, cells were incubated with X-Gal staining 

solution (see chapter 3.1.5) at 37 °C until the cells without CX-5461 (negative 

control) started to adopt blue staining. At this time point, reaction was stopped 

for all the samples by washing all dishes three times with PBS for five minutes 

each before treating them with 37% formaldehyde for 30 minutes at room 

temperature. After three final washing steps with PBS for five minutes each, 

coloured pictures were taken using Zeiss Apotome. 

3.2.6 Protein extraction and quantification 

For protein extraction, cells were plated in 10 cm Petri dishes and treated with 

CX-5461 as described in chapter 3.2.2. For the untreated control sample, as 

well as the early CX-5461 treatment time points up to one day, two dishes were 
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prepared and pooled to receive approximately the same amount of cellular 

material for all the samples. Before harvesting, cells were washed two times 

with PBS and got diluted in 0.6 ml of PBS. Detachment was done mechanically 

using a cell scraper. The cell suspension was transferred to a 1.5 ml Eppendorf 

cup and centrifuged at 13,000 rpm for three minutes. The pellets were stored at 

- 80 °C. To generate whole cell lysates, cell lysis buffer (see chapter 3.1.5) was 

freshly prepared, diluted in 4:1 ratio with 8 M Urea, and added to the defrosted 

pellets. Next, samples were sonicated (Biorupter Sonication System) for ten 

minutes and centrifuged at 13,000 rpm for ten more minutes. The supernatants 

were transferred to new Eppendorf cups and stored again at - 80 °C. To 

measure protein densities of the whole cell lysates, Bradford protein assay kit 

was used according to the manufacturer’s instructions. In doing so, absorbance 

was measured at 690 nm using Tecan Microplate Reader. 

3.2.7 SDS gel electrophoresis 

SDS gel electrophoresis was used to separate the whole cell lysates (see 

chapter 3.2.6) in a molecular weight dependent fashion. To this end, running 

gels were poured as listed in Tab. 6. While high percentage running gels were 

favoured for analysing small proteins, low percentage running gels were 

preferred for bigger ones. The poured running gels were topped with 500 µl of 

isopropanol during drying. After gels had solidified, the isopropanol topping was 

replaced by the stacking gel solution (Tab. 7) and 15 well combs were used to 

form gel pockets. For each sample, the protein lysate volume containing 50 µg 

of protein was diluted in PBS up to a total volume of 20 µl. For denaturation, 

6.7 µl of the Laemmli buffer stock [4x] (see chapter 3.1.5) was added to each 

sample, followed by an incubation step at 95 °C for ten minutes. The first gel 

pocket was loaded with a protein ladder while all the further pockets were 

loaded with the prepared sample materials. Finally, protein separation took 

place in running buffer (see chapter 3.1.5) at 100 - 120 V. 
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Tab. 6 | Running gel composition 

Chemical  5% 7% 10% 12% 15% 

Milli-Q® ml 17.2 15.3 12.3 10.2 7.2 

1.5 M Tris-HCl (pH 8.8) ml 7.5 7.5 7.5 7.5 7.5 

SDS 20% (w/v) µl 150 150 150 150 150 

Acrylamide/Bis-acrylamide 30%, 0.8% (w/v) ml 5.0 6.9 9.9 12.0 15.0 

APS 10% (w/v) µl 150 150 150 150 150 

TEMED µl 20 20 20 20 20 

 

Tab. 7 | Stacking gel composition 

Chemical   

Milli-Q® ml 6.15 

0.5 M Tris-HCl (pH 6.8) ml 2.5 

SDS 20% (w/v) µl 50 

Acrylamide/Bis-acrylamide 30%, 0.8% (w/v) ml 1.34 

APS 10% (w/v) µl 50 

TEMED µl 10 

3.2.8 Western blotting 

Western blotting was used to transfer the separated proteins (see chapter 3.2.7) 

from the gel to a PVDF membrane. To this end, the PVDF membrane was pre-

incubated with 75% methanol for two minutes, followed by two minutes with 

Milli-Q® water and two more minutes with transfer buffer (see chapter 3.1.5). 

After preparing the transfer box in accordance with the manufacturer’s 

instructions, the transfer process took place in transfer buffer at 4 °C either at 

120 V for approximately two hours or at 25 V overnight. The exact transfer time 

varied amongst different analyses depending on the molecular weight of the 

investigated protein (extended duration for bigger proteins, shortened duration 

for smaller ones). To ensure that the transfer process was successful, the 

PVDF membrane was incubated with Ponceau S staining solution, thus 

colouring the transferred proteins in red. For blocking, the PVDF membrane 

was incubated with either 5% milk powder or 5% BSA (listed in Tab. 8) in TBS-T 
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for 90 minutes at room temperature. This and all the further steps were 

conducted under slightly shaking conditions at 35 rpm. After three washing 

steps with TBS-T, the blocked PVDF membrane was incubated with the primary 

antibody (diluted in TBS-T, concentrations are listed in Tab. 8) for twelve hours 

(small and unphosphorylated proteins) up to three days (huge and 

phosphorylated proteins) at 4 °C. After three more washing steps for ten 

minutes each, the PVDF membrane was incubated with the secondary antibody 

(diluted in TBS-T at 1:3000) for 40 minutes at room temperature. Again, the 

membrane was washed three times with TBS-T for ten minutes each before it 

was finally incubated with a 1:1 mixture of luminol/enhancer and peroxide 

solutions (BioRad® Western Blot ECL Kit) for approximately five minutes under 

light-protected conditions. In the end, the blots were developed using Western 

Blot Imaging System and Image Lab Software. 

 

Tab. 8 | Primary antibody concentrations and blocking for western blotting 

Antigen MW [kDa] Concentration Blocking 

α-Tubulin 50 1:1000 Milk 

Aurora A 46 1:1000 Milk 

Aurora B 39 1:1000 Milk 

β-Actin 42 1:1000 Milk 

c-MYC 49 1:1000 Milk 

Cyclin A2 60 1:200 Milk 

Cyclin B1 55 1:1000 Milk 

Cyclin D1 36 1:1000 Milk 

FANCD2 166 1:1000 Milk 

FANCI 149 1:2000 Milk 

FANCM 227 1:5000 Milk 

HMGA2 17 1:1000 Milk 

Lamin B1 70 1:1000 Milk 

p16 16 1:200 Milk 

p21 18 1:333 Milk 

p53  53 1:1000 Milk 

PARP1 116 1:1000 Milk 
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pATM (S1987) 351 1:1000 BSA 

pATR (S428) 301 1:1000 BSA 

pCHK1 (S345) 54 1:1000 BSA 

pCHK2 (T383) 61 1:1000 BSA 

pKAP1 (S824) 110 1:1000 BSA 

pRPA32 (S4/S8) 34 1:5000 Milk 

RAD51 37 1:1000 BSA 

Vinculin 124 1:5000 Milk 

3.2.9 Immunofluorescence 

For immunofluorescence stainings, cells were plated in either 4- or 8-well tissue 

chambers with detachable walls and treated with CX-5461 as described in 

chapter 3.2.2. To stain all the different drug treatment time points 

simultaneously, plating and treatment were performed individually for each 

sample, so that finally all samples were ready for fixation all at once. Equal cell 

densities at fixation were reached by plating out only half as many cells for the 

late drug treatment time points (three, five and seven days) than for the 

untreated control sample and the early CX-5461 treatment time points (up to 

one day after treatment). Just prior to fixation, growth medium was removed 

carefully with a pipet and cells were washed once with either 0.1% Triton X-100 

in PBS (used for all washing steps in Ki67, γH2AX (S139) and p53BP1 (S1778) 

stainings) or pure PBS (used for all washing steps in DNA:RNA hybrid [S9.6] 

and pure DAPI stainings). For Ki67, γH2AX (S139), p53BP1 (S1778) and pure 

DAPI stainings, cells were fixed with 4% PFA in PBS for 30 minutes at room 

temperature. For DNA:RNA hybrid [S9.6] staining, fixation was done with ice-

cold methanol for 15 minutes at - 20 °C. Except for the DNA:RNA hybrid [S9.6] 

staining, cells were washed two times after fixation before getting permeabilized 

by 0.5% Triton X-100 in PBS for 15 minutes at room temperature, followed by 

four more washing steps. In contrast, no permeabilization step was performed 

in the DNA:RNA hybrid [S9.6] staining. Instead of that, only three normal 

washing steps were conducted. Next, cells were incubated with blocking 

solution (see chapter 3.1.5) for 15 minutes at room temperature. For staining, 
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the antibodies were thinned with dilution solution (see chapter 3.1.5) as listed in 

Tab. 9. Cells were incubated with the primary antibody at 4 °C overnight, 

washed three times for five minutes each at room temperature, and finally got 

incubated with the secondary antibody for 45 minutes at room temperature 

under light-protected conditions. After three more washing steps for five minutes 

each, the walls of the culture chamber were removed. Mounting medium with 

DAPI was added on the remaining microscope slide before it was coated by a 

coverslip. Finally, the slides were analysed using Zeiss fluorescence 

microscope. For quantification, ‘positive’ cells were counted manually with the 

help of Image J. The total cell count was determined by counting all nuclei 

stained with DAPI. Ki67 staining was pan-nuclear so that all stained nuclei were 

interpreted as Ki67 ‘positive’ cells. In contrast, thresholds were set to classify 

cells as ‘positive’ for γH2AX (≥ 5 foci) or p53BP1 (≥ 3 foci). 

 

Tab. 9 | Antibody concentrations for immunofluorescence 

Primary Antibody Secondary Antibody 

Antigen Concentration Antigen Concentration 

Ki67 1:1000 rabbit (Alexa 594) 1:1000 

γH2AX (S139) 1:1000 mouse (Alexa 488) 1:500 

p53BP1 (S1778) 1:100 rabbit (Alexa 594) 1:500 

DNA:RNA hybrid [S9.6] 1:200 mouse (Alexa 488) 1:500 

3.2.10 Flow cytometric cell cycle analysis with propidium iodide  

For cell cycle analysis, cells were cultivated in 10 cm dishes, treated with CX-

5461 (see chapter 3.2.2) up to the indicated time point, detached chemically via 

trypsinisation, and resuspended in fresh growth medium. Next, 106 cells per 

sample were transferred to a 15 ml falcon and spun down at 1200 rpm for five 

minutes. The pellet was washed once with PBS before it was resuspended in 

250 µl of PBS. For fixation, 750 µl of pure ethanol (- 20 °C) was added drop by 

drop while vortexing and cells were stored in fixative at 4 °C. Just prior to the 

staining with the fluorescent DNA intercalating agent propidium iodide (PI), cells 

were washed with 1% BSA in PBS. For staining, the pellet was resuspended in 
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1 ml of PI-RNase-solution (50 µg/ml PI and 250 µg/ml RNase in PBS) and 

incubated at 4 °C overnight. After that, cells were resuspended and transferred 

to a 96-well plate (250 µl per well). Finally, Guava Easy Cyte plus flow 

cytometer and CytoSoft 5.2 software were used to measure the DNA content 

per cell. Cells with 2N DNA content (single chromosome set) were interpreted 

as G1 phase cells, while cells with 4N DNA content (doubled chromosome set) 

were classified as G2/M phase cells. Cells with a DNA content between these 

two fractions were determined as S phase cells, while cells with more than 4N 

DNA content were classified as hyperploid. 

3.2.11 Chromosome spread assay 

For chromosome spread assay, cells were cultivated in 10 cm dishes and 

treated with CX-5461 (see chapter 3.2.2) up to the indicated time point. Just 

prior to trypsin-based detachment, cells were treated with 500 µg/ml colcemid 

for two hours to enhance the fraction of metaphase cells. The detached cells 

were centrifuged at 1000 rpm for 4 minutes. After aspirating most of the 

supernatant, cells were resuspended in some residual liquid. Next, 5 ml of ice 

cooled 0.56% KCl solution was added drop by drop while vortexing. After 

incubating for six minutes at room temperature, cells were centrifuged at 1000 

rpm for six minutes, and the pellet was again resuspended in some residual 

liquid of the supernatant. For fixation, 5 ml of fixative (consisting of three parts 

methanol and one part GAA) was added drop by drop while vortexing and cells 

were again centrifuged at 1000 rpm for six minutes. This fixation step was 

repeated two more times. After having aspirated the supernatant, the pellet was 

finally resuspended in 1 ml of fixative. For each sample, three microscope slides 

(cleaned with alcohol) were sprinkled with three drops of the prepared cell 

suspension released from about 50 cm distance to spread as wide as possible. 

After drying for at least one hour at room temperature, mounting medium with 

DAPI was added, and the microscope slides were sealed with coverslips. For 

analysis, Zeiss fluorescence microscope and cellSens software were used.  
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4 Results 

4.1 Senescence marker analysis upon CX-5461 

treatment 

We used crystal violet colony formation and XTT cell viability assays to 

measure how the RNAP I inhibitor CX-5461 affects cell viability in murine 

NrasG12V p19-/- HCC cells (Fig. 1 A-B). As established by K. Wolter 

(unpublished), CX-5461 treated cells showed strong reduction of blue dots in 

crystal violet colony formation assay, consistent with less viable cells (Fig. 1 A). 

However, this cell viability reducing effect was observed for all the three 

concentrations that have been tested in this experiment (250 nM, 500 nM, 

1 µM). In line with previous data from our laboratory presenting that CX-5461 

induces senescence rather than cell death in murine NrasG12V p19-/- HCC cells 

(K. Wolter, unpublished), even very high drug doses did not completely 

eradicate murine NrasG12V p19-/- HCC cells (Fig. 1 B). This saturation effect 

observed for high drug doses supports once more the findings of K. Wolter that 

CX-5461 reduces cell viability by arresting cellular proliferation rather than 

provoking apoptosis. 

