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1. Introduction 

1.1 Cancer, Tumor Heterogeneity and Epithelial to Mesenchymal Transition 

In the year 2018, approximately 9.6 million people died worldwide due to cancer 

according to the World Health Organization (WHO). This ranks cancer to the second 

leading cause of death on earth. The WHO names for 2018 lung, breast and colo-

rectal cancer as the most common ones. However, also ovarian cancer has detri-

mental effects and causes most deaths in females compared to any other cancer of 

the reproductive system according to the prognosis for 2020 of the American Cancer 

Society. This makes cancer a field of utmost need to perform research on.  

Remarkably, during the development of cancer the tumor evolves diverse properties 

caused for example by the genomic instability of these cells and therefore, becomes 

more heterogeneous (Prasetyanti & Medema, 2016; Dagogo-Jack & Shaw, 2018). 

This heterogeneity often leads to worse therapeutic outcome and bad prognosis for 

the patient due to the development of resistances (Prasetyanti & Medema, 2016; 

Dagogo-Jack & Shaw, 2018). Such 

a therapy resistance is often trans-

mitted by so-called cancer stem 

cells, which have the properties to 

self-renew indefinitely, preserve tu-

mor growth and initiate new can-

cerogenous entities (Prasetyanti & 

Medema, 2016). As shown in the 

scheme in Figure 1 cancer cell 

plasticity or in general cell plasticity 

is closely linked with regulators of 

the epithelial-to-mesenchymal 

transition (EMT) (Piusiex et al., 

2014; Prasetyanti & Medema, 

2016) and their inhibition of the tu-

mor suppressor p53 and its tran-

scriptional targets, here the miR-

NAs miR-34 and miR-200 (Puisiex 

et al., 2014). EMT is induced by the 

Figure 1: Connections between EMT and (cancer) 
stem cell differentiation. The EMT regulators SNAIL, 
TWIST and ZEB inhibit the p53 pathway resulting in 
stem cell properties of the cancer cells. p53 itself as well 
as its target miRNAs function as modulators of stem cell 
differentiation and inhibitors of EMT. The p53 binding 
protein NUMB stabilizes p53, which can then be acety-
lated by CBP/p300 acetylase resulting in its activation 
and finally stem cell differentiation. By the deacetylase 
sirtuin 1 (SIRT1) deacetylated form of p53 will be de-
graded keeping p53 levels low in human stem cells 
maintaining stem cell properties like CD44/CD133 ex-
pression (see Puisieux et al., 2014; Jain et al., 2012).  
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expression of its key transcription factors like Twist-related protein 1 (TWIST), Zinc 

finger E-box-binding homeobox 1 (ZEB) as well as the Zinc finger proteins SNAI1 

(SNAIL) and SNAI2 (SLUG) (Figure 2) (Lamouille et al., 2014; Zheng & Kang, 2014). 

These proteins down-regulate epithelial markers like cadherin-1 (E-cadherin) and 

promote the expression of mesenchymal proteins like Vimentin changing the prop-

erties as well as the morphology of the cells (Figure 2 A) (Lamouille et al., 2014; 

Zheng & Kang, 2014; Weyemi et al., 2016 (b)). EMT can be initiated by hypoxic 

stimuli or the activation of 

signaling pathways like the 

one of transforming growth 

factor β (TGFβ) or Notch 

(Zheng & Kang, 2014). Fur-

thermore, due to its function 

in cancer cell plasticity and 

the gain of cancer stem cell 

characteristics, EMT plays 

an important role in tumor 

pathology (Figure 2 B) 

(Lamouille et al., 2014; 

Figure 2: EMT mechanism, pathologi-
cal outcome as well as the influence of 
DNA repair proteins. A. EMT master 
regulators TWIST, SLUG, ZEB and 
SNAIL induce EMT causing the repres-
sion of epithelial and the expression of 
mesenchymal markers. These molecular 
changes result in an altered morphology 
and more invasive characteristics of the 
cells. Proteins of the DNA damage re-
sponse (DDR) like BRCA1, H2AX and 
p53 can block the master regulators and 
hence, prevent EMT (see Weyemi et al., 
2016 (b)). B. Triggers like Hypoxia or the 
activation of signalling pathways like 
TGFβ or Notch cause the activation of 
EMT key transcription factors like TWIST, 
SNAIL and ZEB. These factors promote 
EMT resulting in cancer progression, the 
release of circulating tumor cells (CTCs) 
and increased metastatic potential wors-
ening patients’ outcomes after therapy. 
However, proteins of the DDR can pre-
vent or even reverse EMT (see Zhen & 
Kang, 2014).  
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Zheng & Kang, 2014). EMT promotes the invasive potential of the tumor resulting in 

an elevated release of circulating tumor cells (CTCs) and metastasis as well as in 

enhanced tumor growth altering the responsiveness to therapy (Zheng & Kang, 

2014; Yeung & Yang, 2017; Lowes and Allan, 2018). Interestingly, proteins of the 

DNA damage response (DDR) pathway like p53, the breast cancer susceptibility 

protein 1 (BRCA1), histone variant 2A family member X (H2AX) and the poly(ADP-

ribose) polymerase (PARP) 1 can prevent the process of EMT (Figure 2) (Pinho 

et al., 2011; Hüten & Hermeking, 2015; Bai et al., 2014; Weyemi et al., 2016 (a, b); 

Pu et al., 2014).  

Taking together mechanisms of cancer development, tumor heterogeneity and EMT 

impact on genomic instability (Prasetyanti & Medema, 2016; Dagogo-Jack & Shaw, 

2018) and DNA repair proteins like p53 can prevent these processes (Pinho et al., 

2011; Hüten & Hermeking, 2015). Remarkably, a patient study examining different 

cells (epithelial, EMT, fibroblasts, lymphocytes) derived from breast tumor and blood 

samples, repectively, already revealed a switch to error-prone DNA double-strand 

break (DSB) repair pathways in EMT cells of high risk breast cancer patients (Deniz 

et al., 2016). This indicates that DNA repair mechanisms could play a crucial role in 

the development of tumor or even more generally tissue heterogeneities. 

 

1.2 DNA Replication, Damage Repair and Tolerance 

1.2.1 DNA Replication 

Beside DNA repair also proper DNA replication is of utmost importance to maintain 

genome integrity and prevent tumor formation (Gaillard et al., 2015; Kitao et al., 

2018). With every cell cycle billions of nucleotides need to be newly and accurately 

synthesized to guarantee complete duplication of the DNA and therefore, smooth 

cell division (Gaillard et al., 2015; Cortez, 2019; Ubhi & Brown, 2019). Figure 3 

shows a rough overview of DNA replication, highlighting only the most important 

proteins and factors of the replication process. In general, the replication machinery, 

also called replisome, consists of six key components, interacting with each other: 

the helicase, a circular sliding clamp (PCNA), a clamp loader (RFC), a primase, 

DNA polymerases (POLs) and ssDNA binding proteins (RPA) (O’Donnel et al., 

2013). The helicase is composed of a hexamer of DNA replication licensing factors 

MCM2 and MCM7 forming the so-called CMG complex together with the cell division 
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control protein 45 homolog (CDC45) and GINS proteins (O’Donnel et al., 2013; 

Dewar & Walter, 2017). This complex unwinds the DNA giving the rest of the repli-

some access to the template strands (O’Donnel et al., 2013; Dewar & Walter, 2017). 

RFC then loads PCNA to the DNA, a clamp functioning as kind of tool belt, enabling 

the stable localization of numerous proteins concurrently to the DNA template 

(O’Donnel et al., 2013). Most probably, the pentameric RFC is during the whole 

process not firmly associated to the replisome (O’Donnel et al., 2013). On the lead-

ing strand, POL epsilon (ε) performs DNA synthesis, whereas at the lagging strand 

POL delta (δ) elongates the Okazaki fragments generated by the Primase and POL 

alpha (α) (O’Donnel et al., 2013; Dewar & Walter, 2017). Since at the lagging strand 

long parts of ssDNA appear these need to be wrapped with RPA for stabilization 

(O’Donnel et al., 2013). Finally, the primers at the lagging strand are processed by 

POLδ, FEN1 and DNA ligase connecting the single DNA fragments (O’Donnel et al., 

2013; Dewar & Walter, 2017). 

It is obvious that DNA replication is a very vulnerable process and that any pertur-

bation would hamper the progress and therefore, cause replication stress (Ubhi & 

Brown, 2019). This stress could have tremendous effects on the cells. For example, 

treatment of hematopoietic stem cells (HSCs) with DNA damaging agents trigger 

inflammation, resulting in increased cell cycle entry as well as replication stress and 

hence, as a final consequence in cell death or even in the transformation into hem-

atopoietic malignancies (Milyavsky et al., 2015; Wiesmüller et al., 2018). Addition-

ally, it was detected, that cycling HSCs need the functional DNA damage repair 

mechanism homologous recombination (HR) to cope with DSBs inducing noxa and 

maintain stem cell function as well as cell survival (Desai et al., 2014). In general, 

replication stress is defined as stalling, block or termination of nascent DNA synthe-

sis (Gaillard et al., 2015; Ubhi & Brown, 2019). Any obstacle, which hinders the 

replisome in progression, like damaged template DNA or collision with the transcrip-

tion machinery causes replication stress (Ubhi & Brown, 2019). There exist different 

trigger of replication stress like modified or lost bases, lack of deoxyribonucleoside 

triphosphates (dNTPs), intra- as well as interstrand crosslinks, inhibition of POLs, 

single- and double-strand breaks (Kitao et al., 2018; Cortez, 2019; Ubhi & Brown, 

2019).  
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Figure 3: Rough overview of DNA replication. The shown proteins of the replisome are considered 
to be connected to each other although this is not indicated in this figure. The helicase-complex 
unwinds the DNA. Replication factor C (RFC) loads proliferating cell nuclear antigen (PCNA) onto 
the DNA template strands, which enables the localization of further proteins to the DNA. Whereas 
DNA polymerase (POL) ε synthesizes DNA at the leading strand, POLδ elongates the Okazaki frag-
ments generated by Primase and POLα on the lagging strand coated by replication protein A (RPA). 
Later on the Okazaki fragments are processed by flap endonuclease 1 (FEN1) and POLδ and the 
DNA stretches are linked by DNA ligases (see O’Donnel et al., 2013). 

It is estimated that the human cell suffers from about 70,000 DNA lesions per day 

(Tubbs & Nussenzweig, 2017; Aleksandrov et al., 2020). This amount of damage is 

only caused by endogenous noxa like base hydrolysis or oxidative stress due to the 

cellular metabolism (Lindahl & Barnes, 2000; Tubbs & Nussenzweig, 2017). How-

ever, DNA damage like single-strand breaks (SSB) resulting in mutations, insertions 

as well as deletion are sometimes even induced on purpose for example in B cells 

for immunoglobulin gene diversification (Miura et al., 2003; Larson et al., 2005). But 

beside endogenous stressors DNA could also be damaged by exogenous factors 

like ionizing radiation or ultraviolet (UV) light (Friedberg, 2008; Aleksandrov et al., 

2020), whereby UV of sunlight for example could cause approximately 100,000 le-

sions per cell and exposing hour (Jackson & Bartek, 2009). Furthermore, mutagenic 

chemical compounds or biological toxins can harm the DNA (Aleksandrov et al., 

2020). These lesions need to be repaired as they could have detrimental effects on 

the cell and especially on replication, possibly even causing cell death (Jackson & 

Bartek, 2009). But replication is not only impaired by DNA lesion, it can also cause 
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ones, like SSBs or DSBs, if a stalled replication fork can not be reactivated and 

collapses (Dobbelstein & Sørensen, 2015). If a cell with under-repliated DNA pro-

gresses to mitosis, chromosome segregation can result in unequal distribution of 

the DNA, chromosomal breakage and the formation of micronuclei as well as ge-

nomic rearrangements (Gaillard et al., 2015; Kitao et al., 2018). To prevent such 

detrimental events, cells have evolved various kinds of mechanisms to sense, by-

pass and remove DNA lesions, which are all summarized in the umbrella terms DNA 

damage response (DDR), DNA repair mechanisms and DNA damage tolerance 

(DDT) (Friedberg, 2008).  