To characterise the kinetics of this growth arrest in more detail, we did 

immunofluorescence staining with the proliferation marker Ki67 in untreated 

cells as well as three hours, twelve hours, three days and seven days after CX-

5461 treatment in murine NrasG12V p19-/- HCC cells (Fig. 1 E-F). As expected, 

untreated cells were highly proliferating with 99.06% (95% CI = 97.75 - 100.4%, 

SD = 1.82) of them being positive for Ki67. The rate of Ki67 positive cells just 

slightly declined three and twelve hours after CX-5461 treatment, but 

significantly (P < 0.0001) dropped after three (mean 26.39%, 95% CI = 24.55 -

 28.22%, SD = 2.57) and seven (mean 2.06%, 95% CI = 0.41 - 3.72%, 

SD = 2.31) days, thus indicating that loss of proliferative activity mainly occurs 

between twelve hours and three days after CX-5461 treatment in murine 

NrasG12V p19-/- HCC cells. 
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The finding that CX-5461 is a potent inducer of RCIS was, amongst other 

things, based on high ß-galactosidase levels in fully established RCIS cells – a 

cellular state that has been defined for murine NrasG12V p19-/- HCC cells one 

week after CX-5461 treatment (K. Wolter, unpublished). However, SA-β-Gal 

staining at earlier treatment time points was not yet examined. Here, I used SA-

β-Gal staining at different drug treatment time points to visualise the process of 

RCIS induction upon CX-5461 treatment in murine NrasG12V p19-/- HCC cells 

(Fig. 1 C & G). Intriguingly, the fraction of SA-β-Gal positive cells significantly 

(P < 0.0001) increased already one day after drug treatment (mean 28.37%, 

95% CI = 24.72 - 32.02%, SD = 5.10). Within the following days, the fraction of 

SA-β-Gal positive cells continuously rose to 90.93% (95% CI = 88.94 - 92.93%, 

SD = 2.79) at the seven days time point. Therefore, this experiment unveils 

rising SA-β-Gal enzyme activity as a dynamic and time-consuming process 

during RCIS induction that starts already one day after CX-5461 treatment. 

Given that SA-β-Gal staining alone is not sufficient to confirm senescence, I did 

in-depth time-course analysis of multiple proteins that have been proposed as 

senescence markers to characterise the kinetics of RCIS induction in murine 

NrasG12V p19-/- HCC cells in more detail. To this end, I compared cellular protein 

contents of untreated and nine different CX-5461 treated samples (ranging from 

one hour to seven days after drug treatment) using SDS gel electrophoresis and 

western blotting techniques (Fig. 1 D). While p53 protein was not measurable in 

untreated cells as well as one hour after drug treatment, it strongly amassed 

after three hours and reached its maximum at the five hours time point. 

Although p53 protein levels decreased in the further course, they stayed higher 

than in the untreated sample at all the late treatment time points. Quite similarly, 

the CDK inhibitors p21 and p16 started to accumulate three hours after CX-

5461 treatment. For p21, highest protein levels were measured between five 

hours and one day after drug treatment, while p16 protein peaked one day after 

treatment. Afterwards, cellular protein contents of both declined. Together, 

these results show that the senescence marker proteins p53, p21 and p16 

accumulate transiently during CX-5461 mediated RCIS induction with reaching 

highest protein levels between five hours and one day after treatment.  
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Fig. 1 | Senescence marker analysis upon CX-5461 treatment 

A-G Experiments were done with murine NrasG12V p19-/- HCC cells. CX-5461 was used at 
500 nM if not explicitly stated different. A Crystal violet colony formation assay of cells treated 
with either DMSO or CX-5461 for 48 hours. B XTT assay of cells treated with CX-5461 for 48 
hours. Data show mean ± SD (n = 3 replicates). C & G SA-β-Gal staining of untreated and CX-
5461 treated cells. D Western blot analyses of senescence markers in untreated (U) and CX-
5461 treated cells. CX-5461 treatment was investigated at nine time points after initial drug 
treatment. Vinculin is illustrated as representative loading control. All further loading controls are 
shown in Supplementary Figure 2 A. E-F Immunofluorescence staining of the proliferation 
marker Ki67 (red) and DAPI (blue) in untreated (U) and CX-5461 treated cells. Exposure time: 
DAPI 2 ms, TRITC 600 ms. Two independent experiments were performed. F-G For 
quantification, positive cells were counted in ten random optical fields per sample. Data are 
mean ± SD (n = 10 random optical fields). Unpaired t test with Welch’s correction, * P < 0.05, 
*** P = 0.0001, **** P < 0.0001.  
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In contrast, cellular protein levels of HMGA2 and lamin B1 – that were both just 

slightly available in untreated cells or cells treated with CX-5461 for up to twelve 

hours – were constantly high in all the later treatment time points (one, three, 

five and seven days after drug treatment). This ongoing accumulation of 

HMGA2 and lamin B1 proteins suggests them as markers of established RCIS 

cells. Oppositional kinetics were observed for the transcription factor c-MYC. Its 

expression was high in untreated cells as well as up to one day after CX-5461 

treatment, but clearly reduced after three, five and seven days, thus indicating 

suppression of c-MYC in RCIS cells. 

4.2 DDR protein analysis upon CX-5461 treatment 

As mounting evidence indicates cellular senescence as an outcome of a 

protracted DDR (Fagagna, 2008), we set out to investigate if CX-5461 mediated 

RCIS is accompanied by DDR signalling as well. To this end, 

immunofluorescence and western blotting techniques were used to analyse 

numerous DDR proteins in a time-dependent manner in CX-5461 treated 

murine NrasG12V p19-/- HCC cells (Fig. 2). In the immunofluorescence assay, we 

stained untreated cells and four different CX-5461 treatment time points (three 

hours, twelve hours, three days and seven days) for the DSB marker proteins 

γH2AX (S139) and p53BP1 (S1778) (Fig. 2 A-B). However, 74.07% 

(95% CI = 63.65 - 84.50%, SD = 14.57) of the untreated cells were positive for 

γH2AX (S139). Nonetheless, the fraction of γH2AX (S139) positive cells 

significantly (P = 0.0011) increased after CX-5461 treatment and peaked at the 

twelve hours time point (mean 95.65%, 95% CI = 93.73 - 97.57%, SD = 2.68). 

Afterwards, the rate of γH2AX (S139) positive cells decreased so that it was 

even lower at the three and seven days time points than in the untreated 

sample. Different to γH2AX (S139), only 3.63% (95% CI = 2.55 - 4.72%, 

SD = 1.52) of the untreated cells were positive for p53BP1 (S1778). After CX-

5461 treatment, the fraction of p53BP1 (S1778) positive cells impressively 

increased up to 90.79% (95% CI = 84.56 - 97.03%, SD = 8.71) at the twelve 

hours time point. Moreover, the rate of p53BP1 (S1778) positive cells stayed 
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significantly (P < 0.0001) higher in all the CX-5461 treated samples and 

therefore also in RCIS cells than in the untreated sample. In summary, this 

immunofluorescence staining shows rapid accumulation of the DSB marker 

proteins γH2AX (S139) and p53BP1 (S1778) after CX-5461 treatment in murine 

NrasG12V p19-/- HCC cells with highest protein levels twelve hours after drug 

treatment. 

Next, SDS gel electrophoresis and western blotting were used to visualise a 

larger spectrum of DDR proteins during the time course of CX-5461 mediated 

RCIS induction (Fig. 2 C). To draw conclusions on temporal contexts between 

senescence and DDR processes, I analysed the same treatment time points 

than in the previous senescence marker analysis (Fig. 1 D). Amongst others, I 

checked for phosphorylated and therefore activated proteins taking part in ATR-

CHK1- (activated by ssDNA (Zou and Elledge, 2003)) and ATM-CHK2- 

(activated by DSBs (Lee and Paull, 2005)) pathways. While pATR (S428) was 

not measurable in untreated cells, it was clearly present in all the CX-5461 

treated samples. However, pATR (S428) protein levels were quite equally high 

between one hour and eight hours after drug treatment but fluctuated at the 

later treatment time points. Its downstream target pCHK1 (S345) was also only 

slightly measurable in untreated cells, but clearly traceable between one hour 

and three days after CX-5461 treatment. However, five and seven days after 

drug treatment, cellular pCHK1 (S345) protein levels were as low as in the 

untreated sample. In summary, both pATR (S428) and pCHK1 (S345) proteins 

accumulated already one hour after CX-5461 treatment, thus indicating rapid 

ATR-CHK1-pathway activation upon CX-5461 treatment. The other important 

kinase, pATM (S1987), was also not measurable in untreated cells, but present 

in all the investigated treatment time points between one hour and one day after 

drug treatment, having its peak at the eight hours time point. However, pATM 

(S1987) was not observed three, five and seven days after treatment. Its 

downstream kinase pCHK2 (T383) also accumulated upon CX-5461 treatment 

and reached highest protein levels between five hours and one day after 

therapy. Next to CHK2, the heterochromatin protein KAP1, that is suggested to 

mediate gene silencing and chromatin relaxation upon DNA damage, is another 
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downstream target of ATM (Ziv et al., 2006). While pKAP1 (S824) was not 

found in untreated cells, it was at high levels in all the CX-5461 treated samples 

without any exception. In line with the immunofluorescence results of the DSB 

marker proteins γH2AX (S139) and p53BP1 (S1778) (Fig. 2 A-B), the observed 

ATM-CHK2-pathway activation supports rapid DSB response after CX-5461 

treatment. Further, the DSB repair protein RAD51 strongly amassed within the 

first twelve hours after CX-5461 treatment before it dramatically dropped one 

and three days after treatment so that it was not even measurable at the five 

and seven days time points. Quite similarly, cellular protein content of the ICL 

repair protein FANCD2 was low in untreated cells, raised between one hour and 

one day after drug treatment, started to decline at the three days time point and 

was not traceable five and seven days after treatment. FANCI, another DDR 

protein taking part in the FA pathway, also accumulated upon CX-5461 

treatment and reached its maximum after one day. Just like FANCD2, FANCI 

was not measurable five and seven days after treatment. In contrast, however, 

FANCM protein stayed at high levels in all the late treatment time points after it 

had started to accumulate three hours after drug treatment. Such an ongoing 

protein accumulation was further observed for pRPA32 (S4/S8), a subunit of the 

heterotrimeric ssDNA-binding protein complex RPA (Wold and Kelly, 1988). 

While pRPA32 (S4/S8) was only slightly measurable in untreated cells and cells 

treated for up to five hours with CX-5461, it amassed in a continuous manner 

from eight hours to seven days after drug treatment. 

Altogether, these results show that CX-5461 mediated RCIS induction is 

accompanied by remarkable DDR activation in murine NrasG12V p19-/- HCC 

cells. While most of the analysed DDR proteins amassed transiently with having 

their peaks within the first 24 hours after drug treatment, however, some others 

(like pKAP1 (S824), pRPA32 (S4/S8) and FANCM) stayed at high levels at the 

later drug treatment time points and therefore in RCIS cells. Together, these 

results indicate that CX-5461 triggers complex DDR activation processes that 

are partly transient and partly permanent.  
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Fig. 2 | DDR protein analysis upon CX-5461 treatment 

A-C Experiments were done with murine NrasG12V p19-/- HCC cells. CX-5461 was used at 
500 nM. A-B Immunofluorescence co-staining with γH2AX (green) and p53BP1 (red) in 
untreated and CX-5461 treated cells. Exposure time: DAPI 2 ms, FITC 130 ms, TRITC 500 ms. 
For quantification, positive cells (γH2AX ≥ 5 foci, p53BP1 ≥ 3 foci) were counted manually in ten 
random optical fields per sample. Data are mean ± SD (n = 10 random optical fields). Unpaired t 
test with Welch’s correction, ** P = 0.0011, **** P < 0.0001. C Western blot analyses of several 
DDR proteins in untreated (U) and CX-5461 treated cells. CX-5461 treatment was investigated 
at nine time points after initial drug treatment. However, two different protein bands were 
observed for pCHK1 (S345), most likely due to hyperphosphorylation. α-Tubulin is illustrated as 
representative loading control. All further loading controls are shown in Supplementary Figure 
2 B.  
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4.3 Combination therapy of CX-5461 and DDR inhibitors 

Although a protracted DDR has been identified as hallmark of senescent cells 

(Fagagna, 2008), however, no data is available concerning the efficacy of DDR 

inhibitors as senolytic drugs. To provide first data relating to this unanswered 

research topic, we treated CX-5461 induced RCIS cells with several DDR 

inhibitors (Fig. 3, Fig. 4). Based on my previous experiments having shown that 

most DDR proteins accumulate transiently upon CX-5461 treatment but are 

absent in RCIS cells (Fig. 2), I further did co-treatment with CX-5461 and DDR 

inhibitors to target the DDR proteins at the time of their accumulation (Fig. 3, 

Fig. 4). First, IC50 was measured by XTT cell viability assay to choose 

appropriate drug concentrations for the experiment. Next, crystal violet colony 

formation assay was used to visualise the cell viability reducing effect of the 

DDR inhibitors upon the following treatment settings: a) single DDR inhibitor 

treatment, b) pre-treatment with DDR inhibitor followed by CX-5461 treatment, 

c) simultaneous treatment with DDR inhibitor and CX-5461, and d) DDR 

inhibitor treatment in CX-5461 induced RCIS cells. Since previous results from 

the Zender laboratory (K. Wolter, unpublished) have demonstrated that the 

senolytic agent navitoclax (Zhu et al., 2016) potently eradicates CX-5461 

induced RCIS cells, navitoclax (ABT-263) was chosen as positive control. As 

expected, 2 µM of navitoclax sufficiently eliminated RCIS cells, or cells treated 

with CX-5461 and navitoclax simultaneously, without affecting non-senescent 

cells, thus evidencing the appropriateness of the experimental setting in 

detecting synergistic and senolytic effects. Next, the same procedure was 

executed for different DDR protein inhibitors (ATRi AZD-6738, ATMi AZD-0156, 

DNA-PKi NU-7441, CHK1i LY-2603618, CHK2i CCT-241533, PARPi AZD-

2281, and an unpublished RPA inhibitor designed by the Zender (S. Zwirner 

and A. Moschopoulou) and Laufer (G.-S. Haase and G. Schmidberger) 

laboratories). All in all, the results were quite similar for the tested DDR 

inhibitors. While single DDR inhibitor treatment clearly affected the viability of 

growing cells, however, simultaneous treatment with CX-5461 and the DDR 

inhibitors was less effective in reducing cell viability. Likewise, pre-treatment 
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with a DDR inhibitor followed by CX-5461 treatment did not cause a synergistic 

cell viability reducing effect. Intriguingly, CX-5461 induced RCIS cells were even 

fully resistant against the tested DDR inhibitors, and even dual therapy with 

ATM (AZD-0156) and ATR (AZD-6738) inhibitors, that was highly toxic in non-

senescent cells, had nearly no effect on RCIS cells (Fig. 4 I). Together, this 

experiment clearly shows that the investigated DDR inhibitors are not senolytic 

in CX-5461 induced RCIS cells – and that they are not even capable to reduce 

cell viability in a synergistic manner in co-treatment strategies with CX-5461. 