 

1.2.2 DNA Double-Strand Break Repair Pathways 

One of the most harmful kinds of lesions are DSBs, which can result in chromosmal 

rearrangements and even in tumorigenic alterations (Ceccaldi et al., 2016 (a);  

Aleksandrov et al., 2020). Beside exogenous factors DSB can occur due to a large 

number of stalled replication forks resulting in excess of RPA consumption and fi-

nally fork collapse, which causes then DSBs due to endonuclease mediated cleav-

age (Dobbelstein & Sørensen, 2015; Macheret & Halazonetis, 2015). Also when the 

replication machinery encounters a SSB or when a reversed fork is resolved  

(see Figure 8), which will be explained in more detail in chapter 1.2.5, a DSB can 

be generated (Petermann & Helleday, 2010). The removement of these DSBs and 

the reactivation of the replication fork is of utmost importance to prevent genomic 

rearrangements (Gaillard et al., 2015). To this end, in a first step of the DDR, DSBs 

or stalled replication forks are sensed by different kinds of proteins (Ciccia & 

Elledge, 2010). Among these are PARP1 and PARP2 (Schreiber et al., 2006), the 

Ku70-Ku80 heterodimer (Meek et al., 2008), replication protein A (RPA) coated sin-

gle-stranded DNA (ssDNA) as well as the MRN complex consisting of the meiotic 

recombination 11 (MRE11), RAD50, and Nijmegen breakage syndrome 1 

(NBS1/nibrin) (Harper & Elledge, 2007; Blackford & Jackson, 2017). When these 

proteins then detect a lesion phosphatidylinositol 3-kinase-related protein kinases 

(PIKKs) become activated: Ku70-Ku80 recruits DNA-dependent protein kinase 

(DNA-PK) catalytic subunit (DNA-PKcs) for DNA-PK formation (Meek et al., 2008), 

the MRN complex brings Ataxia Telangiectasia Mutated (ATM) into action and RPA-

ssDNA activates the ATM related (ATR) protein (Harper & Elledge, 2007). These 



Introduction 

 

 
7 

 

kinases then trigger the DDR cascade by auto- and target phosphorylation and ac-

tivation (Ciccia & Elledge, 2010). Among these targets is also H2AX, which is then 

phosphorylated at its Ser139 residue (γH2AX) and localizes to sites of DNA damage 

(Ciccia & Elledge, 2010). γH2AX formation is followed by the activation of down-

stream mediators (Ciccia & Elledge, 2010). Via a cascade of post-translational mod-

ifications involving ubiquitination, phosphorylation or addition of small ubiquitin-like 

modifiers (SUMOylation) this damage sensing step then results in the relaxation of 

the chromatin making the DSB accessible and generating a scaffold for further DDR 

proteins like BRCA1 and the p53 binding protein 1 (53BP1) enhancing repair (Ciccia 

& Elledge, 2010; Aleksandrov et al., 2020). Furthermore, the ATM/ATR axis together 

with its targets checkpoint kinases (Chk) 1 and 2 provides the cell time for DNA 

repair by slow-down or even arrest of the cell cycle to prevent DNA replication or 

meiosis with damaged DNA (Jackson & Bartek, 2009). This is achieved by reducing 

the activity of cyclin-dependent kinases (CDKs) for example via inducing transcrip-

tional transactivation by p53 resulting in the expression of p21 a CDK inhibitor  

(Jackson & Bartek, 2009).   

After the DSB is sensed and all preparations finished the repair of the break can 

occur. Cells have the choice of four different repair pathways to remove DSBs, de-

pending on the cell cycle phase (Sfeir & Symington, 2015; Ceccaldi et al., 2016 (a); 

Aleksandrov et al., 2020), which are summarized in Figure 4. Cells mainly use the 

pathways of classical/canonical non-homologous end joining (c-NHEJ) or of HR as 

these repair pathways are mostly considered to be mainly error-free (Ciccia & 

Elledge, 2010; Sfeir & Symington, 2015; Ceccaldi et al., 2016 (a); Aleksandrov et al., 

2020).  

NHEJ can occur during the whole cell cycle but is most important for G1-phase, 

when resection activity is low (Sfeir & Symington, 2015). NHEJ repairs DSBs by re-

joining ends with no or only less than four nucleotides of homology and in the ab-

sence of end modifications does not need resection of the ends (Lieber et al., 2010; 

Sfeir & Symington, 2015; Ceccaldi et al., 2016 (a); Seol et al., 2018; Aleksandrov 

et al., 2020). However, to generate ligatable ends in some cases ends need to be 

processed also for NHEJ (Lieber et al., 2010; Sfeir & Symington., 2015; Ceccaldi 

et al., 2016 (a); Ranjha et al., 2018). This occurs via nucleotide degradation by nu-

cleases like Artemis. But also aprataxin and PNK-like factor (APLF), exonuclease 1 
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(EXO1) or the MRN complex can be used (Ranjha et al., 2018; Aleksandrov et al., 

2020). However, also insertions by DNA polymerases (POL) mu (μ) or lambda (λ) 

are possible (Figure 4, left part) (Lieber et al., 2010; Sfeir & Symington, 2015;  

Ceccaldi et al., 2016 (a), Ranjha et al., 2018; Aleksandrov et al., 2020). This pro-

cessing could then lead to the loss of nucleotides (Lieber et al., 2010; Ceccaldi et 

al., 2016 (a); Aleksandrov et al., 2020) in rare cases even up to 25 bp (Lieber et al., 

2010) that is why NHEJ is considered as partially error-prone.  

Interestingly, another end joining repair pathway exists, theta-mediated end joining, 

a microhomology-mediated end joining (MMEJ) mechanism depending on POL 

theta (θ) (Figure 4, second column) (Sfeir & Symington, 2015; Wyatt et al., 2016; 

Schimmel et al., 2019). This pathway seems to be an alternative pathway, if NHEJ 

and HR could not be performed (Sfeir & Symington, 2015; Wyatt et al., 2016; Schim-

mel et al., 2019). MMEJ takes place after end resection, which makes these pro-

cessed DSBs to unfavourable substrates for NHEJ and when the sister chromatide 

is not available also no HR is possible (Schimmel et al., 2019). 

HR, which can only be used during S/G2-phase due to the usage of the sister chro-

matid as template is error-free although it needs extensive end resection to prepare 

the ends for strand invasion (Figure 4, right part) (Sfeir & Symington, 2015; Ceccaldi 

et al., 2016; Ranjha et al., 2018; Aleksandrov et al., 2020).  

Beside HR also DSB repair mechanisms like single-strand annealing (SSA) and like 

already mentioned MMEJ need end resection and, therefore, are mainly used in 

S/G2-phase (Figure 4, middle) (Sfeir & Symington, 2015; Ceccaldi et al., 2016) alt-

hough recent reports suggest the occurrence of MMEJ through the whole cell cycle 

(Ranjha et al., 2018). MMEJ only requires initial end resection of 5 – 25 nucleotides 

in yeast (Ciccia & Elledge, 2010) and more than 45 nulceotides in mice (Wyatt et al., 

2016) by the MRN complex and the C-terminal binding protein-interacting protein 

(CtIP). In comparison to this, SSA needs further extensive end resection like HR by 

EXO1 and DNA helicase/nuclease 2 (DNA2) (Sfeir & Symington, 2015; Ceccaldi 

et al., 2016).   
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Figure 4: Overview of DNA double-strand break (DSB) repair mechanism. Depending on the 
cell cycle phase, cells can repair DSBs (red lightning) either by classical/canonical non-homologous 
end joining (c-NHEJ), by microhomology-mediated end joining (MMEJ), by single-strand annealing 
(SSA) or by homologous recombination (HR). The error-rate of the individual pathways is indicated 
by a green smiley (error-free) or a red crossed-circle (error-prone).  
c-NHEJ: This pathway is most important for DSB repair in G1-phase. In c-NHEJ the p53 binding 
protein 1 (53BP1) as well as the replication timing regulatory factor 1 (Rif1) are recruited for end 
protection until Ku70-Ku80 heterodimers cover the breakage site and recruit the DNA dependent 
protein kinase (DNA-PK) catalytic subunit (DNA-PKcs) for DNA-PK formation and end protection. 
For generating ligatable ends, nucleotides are either incorporated by the polymerases (POL) μ/λ or 
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degraded by the nuclease Artemis, which are together in a complex with the bifunctional polynucle-
otide phosphatase/kinase (PNK). Finally, the gap is closed by X-ray repair cross-complementing 
protein (XRCC) 4, XRCC4-like factor (XLF) and DNA ligase (LIG) 4.   
MMEJ: After the damage is sensed by the poly(ADP-ribose) polymerase (PARP) 1 protein, ends are 
initially processed by MRN (MRE11/RAD50/NBS) complex together with the C-terminal binding pro-
tein-interacting protein (CtIP) and the breast cancer susceptibility protein (BRCA) 1 before microho-
mologies are annealed. Then the Flap endonuclease 1 (FEN1) removes the 3’ overhangs. POLθ 
then synthesizes the missing DNA fragments and XRCC1 together with LIG3 finally fill the gap.  
SSA: After sensing the DSB by the MRN complex and recruiting BRCA1 as well as CtIP for initial 
end resection, extensive end resection is executed via exonuclease 1 (EXO1) and DNA helicase/nu-
clease 2 (DNA2). During end resection, the Werner Syndrome (WRN) as well as the Bloom Syn-
drome (BLM) protein unwind the DNA and the replication protein A (RPA) coats the single-stranded 
DNA (ssDNA). Binding of the RAD52 homoheptamer results then in the annealing of homologies of 
the single strands. XLF and excision repair cross-complementation group 1 (ERCC1) degrade the 
overhangs so that LIG1 finally can fill the gap.  
HR: For this pathway as for SSA extensive end resection is needed. Afterwards, BRCA1, partner 
and localizer of BRCA2 (PALB2) as well as BRCA2 form a complex to enable and stabilize the coat-
ing of the ssDNA with RAD51. Coated ssDNA can then invade the sister chromatid forming a dis-
placement loop (D-loop). After DNA synthesis the invasion of the sister chromatid could be resolved 
either by synthesis dependent strand annealing (SDSA) or the formation of a double Holliday-junction 
(dHJ). The latter could then either be broken up by branch migration and dHJ dissolution or by dHJ 
resolution.  
(See Sfeir & Symington, 2015; Ceccaldi et al., 2016 (a).) 