However, unpublished work by Oliver Bischof (Institut Pasteur, Nuclear 

Organisation and Oncogenesis Unit, Department of Cell Biology and Infection, 

Paris, France) has revealed a senolytic effect for long-term PARP inhibitor 

treatment in doxorubicin induced senescent fibroblasts. To test the 

transferability of his findings to our model of CX-5461 induced RCIS, I treated 

RCIS cells for nine (long-term treatment) or two (short-term treatment) days with 

the PARP inhibitor olaparib (Fig. 5). Non-senescent cells were treated for only 

two but not nine days with the PARP inhibitor since longer treatment duration 

was not feasible due to overgrowing of the control samples. However, 40 µM of 

olaparib moderately reduced cell viability in non-senescent murine NrasG12V 

p19-/- HCC cells but did not at all affect RCIS cells – no matter if the treatment 

was conducted for two or nine days. Since this outcome was unexpected 

regarding the promising results from Oliver Bischof, we decided to repeat the 

experiment with two other PARP inhibitors, namely rucaparib and niraparib. 

Indeed, both reduced cell viability in RCIS cells after long-term but not short-

term treatment. Though, it must be mentioned that the same drug doses of 

rucaparib and niraparib were highly toxic in non-senescent cells already two 

days after treatment. Further, non-senescent cells were slightly (rucaparib) or 

moderately (niraparib) susceptible to lower drug doses (10 µM and 20 µM) while 

these doses had no effect on RCIS cells. In summary, this experiment shows 

that nine days PARP inhibitor treatment with rucaparib and niraparib, but not 

olaparib, successfully reduces cell viability in CX-5461 induced RCIS cells, but it 

must be emphasised that this effect is not selective since non-senescent cells 

are even more sensitive to PARP inhibitor treatment than RCIS cells. 
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Fig. 3 | Combination therapy of CX-5461 and DDR inhibitors (1) 

Detailed subscription is placed below the second part of this figure on the following page. 
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Fig. 4 | Combination therapy of CX-5461 and DDR inhibitors (2) 

A-I Experiments were done with murine NrasG12V p19-/- HCC cells. CX-5461 was used at 
500 nM. IC50 measurements on growing cells were performed by XTT assay. Data show mean ± 
SD (n = 3 replicates). Crystal violet colony formation assay was used to analyse the inhibitory 
effect upon different treatment settings. Different settings are labelled as following: a) inhibitor 
on growing cells, b) pre-treatment with inhibitor, c) simultaneous treatment, and d) inhibitor on 
RCIS cells (for more detailed description see chapter 3.2.3). Control treatment was done with 
DMSO (D). For each setting, one representative out of triplicates is illustrated. A The senolytic 
agent ABT-263 (navitoclax) was used as positive control. B-H Different DDR inhibitors as 
labelled within the figure. I Dual treatment with ATM and ATR inhibitors. 

 

 

Fig. 5 | Combination therapy of CX-5461 and PARP inhibitors 

A-C Experiments were done with murine NrasG12V p19-/- HCC cells. CX-5461 was used at 
500 nM. Crystal violet colony formation assay was used to analyse the inhibitory effect of three 
different PARP inhibitors (olaparib, rucaparib and niraparib) upon different treatment settings. 
Different settings are labelled as following: a) inhibitor on growing cells (treatment duration: 2 
days), d) inhibitor on RCIS cells (treatment duration: 2 days), and e) inhibitor on RCIS cells 
(treatment duration: 9 days) (for more detailed description see chapter 3.2.3). Control treatment 
was done with DMSO (D). For each setting, one representative out of triplicates is illustrated. 
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4.4 Combination therapy of CX-5461 and cisplatin 

Based on my previous results showing total absence of the DNA repair proteins 

FANCD2, FANCI and RAD51 in RCIS cells (Fig. 2 C), I hypothesised that 

restricted repair mechanisms might make RCIS cells vulnerable to newly 

generated DNA damage. I used the chemotherapeutic agent cisplatin, that 

generates mainly intrastrand but also interstrand crosslinks (Eastman, 1987), to 

test this hypothesis. Since previous experiments have indicated long-term 

treatment as more promising in affecting cell viability in RCIS cells (Fig. 5), 

RCIS cells were treated for either two or nine days with cisplatin. As shown in 

Fig. 6 C, cisplatin indeed reduced viability of CX-5461 induced RCIS cells. 

While 7.5 µM of cisplatin just slightly affected RCIS cell viability in the two days 

treatment setting, it was highly toxic after nine days of treatment. Analogous to 

the PARP inhibitor experiments (Fig. 5), non-senescent cells were treated for 

only two but not nine days with cisplatin since longer treatment duration was 

prohibited by overgrowing of the control sample. Comparing the two days 

treatment of non-senescent and RCIS cells, it must be noticed that cisplatin was 

more toxic in growing than in senescent cells, thus symbolising that cisplatin 

does not affect RCIS cell viability selectively. Nonetheless, this experiment 

provides proof of principle that RCIS cells are not resistant against newly 

generated DNA damage and remain targetable by DNA damaging drugs. 

 

Fig. 6 | Combination therapy of CX-5461 and cisplatin 

A-C Experiments were done with murine NrasG12V p19-/- HCC cells. CX-5461 was used at 500 
nM. A IC50 measurement of cisplatin on growing cells was performed by XTT assay. Data show 
mean ± SD (n = 3 replicates). B-C Crystal violet colony formation assay was used to analyse 
the effect of cisplatin upon different treatment settings. Different settings are labelled as 
following: a) cisplatin on growing cells (treatment duration: 2 days), b) pre-treatment with 
cisplatin, c) simultaneous treatment, d) cisplatin on RCIS cells (treatment duration: 2 days), e) 
cisplatin on RCIS cells (treatment duration: 9 days) (for more detailed description see chapter 
3.2.3). Control treatment was done with DMF (D). For each setting, one representative out of 
triplicates is illustrated.  
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4.5 Cell cycle analysis upon CX-5461 treatment 

As a relevant part of the DDR, cell cycle checkpoint activation prohibits cell 

cycle progression and cell division in the presence of DNA damage (Barnum 

and O’Connell, 2014). Here, I used flow cytometric cell cycle analysis with PI to 

investigate cell cycle alterations upon CX-5461 treatment in murine NrasG12V 

p19-/- HCC cells (Fig. 7 A-B). In the untreated sample, 46.9% of all cells were in 

G1 phase, while 23.1% were in G2/M, and 21.0% in S phase. After CX-5461 

treatment, the S phase fraction increased up to 35.8% at the five hours 

treatment time point. However, this early S phase peak was replaced by an 

impressive raise of the G2/M phase fraction at subsequent time points. The 

G2/M fraction included 48.9% of all cells eight hours after drug treatment, 

66.0% after one day, and stayed at high levels in all the following time points. 

Unexpectedly, a further peak – corresponding to cells with more than 4N DNA 

content – raised attention in all the late treatment time points. While this fraction 

of hyperploid cells was only 8.9% in the untreated sample, it was 16.5% after 

five, 17.1% after seven and 22.7% after 14 days. Together, these results show 

rapid accumulation of S phase cells followed by permanent G2/M phase arrest 

in CX-5461 treated cells. Moreover, hyperploidy was observed in a remarkable 

part of RCIS cells. 

To exclude that the observed hyperploid DNA contents (Fig. 7 A-B) were 

caused by artificial cell agglutination, I next wanted to visualise the individual 

chromosomes within single cells by chromosome spread assay (Fig. 7 D). While 

this assay worked quite nicely in non-senescent cells, however, it was not 

feasible in RCIS cells. As a possible explanation, it seems plausible that RCIS 

cells might be unassailable to colcemid due to their cell cycle arrest. Though, 

colcemid treatment is critical in this assay as it inhibits spindle formation, thus 

stopping mitosis and enhancing the fraction of metaphase cells with maximally 

condensed and therefore countable chromosomes (Howe et al., 2014). 

Nevertheless, analysing the DAPI stained cells microscopically revealed an 

interesting observation. A subfraction of RCIS cells owned conspicuous small 

DAPI fragments next to the main nucleus that were not observed in untreated 
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cells (Fig. 7 D). The shape of these DAPI fragments suggests them to be 

micronuclei – a sign of genomic instability (Lewis and Golsteyn, 2016). 

Furthermore, I used western blotting technique to measure cellular protein 

contents of cyclins and aurora kinases during the time-course of CX-5461 

mediated RCIS induction in murine NrasG12V p19-/- HCC cells (Fig. 7 C). The 

cellular protein content of cyclin A2, that binds CDK2 in S phase and CDK1 

during G2/M transition (Pagano et al., 1992), continuously rose within the first 

24 hours after drug treatment. After peaking at the twelve hours and one day 

time points, it dropped and was just slightly measurable three, five and seven 

days after treatment. Cyclin B1, taking part in the mitosis-promoting cyclin B1-

CDK1 complex (O’Farrell, 2001), was not traceable in untreated cells, but 

started to accumulate three hours after drug treatment and reached its 

maximum at the twelve hours and one day time points. Like cyclin A2, cyclin B1 

was not measurable three, five and seven days after CX-5461 treatment. 

However, the expression of cyclin D1, that dimerises with CDK4 and CDK6 to 

promote G1/S transition (Massagué, 2004), did not undergo comparable 

changes upon CX-5461 treatment. Even seven days after drug treatment, it was 

just slightly less available than in untreated cells. The mitotic kinase aurora A, 

that promotes G2/M transition (Dutertre et al., 2004) by recruiting CDK1-cyclin 

B1 complexes to centrosomes (Hirota et al., 2003), was just faintly measurable 

in untreated cells but started to amass five hours after drug treatment. Like 

cyclin B1, aurora A peaked at the twelve hours and one day time points. The 

other mitotic kinase, aurora B, which regulates chromosome segregation and 

cytokinesis (Goto et al., 2002; Tapia et al., 2006), was widely available in 

untreated cells and cells treated with CX-5461 for up to 24 hours. However, it 

disappeared three, five and seven days after drug treatment, thus indicating 

downregulation of aurora B as a feature of RCIS. Altogether, the experiments 

show extensive cell cycle alterations during CX-5461 mediated RCIS induction 

in murine NrasG12V p19-/- HCC cells. Moreover, the varying expression of cyclins 

and aurora kinases suggests them to be involved in piloting cell cycle changes 

upon CX-5461 treatment.  
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Fig. 7 | Cell cycle analysis upon CX-5461 treatment 

A-D Experiments were done with murine NrasG12V p19-/- HCC cells. CX-5461 was used at 
500 nM. A-B Flow cytometric cell cycle analysis with PI in untreated (U) and CX-5461 treated 
cells. CX-5461 treatment was investigated at eleven time points after initial drug treatment. For 
lack of space, original data of the three hours, three days and ten days samples are shown in 
Supplementary Figure 1 B. For graphical illustration, thresholds for cell cycle phases were set 
as depicted in A and percentages of each phase were plotted in B. C Western blot analyses of 
several cell cycle proteins in untreated (U) and CX-5461 treated cells. CX-5461 treatment was 
investigated at nine time points after initial drug treatment. α-Tubulin is illustrated as 
representative loading control. All further loading controls are shown in Supplementary Figure 
2 C. D Chromosome spread assay of untreated and CX-5461 treated cells. CX-5461 treatment 
was analysed seven days after drug treatment. Green arrows point to micronuclei. A 
representative picture detail with micronuclei is magnified. 

hours days

U 1 5 8 12 1 5 7 14

A

B

G1

G2/

M

S

A

CX-5461  (7 d)

50 µm

untreated
D

U        1       3      5       8     12     1      3       5      7

Aurora B

Aurora A

α-Tubulin

Cyclin B1

Cyclin D1

Cyclin A2

hours days
C

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

D
N

A
 c

o
n

te
n

t

FSC

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

4095

3071

2048

1024

0
10e0    10e1    10e2    10e3    10e4

DNA content

300

225

150

75

0
0         1024     2048     3071    4095

c
e

ll
c
o

u
n

t

320

240

160

80

0
0        1024     2048     3071    4095

140

105

70

35

0
0        1024     2048     3071    4095

120

90

60

30

0
0        1024     2048     3071    4095

90

68

45

23

0
0        1024     2048     3071    4095

60

45

30

15

0
0        1024     2048     3071    4095

80

60

40

20

0
0        1024     2048     3071    4095

90

68

45

23

0
0        1024     2048     3071    4095

120

90

60

30

0
0        1024     2048     3071    4095



56 
 

4.6 Senescence and DDR analysis in CX-5461 treated 

p53 deficient cells 

Unpublished work by the Zender laboratory (S. Zwirner and K. Wolter) has 

indicated that murine NrasG12V p19-/- p53-/- HCC cells are undergoing more often 

cell death upon CX-5461 treatment than murine NrasG12V p19-/- HCC cells. 

However, the underlying mechanism remained to be elucidated. To characterise 

the cellular drug response in murine NrasG12V p19-/- p53-/- HCC cells, I analysed 

cellular protein contents of selected senescence and DDR markers in a time-

course setting by western blotting (Fig. 8 A) and compared it to my previous 

results from murine NrasG12V p19-/- HCC cells (Fig. 1 D, Fig. 2 C, Fig. 7 C). In 

principle, the senescence marker proteins p21, p16 and HMGA2 accumulated 

in both cell lines upon CX-5461 treatment, thus supporting previous data from 

our laboratory (K. Wolter, unpublished) suggesting that CX-5461 induces 

senescence not only in murine NrasG12V p19-/- HCC cells but also in the 

surviving fraction of murine NrasG12V p19-/- p53-/- HCC cells. While p21 protein 

levels dropped three days after CX-5461 treatment in murine NrasG12V p19-/- 

HCC cells (Fig. 1 D), however, they stayed at high levels up to seven days after 

treatment in the murine NrasG12V p19-/- p53-/- HCC cell line (Fig. 8 A). Likewise, 

enhanced protein contents of the DNA repair proteins RAD51 and FANCD2, as 

well as the cell cycle regulating protein cyclin A2, were clearly visible in both cell 

lines but longer-lasting in the p53 deficient one, thus indicating that CX-5461 

triggers prolonged DDR activation in p53 deficient cells. Only pKAP1 (S824) 

accumulation was similar in both cell lines. Like already described for murine 

NrasG12V p19-/- HCC cells, pKAP1 (S824) protein was not measurable in 

untreated cells but clearly amassed in all the CX-5461 treated samples no 

matter if they were analysed one hour or seven days after drug treatment. 

Since cell cycle checkpoint activation is one of the most important functions of 

p53 (Hafner et al., 2019), I hypothesised that p53 deficient cells might be unable 

to undergo cell cycle arrest upon CX-5461 treatment. To test this assumption, 

flow cytometric cell cycle analysis with PI was compared in CX-5461 treated 

murine NrasG12V p19-/- and NrasG12V p19-/- p53-/- HCC cell lines (Fig. 8 C-D). 
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Based on my previous experiments showing that the five hours, one day and 

seven days treatment time points are most critical in detecting cell cycle 

alterations upon CX-5461 treatment (Fig. 7 A-B), the comparison was limited to 

these treatment time points. For murine NrasG12V p19-/- HCC cells, results were 

quite equal to the detailed analysis shown in Fig. 7 A-B and described in 

chapter 4.5. In the murine NrasG12V p19-/- p53-/- HCC cell line, the untreated 

sample contained 39.1% of G1 phase cells, while 25.5% were in G2/M and 

20.7% in S phase, thus resembling the cell cycle distribution shown for NrasG12V 

p19-/- HCC cells. Moreover, CX-5461 caused an early S phase peak (28.9% at 

the five hours time point) followed by a second G2/M phase peak (61.1% at the 

one day and 42.4% at the seven days treatment time point) not only in p53 

proficient but also in murine NrasG12V p19-/- p53-/- HCC cells. In contrast to these 

drug-induced cell cycle alterations that were in principle similar for both cell 

lines, however, the cell lines tremendously differed in their fractions of 

hyperploid cells upon CX-5461 treatment. Seven days after drug treatment, this 

hyperploid fraction included 21.0% of the p53 proficient but 50.9% of the p53 

deficient cells. In summary, this comparison shows that both cell lines 

experience early S phase shift followed by stable G2/M arrest upon CX-5461 

treatment, and that p53 deficient cells are much more vulnerable to become 

aneuploid after CX-5461 treatment than p53 wild type ones. 

To visualise the nuclear structure of these aneuploid cells, immunofluorescence 

staining with DAPI was done in untreated cells and seven days after CX-5461 

treatment for murine NrasG12V p19-/- and NrasG12V p19-/- p53-/- HCC cell lines 

(Fig. 8 B & E). For quantification, the fraction of cells containing at least two 

DAPI fragments was determined. In murine NrasG12V p19-/- HCC cells, this 

fraction increased from 3.7% (95% CI = 0.80 - 6.54%, SD = 1.16) to 

17.3 % (95% CI = 7.29 - 27.37%, SD = 4.04) upon CX-5461 treatment (P = 

0.0212). Strikingly, this increase was much stronger (P = 0.0006) in murine 

NrasG12V p19-/- p53-/- HCC cells where it rose from 10.0% (95% CI = 7.52% - 

12.48%, SD = 1.00) to 81.0% (95% CI = 71.06% - 90.94%, SD = 4.00). 
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Fig. 8 | Senescence and DDR analysis in CX-5461 treated p53 deficient 
cells 

A-E Experiments were done with the murine HCC cell lines NrasG12V p19-/- (Np19) and NrasG12V 
p19-/- p53-/- (Np1953). CX-5461 was used at 500 nM. A Western blot analyses of several 
senescence markers and DDR proteins in untreated (U) and CX-5461 treated murine NrasG12V 
p19-/- p53-/- HCC cells. Analogous to previous western blot analyses of murine NrasG12V p19-/- 
HCC cells (Fig. 1 D, Fig. 2 C, Fig. 7 C), the samples contained only adherent cells that did not 
undergo cell death upon CX-5461 treatment. CX-5461 treatment was investigated at nine time 
points after initial drug treatment. β-Actin is illustrated as representative loading control. All 
further loading controls are shown in Supplementary Figure 2 D. B & E Immunofluorescence 
staining with DAPI (blue) showing nuclear shapes of murine NrasG12V p19-/- and NrasG12V p19-/- 
p53-/- HCC cells seven days after CX-5461 treatment. For quantification, the fraction of cells 
with two or more DAPI fragments was determined in untreated (U) and CX-5461 treated (7d) 
cells. For each setting, triplicates were analysed with 100 nuclei respectively. Data are mean ± 
SD (n = 3 replicates). Unpaired t test with Welch’s correction, * P = 0.0212, *** P = 0.0006, 
**** P < 0.0001. C-D Flow cytometric cell cycle analysis with PI in untreated (U) and CX-5461 
treated murine NrasG12V p19-/- and NrasG12V p19-/- p53-/- HCC cells. CX-5461 treatment was 
investigated at three time points after initial drug treatment. The stacked bar charts visualise the 
percentage of cells within each cell cycle phase (thresholds for cell cycle phases are marked in 
C). 
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4.7 Analysis of DNA:RNA hybrids upon CX-5461 

treatment 

Although my work (Fig. 2, Fig. 7, Fig. 8) and others (Negi and Brown, 2015; 

Quin et al., 2016; Xu et al., 2017) have shown pronounced DDR activation upon 

CX-5461 treatment, however, the origin of CX-5461 induced DDR activation is 

not yet understood. Based on the working mechanism of CX-5461 as an RNAP 

I inhibitor (Drygin et al., 2011), we hypothesised that its disturbance of the DNA 

transcription process might result in DNA:RNA hybrid formation. Moreover, we 

assumed that the damaging event must occur very early after drug treatment 

since previous experiments have shown first signs of DDR activation already 

one hour after treatment (Fig. 2). 

To test our hypothesis, I did immunofluorescence staining of DNA:RNA hybrids 

in untreated murine NrasG12V p19-/- HCC cells and compared it to cells treated 

with CX-5461 for three hours (Fig. 9). Intriguingly, the number of DNA:RNA 

hybrid foci per cell significantly (P < 0.0001) increased from 0.24 (95% CI = 0.09 

- 0.39, SD = 0.78) to 2.64 (95% CI = 2.42 - 2.87, SD = 1.13) upon CX-5461 

treatment. The fraction of cells without any DNA:RNA hybrid focus diminished 

from 86% to 3% while two or more DNA:RNA hybrid foci were detected in only 

5% of the untreated but 87% of the CX-5461 treated cells. In summary, this 

experiment clearly proves DNA:RNA hybrid formation upon CX-5461 treatment, 

thus supporting our hypothesis that DNA:RNA hybrids might be the origin of 

CX-5461 induced DDR activation. 
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Fig. 9 | Analysis of DNA:RNA hybrids upon CX-5461 treatment 

A-C Immunofluorescence analysis of DNA:RNA hybrid antibody [S9.4] in untreated and CX-
5461 treated cells. Experiment was done with murine NrasG12V p19-/- HCC cells. CX-5461 was 
used at 500 nM. Exposure time: FITC 350 ms, DAPI 8 ms. B-C For quantification, 100 nuclei 
per sample were analysed. Circular charts show percentages of nuclei containing the labelled 
number of DNA:RNA hybrid foci. Bar charts show average foci per nucleus. Data are mean ± 
SD (n = 100 nuclei). Unpaired t test with Welch’s correction, **** P < 0.0001.  
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5 Discussion 

5.1 RCIS induction is a dynamic and time-dependent 

process  

Previous work by the Zender laboratory (K. Wolter, unpublished) has shown 

CX-5461 as potent inducer of growth arrest and RCIS in a broad range of 

murine and human solid cancer cell lines. In this work, the time-dependent 

kinetics of CX-5461 induced growth arrest and senescence were analysed in 

more detail in murine NrasG12V p19-/- HCC cells (Fig. 1). As expected, the 

proliferation marker Ki67 (Gerdes et al., 1983) was nearly extinguished seven 

days after CX-5461 treatment, thus indicating proliferation arrest in RCIS cells 

(Fig. 1 E-F). More interestingly, analysing Ki67 in earlier treatment time points 

offered new insights in the initiation of this proliferation arrest. While Ki67 

activity was clearly reduced three days after drug treatment, the very high rates 

of Ki67 positive cells at the three and twelve hours treatment time points imply 

that CX-5461 does not affect cellular proliferation within the first hours. 

However, it has been reported that CX-5461 reduces EdU (5-ethynyl-2’-

deoxyuridine) staining already two hours after drug treatment in human HCT116 

cells (Xu et al., 2017). In contrast to Ki67 that is continuously produced from the 

start of S phase until mitotic exit before it steadily decays during G0 and G1 

phases (Miller et al., 2018), halogenated nucleotides – such as the thymidine 

analogue EdU – incorporate into newly synthesised DNA only during active 

DNA replication in S phase (Cavanagh et al., 2011). Although comparing my 

results with those from Xu et al. must be considered critically (e.g. due to the 

use of different cell lines), combining both results might indicate that CX-5461 

reduces active DNA replication already within the first hours after treatment 

while it takes several days until a rested cellular state is established.  

However, previous studies (K. Wolter, unpublished) based on the assumption 

that cells are in RCIS approximately one week after CX-5461 treatment without 

having analysed the time-course of the senescence induction process. 
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Strikingly, my experiments recorded rising SA-β-Gal activity already one day 

after CX-5461 treatment, followed by a continuous increase within the 

subsequent days until nearly all cells were positive for SA-β-Gal one week after 

drug treatment (Fig. 1 C & G). Therefore, increasing SA-β-Gal activity was 

nearly reciprocally proportional to decreasing Ki67 activity. Together, these two 

experiments suggest RCIS induction as a dynamic and time-dependent process 

that starts already within the first hours after CX-5461 treatment although it 

takes nearly a week to entirely evolve. 

In line with this, the senescence marker proteins p53, p21 and p16 accumulated 

within the first hours after drug treatment in murine NrasG12V p19-/- HCC cells 

(Fig. 1 D). Since the familiar tumour suppressor protein p53 (Finlay et al., 1989; 

Baker et al., 1989) has reams of cellular functions (Hafner et al., 2019), a 

reliable interpretation of its accumulation in the context of CX-5461 triggered 

RCIS induction is quite challenging. However, p53 is known to facilitate a 

senescence program in cells exposed to stresses such as oncogene activation 

or DNA damage (Bond et al., 1996). The current working model based on lab 

internal and published data suggests that CX-5461 enhances cellular p53 levels 

in the framework of nucleolar stress pathway activation (Rubbi and Milner, 

2003). In this regard, nucleolar stress triggers the binding of ribosomal proteins 

(e.g. L5, L11, L23) to the E3 ubiquitin-protein ligase MDM2. This binding 

prohibits MDM2-mediated p53 ubiquitination and degradation (Haupt et al., 

1997; Kubbutat et al., 1997), thus resulting in rising p53 levels that trigger cell 

cycle arrest (Dai et al., 2004; Dai and Lu, 2004; Lohrum et al., 2003). Since CX-

5461 inhibits the nucleolar enzyme RNAP I (Drygin et al., 2011), nucleolar 

stress pathway activation by CX-5461 seems to be quite plausible. Moreover, 

proof-of-principle that disturbance of RNAP I can trigger nucleolar stress 

pathway activation was demonstrated for actinomycin D (Dai et al., 2004; Dai 

and Lu, 2004; Lohrum et al., 2003), a DNA intercalating agent that inhibits 

RNAP I at the elongation step (Fetherston et al., 1984). Altogether, the peak of 

p53 protein levels five hours after drug treatment might indicate nucleolar stress 

pathway activation in CX-5461 treated murine NrasG12V p19-/- HCC cells. 
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Though, it must be considered that rising p53 protein levels were reported in 

multiple other contexts as well (Hafner et al., 2019). In the context of DNA 

damage, ATM-mediated phosphorylation of p53 at S15 inhibits its binding to 

MDM2 (Banin et al., 1998), thus prohibiting its degradation (Sakaguchi et al., 

2000). According to my experiments showing enhanced pATM (S1987) levels in 

CX-5461 treated murine NrasG12V p19-/- HCC cells (Fig. 2 C), DDR signalling 

offers a further explanation for the observed p53 protein accumulation. 

However, p53 promotes transcription of the CDK inhibitor p21 (El-Deiry et al., 

1993) that mediates cell cycle arrest. Primarily, p21 has been suggested as 

trigger for G1 cell cycle checkpoint arrest, but mounting evidence indicates an 

involvement in G2 checkpoint as well (Dulić et al., 1998; Bunz et al., 1998). 