It was found in yeast that MMEJ only needs homologies of 2 – 20 nucleotides (Seol 

et al., 2018) and 2 – 3 nucleotides in mammals (Schimmel et al., 2019) and also 

SSA only requires homologies of about 30 nucleotides length at least in yeast  

(Ceccaldi et al., 2016 (a)). These short patches of homology can easily be found in 

repetitive sequences resulting in chromosomal rearrangements, insertions as well 

as large deletions and therefore threaten genomic stability (Ceccaldi et al., 2016 (a); 

Seol et al., 2018; Aleksandrov et al., 2020). Hence, it is still unclear whether MMEJ 

as well as SSA are DNA repair mechanisms frequently applied by the cells or if they 

are kind of backup pathways if the major repair mechanisms c-NHEJ or HR are 

somehow defective and unavailable (Aleksandrov et al., 2020). Interestingly, when 

looking on precious stem cells, which need to maintain genomic stability for passing 

their genome efficiently to their daughter cells and thereby preventing cancer, mainly 

DSB repair via HR and NHEJ is detected (Vitale et al., 2017; Weeden & Asselin-

Labat, 2018). DSB repair pathway choice depends on the kind of stem cells as well 

as the tissue they are originating (Vitale et al., 2017; Weeden & Asselin-Labat, 

2018). Whereas, embryonic stem cells (ESCs), which are highly proliferative prefer 

HR do adults stem cells quiescent or not use predominantly NHEJ, like it was found 

for hematopoietic stem cells (HSCs) or mammary stem cells (Vitale et al., 2017; 

Weeden & Asselin-Labat, 2018). These findings highlight the importance of DSB 
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repair mechanisms to maintain the functionality of a whole organism and to prevent 

cancer formation. 

 

1.2.3 Base Excision Repair 

Nevertheless, not only DSBs endanger the progress of the replication machinery 

and therefore, the stability of the genome. It is assumed that 9,000 - 10,000 apuri-

nic/apyrimidinic (AP) sites are generated a day by spontaneous hydrolysis of pu-

rines (Lindahl & Barnes, 2000). Additionally, DNA bases are damaged by diverse 

endogenous as well as exogenous factors like reactive oxygen species (ROS) often 

by-products of the energy metabolism, alkylating agents, ionizing reagents/radiation 

or deamination events (Robertson et al., 2009; Dobbelstein & Sørensen, 2015;  

Kumar et al., 2020). If these damages were left unrepaired high risk of cancer and 

neurodegenerative disorders would be the consequences (Sung & Demple, 2005; 

Lee & Kang, 2019) as these base modifications interfere with DNA replication as 

well as transcription (Lee & Kang, 2019). If the replisome would encounter a dam-

aged base, it would stall and if the base would not be repaired, finally collapse caus-

ing genomic instability (Ubhi & Brown, 2019). Hence, it is not surprising that genes 

whose expression products take part in the base excision repair (BER) are highly 

conserved from bacteria to mammals (Robertson et al., 2009; Whitaker et al., 2017). 

In general two kinds of BER are distinguished, the short-patch BER excising only 

the single damaged nucleotide, which is the mainly used BER pathway and the long-

patch BER, in which 2 – 13 nucleotides are replaced (Figure 5) (Sung & Demple, 

2005; Robertson et al., 2009; Lee & Kang, 2019). Both BER pathways have the first 

steps in common: a damage specific DNA glycosylase senses the modified base, 

for example the oxidized guanine 8-oxoguanine (8-oxoG) is identified by the 8-oxoG 

glycosylase (OGG1) (Lindahl & Barnes, 2000; Sung & Demple, 2005; Robertson 

et al., 2009; Whitaker et al., 2017; Lee & Kang, 2019; Kumar et al., 2020). The gly-

cosylase then removes the damaged base and creates thereby an AP site (Lindahl 

& Barnes, 2000; Sung & Demple, 2005; Robertson et al., 2009; Whitaker et al., 

2017; Lee & Kang, 2019; Kumar et al., 2020). Depending on the kind of glycosylase, 

being mono- or bifunctional, it only removes the base or the latter glycosylase itself 

can perform the cleavage of the sugar backbone. Hence, these enzymes provide 

with the help of either bifunctional polynucleotide phosphatase/kinase (PNK) or AP 
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endonuclease 1 (APE1) a 3’-hydroxyl group at the end to enable DNA synthesis by 

POLs (Sung & Demple, 2005; Robertson et al., 2009; Whitaker et al., 2017; Lee & 

Kang, 2019; Kumar et al., 2020). If the glycosylase is monofunctional APE1 is re-

cruited to the AP site inserting a nick in the DNA backbone, generating a 3’-hydroxyl 

and a 5’-2-deoxyribose-5’phosphate (dRP) end (Sung & Demple, 2005; Robertson 

et al., 2009; Whitaker et al., 2017; Lee & Kang., 2019; Kumar et al., 2020). After the 

generation of the 3‘-hydroxyl group either short-patch or long-patch BER can take 

place (Sung & Demple, 2005; Robertson et al., 2009; Lee & Kang, 2019). For short-

patch BER the single nucleotide is synthesized by POL beta (β) hold on the DNA by 

the scaffold protein X-ray repair cross-complementing protein (XRCC) 1 and the gap 

is filled either by DNA ligase (LIG) 1 or 3 (Sung & Demple, 2005; Robertson et al., 

2009; Whitaker et al., 2017; Lee & Kang, 2019; Kumar et al., 2020). During long-

patch BER further DNA replication proteins are recruited like PCNA, RFC as well as 

POLδ, POLε or POLβ, resulting in the synthesis of longer DNA fragments of up to 

thirteen nucleotides (Sung & Demple, 2005; Robertson et al., 2009; Whitaker et al., 

2017; Lee & Kang, 2019). The 5’-overhang is then removed by Flap endonuclease 

1 (FEN1) and the gap is closed by LIG1 (Sung & Demple, 2005; Robertson et al., 

2009; Whitaker et al., 2017; Lee & Kang, 2019). Interestingly, reports exist indicating 

the involvement of PARP1 signaling during the first steps of BER, which is thought 

to enhance the recruitment of the following DNA repair factors like XRCC1, POLβ 

and LIG1 (Kumar et al., 2020). This further emphasizes the important role of PARP1 

in DNA repair and the reason why it is such a good target in cancer therapy. Re-

markable, BER seemingly belongs to one of the most important DNA repair path-

ways as it was found that mutations or loss of BER genes in mice like APE1, Polβ, 

FEN1 or DNA ligase 3 are embryonic lethal (Lee & Kang, 2019). Additionally, this 

mechanism is predominantly used in stem compared to differentiated (diff) cells to 

overcome DNA damage (Rocha et al., 2013; Vitale et al., 2017; Weeden & Asselin-

Labat, 2018). Furthermore, OGG1 is thought to be essential to prevent neurons from 

oxidative stress and maintain their survival after stroke (Lee & Kang, 2019). Hence, 

this repair pathway is essential to protect cells from damage and guarantee cell 

survival. 
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Figure 5: Overview of base excision repair (BER). After a base of the DNA is damaged (red circle) 
by alkylation or oxidation, the base is removed by either a mono- or a bifunctional DNA glycosylase. 
The monofunctional glycosylase can only catalyse the excision of the damaged base. Thereby, cre-
ating an apurinic/apyrimidinic (AP) site. A second enzyme the AP endonuclease 1 (APE1) is then 
needed to generate a nick in the DNA backbone 5’ to the AP site creating a 3’-hydroxyl and 5’-2-
deoxyribose-5’-phospate (dRP) end. A bifunctional glycosylase can perform both reactions, the re-
moval of the base as well as the 3’-AP lyase reaction generating thereby a 3’-blocking group (violet 
circle) as well as a 5’-phosphate (P) covered end. The bifunctional polynucleotide phosphatase/ki-
nase (PNK) or APE1 then removes the 3’-blocking group generating a 3’-hydroxyl end, which can 
then be used like the one generated by APE1 by polymerase (POL) β in complex with X-ray repair 
cross-complementing protein (XRCC) 1 for DNA synthesis. Finally, the strand is ligated by DNA lig-
ase (LIG) 1 or 3 in combination with XRCC1. This way of base repair is called short-patch BER. 
There exists also a long-patch BER that involves proliferating cell nuclear antigen (PCNA), replication 
factor C (RFC) as well as POLβ or the DNA POLδ/ε, synthesising longer DNA pieces. The 5’-over-
hang is then removed by Flap endonuclease 1 (FEN1) and the gab is filled by LIG1 (see Sung & 
Demple, 2006). 
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1.2.4 DNA Interstrand Crosslink Repair 

But beside DSBs and damaged bases also interstrand crosslinks (ICL), covalently 

linking two strands of DNA, hamper the replication machinery possibly causing fork 

collapse (Ubhi & Brown, 2019). ICLs can be caused endogenously by aldehydes, 

which are metabolites of alcohol or lipid catabolism or exogenously by DNA cross-

linking agents like platinum drugs (Ceccaldi et al., 2016 (b)). If the replication ma-

chineries of two converging forks encounter an ICL, they both stop approximately 

20 – 40 nucleotides away of the lesion, as the CMG helicase complex could not 

continue (Figure 6) (Ceccaldi et al., 2016 (b); Yang et al., 2017). The stalling of the 

replication machinery activates proteins of the Fanconi anemia (FA) complementa-

tion group (FANC) D2 (FANCD2) and I (FANCI) by phosphorylation and after asso-

ciation with the ICL by mono-ubiquitination (Kim & D’Andrea, 2012; Ceccaldi et al., 

2016 (b); Yang et al., 2017). The helicases then dissociate from the DNA, which is 

triggered by BRCA1 signalling, resulting in strand elongation up to position -1, one 

nucleotide ahead of the lesion (Ceccaldi et al., 2016 (b); Yang et al., 2017). The 

mono-ubiquitinated FANCD2/FANCI complex then recruits structure specific endo-

nucleases or glycosylases performing incisions on both sides of the ICL, unhooking 

the lesion and generating a DSB (Yang et al., 2017). Across the unhooked crosslink, 

DNA is synthesized via translesion synthesis (TLS) POLs like POL kappa (κ), eta 

(η), iota (ι) or nu (ν) (Ceccaldi et al., 2016 (b); Roy & Schärer, 2016; Yang et al., 

2017). TLS POLs have a more variable active center and can therefore use dam-

aged bases and nucleotides as templates enabling mispairing (Liptay et al., 2020; 

Shilkin et al., 2020). The DNA strand is then further extended by TLS POLs REV1 

or zeta (ζ) (Roy & Schärer, 2016; Yang et al., 2017). The other copy of the DNA 

duplex harbouring the DSB is finally repaired by HR (Yang et al., 2017). In the end, 

the unhooked crosslinked nucleotide can be removed and exchanged by nucleotide 

excision repair restoring the native state of the DNA (Yang et al., 2017). By using 

this ICL repair pathway DNA can be fully replicated und cells can maintain their 

genomic integrity. Interstingly, the ICL repair combines at least three different repair 

and bypass mechanisms, namely the nucleotide excision repair, important for the 

unhooking of the lesion as well as the removal of the crosslinked nucleotide, TLS 

and HR, which are needed for finalization of the DNA synthesis (Kim & D’Andrea, 

2012; Ceccaldi et al., 2016 (b); Hashimoto et al., 2016).  
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Figure 6: Model of rep-
lication-dependent in-
terstrand crosslink re-
pair. When the 
replication machinery 
encounters an 
interstrand crosslink the 
replisome on both sides 
of the lesion stops about 
20 to 40 nucleotides 
before the crosslink. The 
helicase complex 
dissociates and one 
strand is extended up to 
one nucleotide away 
from the lesion (-1). 
Then structure specific 
nucleases, depending 
on the kind of interstrand 
crosslink are recruited 
performing a nucleolytic 
incision and unhooking 
of the lesion at the DNA 
strand. At the strand 
which was extended up 
to the crosslink (black 
strands) lesion bypass 
occurs via translesion 
synthesis (TLS). These 
DNA strands are then 
used for the extension of 
the other copy of the 
DNA (grey strands) via 
homologous re-
combination. Therefore, 
at these strands end 
resection takes place, 
before strand invasion 
and DNA synthesis 
along the new template 
can be performed and 
replication finalized (see 
Ceccaldi et al., 2016 (b); 
Yang et al., 2017). 