Strikingly, my experiments revealed highest p21 protein levels between five 

hours and one day after CX-5461 treatment and therefore simultaneously and 

shortly after maximal p53 protein accumulation that was observed at the five 

hours time point (Fig. 1 D). This temporal correlation supports a p53-dependent 

p21 activation in CX-5461 treated cells. However, raising p21 protein levels 

upon CX-5461 treatment were observed not only in murine NrasG12V p19-/- but 

also in NrasG12V p19-/- p53-/- HCC cells (Fig. 8 A). Although this does not exclude 

p53-dependent p21 activation in CX-5461 treated p53 wild type cells, it shows 

that p21 protein accumulation upon CX-5461 treatment can occur in a p53-

independent manner. Anyway, the accumulation of p21 protein was just 

transient in CX-5461 treated murine NrasG12V p19-/- HCC cells (Fig. 1 D). Even 

though p21 is a well-established mediator of cellular senescence (Fang et al., 

1999; Herbig et al., 2008), its role in preserving the senescent state is 

controversial. On the one hand, p21 has been suggested as an essential player 

in maintaining viability of senescent cells, especially in DNA damage-induced 

senescence (Yosef et al., 2017). On the other hand, another study has reported 

that p21 protein levels increase when cells near the senescent state but decline 

when senescence has fully established (Alcorta et al., 1996). Consistent with 

the latter publication, my results suggest an involvement of p21 in mediating 

RCIS induction without being crucial in RCIS maintenance. 
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Just like p53 and p21, also p16 protein levels accumulated transiently upon CX-

5461 treatment with having its peak between twelve hours and three days after 

drug treatment in murine NrasG12V p19-/- HCC cells (Fig. 1 D). Concerning the 

role of p16 in senescence, a study has shown gradually rising p16 protein levels 

during the process of senescence induction resulting in an amassing of p16 

protein in senescent HDFs (Alcorta et al., 1996). Moreover, high levels of p16 

protein were even suggested to prevent senescence reversal upon p53-

inactivation (Beauséjour et al., 2003). However, the transient accumulation of 

p16 protein during RCIS induction and its absence in fully established RCIS 

cells is still not implausible since some other studies have indicated that p16 is 

not obligatory for the senescent state (Sundar et al., 2018; Haferkamp et al., 

2009). Like discussed for p53 and p21, these results indicate an involvement of 

p16 in RCIS induction without being obligatory for RCIS maintenance. 

In contrast, expression of HMGA2 was exclusively upregulated at the last CX-

5461 treatment time points that have been analysed – namely three, five and 

seven days – and therefore in RCIS cells (Fig. 1 D). According to previous 

unpublished data from the laboratory (K. Wolter) that had shown HMGA2 

accumulation in other types of RCIS, this data confirms augmented HMGA2 

protein content also in CX-5461 induced RCIS. The non-histone protein HMGA2 

is a component of SAHFs that repress proliferation-associated genes, thus 

stabilising proliferation arrest and senescence (Narita et al., 2006). Accordingly, 

the delayed but ongoing accumulation of HMGA2 after CX-5461 treatment 

might correlate with SAHFs that could be responsible for RCIS maintenance. At 

the same time, c-MYC protein levels were clearly depleted (Fig. 1 D). The 

transcription factor c-MYC participates in numerous cellular processes including 

cell cycle progression, proliferation, apoptosis and metabolism (Pelengaris et 

al., 2002). Moreover, suppression of the c-MYC oncogene has been shown to 

provoke cellular senescence in diverse tumour types including hepatocellular 

carcinoma, lymphoma and osteosarcoma (Wu et al., 2007). In summary, I 

suggest the enhancement of HMGA2 and the decline of c-MYC as features of 

CX-5461 induced RCIS that might be crucial in maintaining the senescent state. 

Further, there is a direct link between p21, p16 and HMGA2. p21 and p16 
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prevent RB hyperphosphorylation (Sherr and McCormick, 2002) and 

hypophosphorylated RB prohibits transcription of E2F target genes needed for 

cell cycle progression (Sherr and McCormick, 2002). However, E2F target gene 

repression itself has been suggested to trigger chromatin reorganisation and 

SAHF formation (Narita et al., 2003). Hence, I assume that upon CX-5461 

treatment, p53, p21 and p16 pilot a rapid but transient stress response resulting 

in an initial repression of E2F target genes that provokes SAHF formation and 

that SAHFs are responsible for long-term E2F target gene repression and RCIS 

maintenance. 

The last senescence marker that has been analysed in this work is lamin B1 

(Fig. 1 D). Lamin B1 is involved in building up the matrix of the nuclear lamina, 

and its loss was proposed as a hallmark of senescence (Freund et al., 2012). 

Surprisingly, my experiments revealed an increase of lamin B1 protein levels 

between one and seven days after CX-5461 treatment and therefore in RCIS 

cells (Fig. 1 D). In accordance with another study that has reported 

overexpression of lamin B1 in oxidative stress induced senescence (OIS) 

(Barascu et al., 2012), I assume that loss of lamin B1 cannot be claimed as 

general hallmark of senescence. Instead of that, overexpression of lamin B1 is 

found in both, OIS and RCIS, and maybe also in other types of senescence. 

5.2 RCIS induction is accompanied by a DNA damage 

response 

According to previous publications that have suggested a strong link between 

cellular senescence and DDR activation (Fagagna, 2008), this work clearly 

shows that also CX-5461 induced RCIS is accompanied by DDR signalling (Fig. 

2). The time-course analysis of both, senescence and DDR markers, allows 

drawing conclusions of temporal correlations between senescence induction 

and DDR activation in CX-5461 treated murine NrasG12V p19-/- HCC cells (Fig. 1, 

Fig. 2). While several DDR proteins (e.g. pATM (S1987), pATR (S428), and 

FANCD2) were increased already one hour after drug treatment (Fig. 2 C), first 

signs of senescence induction (like enhanced levels of p53, p21 and p16 
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proteins) were observed at the three hours treatment time point. Based on 

these results, I suggest that CX-5461 triggers DDR activation before the 

senescence induction process starts. However, it must be considered that the 

underlying mechanisms of CX-5461 induced senescence are not yet fully 

understood, so that there might be further signs of early senescence induction 

that have not been assessed in this study. Moreover, the results of this work are 

limited on showing correlation without proofing causation, thus making further 

research necessary to prove causation between DDR activation and RCIS 

induction. However, most of the analysed DDR proteins accumulated just 

transiently upon CX-5461 treatment so that their subsequent decline was in 

coincidence with the rise of senescence markers like HMGA2 or positive SA-β-

Gal staining. In short, DDR signal fades when cells near the RCIS state. In line 

with this conclusion, a previous study regarding replicative senescence has 

shown ATM activation and γH2AX nuclear focus formation in pre-senescent 

primary human fibroblasts that disappeared once cells became fully senescent 

(Bakkenist et al., 2004). Although most of the analysed DDR proteins were 

absent seven days after drug treatment and therefore in RCIS cells, pKAP1 

(S824), pRPA32 (S4/S8) and FANCM were clearly present at these late 

treatment time points. However, they might indicate ongoing DDR signalling in 

RCIS cells and it remains unclear if they are involved in maintaining the RCIS 

state.  

Taking a closer look on the functions of the accumulating DDR proteins, they do 

not infer to a specific kind of DNA damage since some of them are involved in 

DSB repair, while others take part in ICL repair or ssDNA signalling. In 

response to DSBs, ATM and ATR kinases immediately phosphorylate H2AX at 

S139 (γH2AX) (Rogakou et al., 1998; Burma et al., 2001; Ward and Chen, 

2001) and 53BP1 at S1778 (Lee et al., 2009). In my immunofluorescence 

staining, however, many of the untreated cells were positive for γH2AX while 

only a few cells were positive for p53BP1 (S1778) (Fig. 2 A-B). This might be 

explained by the cell cycle dependent expression of γH2AX and its involvement 

in other cellular processes that limit its specificity as DSB marker (MacPhail et 

al., 2003). De Feraudy et al. have classified three different types of γH2AX 
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formation: γH2AX foci co-localizing with 53BP1 foci depicting DSBs, γH2AX foci 

not co-localizing with 53BP1 being of unknown significance, and pan-nuclear 

γH2AX staining representing a preapoptotic signal (Feraudy et al., 2010). Based 

on this classification, most of the γH2AX foci observed in untreated cells might 

represent by-products of normal replication rather than DSBs. In line with this 

assumption, the murine NrasG12V p19-/- HCC cell line that has been used for this 

experiment has tremendous proliferative activity (Fig. 1 E-F). Since the 

analysed samples mark different time points during CX-5461 mediated RCIS 

induction and therefore vary in their proliferation rates (Fig. 1 E-F), a reliable 

interpretation of the cell cycle dependent γH2AX staining is challenging. 

Therefore, I suggest p53BP1 (S1778) as a better marker for comparing DSB 

signalling in samples with varying proliferation rates as it is the case in 

senescing cells. However, the fraction of both γH2AX and p53BP1 (S1778) 

positive cells clearly increased upon CX-5461 treatment and reached its peak at 

the twelve hours time point (Fig. 2 A-B), thus indicating DSB formation within 

the first hours after drug treatment. While the rate of p53BP1 (S1778) positive 

cells was still significantly higher seven days after drug treatment than in 

untreated cells, this was not the case for γH2AX. Considering the cell-cycle 

dependent expression of γH2AX (MacPhail et al., 2003), the low levels of 

γH2AX observed in RCIS cells might result from proliferation arrest (Fig. 1 E-F). 

Yet, the remaining γH2AX foci might mark real DSBs, and – together with the 

ongoing enhancement of p53BP1 (S1778) foci – indicate prolonged DSB 

signalling in RCIS cells. Further, the phosphorylated and therefore activated 

forms of two other DSB marker proteins, ATM and CHK2, also accumulated 

upon CX-5461 treatment with reaching their maxima eight and twelve hours 

after treatment (Fig. 2 C) and therefore approximately at the same time as 

γH2AX and p53BP1 (S1778). Altogether, my results support strong DSB 

signalling following CX-5461 treatment that peaks after twelve hours and 

diminishes but not extinguishes when cells become senescent. 

A further downstream target of ATM is the heterochromatin-associated protein 

KAP1 which is phosphorylated upon discovery of damaged or broken DNA (Ziv 

et al., 2006). Intriguingly, pKAP1 (S824) was not even measurable in untreated 
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cells, but remarkably amassed in all the CX-5461 treated samples quite 

independent of the investigated time point (Fig. 2 C), thus demonstrating strong 

and long-lasting KAP 1 activation upon CX-5461 treatment. Phosphorylation of 

KAP1 induces its release from the chromatin, thereby promoting DNA relaxation 

that simplifies the assembly of DDR proteins onto DSBs (Goodarzi and Jeggo, 

2011). The permanent accumulation of pKAP1 (S824) in CX-5461 treated cells 

might indicate long-term chromatin relaxation upon CX-5461 treatment. 

Paradoxically, my previous results have suggested that CX-5461 triggers 

formation of SAHFs (as indicated by HMGA2 accumulation (Fig. 1 D)) which are 

compacted heterochromatin structures. While solely pKAP1 (S824) was 

measurable during the first hours after CX-5461 treatment, simultaneous 

accumulation of pKAP1 (S824) and HMGA2 was observed at later treatment 

time points and therefore in RCIS cells. Based on these findings, I hypothesise 

that CX-5461 treatment might result in rapid KAP1-mediated chromatin 

relaxation to facilitate DDR processes (which are maximally active during the 

first hours after drug treatment) followed by complex chromatin reorganisation 

processes during RCIS establishment. Moreover, I suggest that in RCIS cells, 

some DNA regions are characterised by pKAP1 (S824) dependent chromatin 

relaxation, while others are forming SAHFs to maintain cell cycle arrest and 

senescence via permanent repression of E2F target regions. However, 

immunofluorescence co-staining of pKAP1 (S824) and HMGA2 in RCIS cells 

might be helpful to strengthen this hypothesis. 

Next to the activated DSB response pathways, also proteins taking part in ATR-

CHK1-pathway accumulated in CX-5461 treated murine NrasG12V p19-/- HCC 

cells (Fig. 2 C). ATR-CHK1-pathway is predominantly triggered by free ssDNA 

(Zou and Elledge, 2003) that arises for instance at stalled replication forks 

(Dobbelstein and Sørensen, 2015) or as an intermediate during DSB repair 

(Shiotani and Zou, 2009). Hence, the accumulation of pATR (S428) and its 

downstream kinase pCHK1 (S345) indicate the presence of free ssDNA upon 

CX-5461 treatment. Since free ssDNA is usually recognised by RPA (Chen and 

Wold, 2014), it was unexpected that pATR (S428) and pRPA32 (S4/S8) did not 

accumulate simultaneously in my experiments. While pATR (S428) amassed 
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already one hour after drug treatment, the increment of pRPA32 (S4/S8) started 

not until the eight hours time point. Anyway, RPA is not the only protein that 

binds ssDNA. RAD51 competes with RPA by forming nucleoprotein filaments 

with ssDNA that are essential for homology search and strand exchange in HR 

(Shinohara et al., 1992). Since cellular protein levels of RAD51 were enhanced 

between three and twelve hours after drug treatment (Fig. 2 C), CX-5461 might 

cause free ssDNA that is bound by RAD51 rather than RPA within the first 

hours after treatment. Intriguingly, my results would fit to a shift from RAD51 to 

pRPA32 (S4/S8) at later time points, indicating that ssDNA molecules resulting 

from CX-5461 treatment might be protected by RPA in the long run. 

However, augmented RAD51 expression suggests that HR participates in DNA 

damage repair upon CX-5461 treatment. Since HR is involved in processing 

DSB intermediates arising from ICL repair (De Silva et al., 2000), the 

accumulation of RAD51 might correlate not only with DSBs but also ICLs. In 

support of this notion, the time courses of FANCD2 and FANCI protein 

accumulations upon CX-5461 treatment resembled those of RAD51 (Fig. 2 C). 

Although FA pathway has some non-canonical functions like replication fork 

stabilisation (Wang et al., 2008) and cytokinesis regulation (Chan et al., 2009; 

Vinciguerra et al., 2010), its canonical role in ICL repair suggests that CX-5461 

might provoke such faulty genomic links. Since ICL repair causes DSBs (De 

Silva et al., 2000) and free ssDNA as intermediates (Shiotani and Zou, 2009), 

ICLs would not only explain FA pathway activation but also DSB and ssDNA 

signalling upon CX-5461 treatment. 

Altogether, my work clearly demonstrates that CX-5461 mediated RCIS 

induction is accompanied by strong DDR activation, which is partly transient 

and partly permanent. Yet, it must be considered that DDR activation is just an 

indirect sign of DNA damage. For instance, ATR signalling was postulated to 

drive cells into senescence in the absence of DNA breaks (Toledo et al., 2008). 

Thus, measuring DNA damage directly (e.g. by comet assay) would be 

obligatory to confirm DNA damage as source of the observed DDR activation. 
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5.3 RCIS cells are resistant against DDR inhibitors 

Based on the proposition that ongoing DDR activation is a feature of 

senescence (Fagagna, 2008), I have hypothesised that DDR inhibitors might 

act as senolytic drugs. In line with unpublished results from the Zender 

laboratory (K. Wolter), CX-5461 induced RCIS cells were selectively killed by 

the senolytic agent navitoclax (ABT-263) (Zhu et al., 2016) (Fig. 3 A), thus 

proving that RCIS cells are in general susceptible for senolytic therapy. 

However, a comparable senolytic effect was observed for none of the 

investigated DDR protein inhibitors (ATRi AZD-6738, ATMi AZD-0156, DNA-PKi 

NU-7441, CHK1i LY-2603618, CHK2i CCT-241533, PARPi AZD-2281) (Fig. 3 

B-F, Fig. 4). Quite the contrary, RCIS cells became resistant against the 

examined DDR inhibitors. This resistance phenomenon might be explainable by 

proliferation arrest of RCIS cells (Fig. 1 E-F). Since replicating cells are 

constantly acquiring replication-associated DNA damage that triggers DDR 

activation, rapidly proliferating cell lines, like murine NrasG12V p19-/- HCC (Fig. 1 

E-F), depend on proper DDR functionality to ensure genomic stability. In 

contrast, senescent cells do not replicate and therefore do not generate this 

kind of DNA damage. This link might make senescent cell viability less 

dependent on functional DDR activity than it is the case in replicating cells. In 

line with this assumption, most DDR proteins (e.g. pATM (S1987), pATR 

(S428), pCHK1 (S345) and pCHK2 (T383)) accumulated in a transient manner 

upon CX-5461 treatment and were nearly absent in RCIS cells (Fig. 2). 

However, this was not the case for pRPA32 (S4/S8) that was widely available in 

RCIS cells (Fig. 2 C). Although its ongoing increase predisposes RPA as target 

structure for senolytic therapy, however, pharmaceutical RPA inhibition by an 

unpublished, highly efficient RPA inhibitor (designed by the Zender (S. Zwirner 

and A. Moschopoulou) and Laufer (G.-S. Haase and G. Schmidberger) 

laboratories) was not senolytic in RCIS cells (Fig. 4 G). 

Since most of the analysed DDR proteins accumulated just temporarily upon 

CX-5461 treatment (Fig. 2), I assumed that simultaneous treatment with CX-

5461 and DDR inhibitors might be more promising. In this context, I supposed 
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that DDR inhibitors might disturb the process of RCIS induction, thus changing 

cellular fate from senescence to cell death. However, co-treatment with CX-

5461 and the previously listed DDR inhibitors did not reduce cell viability in a 

synergistic way (Fig. 3 B-F, Fig. 4). First, I suspected the redundancy of the 

DDR system as responsible for the ineffectiveness of the investigated 

combination therapy concepts. Although ATM-CHK2- and ATR-CHK1-pathways 

are conventionally thought to be active in different contexts, mounting evidence 

suggests this model as less strict than primarily thought and attests them to 

cross talk with each other to a certain extent (Maréchal and Zou, 2013). 

Therefore, I assumed that blocking only one of these pathways might be 

compensated by the other one. Yet, even dual-therapy with ATM (AZD-0156) 

and ATR (AZD-6738) inhibitors did neither cause senolytic cell death in RCIS 

cells nor synergistic cell viability reduction in simultaneous treatment with CX-

5461 (Fig. 4 I). Next, I supposed that species or cell line specific problems might 

be responsible for the ineffectiveness of the investigated combination therapies 

– but repeating the experiment for ATR (AZD-6738) and PARP (AZD-2281) 

inhibitors in human HCC cells (SMMC-7221) did not reveal any synergistic or 

senolytic effect as well (Supplementary Figure 1 C). However, the reason why 

simultaneous CX-5461 and DDR inhibitor treatment does not synergistically 

reduce cell viability although the targeted DDR proteins clearly amass upon CX-

5461 treatment (Fig. 2 C) remains elusive. 

5.4 Long-term PARP inhibition reduces cell viability in 

RCIS cells 

Within the last years, PARP inhibitors came into focus of modern cancer 

therapy and are already approved for some indications, most notably for BRCA 

mutated ovarian and breast cancers (Bryant et al., 2005). Although PARP 

inhibitors primarily aim PARP1, some of them – for instance niraparib – target 

PARP2 as well (Knezevic et al., 2016). Since PARP1 is critical in SSB 

restoration (Chaudhuri and Nussenzweig, 2017), PARP inhibition results in 

abundant SSBs that impede replication forks, thus triggering HR for repair 
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(Bryant et al., 2005). The involvement of BRCA proteins in HR is suggested as 

underlying mechanism for the high effectiveness of PARP inhibitors in BRCA1/2 

mutant tumours (Bryant et al., 2005; Farmer et al., 2005). However, 

unpublished work by Oliver Bischof (Institut Pasteur, Nuclear Organisation and 

Oncogenesis Unit, Department of Cell Biology and Infection, Paris, France) has 

uncovered a senolytic effect for long-term PARP inhibitor treatment in 

doxorubicin induced senescent fibroblasts. According to his discovery, my 

results revealed that CX-5461 induced RCIS cells undergo cell death after nine 

days of treatment with either 40 µM of the PARP inhibitors niraparib or 

rucaparib, but not olaparib (Fig. 5). Therefore, the senolytic therapy concept 

suggested from O. Bischof seems to be transferable to our model of CX-5461 

induced RCIS. Yet, some limitations must be discussed critically. Overgrowing 

of the untreated control sample prohibited to treat non-senescent cells for nine 

days with the PARP inhibitors. Hence, it was not feasible to compare drug 

responses in RCIS and non-senescent cells for the nine days PARP inhibitor 

treatment. Comparing just the two days PARP inhibitor treatment, which was 

feasible in RCIS and non-senescent cells, revealed higher efficiency in non-

senescent cells (Fig. 5). This observation strongly argues against a selective 

senolytic effect of PARP inhibitors in CX-5461 induced RCIS cells. Nonetheless, 

my work supports that highly dosed rucaparib and niraparib, but not olaparib, 

eliminate next to non-senescent tumour cells also senescent ones, thereby 

improving current knowledge how PARP inhibitors affect tumour tissue in the 

long run. 

Since my experiments revealed an RCIS eliminating effect for rucaparib and 

niraparib, but not olaparib, we questioned if niraparib and rucaparib might affect 

RCIS cell viability via another target than PARP. In contrast to olaparib, that is 

suggested to inhibit PARP1 and PARP2 high specifically, rucaparib and 

niraparib have further molecular target structures (rucaparib: hexose-6-

phosphate dehydrogenase, niraparib: deoxycytidine kinase) (Knezevic et al., 

2016). Although further experiments will be necessary to investigate if rucaparib 

and niraparib eliminate senescent cells via another target structure than PARP, 

some hints are already pointing in this direction. First, western blotting did not 
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show heightened PARP1 protein levels upon CX-5461 treatment in murine 

NrasG12V p19-/- HCC cells (Supplementary Figure 1 A), thus arguing against a 

critical role of PARP1 in maintaining RCIS cell viability. Second, it is suggested 

that PARP inhibitors cause cell death via abundant SSBs that impede 

replication forks, thus disturbing the active replication process (Bryant et al., 

2005). Since senescent cells do not replicate (Fig. 1 E-F), it seems unlikely that 

they are susceptible to SSB mediated replication disturbances. In this regard, it 

is peculiar that PARP inhibitors affect non-replicating senescent cells, and 

further research will be needed to examine the underlying mechanisms. 

5.5 RCIS cells are predominantly arrested at G2 cell 

cycle checkpoint 

Cell cycle checkpoint activation is an important part of the DDR as it prohibits 

cell cycle progression in the presence of defective DNA or other cellular 

damages, thus protecting genomic integrity (Barnum and O’Connell, 2014). 

Flow cytometric cell cycle analysis with PI revealed a remarkable peak of S 

phase cells five hours after CX-5461 treatment in murine NrasG12V p19-/- HCC 

cells (Fig. 7 A-B). Since S phase is characterised by DNA replication (Barnum 

and O’Connell, 2014), this peak might reflect disturbances during the DNA 

replication process resulting in an early intra-S-phase checkpoint arrest. 

Together with the rapid accumulation of DDR proteins (Fig. 2), this early S 

phase peak indicates that CX-5461 might trigger a DNA damaging event during 

replication. In line with this conclusion, a previous study has reported that CX-

5461 induces DNA damage foci predominantly in S phase in human HCT116 

cells (Xu et al., 2017). However, this early S phase peak was replaced by a 

subsequent rise of G2/M phase cells (Fig. 7 A-B). Given that flow cytometric cell 

cycle analysis with PI is based on measuring DNA contents within single cells, it 

does not allow to differentiate between G2 and M phase since both are 

characterised by a doubled chromosome set. Nonetheless, I suppose that these 

cells with 4N DNA content are more likely G2 than M phase cells. For instance, 

the mitotic kinase aurora B, that regulates chromosome segregation and 
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cytokinesis (Goto et al., 2002; Tapia et al., 2006), was at high levels in 

untreated cells and cells treated with CX-5461 for up to 24 hours, but absent 

three, five and seven days after drug treatment, thus arguing against M phase 

status in RCIS cells (Fig. 7 C). Further, a previous study has shown no increase 

of cellular pH3 levels in CX-5461 treated ALL cells (Negi and Brown, 2015). 

Since histone H3 is phosphorylated by aurora B at the onset of mitosis (Hsu et 

al., 2000; Goto et al., 2002; Tapia et al., 2006), the authors did also suggest G2 

rather than M phase arrest 24 hours after CX-5461 treatment in ALL cells (Negi 

and Brown, 2015). However, they did not check for later time points and a 

following study has indicated transient G2 arrest upon CX-5461 treatment (Quin 

et al., 2016). Their experiments have revealed G2 arrest 24 and 48, but not 96, 

hours after CX-5461 treatment in BJ-T cells (Quin et al., 2016). In BJ-T p53sh 

cells, G2 arrest was still measurable 96 hours after treatment, but also less 

pronounced than at the 24 or 48 hours time points (Quin et al., 2016). In 

contrast, my work showed permanent G2 arrest in CX-5461 treated murine 

NrasG12V p19-/- HCC cells, thus indicating stable G2 arrest in RCIS (Fig. 7 A-B). 

Moreover, I assume that this G2 arrest results from G2 cell cycle checkpoint 

activation caused by unrepairable DNA damage. In line with this assumption, 

the simultaneous amassing of aurora A and cyclin B1 proteins at the twelve 

hours and one day treatment time points (Fig. 7 C) might correlate with cell 

accumulation at a premitotic state. Aurora A promotes centrosome maturation 

during late G2 phase (Barretta et al., 2016), phosphorylates CDC25B to 

promote G2/M transition (Dutertre et al., 2004), recruits CDK1-cyclin B1 

complexes (that accumulate just prior to mitosis but remain inactive until 

dephosphorylation by CDC25 (Strausfeld et al., 1991)) to centrosomes to 

promote early mitotic events like chromosome condensation (Hirota et al., 

2003), and ensures adequate spindle assembly during prometaphase (Glover et 

al., 1995). Hence, both aurora A and cyclin B1 take part in G2/M transition 

(Tanaka et al., 2002; Marumoto et al., 2002) and their simultaneous amassing 

twelve hours and one day after CX-5461 treatment might indicate cell 

accumulation just prior to mitosis and therefore at G2 cell cycle checkpoint. 
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However, interpreting cellular protein levels of cyclin A2 is more challenging 

since it has dual function in the cell cycle: it binds CDK1 during G2/M transition, 

and CDK2 during S phase (Pagano et al., 1992). Cyclin A2 accumulated almost 

continuously within the first 24 hours after CX-5461 treatment, but was nearly 

absent at the three, five and seven days time points (Fig. 7 C). Like discussed 

for aurora A and cyclin B1, the amassing of cyclin A2 twelve hours and one day 

after CX-5461 treatment might correlate with its function in G2/M transition. 

However, cyclin A2 was upregulated already three, five and eight hours after 

CX-5461 treatment, maybe due to its function in S phase. 

In contrast to cyclin B1 and cyclin A2 protein levels that clearly varied during 

CX-5461 mediated RCIS induction, cyclin D1 was only slightly reduced five and 

seven days after treatment (Fig. 7 C). The most common function of cyclin D1 is 

to dimerise with CDK4 and CDK6 to promote G1/S transition (Massagué, 2004). 

However, this task cannot explain the stable expression of cyclin D1 during 

RCIS induction since previous results have shown G2 arrest already eight hours 

after treatment (Fig. 7 A). In general, interpreting cyclins as direct signs of 

specific cell cycle phases must be considered critically since mounting evidence 

indicates overlapping functions for CDKs and cyclins, thus challenging the 

traditional model of cell-cycle control in which each transition is regulated by 

pairing of specific CDKs and cyclins (Hochegger et al., 2008). Among the 

analysed cyclins, cyclin D1 was the only one that was still traceable seven days 

after CX-5461 treatment and therefore in RCIS. Intriguingly, previous 

publications have reported enhanced expression of cyclin D1 in senescent 

human fibroblasts (Fukami et al., 1995; Brown et al., 2012), but the interplay 

between cyclin D1 and senescence remains poorly understood. 