As beside FANCD2 and FANCI at least thirteen other FANC proteins are involved 

in this repair pathway it is also termed the FA pathway (Kim & D’Andrea, 2012; 

Longerich et al., 2014; Ceccaldi et al., 2016 (b)). Patients suffering from FA carry 

mutations in some of these FANC genes and have a higher susceptibility of bone 
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marrow failure as well as developing beside hematological also solid tumors (Kim & 

D’Andrea, 2012; Longericht et al., 2014; Ceccaldi et al., 2016 (b)). Nevertheless, it 

is conspicuous that mutations in these FANC genes result in higher sensitivity to 

ICLs (Ceccaldi et al., 2016 (b)). If ICLs remain in the DNA this has tremendous 

effects on the cells, as transcription as well as DNA replication are impaired (Kim & 

D’Andrea, 2012; Ceccaldi et al., 2016 (b)), causing DSB formation at a final conse-

quence (Hanada et al., 2006) and hence, chromosomal aberrations and genomic 

instability (Kim & D’Andrea, 2012; Ceccaldi et al., 2016 (b)). Therefore, DNA cross-

linking agents like platinum derivates are often used in chemotherapy (Hashimoto 

et al., 2016; Yang et al., 2017) or like mitomycin C (MMC) in cell biological studies 

(Longerich et al., 2014; Hashimoto et al., 2016). 

 

1.2.5 DNA Damage Tolerance and PCNA Switchboard 

Beside DNA repair mechanisms maintaining genomic stability and therefore, cell 

survival further mechanism like the DNA damage tolerance (DDT) exist guarantee-

ing complete DNA replication and faithful cell division (Branzei & Psakhye, 2016). 

As it is of utmost importance for cells to replicate their genome faithfully for cancer 

prevention and maintenance of genomic stability, cells developed DDT mechanisms 

to protect replication forks from collapse, probably resulting in deleterious DSBs, 

when encountering replication barriers on the template strand (Petermann & 

Helleday, 2010; Liptay et al., 2020). Such barriers could be DNA structures like R-

loops (RNA-DNA hybrids), proteins covalently bound to the DNA or remaining DNA 

damage (Petermann & Helleday, 2010). If the replication machinery encounters a 

lesion at the template strand, the polymerase is blocked whereas the helicase can 

continue resulting in long segments of RPA coated ssDNA, which then activates 

DDT pathways (Saugar et al., 2014; Leung et al., 2018). At the moment, four mech-

anisms of lesion bypass are known, re-priming behind the barrier, “salvage” HR, 

TLS and template switch (TS) (Figure 7) (Leung et al., 2018; Liptay et al., 2020). 

The major DDT pathways used by eukaryotic cells are TS, resulting in error-free 

bypass of the replication block and TLS, which is thought to be error-prone due to 

the mutagenic potential of TLS POLs (Ulrich, 2011; Branzei & Psakhye, 2016; Leung 

et al., 2018; Liptay et al., 2020; Shilkin et al., 2020). Except of the DNA primase-

polymerase (PrimPOL) mediated re-priming behind the barrier at the template 
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strand, which occurs without any interaction with PCNA (Guilliam et al., 2015) all the 

other DDT pathways depend on post-translational modifications of PCNA (Saugar 

et al., 2014; Leung et al., 2018; Liptay et al., 2020).   

SUMOylation of PCNA at Lys164 was shown in yeast to result in an association with 

ATP-dependent DNA helicase SRS2 (Srs2) and therefore, in a suppression of lesion 

bypass via HR (Watts, 2006; Leung et al., 2018; Arbel et al., 2020; Liptay et al., 

2020). The human ortholog of Srs2 PCNA-associated recombination inhibitor 

(PARI) was also found to interact with PCNA and RAD51 and therefore, inhibit HR 

(Moldovan et al., 2012; Leung et al., 2018; Liptay et al., 2020). A regulation of PARI 

via PCNA SUMOylation is still unclear (Leung et al., 2018; Liptay et al., 2020). Nev-

ertheless, the tight regulation of “salvage HR” already indicates that this is only a 

kind of backup DDT pathway and bears the risk of rearrangements of the genome 

(Branzei & Psakhye, 2016; Liptay et al., 2020).   

PCNA mono-ubiquitination also occurs at its Lys164 residue and is accomplished 

after replication fork stalling and the appearance of RPA-coated ssDNA by the com-

plex of the ubiquitin-conjugating enzyme E2 (RAD6) and E3 ubiquitin-protein ligase 

(RAD18) (Ulrich, 2011; Saugar et al., 2014; Branzei & Psakhye, 2016; Leung et al., 

2018). This modification of the clamp results then in the recruitment of TLS POLs 

like POLζ, POLη, POL κ, POLι or REV1 (Ulrich, 2011; Saugar et al., 2014; Branzei 

& Psakhye, 2016; Leung et al., 2018; Liptay et al., 2020). Depending on the kind of 

lesion different TLS POLs can synthesize across them with various accuracy and 

mutagenicity due to the variability of their active site resulting in low template spec-

ificity and the lack of proofreading activity (Liptay et al., 2020; Shilkin et al., 2020). 

After the damage is bypassed by these specialized POLs, replication forks can be 

restarted and DNA could be duplicated again by the high fidelity POLs δ and ε  

(Saugar et al., 2014; Branzei & Psakhye, 2016; Liptay et al., 2020).   
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Figure 7: Different options of DNA damage tolerance (DDT) coordinated by the PCNA switch-
board. If the replication machinery, indicated by proliferating cell nuclear antigen (PCNA) and a DNA 
polymerase (POL), encounters a barrier (red triangle) various possibilities exists to bypass this le-
sion. One mechanism to prevent replication fork stalling is the skipping of the lesion by DNA primase-
polymerase (PrimPOL) induced re-priming and replication fork restart behind the lesion. The other 
three possibilities are regulated by different post-translational modifications of PCNA generating a 
stretch of replication protein A (RPA) coated single-stranded DNA until the replication can be re-
started. On the one hand, there is the possible addition of small ubiquitin-like modifiers (SUMO; 
SUMOylation) to PCNA and the interaction with PCNA-associated recombination inhibitor (PARI) 
blocking homologous recombination (HR). For mammals, it is still unclear whether SUMOylation 
takes place (indicated by the question mark). Salvage HR is tightly regulated and mediates lesion 
bypass via template switch followed by a recombination event. On the other hand, PCNA can be 
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ubiquitinated by RAD6-RAD18 complex. PCNA mono-ubiquitination results in translesion synthesis 
(TLS) by recruiting TLS POLs, which can synthesize across the lesion. If PCNA is further ubiqui-
tinated by helicase-like transcription factor (HLTF) or SNF2 histone-linker PHD, RING finger domain-
containing helicase (SHPRH) together with the ubiquitin-conjugating enzyme E2 13 (UBC13)-ubiq-
uitin-conjugating enzyme E2 variant 2 (Mms2) complex a template switch mechanism is induced. 
This method either bypasses the lesion via zinc finger Ran-binding domain containing protein 3 
(ZRANB3) or SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily 
a like 1 (SMARCAL1) mediated fork reversal or strand invasion. If template switch occurs via 
ZRANB3, the lesion could either be bypassed or repaired by displacement DNA synthesis of the 
template strand (orange arrow). Independently of the chosen pathway DDT results in fork restart and 
ongoing replication (see Liptay et al., 2020).  

However, mono-ubiquitinated PCNA could also be further modified by the addition 

of poly-ubiquitin chains via a Lys63-link (Ulrich, 2011; Saugar et al., 2014; Branzei 

& Psakhye, 2016; Leung et al., 2018, Liptay et al., 2020). This PCNA poly-ubiquiti-

nation is mainly mediated by the ubiquitin-conjugating enzyme E2 13 (UBC13) and 

ubiquitin-conjugating enzyme E2 variant 2 (Mms2) complex together with the E3 

ligases helicase-like transcription factor (HLTF) or SNF2 histone-linker PHD, RING 

finger domain-containing helicase (SHPRH) (Saugar et al., 2014; Branzei & 

Psakhye, 2016; Leung et al., 2018, Liptay et al., 2020). This poly-ubiquitination of 

PCNA then results in the suppression of TLS and the induction of TS mechanism. 

TS occurs either via strand invasion or by zinc finger Ran-binding domain containing 

protein 3 (ZRANB3) or SWI/SNF related, matrix associated, actin dependent regu-

lator of chromatin, subfamily a like 1 (SMARCAL1) mediated fork reversal and the 

formation of a so-called chicken-foot structure (Figure 7) (Petermann & Helleday, 

2010; Ulrich, 2011; Saugar et al., 2014; Liptay et al., 2020). The reversed fork can 

then either result in lesion bypass and fork restart after displacement loop (D-loop) 

formation or DSB induction like shown in Figure 8 (Petermann & Helleday, 2010) or 

in damage repair by displacement synthesis of the template strand (Weston et al., 

2012).  

All of these tightly regulated DDT mechanisms play major roles in the maintenance 

of genomic stability and secure the transfer of properly replicated DNA to the daugh-

ter cells (Saugar et al., 2014; Branzei & Psakhye, 2016; Leung et al., 2018, Liptay 

et al., 2020). Also stem cells strongly depend on DDT mechanisms, which however, 

bear the risk of detrimental effects like mutation induction and premature aging of 

these vulnerable cells, if PCNA cannot be mono-ubiquitinated or DDT is blocked 

due to the loss of other important factors (Pilzecker et al., 2019). 
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Remarkably, some years ago another kind of DDT was discovered, considered to 

be predominantly used in fast replicating cells like tumor as well as stem cells 

(Hampp et al., 2016). This DDT pathway represents some sort of time giving mech-

anism, providing the cell time to extend ubiquitin-chains at PCNA from mono- to 

poly-ubiquitin and hence, enabling ZRANB3 mediated fork reversal (Figure 9) 

(Hampp et al., 2016). In this kind of DDT pathway PCNA mono-ubiquitination does 

not only result in the recruitment of TLS POLι but also of the tumor suppressor pro-

tein p53 (Hampp et al., 2016). The two proteins in a complex with PCNA then per-

form so-called idling, namely the continuous insertion of nucleotides by POLι fol-

lowed by the degradation of nucleotides by the exonucleolytic function of p53 

(Hampp et al., 2016). This then provides the cells enough time for recruitment of 

further factors like HLTF triggering in PCNA poly-ubiquitination, which then induces 

 

 

Figure 3: Fork restart possi-
bilities after fork reversal. 
After the replication machin-
ery, here indicated by prolifer-
ating cell nuclear antigen 
(PCNA) and DNA polymerase 
(POL), encountered a barrier 
(red triangle) and fork reversal 
and the chicken-foot formation 
took place different options ex-
ist how these structures are 
resolved and forks are re-
started. One method is the 
creation of a displacement 
loop (D-loop) and the synthe-
sis across the lesion (left part). 
Fork restart then results in the 
formation of a double Holliday-
junction (dHJ), which is finally 
dissolved and replication can 
continue. Another mechanism 
is the induction of a double- 
strand break (DSB) at the re-
versed fork, resulting in a one-
ended DSB (right part). This is 
then followed by fork restart 
and the formation of a single 
Holliday-junction (HJ), which 
is then finally resolved (see 
Petermann & Helleday, 2010). 
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fork reversal via ZRANB3. Finally, this results in lesion bypass or repair via displace-

ment synthesis or if replication stress persist the recruitment of MRE11 and strand 

degradation (Hampp et al., 2016).  