Altogether, I suggest that CX-5461 provokes a DNA damaging event rapidly 

after drug treatment that occurs during DNA replication and triggers tremendous 

DDR signalling (Fig. 2). As the general model of cell cycle checkpoints states 

reversibility if the damage is sufficiently repaired (Shaltiel et al., 2015), I assume 

that the generated DNA damage is not sufficiently repaired, thus triggering 

permanent G2 cell cycle checkpoint arrest to prevent mitotic entry. In this case, 

however, I would expect ongoing amassing of DNA repair proteins, but most of 
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the analysed DDR proteins accumulated just transiently upon CX-5461 

treatment (Fig. 2). Therefore, I suppose that CX-5461 provokes an initial DNA 

damaging event that activates superior cellular mechanisms to preserve 

permanent cell cycle arrest. In accordance with published literature concerning 

the mechanisms that ensure stable cell cycle arrest in other types of 

senescence (Narita et al., 2006), I suggest that the permanent cell cycle arrest 

in CX-5461 induced RCIS is maintained by persistent chromatin modifications 

like SAHFs that prevent transcription of genes needed for cell cycle 

progression. 

5.6 CX-5461 provokes genomic instability 

Flow cytometric cell cycle analysis with PI revealed hyperploidy in a relevant 

fraction of CX-5461 induced RCIS murine NrasG12V p19-/- HCC cells (Fig. 7 A-

B). However, the underlying mechanism remains unknown. Since unequal 

chromosome distribution during mitosis is the most common source of 

aneuploidy (Gordon et al., 2012), I hypothesise that a subfraction of CX-5461 

treated cells undergo mitosis instead of cell cycle arrest despite drug-induced 

DNA damage. This hypothesis is supported by the finding that more than 25% 

of CX-5461 treated cells were still positive for Ki67 three days after drug 

treatment (Fig. 1 E-F). As Ki67 positivity indicates ongoing proliferative activity 

(Gerdes et al., 1983), those cells might have undergone mitosis despite CX-

5461 induced DNA damage, thereby risking faulty chromosome distribution and 

thus aneuploid daughter cells. However, I assume that those aneuploid 

daughter cells undergo cell cycle checkpoint arrest prior to the next mitotic 

event since the rate of Ki67 positive cells dropped to 2% seven days after drug 

treatment (Fig. 1 E-F). 

Another mechanistic explanation for the observed aneuploid cells might be 

endoreplication or endomitosis. Endoreplication, which occurs for instance upon 

ongoing DDR activation, describes that cells exit cell cycle in G2 phase, skip M 

phase completely, and undergo S phase instead (Zielke et al., 2013). Hence, 

endoreplication generates a single giant polyploid nucleus (Zielke et al., 2013), 
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but analysing RCIS cells microscopically has revealed only a few giant nuclei 

while most cells were multinucleated (data not shown). Under the assumption 

that these multinucleated cells are the aneuploid ones, it seems more likely that 

those cells might have undergone endomitosis rather than endoreplication. In 

endomitosis, mitosis is initiated but not completed, so that the hyperploid cell is 

either mononucleated or binucleated depending on how far mitosis has 

progressed (Zielke et al., 2013). However, further research will be necessary to 

prove the underlying mechanism of CX-5461 induced aneuploidy. 

Visualising single chromosomes in RCIS cells would have been helpful to 

further characterise these aneuploid cells. Though, chromosome spread assay 

failed in RCIS cells (Fig. 7 D) – probably due to a lack of metaphase cells with 

maximally condensed and therefore countable chromosomes. As a side effect, 

the lack of metaphase cells supports once more that RCIS cells are arrested at 

G2 rather than mitotic spindle assembly checkpoint. Moreover, analysing the 

DAPI stained samples microscopically led to the discovery of micronuclei in 

RCIS cells (Fig. 7 D). Since micronuclei are a sign of genomic instability (Lewis 

and Golsteyn, 2016), they display an indirect hint for chromosomal instability 

and aneuploidy in RCIS. Hence, the observed micronuclei support my 

hypothesis that some of the CX-5461 treated cells progress cell cycle despite 

drug-induced DNA damage, thus suffering genomic instability and aneuploidy. 

Although chromosomal instability itself has been postulated as a trigger of 

premature senescence (Andriani et al., 2016), I do not suggest aneuploidy as 

predominant trigger of RCIS since only a subfraction of CX-5461 treated cells 

became aneuploid while nearly all cells developed the senescent state. 

5.7 p53 protects genomic stability upon CX-5461 

treatment 

Murine NrasG12V p19-/- p53-/- HCC cells undergo more often cell death upon CX-

5461 treatment than murine NrasG12V p19-/- HCC cells (S. Zwirner and K. 

Wolter, unpublished). Though, the surviving fraction of p53 deficient cells is 

thought to acquire a senescent phenotype as well (K. Wolter, unpublished). 
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However, the reason for the different drug responses has not yet been explored 

and current literature is discordant about the role of p53 in the working 

mechanism of CX-5461. First, it has been published that CX-5461 induces 

autophagic cell death with features of a senescent phenotype in a p53-

independent manner in solid tumour cell lines (Drygin et al., 2011). This 

assumption was based on just slightly increased p53 protein levels 24 and 48 

hours after CX-5461 treatment in human melanoma A375 cells as well as 

similar drug sensitivities in p53 wild type and p53 mutant solid cancer cell lines 

(Drygin et al., 2011). In line with this work, another one has claimed that p53 

inhibition does not influence caspase-dependent apoptosis although p53 and 

p21 expressions were increased one day after CX-5461 treatment in three out 

of four ALL cell lines (Negi and Brown, 2015). However, this concept was 

challenged by another study that has suggested p53-dependent apoptotic 

signalling as main therapeutic effect of CX-5461 in human leukaemia and 

lymphoma cell lines (Bywater et al., 2012). Based on my own results showing 

pronounced accumulation of p53 protein within the first hours after CX-5461 

treatment (Fig. 1 D), I supposed a critical role for p53 in DDR activation and cell 

cycle checkpoint arrest upon CX-5461 treatment, for instance via upregulation 

of p21 transcription (El-Deiry et al., 1993). Yet, p21 protein did not only 

accumulate in murine NrasG12V p19-/- (Fig. 1 D) but also NrasG12V p19-/- p53-/- 

(Fig. 8 A) HCC cells, thus demonstrating that p21 activation upon CX-5461 

treatment is at least partially independent of p53. Moreover, also p16 and 

HMGA2 proteins accumulated in the p53 deficient cell line upon CX-5461 

treatment (Fig. 8 A), thereby strengthen our assumption that surviving murine 

NrasG12V p19-/- p53-/- HCC cells undergo senescence just like their p53 proficient 

counterparts. Further, CX-5461 induced amassing of the CDK inhibitors p21 

and p16 as well as the DNA repair proteins FANCD2 and RAD51 was longer-

lasting in p53 deficient than p53 wild type cells, thus indicating prolonged DDR 

activation in the murine NrasG12V p19-/- p53-/- HCC cell line. Together, these 

results support an involvement of p53 in preventing or repairing DNA damage 

upon CX-5461 treatment. 
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Based on its critical role in cell cycle checkpoint activation (Hafner et al., 2019), 

I hypothesised that p53 deficient cells might be unable to establish stable cell 

cycle arrest upon CX-5461 treatment, thus entering mitosis despite DNA 

damage and finally becoming prone to mitotic catastrophe and apoptosis. 

However, CX-5461 caused early accumulation of S phase cells followed by 

stable G2 arrest not only in p53 proficient (Fig. 7 A-B) but also p53 deficient 

(Fig. 8 C-D) cells. Yet, the cell lines remarkably differed in their fraction of 

aneuploid cells and their amount of micronuclei seven days after drug treatment 

that were much higher in the p53 deficient cell line (Fig. 8 B-E). Accordingly, 

murine NrasG12V p19-/- p53-/- HCC cells are more endangered to suffer genomic 

instability upon CX-5461 treatment than their p53 proficient counterpart, thus 

supporting a critical role for p53 in protecting genomic integrity upon CX-5461 

treatment. Further, the higher risk of genomic instability might explain why 

murine NrasG12V p19-/- p53-/- HCC cells are undergoing more often cell death 

upon CX-5461 treatment than murine NrasG12V p19-/- HCC cells. Since another 

study has reported CX-5461 induced chromosomal abnormalities in BRCA2-/- 

but not BRCA2 wild type HCT116 cells (Xu et al., 2017), it seems likely that 

both p53 and BRCA2 are guardians of genomic integrity upon CX-5461 

treatment. 

5.8 CX-5461 causes formation of DNA:RNA hybrids 

Based on my experiments showing DNA:RNA hybrid formation upon CX-5461 

treatment (Fig. 9), I hypothesised that those might be the mediators of CX-5461 

induced DDR activation. Most commonly, DNA:RNA hybrids form co-

transcriptionally when newly synthesised RNA reanneals to its template DNA 

strand, thus generating a DNA:RNA hybrid and a displaced non-template DNA 

strand (Thomas et al., 1976). These three-stranded nucleic acid structures are 

called R-loops due to their similarity to D-loops (known from HR) differing in 

their RNA moiety (Thomas et al., 1976). While physiological R-loops are 

thought to perform co-transcriptional regulatory functions and support DNA 

repair, evidence is mounting that R-loop misregulation results in DNA damage 
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and genomic instability (Niehrs and Luke, 2020). The abundance of DNA:RNA 

hybrids in CX-5461 treated cells (Fig. 9) suggests that CX-5461 provokes 

formation of R-loops. At first glance, it seems quite plausible that RNAP I 

inhibition causes R-loop formation since R-loops are by-products of 

transcription (Thomas et al., 1976) and their accumulation has been already 

reported upon RNAP II arrest (Zhang et al., 2017). Though, considering the 

working mechanism of CX-5461 in more detail (Drygin et al., 2011) is not in line 

with the common model of co-transcriptional R-loop formation. While co-

transcriptional R-loops are formed during elongation (Aguilera and García-

Muse, 2012), CX-5461 inhibits transcription at the initiation stage (Drygin et al., 

2011). However, there are some possible explanations how R-loops might still 

form upon CX-5461 treatment. First, CX-5461 might affect bonds between 

rDNA and RNAP I molecules that are already at elongation stage at the time of 

treatment, thus provoking co-transcriptional R-loops. Second, CX-5461 might 

arrest RNAP I after DNA unwinding had already happened, thus making rDNA 

molecules vulnerable for RNA annealing. In this context, the annealing RNA 

molecules might be transcribed by another RNAP molecule. Although 

DNA:RNA hybrid formation requires sequence homology, however, some 

studies have reported DNA:RNA hybrids containing RNA moieties synthesised 

elsewhere in the genome, called in trans DNA:RNA hybrids (Wahba et al., 

2013; Nadel et al., 2015) – and some hints are indicating that CX-5461 might 

form such DNA:RNA hybrids in trans. First, RAD51 protein, that accumulates 

rapidly after CX-5461 treatment (Fig. 2 C), has a non-canonical function in 

promoting hybridisation of RNA to homologous chromosomal loci distinct from 

their site of synthesis (Wahba et al., 2013). Moreover, DNA:RNA hybrid 

formation is markedly facilitated by non-template DNA strand sequences with 

high G/C ratio (Roy and Lieber, 2009; Ginno et al., 2012) – and rDNA genes, 

whose transcription is disturbed by CX-5461, have G-rich regions downstream 

their promoters, thus making them predilection sites for R-loop formation (Roy 

and Lieber, 2009; Lindström et al., 2018). Further, it has been published that 

CX-5461 increases the frequency of G-quadruplexes (Xu et al., 2017) which are 

secondary structures forming at G-rich sequences. 
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Based on the assumption that CX-5461 provokes DNA:RNA hybrids in trans, 

the RNA moiety might be synthesised by RNAP II or RNAP III instead of 

RNAP I. However, it is suggested that CX-5461 inhibits RNAP I without 

affecting RNAP II (Drygin et al., 2011), but no data is available concerning if 

CX-5461 manipulates RNAP III. In ribosomal biogenesis, 5 S rRNA is 

synthesised by RNAP III, while all the other rRNA molecules are cleaved from a 

45 S precursor transcribed by RNAP I (Russell and Zomerdijk, 2006). If CX-

5461 inhibits RNAP I but not RNAP III, CX-5461 might disequilibrate the cellular 

rRNA content so that 5 S rRNA molecules amass. These redundant 5 S rRNA 

molecules might serve as RNA moieties in DNA:RNA hybrid formation. Yet, it 

must be emphasised that this is only a hypothesis since up to now no data is 

available if 5 S rRNA molecules indeed accumulate in CX-5461 treated cells. 

Moreover, it would be interesting to test if CX-5461 impacts the activity of 

extracellular-signal-regulated kinase (ERK) that co-regulates RNAP I and RNAP 

III to ensure coordinated rRNA synthesis (White, 2005). 

Although the mechanism how CX-5461 generates DNA:RNA hybrids remains a 

bit enigmatic, however, my experiments clearly show their formation upon CX-

5461 treatment (Fig. 9). Therefore, it arises the question in what way DNA:RNA 

hybrids are impacting the cellular fate in the context of CX-5461 treatment. The 

two-faced nature of R-loops – beneficial ‘physiological’ R-loops and detrimental 

‘unscheduled' R-loops (Niehrs and Luke, 2020) – implies that the abundant 

DNA:RNA hybrids observed in CX-5461 treated cells might contribute to drug 

induced DDR activation and genomic instability. Intriguingly, DNA:RNA hybrids 

can, if not resolved quickly, lead to clashes between transcription and 

replication machineries (García-Muse and Aguilera, 2016). I hypothesise that 

CX-5461 treated cells acquire DNA:RNA hybrids that subsequently provoke 

such transcription-replication collisions (TRCs). This hypothesis is in line with 

the assumption that CX-5461 disturbs the replication process (discussed in 

chapter 5.5) as supported by the S phase peak observed five hours after drug 

treatment (Fig. 7 A-B) as well as the results from another study indicating that 

CX-5461 induces DNA damage during replication (Xu et al., 2017). Further, p53 

has been shown to participate in preventing interferences between replication 
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and transcription – and this non-canonical function of p53 is independent of 

p21-driven cell cycle arrest (Yeo et al., 2016). Based on that, I hypothesise that 

p53 deficient cells have a higher risk to suffer TRCs upon CX-5461 treatment 

than p53 wild type cells, thus offering an explanatory approach why murine 

NrasG12V p19-/- p53-/- HCC cells undergo more often aneuploidy (Fig. 8 B-E) and 

cell death (S. Zwirner and K. Wolter, unpublished) upon CX-5461 treatment 

than their p53 proficient counterparts. Since this feature of p53 is independent 

of p21-driven cell cycle arrest (Yeo et al., 2016), this hypothesis is in line with 

the finding that both cell lines experience p21 activation and cell cycle 

checkpoint arrest (Fig. 1 D, Fig. 7 A-B, Fig. 8). 