 

 

Figure 9: Model of the DNA damage tolerance pathway mediated by p53 and translesion syn-
thesis (TLS) polymerase iota (POLι). If the replication machinery encounters a replication barrier, 
it stops triggering PCNA mono-ubiquitination. This then recruits p53 and POLι resulting in the for-
mation of the p53-POLι complex performing so called idling. Idling means the continuous insertion 
and degradation of nucleotides, providing the cell time for poly-ubiquitination of proliferating cell nu-
clear antigen (PCNA) via helicase-like transcription factor (HLTF) and therefore, for error-free reso-
lution/bypass of the barrier by HLTF and zinc finger Ran-binding domain containing protein 3 
(ZRANB3), via triggering displacement DNA synthesis of the template strand (orange arrow). If the 
replication stress persists and no fork restart by HLTF and ZRANB3 is possible, alternatively meiotic 
recombination 11 homolog (MRE11) could cause strand degradation (see Hampp et al., 2016).  
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Up to date, it is still unknown whether this p53-POLι idling mechanism is a new kind 

of DDT pathway or an inevitable prerequisite to enable PCNA poly-ubiquitination 

and the favourable, error-free TS mechanism and prevent TLS after PCNA mono-

ubiquitination. Nevertheless, this pathway represents a novel method how cells can 

circumvent replication fork stalling as well as fork collapse and maintain genomic 

stability (Hampp et al., 2016). 

 

1.3 Translesion Synthesis Polymerase Iota 

TLS POLι seemingly plays an important role in the protection of the cells from dam-

age induced replication stress and fork collapse by its function in various DDT path-

ways (Hampp et al., 2016; Shilkin et al., 2020). Additonionally, this special TLS POL 

takes part in ICL repair (Roy & Schärer, 2016) as well as BER (Petta et al., 2008). 

POLι is considered as one of the most mutagenic TLS POLs of the Y-family due to 

its high variability of the active site and the lack of a proofreading function (McIntyre, 

2020). However, this TLS POL is one of a few, which mainly incorporates a correct 

guanosine opposite an AP site, which mostly results from the loss of a cytosine 

(McIntyre, 2020; Shilkin et al., 2020). Hence, depending on the lesion of the tem-

plate POLι can also exert an antimutagenic function (Shilkin et al., 2020). POLι has 

a 740 amino acid (aa) as well as a 715 aa isoform, whereby the latter one is the 

most common one (Frank et al., 2017; McIntyre, 2020). Interestingly, POLι also pos-

sess a dRP lyase activity and therefore, can take part in BER (Belousova & Lavrik, 

2015; McIntyre, 2020). The catalytic site of POLi for polymerase as well as for lyase 

function is located at the N-terminal half of the protein (McIntyre, 2020). Remarka-

ble, the importance of POLι in genome maintenance is also reflected by its role in 

the development of several tumors in mice as well as humans (McIntyre, 2020; Shil-

kin et al., 2020). An increase of POLι activity for example by an elevated expression 

or mutation is linked with bladder, brain and esophageal tumors (Shilkin et al., 2020). 

Furthermore, enhanced POLι expression is correlated with bad outcome and en-

hanced risk of metastasis in breast, esophageal as well as lung cancers (Shilkin 

et al., 2020). Taking together, this highlights the importance of POLι in DNA repair 

as well as cancer research.  
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1.4 Tumor Suppressor Protein p53 

However, not only TLS POLs like POLι are important in the DNA repair and cancer 

research field, also p53 is of central interest. Due to its function in cell cycle arrest 

after DNA damage induction as well as its participation and stimulation of several 

DNA repair mechanism (Williams & Schumacher, 2016) p53 was entitled as “guard-

ian of the genome” by David Lane 1992 (Lane, 1992).  

 

1.4.1 Structure and Function of p53 

To exert its functions p53 needs to form homo-tetramers (Saha et al., 2015; 

Kamada et al., 2016). Furthermore, the structure of this protein is essential to enable 

its functionality (Figure 10 A) (Saha et al., 2015; Kamada et al., 2016). p53 consists 

of three major domains: the N-terminus, the core domain and the C-terminus 

(Saha et al., 2015; Kamada et al., 2016). The N-terminus can be subdivided into 

transactivation domain (TAD) as well as proline-rich domain (PRD) (Böhme & Blatt-

ner, 2009; Saha et al., 2015; Kamada et al., 2016; Bargonetti & Prives, 2019). The 

core domain encompasses the DNA binding domain (DBD) harboring the 3’ - 5’ 

exonuclease activity and the C-terminus is built up of the oligomerization domain 

(OD) as well as the basic domain (BD) (Böhme & Blattner, 2009; Saha et al., 2015; 

Kamada et al., 2016; Bargonetti & Prives, 2019). In Figure 10 A also interaction sites 

with known proteins of DNA damage repair mechanisms are indicated. p53 is im-

portant for many processes after DNA damage accumulation. Genotoxic stress 

causes the stabilization and activation of p53 for example by phosphorylation via 

ATM or ATR (Gatz & Wiesmüller, 2006; Böhme & Blattner, 2009). This then results 

in binding of p53 to its target gene sequences and their expression (Gatz & Wiesmül-

ler, 2006; Böhme & Blattner, 2009), which finally mediates cell cycle arrest, apopto-

sis or induction of DNA repair depending on the extent of damage (Figure 10 B) 

(Gatz & Wiesmüller, 2006; Levine & Oren, 20019; Kamada et al., 2016). p53 takes 

part in a number of DNA repair pathways and also interacts with lots of proteins, to 

mention just a few, p53 is known to be crucial for BER and interacts with APE1 and 

POLβ (Gatz & Wiesmüller, 2006; Williams & Schumacher, 2016; Gottifredi & 

Wiesmüller, 2018; Ho et al., 2019). Furthermore, p53 is of importance for DSB repair 

pathways NHEJ and HR (Gatz & Wiesmüller, 2006; Williams & Schumacher, 2016; 
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Ho et al., 2019), probably interacting with 53BP1, RPA or RAD51 and thereby reg-

ulating the fidelity of these repair mechanisms (Gatz & Wiesmüller, 2006; Gottifredi 

& Wiesmüller, 2018; Ho et al., 2019).  

 

 

Figure 10: Structure of p53, binding sites of DNA repair proteins as well as the possible func-
tion of p53 in cells. A. p53 consists of three main domains, the N-terminus, the core domain as well 
as the C-terminus. Furthermore, p53 can be subdivided into 5 subdomains, the transactivation do-
main (TAD), the proline rich domain (PRD), the DNA binding domain (DBD) harbouring the exonu-
cleotlytic function (EXO) of p53, the oligomerization domain (OD) as well as the basic domain (BD). 
Possible interaction sites of p53 with other proteins of the DNA repair mechanisms are depicted 
underneath the particular part of the structure (see Biber et al., 2020). B. Depending on the amount 
of p53 protein as well as the level of DNA damage a cell is suffering from, the function of this tumor 
suppressor protein can strongly differ. On the one hand, if DNA damage levels are high and p53 is 
activated and expressed increasingly then p53 functions as a killer via blocking double-strand break 
(DSB) repair and initiating cell cycle arrest or even apoptosis. On the other hand, if p53 levels are 
relatively low as well as the amount of DNA damage p53 can help to bypass DNA lesions in an error-
free manner, maintain genome stability and guarantee cell survival. As p53 levels can strongly vary 
between different cell types the hypothesis arises (indicated by the question mark) that even the cell 
type itself could force p53 into its healer or killer function.  

Additionally, p53 also influence replication in various ways, for example due to its 

participation in the p53-POLι idling-DDT (Figure 9) (Hampp et al., 2016) or the reg-

ulation of expression as well as of promotion of TLS by POLη after UV exposure 
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(Lerner et al., 2017). Furthermore, p53 is considered to protect cells from conflicts 

of the replication and transcription machinery (Yeo et al., 2016), to enhance the 

processivity of the replisome (Klusmann et al., 2016) as well as to promote replica-

tion fork restart by recruiting MRE11 and suppressing the activity of POLθ and 

RAD52 localization to the damaged site (Roy et al., 2018 (b)). As the functions of 

p53 in replication are such diverse also the effects of p53 on nascent DNA elonga-

tion are different and can reach from promoting to slowing of replication, depending 

on the kind of damage, properties and types of cells as well as the corresponding 

role of p53 it needs to fulfill (Gottifredi & Wiesmüller, 2018). Nevertheless, all known 

functions of p53 serve to maintain genomic stability, prevent the transformation of 

cells and finally protect from cancer development. Hence, it is fully justified that p53 

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

 

1.4.2 p53 Target Genes 

However, not only p53 itself plays an important role in DNA repair and replication. 

Also some of its targets are essential for these mechanisms (Gottifredi & Wiesmül-

ler, 2018). The top scorer of p53 target genes detected in almost all investigated 

data sets were CDKN1A (cyclin dependent kinase inhibitor 1 A, p21), RRM2B (ribo-

nucleotide reductase regulatory TP53 inducible subunit M2B, p53R2) and MDM2 

(mouse double minute 2, MDM2) (Fischer, 2017).   

p21 does not only control G1 or G2 cell cycle arrest via inhibition of CDKs it is also 

known to interact with PCNA and therefore, regulating the loading of DNA POLs 

during replication, DDT and repair to this clamp and hence the DNA template 

(Mansilla et al., 2020).   

For p53R2 no direct role in DNA repair or replication is known up to date although 

there are some indications, as p53R2 can regulate p21 levels independently of p53 

(Zhang et al., 2011). Furthermore, it was shown that p53R2 is stabilized via phos-

phorylation by ATM after DNA damage induction, resulting in reduced sensitivity of 

the cells to genotoxic stress compared with p53R2 low cells (Chang et al., 2008). 

Nevertheless, most probably the main function of p53R2 is to provide nucleotides 

for the DNA replication initiation as well as DNA repair (Liu et al., 2005). This occurs 

via formation of a functional ribonucleotide reductase (RNR) together with the large 

subunit R1 and p53R2 (Niida et al., 2010). Therefore, the participation of p53R2 in 
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replication and DNA repair seems to be indirect by providing sufficient nucleotides. 

 Remarkably, MDM2 has besides its essential role of regulating p53’s stability 

via ubiquitination and thus degradation of p53 (Boehme & Blattner, 2009) also ad-

ditional functions like R-loop removal and therefore, maintenance of replication 

(Klusmann et al., 2018). R-loops can occur during transcription and are structures 

formed of hybridized DNA and RNA strands, resulting in replication block if not re-

solved (García-Muse & Aguilera, 2019).   

Beside these three top scorers also another p53 target exists which is also essential 

for DDT: POLη (Fischer, 2017). As a TLS POL of the Y-family POLη can synthesize 

DNA by using a damaged template (Tonzi & Huang, 2019; Shilkin et al., 2020). Ad-

ditionally, previous reports showed that POLη is essential for efficient induction of 

DNA repair and cell survival after UV irradiation (Liu & Chen, 2006; Lerner et al., 

2017).   

This clearly demonstrates that p53 itself but also its targets are crucial players in the 

maintenance of genome stability and the prevention of cancer. 

 

1.4.3 p53 and Stem Cell Differentiation 

Interestingly, in stem cells p53 has beside its role in DNA repair and replication also 

another function namely in the regulation of their differentiation (Levine et al., 2016; 

Lin & Lin, 2017). In human stem cells the amount of p53 is low and rises upon dif-

ferentiation (Jain et al., 2012; Levine et al., 2016; Lin & Lin, 2017), whereas it seems 

to be vice versa in mice (Solozobova & Blattner, 2011; Jain & Barton, 2018). The 

induction of differentiation in human stem cells occurs due to the p53-mediated sup-

pression of key transcription factors of pluripotent stem cells like Nanog (Lin & Lin, 

2017; Jain & Barton, 2018). Therefore, if somatic cells were to be reprogrammed 

into induced pluripotent stem cells (iPSCs) p53 needs to be suppressed to ensure 

better success and higher yield of the reprogramming (Levine et al., 2016; Lin & Lin, 

2017; Jain & Barton, 2018; Fu et al., 2020). However, these iPSCs then often exhibit 

genomic instability like a high mutational load and chromosome number variations 

(Lin & Lin, 2017; Fu et al., 2020). These findings highlight the need of p53 for main-

taining genomic stability and self-renewal in stem cells (Milyavsky et al., 2010; Lev-

ine et al., 2016; Lin & Lin, 2017; Fu et al., 2020). Whereas in diff cells p53 activation 

upon DNA damage results in cell cycle arrest, apoptosis or senescence, in stem 
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cells it leads to the induction of differentiation (Levine et al., 2016; Fu et al., 2020). 

How p53 can manage this is still under debate, but one possible explanation might 

be via usage of differing TADs (Levine et al., 2016). It could be that p53 in diff cells 

uses mainly the TAD located at aa 22 and 23 whereas stem cells mainly use the 

one at aa 53 and 54 (Levine et al., 2016). Furthermore, the possibility exists, that 

isoforms like the N-terminally truncated ∆40p53 isoform could be responsible for the 

diverging functions of p53 in stem cells, as was found in murine ESCs (Ungewitter 

& Scrable, 2010) or the ∆133p53 isoform, which wash highly upregulated in human 

ESC compared to fibroblasts (Horikawa et al., 2017). However, this subject will need 

further investigation in the future. Remarkably, a factor called protein NUMB homo-

log (NUMB) was detected stabilizing p53 levels by entering the p53-MDM2 complex 

and hence, preventing the ubiquitination and therefore, degradation of p53 

(Colaluca et al., 2008). Due to this function, NUMB can regulate tissue dependent 

asymmetric stem cell division resulting in a cell with multipotent properties as well 

as a diff cell (Figure 1) (Tosoni et al., 2015). Hereby NUMB ensures the maintenance 

of the stem cell properties of one of the cells by p53 stabilization (Tosoni et al., 

2015). If NUMB also plays an important role in the maintenance of hESCs or only 

of the progenitor cells by regulating p53 levels is not known, yet. But this indicates 

that p53 might play an important role in differentiation of pluripotent to multipotent 

and even to unipotent cells. Interestingly, in hESCs, which can differentiate into 

three specific lineages: ectoderm, endoderm and mesoderm, it was shown that p53 

predominantly activates genes promoting mesodermal differentiation (Wang et al., 

2017; Jain & Barton, 2018), suggesting that p53 could play a role even in lineage 

decision. If this preference of p53 towards mesoderm is of any importance and in-

fluences any other functions of p53 is unknown to date. Nevertheless, p53 is im-

portant for various differentiation processes independently of any lineage specifici-

ties (Jain & Barton, 2018). In human stem cells p53 is inactivated by post-transla-

tional modifications like phosphorylation (Lee et al., 2012 (a)) or deacetylation (Fig-

ure 1) resulting in MDM2 mediated ubiquitination of p53 and its degradation 

(Jain et al., 2012; Jain & Barton, 2018). Only when p53 changes to an active state 

by DNA damage or other stimuli, genes and proteins related to pluripotency are 

repressed and differentiation is induced (Jain & Barton, 2018; Fu et al., 2020). Nev-

ertheless, p53 is known to be essential for stem as well as differentiated cells to 
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prevent mutations, maintain genome stability and suppress cancer formation 

(Solozobova & Blattner, 2011; Levine et al., 2016).  

 

1.5 Scientific Aim of the Thesis 

The p53-POLι idling-DDT (Figure 9) was found in rapidly dividing tumor cells and 

also hints for a presence of the pathway in human hematopoietic stem and progen-

itor cells (HSPCs) were obtained (Hampp et al., 2016). Therefore, the aim of my 

dissertation was to elucidate the biological relevance of the DDT mechanism. I 

wanted to dissect if stem cells alone or also their differentiated counterparts could 

use this DDT pathway to perform error-free and complete replication for mainte-

nance of genomic stability of their own as well as of the one of their offspring cells. 

Furthermore, the aim was to see if any dependency of the DDT usage on lineage 

differentiation as well as pluripotency exists. Additionally, the importance of this DDT 

pathway in tumor cells displaying stem cell characteristics or not was on the agenda 

of this thesis. As tumors are heterogeneous conglomerates of various cell types, the 

results of my thesis could serve in the future as basis for new cancer therapy strat-

egies to hit particularly cancer stem cells showing often resistances. A last aim, 

which I wanted to reach during my dissertation, was to investigate which protein or 

requirement represents the mechanistic switch determining whether a cell uses this 

specialized p53-POLι idling-DDT pathway or anything else for lesion bypass under 

unperturbed conditions. This finding could then also probably be used as a new 

approach to generate iPSCs for therapy usage or even shift cancer stem cell-like 

cells to more differentiated ones or prevent the generation of these cancer stem cell-

like cells at all. 
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2. Material  

2.1 Bacteria 

Escherichia coli DH5α (New England BioLabs (NEB), Frankfurt/Main, Germany): 

F’/endA1 hsdR17 (rκ-mκ+) glnV44 thi-1 recA1 gyrA (NaI‘) relA1 (lacIZYA-argF)U169 

deoR(80dlac(lacZ)M15) chemi-competent like discribed in Hanahan (1983). 

 

2.2 Cells 

2.2.1 Human Primary Hematopoietic Cells 

PBLs: Human peripheral blood lymphocytes.  

HSPCs: Human CD34+ hematopoietic stem and progenitor cells.  

All these primary cells were isolated out of fresh human cord blood (CB) and frozen 

in liquid nitrogen for storage. The cells were collected from various donors with in-

formed consent of their mothers/parents in the Department of Obstetrics and Gyne-

cology of Ulm University Hospital according to the ethical requirements (approval 

#155/13 from the Ethical Board of Ulm University). 

 

2.2.2 Human Embryonic Stem Cells H9 

The human embryonic stem cell (hESC) line H9 (WA09, WiCell Research Institute, 

Madison, Wisconsin, USA) was kindly provided by Dr. Sylvia Ritter and Dr. Insa 

Schröder (Group of Stem Cell Differentiation and Cytogenetics, Department of Bio-

physics, GSI Helmholtz Center for Heavy Ion Research, Darmstadt, Germany). Ex-

periments with these valuable cells were conducted only in the laboratories of 

Dr. Sylvia Ritter and Dr. Insa Schröder at the GSI according to the ethical require-

ments (authorization number 3.04.02/0069 and 3.04.02/0069-E01). The H9 are 

grown on irradiation growth arrested murine embryonic fibroblast (MEFs) strain Em-

bryoMax® Primary Mouse Embryonic Fibroblasts (PMEF-NL, Merck, Darmstadt, 

Germany) for maintaining their pluripotency.  
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2.2.3 Human Ovarian Cancer Cells 

The human ovarian cancer cells were generously provided by the laboratory of 

Ph.D. Giovanna Damia (Department of Oncology, Istituto di Ricerche Farmacolog-

iche Mario Negri-IRCCS, Milan, Italy). The cells were derived from primary ovarian 

tumors of various patients, which were dissected, dissolved and finally cultured in 

ultra-low adherent dishes in spheroids for enrichment of tumor initiating cells (Ricci 

et al., 2012). Each number corresponds to a different patient. The used cell lines 

derived from patients #83, #107 and #110 were all p53 wild type, as verified by 

sequencing. The non-differentiated (nd) cells grow as spheroids in suspension in 

ultralow-adherent culture flasks, whereas the FBS differentiated (diff) cells grow as 

adherent cell layers. 

 

2.2.4 Murine Embryonic Stem Cells 

The murine embryonic stem cells (mESCs) containing p53 wild-type (wt) or not 

(knockout (KO)) were kindly provided by the laboratory of PD Dr. Christine Blattner 

(Institute of Toxicology and Genetics, Karlsruhe Institute of Technology (KIT), Karls-

ruhe, Germany). These mESCs derived from the D3 strain of 129/SvJ hybrid mice 

in case of p53 wt (derived from ATCC, Wesel, Germany) and from the D3 strain of 

the 129/SV+/+ hyprids for the p53 KO mESCs (Gossler et al., 1986; Jacks et al., 

1994). These pluripotent cells grow on MEF feeders isolated from about 13 day old 

mouse embryos and can be differentiated via the vitamin A derivative retinoic acid 

(RA) (Duester, 2008).  

 

2.3 Kits and Enzymes 

The kits and enzymes needed for the experiments are listed in Table 1. 

 

Table 1: List of kits and enzymes as well as their distributors. 

Name Company 

Acctuase Gibco by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA 

Amaxa Cell line nucleofector solution V Lonza, Walkersville, Maryland, USA 

Amaxa Human B cell nucleofector solution Lonza, Walkersville, Maryland, USA 

Chemiluminescence Substrates Bio-Rad, Munich, Germany 
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Direct CD34 Progenitor Cell Isolation Kit, hu-

man 10e10 

Miltenyi Biotec, Gladbach, Germany 

Duolink® In Situ Detection Reagents Orange Sigma-Aldrich by Merck, Darmstadt, 

Germany 

Duolink® In Situ Mounting Medium with DAPI Sigma-Aldrich by Merck, Darmstadt, 

Germany 

Duolink® In Situ PLA probe MINUS mouse Sigma-Aldrich by Merck, Darmstadt, 

Germany 

Duolink® In Situ PLA probe PLUS rabbit Sigma-Aldrich by Merck, Darmstadt, 

Germany 

Duolink® In Situ Wash Buffers Sigma-Aldrich by Merck, Darmstadt, 

Germany 

High Pure PCR Template Preparation Kit (for 

genomic DNA) 

Roche, Basel, Switzerland 

LS Columns Miltenyi Biotec, Gladbach, Germany 

Nucleo Spin Gel and PCR Clean Up Marcherey-Nagel, Düren, Germany 

PierceTM BCA Protein Assay Kit  Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

PowerPrep-HP Plasmid Maxi-Prep System OriGene, Rockville, Maryland, USA 

QuantiTect Reverse Transcription Kit Qiagen, Hilden, Germany 

Restriction Endonucleases New England BioLabs, Ipswich, Mas-

sachusetts, USA 

RNeasy Plus Mini Kit Qiagen, Hilden, Germany 

SensiFASTTM Probe Lo-ROX Kit Bioline, Memphis, Tennessee, USA 

Taq-DNA-Polymerase HotStart (5U/µl) Peqlab, Erlangen, Germany 

Trypsin (Type XI) Sigma-Aldrich by Merck, Darmstadt, 

Germany 

Trypsin-EDTA PAN-Biotech GmbH, Aidenbach, Ger-

many 

 

2.5 Primer 

2.5.1 p53 Sequencing Primer 

Ovarian cancer cell lines derived from patient samples. The p53 status of each used 

cell line needed to be determined and verified, if aldready sequencing data existed 

in Ph.D. Giovanna Damias laboratory (Department of Oncology, Istituto di Ricerche 



Material 

 

 
32 

 

Farmacologiche Mario Negri-IRCCS, Milan, Italy), who provided the cells. Hence 

primers flanking exons 5 – 6, 7, and 8 – 9 were needed and produced by Bio-

mers.net GmbH (Ulm, Germany). The sequences of the primers as well as their 

melting temperature (Tm) and amplicon length are listed in Table 2. 