TRCs pose tremendous threats to genomic stability since they trigger replication 

fork stalling (Gan et al., 2011). I assume that CX-5461 treated cells acquire 

DNA:RNA hybrids that provoke TRCs with subsequent replication fork stalling. 

As RPA is commonly known to coat ssDNA at stalled replication forks (Branzei 

and Foiani, 2010), the accumulation of pRPA32 (S4/S8) upon CX-5461 

treatment (Fig. 2 C) might support this hypothesis. However, accumulation of 

pRPA32 (S4/S8) is not specific, and visualising progression of individual 

replication forks by DNA fibre technique is superior to prove replication fork 

stalling (Nieminuszczy et al., 2016). Strikingly, this assay has been performed 

by another group and they have reported substantially shortened replication 

track length – indicating blocked replication forks – in HCT116 cells treated with 

CX-5461 for 30 minutes (Xu et al., 2017). This effect was more prominent in 

BRCA2 deficient than BRCA2 proficient HCT116 cells and BRCA2 knockout 

HCT116 cells showed enhanced lethality upon CX-5461 treatment (Xu et al., 

2017). Although the underlying mechanisms are poorly understood, it is known 

that BRCA1 and BRCA2 proteins are involved in R-loop restoration (Bhatia et 

al., 2014; Hatchi et al., 2015; Tan et al., 2017; Shivji et al., 2018). Therefore, I 

assume that the hypersensitivity of BRCA2 deficient cells to CX-5461 observed 

by Xu et al. might be based on impaired R-loop repair. Although the exact 

mechanisms of R-loop restoration are not yet entirely identified, it is suggested 

that pathways known from resolving other types of transcriptional stress might 

be involved (Crossley et al., 2019). For instance, NER factors that are known to 
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remove bulky DNA lesions are thought to actively process R-loops into DSBs 

(Sollier et al., 2014). These DSBs might trigger ATM activation that, together 

with ATR activation by RPA, might orchestrate broad DDR signalling in 

response to R-loops (Sollier and Cimprich, 2015). Further, it has been proposed 

that RPA stimulates RNase H1 to remove RNA moieties in DNA:RNA hybrids 

(Nguyen et al., 2017). Although it seems more likely that the accumulation of 

pRPA32 (S4/S8) upon CX-5461 treatment (Fig. 2 C) is due to its ssDNA 

stabilising function at stalled replication forks, it might also indicate DNA:RNA 

hybrid repair. Moreover, different cell lines defective in FANCD2 or FANCA 

have been shown to accumulate R-loops (Schwab et al., 2015; García-Rubio et 

al., 2015), thus suggesting an involvement of FA pathway in R-loop repair. 

FANCM protein has been even shown to resolve R-loops directly via its 

translocase activity (Schwab et al., 2015). In this context, amassing of FANCD2, 

FANCI and FANCM proteins in CX-5461 treated cells (Fig. 2 C) might be a sign 

of R-loop repair. Therefore, I hypothesise that not only BRCA2 (synonymous 

name: FANCD1) deficiency (Xu et al., 2017) but also deficiencies in other FA 

pathway proteins might enhance the lethality of CX-5461. Since no potent FA 

protein inhibitor is currently available to test this hypothesis pharmacologically, 

a starting point for further research projects might be using RNAi technique to 

determine the lethality of CX-5461 upon different FA protein deficiencies. 

All in all, I assume that CX-5461 treated cells acquire DNA:RNA hybrids that 

provoke TRCs and replication fork stalling. However, replication fork stalling 

itself might be responsible for aneuploidy observed in a part of CX-5461 treated 

cells (Fig. 7, Fig. 8). This linkage is inspired by Saada et al. who have 

established a mechanistic model how replication fork stalling causes 

aneuploidy. They have suggested that temporarily paused forks are stabilised 

by intra-S-phase checkpoint activation and protected by RAD51 (Saada et al., 

2017). In the absence of recombination proteins, large ssDNA gaps arise 

behind these forks and lead to mitotic sister chromatid bridging that results in 

aneuploidy and cell death (Saada et al., 2017). Strikingly, my experiments 

showed RAD51 accumulation (Fig. 2 C) and rise of S phase cells (Fig. 7 A-B) 

within the first hours after CX-5461 treatment that might correlate to temporarily 
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paused forks. Further, formation of large ssDNA gaps at permanently stalled 

forks might explain the delayed but ongoing accumulation of pRPA2 (S4/S8) 

that starts in temporal context with the drop of RAD51 protein levels (Fig. 2 C). 

Moreover, transition from transient to terminal fork arrest might trigger the 

observed shift from intra-S-phase to permanent G2 cell cycle checkpoint arrest 

(Fig. 7 A-B). Overcoming adequate G2 cell cycle checkpoint arrest despite 

terminal replication fork stalling might result in mitotic sister chromatid bridging 

and thus aneuploidy. 

Altogether, I propose a novel mode of action for CX-5461 that is based on the 

formation of DNA:RNA hybrids causing TRCs in S phase cells, which lead to 

replication fork stalling and permanent G2 cell cycle arrest. Further, I assume 

that these events are crucial mediators of DDR activation and genomic 

instability upon CX-5461 treatment and that p53 is involved in preventing such 

TRCs. This novel hypothetic mode of action for CX-5461 offers a conceivable 

explanation for most of my observations, but further research will be needed for 

its verification.  
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6 Outlook 

Understanding the working mechanism and side effects of CX-5461 at its 

molecular biological level is indispensable for ensuring drug safety and enabling 

powerful combination therapy strategies. In this work, I proposed a novel 

hypothetic mode of action for CX-5461 that bases on drug-induced DNA:RNA 

hybrids which provoke TRCs and replication fork stalling. To strengthen my 

hypothesis, the kinetics of CX-5461 induced DNA:RNA hybrid formation and 

replication fork stalling should be further analysed in a time-course setting. To 

this end, immunofluorescence could be used to monitor DNA:RNA hybrid 

formation, while DNA fibre technique is a good choice for visualising replication 

fork stalling. Further, following studies should be conducted in both p53 wild 

type and p53 mutant cells since my work has proposed p53 as guardian of 

genomic stability upon CX-5461 treatment. 

Based on my results showing DNA:RNA hybrid formation upon CX-5461 

treatment, I assume that DDR inhibitors targeting R-loop repair pathways might 

be synergistically lethal in combination therapy with CX-5461. Since previous 

studies have reported an involvement for BRCA1 and BRCA2 proteins in R-loop 

restoration (Bhatia et al., 2014; Hatchi et al., 2015; Tan et al., 2017; Shivji et al., 

2018), I suggest that the hypersensitivity of BRCA2 deficient cells to CX-5461 

(Xu et al., 2017) might result from impaired R-loop repair. As topoisomerase 

(Drolet et al., 1995; El Hage et al., 2010) and RAD51 (Wahba et al., 2013) were 

suspected to be involved in R-loop repair, topoisomerase inhibitors (e.g. 

topotecan or irinotecan) and the RAD51 inhibitor B02 should be tested in 

combination therapy with CX-5461. Further, an R-loop resolving function was 

proposed for FA pathway proteins (Schwab et al., 2015; García-Rubio et al., 

2015). Since no potent FA protein inhibitor is currently available, it might be 

interesting to determine the lethality of CX-5461 upon different FA protein 

deficiencies using RNAi technique. Altogether, the novel hypothetic mode of 

action proposed in this work offers a promising starting point for further research 

projects and new combination therapy studies with CX-5461.  
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7 Summary 

7.1 English 

Cellular senescence is a phenomenon by which normal cells cease to divide but 

stay transcriptionally and metabolically active while their cell cycle is durably 

arrested. Although senescence functions as tumour suppressor mechanism 

during early tumourigenesis, accumulating evidence suggests that it poses a 

risk for tumour progression in pre-existing tumour cells. Ongoing research is 

done to identify agents that eliminate unwanted senescent cells selectively, so 

called senolytics. One of the features described for several types of senescence 

is an activated DNA damage response (DDR). In this work, we used murine 

NrasG12V p19-/- HCC cells to analyse DDR activation in a novel type of 

senescence induced by the RNA polymerase I inhibitor CX-5461 that has been 

recently characterised by the Zender laboratory (K. Wolter, unpublished) and 

termed ribosomal checkpoint induced senescence (RCIS). Although we 

observed pronounced DDR activation and permanent G2 cell cycle arrest upon 

CX-5461 treatment, we neither found a synergistic effect when treating cells 

with CX-5461 and DDR inhibitors simultaneously nor a senolytic effect by DDR 

inhibition in RCIS cells. Quite the contrary, cells became totally resistant against 

DDR inhibitors when nearing the senescent state. Further, we discovered that 

CX-5461 affects genomic stability, and that p53 wild type status serves as a key 

feature in preserving genomic integrity upon CX-5461 treatment. Last but not 

least, we observed DNA:RNA hybrid formation upon CX-5461 treatment, thus 

offering new insights in the molecular working mechanism of CX-5461. Based 

on that, I proposed a novel hypothetic mode of action for CX-5461 focusing on 

clashes between transcription and replication machineries. This new approach 

raises the question if DNA:RNA hybrids or such clashes might be critical in 

senescence induction. Further, targeting proteins involved in DNA:RNA hybrid 

repair displays a promising starting point for new combination therapy studies 

aiming to increase the effectiveness of CX-5461 for tumour therapy.  
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7.2 German 

Die zelluläre Seneszenz beschreibt einen Zustand, bei dem Zellen 

transkriptionell und metabolisch aktiv bleiben, während ihr Zellzyklus stabil 

arretiert ist. Obwohl die Seneszenz in der Frühphase der Tumorentstehung als 

Tumorsuppressormechanismus dient, scheint sie bei bereits bestehendem 

Tumorgewebe ein Risikofaktor für einen Tumorprogress darzustellen. Daher 

zielen aktuelle Forschungsarbeiten darauf ab, Substanzen zu identifizieren, die 

ungewünschte seneszente Zellen gezielt eliminieren, sogenannte Senolytika. 

Ein für mehrere Seneszenztypen beschriebenes Merkmal ist die Aktivierung 

einer DNA Schadensantwort (DDR). In dieser Arbeit nutzten wir murine 

NrasG12V p19-/- HCC Zellen, um die DDR-Aktivierung in einer neuen Form von 

Seneszenz zu untersuchen, die durch den RNA Polymerase I Inhibitor CX-5461 

ausgelöst wird und kürzlich vom Zender Labor (K. Wolter, unveröffentlicht) 

charakterisiert und als ribosomal-induzierte Seneszenz (RCIS) benannt wurde. 

Obwohl wir nach CX-5461 Behandlung eine starke Aktivierung verschiedener 

DDR-Signalwege und die Etablierung eines permanenten G2-Zellzyklus-Arrests 

zeigen konnten, fand sich weder ein synergistischer Effekt bei simultaner 

Behandlung mit CX-5461 und DDR-Inhibitoren noch ein senolytischer Effekt 

von DDR-Inhibitoren in RCIS-Zellen. Seneszente Zellen entwickelten sogar eine 

komplette Resistenz gegenüber den getesteten DDR-Inhibitoren. Des Weiteren 

beobachteten wir, dass CX-5461 die genomische Struktur deutlich verändert 

und identifizierten den p53 Wildtyp Status als Schlüsseleigenschaft zum Erhalt 

der genomischen Integrität nach CX-5461 Behandlung. Abschließend stellten 

wir fest, dass es unter Behandlung mit CX-5461 zur Bildung von DNA:RNA 

Hybriden kommt. Darauf basierend stellte ich eine neue Hypothese bezüglich 

des Wirkmechanismus von CX-5461 auf, die auf dem Zusammenstoßen von 

Transkriptions- und Replikationsmechanismen beruht. Unklar bleibt, ob 

DNA:RNA Hybride eine funktionelle Relevanz bei der Seneszenzinduktion 

haben. Die in der Reparatur von DNA:RNA Hybriden beteiligten Proteine stellen 

jedoch vielversprechende Zielstrukturen für neue Kombinationstherapien mit 

CX-5461 dar, um dessen Wirksamkeit in der Tumortherapie zu verbessern.  
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Supplementary Figures 

 

Supplementary Figure 1 

A-C Experiments were done with murine NrasG12V p19-/- HCC cells (A-B) and human SMMC-
7721 HCC cells (C). CX-5461 was used at 500 nM. A Western blot analysis of PARP1 in 
untreated (U) and CX-5461 treated cells. CX-5461 treatment was investigated at nine time 
points after initial drug treatment. α-Tubulin was used as loading control. B Flow cytometric cell 
cycle analysis with PI in untreated and CX-5461 treated cells. CX-5461 treatment was 
investigated at eleven time points after initial drug treatment. For lack of space, original data of 
the three hours, three days and ten days samples are shown here. All other samples are shown 
in Fig. 7 A. C IC50 measurements on growing cells were performed by XTT assay. Data show 
mean ± SD (n = 3 replicates). Crystal violet colony formation assay was used to analyse the 
inhibitory effect upon different treatment settings. Different settings are labelled as following: a) 
inhibitor on growing cells, b) pre-treatment with inhibitor, c) simultaneous treatment, and d) 
inhibitor on RCIS cells (for more detailed description see chapter 3.2.3). Control treatment was 
done with DMSO (D). For each setting, one representative out of triplicates is illustrated. 
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Supplementary Figure 2 

A-D This figure includes all western blots shown in chapter 4 with their corresponding loading 
controls (A - Fig. 1 D, B - Fig. 2 C, C - Fig. 7 C, D - Fig. 8 A). Experiments were done with 
untreated (U) and CX-5461 treated cells. CX-5461 was used at 500 nM. CX-5461 treatment 
was investigated at nine time points after initial drug treatment as labelled within the figure.  
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