 

Table 2: Sequences of primers for p53 status determination of ovarian cancer cells. 

Exon Primer Forward Tm [°C] Amplicon 

length (bp) 

5 - 6 Forward TTGCTTTATCTGTTCACTTGTGC 51.7 494 

Reverse GCCACTGACAACCACCCTTA 52.3 

7 Forward TGCTTGCCACAGGTCTCC 51.4 236 

Reverse GGTCAGAGGCAAGCAGAGG 52.1 

8 - 9 Forward CAAGGGTGGTTGGGAGTAGA 51.4 497 

Reverse CCCCAATTGCAGGTAAAACA 52.6 

 

2.5.2 Probes for quantitative polymerase chain reaction 

Special primers for the target and housekeeping genes analysed with quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) were needed. For re-

verse transcription itself, the primer mix of the QuantiTect Reverse Transcription Kit 

(Qiagen, Hilden, Germany) was used. For the following steps qPCR TaqMan® As-

say was chosen consisting of primers and probes. Assays were ordered from 

Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

(see Table 3).  

 

Table 3: qPCR TaqMan® Assays of housekeeping, targets as well as stemness and EMT 
marker genes. 

Category Gene Order-No. 

housekeeping TBP Hs00920498_m1 

housekeeping GAPDH Hs99999905_m1 

target TP53 Hs01034249_m1 

target CDKN1A Hs00355782_m1 

target MDM2 Hs01066930_m1 

target RRM2B Hs00968432_m1 

target POLI Hs00969214_m1 
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stemness marker NES Hs04187831_g1 

stemness marker POU5F1 Hs00999632_g1 

EMT marker SNAI2 Hs00161904_m1 

EMT marker TWIST1 Hs00361186_m1 

2.6 Plasmids 

All the plasmids used, shown in Table 4 and Table 5, have an ampicillin or kanamy-

cin resistance gene included for selection in bacteria. 

 

2.6.1 Expression Vectors 

Table 4 shows plasmids used for this dissertation to induce the expression of certain 

proteins in the cells. 

 

Table 4: Expression vectors and their description. 

Name of expression vector Description 

pcDNA3.1 Control plasmid for protein expression without gene 

cassette (Invitrogen by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) 

pcDNA3p53H115N human p53(H115N) expression vector (Ahn et al., 

2009) 

pCMV-hWtp53 human p53 expression plasmid under the control of 

the cytomegalovirus (CMV) immediate early promo-

tor (Roemer, 1999) 

 

2.6.2  shRNAs 

All the shRNA plasmids (sh) target specific sequences to down-regulate the expres-

sion of their respective targets (named in brackets). For the following shRNA plas-

mids pRS was used as control vector except of sh(TP53) here only the pSuper plas-

mid containing an empty shRNA cassette was used (Brummelkamp et al., (2002) 

verified correct efficiency). All shRNAs with pRS empty vector control derived from 

Origene (Rockville, Maryland, USA), the shRNA against TP53 (Brummelkamp et al., 

2002) was already available in the laboratory of Prof. Dr. Wiesmüller. All the plas-

mids used, shown in Table 5, have an ampicillin resistance gene included for selec-

tion in bacteria. The gene specific shRNAs were testest together with three other 
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shRNA for their specificity. The best one or the one already verified in publications 

was then chosen for experiments.  

 

Table 5: shRNA plasmids, pRS control and their corresponding description. 

Name of shRNA Sequence (5’  3’) Verified in 

pRS GCACTACCAGAGCTAACTAGATAGTACT  

sh(APEX1) CACTGGCTGACAGCTTTAGGCACCTCTAC  

sh(CDKN1A) CAGCAGAGGAAGACCATGTGGACCTGTCA Lazzarini et al., 

(2008) 

sh(HLTF) ATGGAACCAGCTGAGGC TATTGAAACACC Hampp et al., 

(2016) 

sh(MDM2) TGAGGAGCAGGCAAATGTGCAATACCAAC El-Shemerly et al., 

(2016) 

sh(NUMB) ATCATTCCGTGTCACAACAGCCACTGAAC  

sh(POLB) AGTGCCAAACATTGACAACTTCAGGCTGA  

sh(POLH) GATGATGCTAAGAAGTTATGTCCAGATCT Hampp et al., 

(2016) 

sh(POLI) CAACTACTTCACGCTCTGGCAAGCACAGT Hampp et al., 

(2016) 

sh(RNaseH1)  AGGACTTTGTGGCACTGGAGAGGCTTACC  

sh(RRM2B)  TTGCAGCCAGTGATGGAATTGTAAATGAA  

sh(TP53) GACTCCAGTGGTAATCTAC Brummelkamp et 

al., (2002) 

sh(ZRANB3) GTGTGAGACTCCTCAAGGCAGTGCTGTTA Hampp et al., 

(2016) 

 

2.7 siRNAs 

For effective down-regulation of the targets p53 and POLι a mix of four siRNAs each 

was used (FlexiTube Gene-Solutions provided by Qiagen, Hilden, Germany). As 

control non-silencing (ns) siRNA was applied (Qiagen, Hilden, Germany). Numbers 

of siRNAs here are not identical to the ones of the FlexiTube. The following siRNA 

mix against p53 was previously evaluated by Hampp et al. (2016), whereas the one 

for POLι was verified in Gole et al. (2018). 
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siRNAs against TP53 (siRNA FlexiTube GeneSolution GS7157): 

siRNA 1: AAGGAAATTTTGCGTGTGGAGT 

siRNA 2:  TTGGTGAACCTTAGTACCTAA 

siRNA 3:  TTGCAGTTAAGGGTTAGTTTA 

siRNA 4: CAGCATCTTATCCGAGTGGAA 

 

siRNAs against POLI (siRNA FlexiTube GeneSolution GS11201): 

siRNA 1: AAGCCTCATACAGTGAGATTA  

siRNA 2:  TTCGGATTAAGCGGTTTATTAA 

siRNA 3:  GCGGTTTATTAAGCTCTTCTA 

siRNA 4: ACCGGGAACATCAGGCTTTAA 

 

ns siRNA: 

target sequence:  AATTCTCCGAACGTGTCACGT 

 

siRNA duplex sequence: sense: UUCUCCGAACGUGUCACGUdTdT 

    antisense: ACGUGACACGUUCGGAGAAdTdT 

 

2.8 Antibodies 

The list of primary antibodies used for immunofluorescence microscopy, Proximity 

Ligation Assay (PLA) and Western Blotting are shown in Table 6. In brackets the 

species and kind of the antibodies are indicated.  

 

Table 6: List of primary antibodies and their suppliers.  

Antigen  

(species, clonality, clone, Cat. No.) 

Company 

53BP1 (rabbit; poly, -, NB100-304) Novus Biologicals, Cambridge, UK 

Acetyl-p53 Lys379/Lys382 (rabbit, poly,-, 

#2570S) 

Cell Signaling, Danvers, Massachu-setts, 

USA 

actin (goat, poly, I-19, sc-1616) Santa Cruz Biotechnology, Dallas, Texas, 

USA 

AMPKα (rabbit, poly, 40H9, #2532S) Cell Signaling, Danvers, Massachusetts, 

USA 
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ATR (mouse, mono, C-1, sc-515173) Santa Cruz Biotechnology, Dallas, Texas, 

USA 

Biotin (mouse, mono, BN-34, B7653) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Biotin (rabbit, mono, D5A7, #5597) Cell Signaling, Danvers, Massachusetts, 

USA 

BrdU (mouse, mono, B44, #347580) Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

BrdU (rat, mono, BU1/75 (ICR1), ab6326) Abcam, Cambridge, UK 

GAPDH (mouse, mono, -, ab9484) Abcam, Cambridge, UK 

HLTF (rabbit, mono, EPR14761, 

ab183042) 

Abcam, Cambridge, UK 

MDM2 (mouse, mono, 2A10, MABE281) Merck Millipore, Darmstadt, Germany 

Nanog (rabbit, poly, -, #3580) Cell Signaling, Danvers, Massachusetts, 

USA 

Nestin (mouse, mono, 10C2, MA1-110) Thermo Fisher Scientific, Waltham, Massa-

chusetts, USA 

normal IgG (mouse, isotype control, -, sc-

2025) 

Santa Cruz Biotechnology, Dallas, Texas, 

USA 

NUMB (rabbit, mono, C29G11, #2756S) Cell Signaling, Danvers, Massachusetts, 

USA 

Oct-3/4 (mouse, mono, C-10, sc-5279) Santa Cruz Biotechnology, Dallas, Texas, 

USA 

p21 (mouse, mono, SX118, #556430) Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

p53 (mouse, mono, 1C12, #2524S) Cell Signaling, Danvers, Massachusetts, 

USA 

p53 (mouse, mono, Ab-1 Pab421, OP03) Calbiochem, Darmstadt, Germany 

p53 (mouse, mono, Ab-2 Pab1801, OP09) Calbiochem, Darmstadt, Germany 

p53 (mouse, mono, DO-1, #554293) Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

p53R2 (rabbit, mono, EPR8816, 

ab154194) 

Abcam, Cambridge, UK 

p70 S6 Kinase (rabbit, poly, -, #9202S) Cell Signaling, Danvers, Massachusetts, 

USA 
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PAX6 (rabbit, mono, EPR15858, 

ab195045) 

Abcam, Cambridge, UK 

PCNA (mouse, mono, PC10, ab29) Abcam, Cambridge, UK 

Phosho-ATR Ser428 (rabbit, poly, -, #2853) Cell Signaling, Danvers, Massachusetts, 

USA 

Phospho-AMPKα Thr172 (rabbit, mono, 

40H9, #2535S) 

Cell Signaling, Danvers, Massachusetts, 

USA 

Phospho-Histone H2AX Ser139 (γH2AX) 

(mouse, poly, JBW301, #05-636) 

Merck Millipore, Darmstadt, Germany 

Phospho-p53 Ser15 (mouse, mono, 16G8, 

#9286S) 

Cell Signaling, Danvers, Massachusetts, 

USA 

Phospho-p53 Ser15 (rabbit, poly, -, #9284) Cell Signaling, Danvers, Massachusetts, 

USA 

Phospho-p70 S6 Kinase (rabbit, poly, -, 

#9205S) 

Cell Signaling, Danvers, Massachusetts, 

USA 

POLβ (mouse, mono, D-11, sc-376581) Santa Cruz Biotechnology, Dallas, Texas, 

USA 

POLη (rabbit, poly, -, HPA006721-100UL) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

POLη (rabbit, poly, -, NB100-60424)  Novus Biologicals, Cambridge, UK 

POLι (mouse, mono, OTI3B5, MA5-26503) Thermo Fisher Scientific, Waltham, Massa-

chusetts, USA 

POLι (rabbit, poly, -, A301-304A) Bethyl Laboratories, Montgomery, Texas, 

USA 

POLι (rabbit, poly, -, PA5-29442) Thermo Fisher Scientific, Waltham, Massa-

chusetts, USA 

Ref-1 (APE1) (mouse, mono, C-4, sc-

17774) 

Santa Cruz Biotechnology, Dallas, Texas, 

USA 

RNase H1 (rabbit, poly, -, ab229078) Abcam, Cambridge, UK 

ubiquitinated-PCNA Lys164 (rabbit, poly, 

D5C7P, #13439) 

Cell Signaling, Danvers, Massachusetts, 

USA 

ZRANB3 (rabbit, poly, -, 23111-1-AP) Proteintech, Rosemont, Illinois, USA 

ZRANB3 (rabbit, poly, -, A303-033A) Bethyl Laboratories, Montgomery, Texas, 

USA 

ZRANB3 (rabbit, poly, -, PA5-65143) Thermo Fisher Scientific , Waltham, Mas-

sachusetts, USA 
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α-Tubulin (mouse, mono, DM1A, ab7291-

100) 

Abcam, Cambridge, UK 

β-actin (mouse, mono, C-4, sc-47778) Santa Cruz Biotechnology, Dallas, Texas, 

USA 

 

The list of secondary antibodies, needed for detection, are displayed in Table 7. The 

secondary antibodies are either Alexa Fluor (AF) or peroxidase (POD) conjugated. 

 

Table 7: List of secondary antibodies and their suppliers.  

Antigen-Conjugate  

(species, Cat. No.) 

Company 

goat-HRP (donkey, #613-703-168) Rockland, San Diego, California, USA 

mouse IgG light chain-POD (goat, #115-

035-174) 

Jackson Immuno,Cambridgeshire, UK 

mouse-AF488 (goat, A11001) Invitrogen by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA 

mouse-AF555 (goat, A21424) Invitrogen by  , Waltham, Massachusetts, 

USA 

mouse-POD (goat, #610-1319) Rockland, San Diego, California, USA 

rabbit IgG light chain-POD (mouse, #211-

032-171) 

Jackson Immuno, Cambridgeshire, UK 

rabbit-AF555 (goat, A21428) Invitrogen by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA  

rabbit-POD (goat, #611-1322-0100) Rockland, San Diego, California, USA 

rat-AF488 (donkey, A21208) Invitrogen by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA 
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2.9 Reagents 

The reagents used are listed in Table 8. 

 

Table 8: List of used reagents and their suppliers. 

Name Company 

2-Propanol Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

5-Aza-2’deoxycytidine  Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Acetic acid Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Adenosine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Agarose, SeaKem LE Lonza, Walkersville, Maryland, USA 

Ammonium chloride Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Ammoniumpersulfate (APS) Bio-Rad Laboratories, Hercules, Califor-

nia, USA 

Ampicillin sodium salt Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Aqua ad iniectabilia (H2Oinjectabilia) B. Braun, Melsungen, Germany 

ATM kinase inhibitor (ATMi) KU-55933 Selleckchem, Munich, Germany 

ATR kinase inhibitor (ATRi) VE-821 Selleckchem, Munich, Germany 

B27 supplement without Vitamin A (50x) Life Technolgoies by Thermo Fisher Sci-

entific, Waltham, Massachusetts, USA 

BactoTM Agar Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA  

BactoTM Tryptone Becton-Dickinison (BD), Franklin Lakes, 

New Jersey, USA 

BactoTM Yeast Extract Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

basic Fibroblast Growth Factor (bFGF) PeproTech, London, UK 

BCIP®/NBT liquid substrate  Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

bFGF/FGF beads PeproTech, London, UK 
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Bovine serum albumin (BSA) (10x) New England Biolabs, Ipswich, Mas-sa-

chusetts, USA 

Bromophenol blue Bio-Rad Laboratories, Hercules, Califor-

nia, USA 

BSA (powder) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Buffer 10x FLEXI (without MgCl2) Peqlab, Erlangen, Germany 

Carboplatin Pharmacy of the University Hospital, Ulm, 

Germany 

Complete ultra tablets (protease inhibitor pill) Roche, Basel, Switzerland 

Copper sulfate (CuSO4) Sgima-Aldrich by Merck, Darmstadt, Ger-

many 

Cytidine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Dimethylsulfoxide (DMSO) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Dithiothreitol (DTT) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

DMEM Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

DNA loading dye (6x) Thermo Fisher Scientific , Waltham, Mas-

sachusetts, USA 

dNTP-Mix (20mM) New England Biolabs, Ipswich, Massa-

chusetts, USA 

Doxorubicin Pharmacy of the University Hospital, Ulm, 

Germany 

Epidermal Growth Factor (EGF) PeproTech, London, UK 

Ethyl-diamine-tetra-acetate (EDTA) Carl Roth, Karlsruhe, Germany 

Ethylene-glycol-bis(2-aminoethylether)-

N,N,N’,N’ (EGTA) 

Carl Roth, Karlsruhe, Germany 

Etoposide Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

FACS Clean Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

FACS Flow Becton-Dickinson, Franklin Lakes, New 

Jersey, USA 
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FACS Rinse Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

Fetal Bovine Serum (FBS) superior Biochrom by Merck, Darmstadt, Germany 

Fetal Calf Serum (FCS) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Ficoll® Paque Plus Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Formaldehyde 37 % ChemSolute Th. Geyer, Renningen, Germany 

Formic acid Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Geltrex Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Glucose Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Glycerol Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Glycerol phosphate disodium Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Glycine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Goat serum Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Guanosine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

HEPES (1M) Gibco by Thermo Fisher Scientific , Wal-

tham, Massachusetts, USA 

HiPerFect Transfecction Reagent Qiagen, Hilden, Germany 

Hydrochloric acid (HCl) 1M Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Hydrochloric acid foaming (37%) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Insulin Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Isoseptol University Hospital Ulm, Apotheke, Ulm, 

Germany 
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KnockOutTM DMEM Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

KnockOutTM Serum Replacement  Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Laminin-521 Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Leukemia inhibiting factor (LIF) provided by PD Dr. Christine Blattners 

Lab, KIT, Karlsruhe, Germany 

L-Glutamine  Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

L-Glutamine (100x) (200mM) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Magnesium-chloride (MgCl2) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Milk powder Carl Roth, Karlsruhe, Germany 

Mitomycin C (MMC) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

mTeSRTM1 medium STEMCELL Technologies, Cologne, Ger-

many 

mTeSRTM1 supplement (5x) STEMCELL Technologies, Cologne, Ger-

many 

N,N,N’,N’-Tetramethylethylendiamide 

(TEMED) 

Carl Roth, Karlsruhe, Germany 

Neural induction supplement (50x) Life Technologies by Thermo Fisher Sci-

entific, Waltham, Massachusetts, USA 

NeurobasalTM medium Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Non-essential amino acids (NEAA) (100x) Biochrom by Merck, Darmstadt, Germany 

Nonidet P40 (NP40) Fluka Analytical by Merck, Darmstadt, 

Germany 

Nutlin-3 (+/-) Cayman Chemical, Ann Arbor, Michigan, 

USA 

OptiMEM Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

OptiMEM Gibco by Life Technologies, Carlsbad, 

California, USA 
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PageRulerTM Prestained Protein Ladder Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA 

PB-MAXtM Karyotyping Medium Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Penicillin/Streptomycin Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Penicillin/Streptomycin/L-Glutamine Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Phenylmethylsufonylfluorid (PMSF) Merck, Darmstadt, Germany 

Phosphate buffered saline (PBS) (1x)/(10x) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Phytohemagglutinin (PHA) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

PierceTM methanol-free formaldehyde vials Thermo Fisher Scientific , Waltham, Mas-

sachusetts, USA 

Poly-L-Lysine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Ponceau S solution Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Potassium bicarbonate Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Potassium chloride (KCl) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Protein G Sepharose beads GE Healthcare, Munich, Germany 

Proteinase K Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

ReLeSRTM STEMCELL Technologies, Cologne, Ger-

many 

RestoreTM Western Blot Stripping Buffer Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA 

Retinoic Acid (all-trans, RA) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

RNaseTM Away Molecular BioProducts by Thermo Fisher 

Scientific, Waltham, Massachusetts, USA 

Rock inhibitor Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 
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Rotiphorese 10x SDS-PAGE buffer Carl Roth, Karlsruhe, Germany 

RPMI 1640 Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

RTU DNA Ladder (I and II) Promokine, Heidelberg, Germany 

Sodium (L)-Ascorbate (Na-Ascorbate) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Sodium deoxycholate Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Sodium dodecyl sulfate (SDS) Merck, Darmstadt, Germany 

Sodium fluoride (NaF) Merck, Darmstadt, Germany 

Sodium hydrogen carbonate (NaHCO3) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Sodium-(meta)vanadate (NaV) Fluka analytical by Merck, Darmstadt, 

Germany 

Sodium-(ortho)vanadate (Na2VO3) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Sodium-chloride (NaCl) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

stable L-Glutamine PAA, Pasching, Austria 

StemSpanTM CC100 Cytokine Cocktail STEMCELL Technologies, Cologne, Ger-

many 

StemSpanTM SFEM STEMCELL Technologies, Cologne, Ger-

many 

Sucrose Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

SYBERTM Safe DNA Gel Stain Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA 

Synth-a-Freeze Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Thiazolyl Blue Tetrazolium Bromide (MTT) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Thymidine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Trichostatin A  Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Tris base pure Ph.Eur., USP AppliChem, Darmstadt, Germany 
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Tris-HCl Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Triton X-100 Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

TritonTM X-100 Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Tween 20 Merck, Darmstadt, Germany 

Uridine Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Vectashield containing DAPI Vector Laboratories, Burlingame, Califor-

nia, USA 

β-Mercaptoethanol Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

β-Mercaptoethanol (50mM) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

MOWIOLR4-88 reagent Clabiochem, Darmstadt, Germany 

Gelatin Solution (0.1 %, EmbryoMax®) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

Trypan Blue Stain 0.4% Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

Acrylamide/Bisarcylamide (30:0.8) (w/v) National Diagnostics, Atlanta, Georgia, 

USA 

1.4-Diazabicyclo[2.2.2]octane (DABCO) Sigma-Aldrich by Merck, Darmstadt, Ger-

many 

NEBuffer 1-4 New England Biolabs, Ipswich, Massa-

chusetts, USA 

DMEM (4.5 g/l glucose, pyruvate) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 

DMEM:F12 (1:1) Gibco by Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA 
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2.10 Buffer and Other Solutions 

 

Red blood cell lysis buffer 

H2Odemin  

Ammonium-chloride 0.15 M 

Potassium-bicarbonate 10 mM 

EDTA 0.1 mM 

adjusted to pH 7.2 – 7.4 

 

HSPC magnetic bead separation buffer 

H2Odemin  

BSA 0.5 % (v/v) 

EDTA 1.2 mM 

 

mESC-Trypsin 

H2Odemin  

Trypsin 0.02 mM 

NaCl 140 mM 

KCl 5 mM 

Glucose 5.5 mM 

NaHCO3 3 mM 

EDTA 0.8 mM 

sterile filtered before usage 

 

50x TAE-buffer 

H2Odemin  

Tris-Base 2 M 

Acetic acid 1 M 

EDTA 0.1 mM 

adjusted to pH 8.3 
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Western Blot lysis buffer 

H2Odemin  

NaCl  150 mM 

Tris-Base (pH 7.4) 50 mM 

EGTA 2 mM 

NaF 25 mM 

β-glycerol phosphate 25mM 

EDTA 2 mM 

Nonidet P40 0.3 % (v/v) 

NaV 0.1 mM 

Triton X-100 0.2 % (v/v) 

For cell lysis in 10 ml lysis buffer 1 protease inhibitor pill was solved. 

 

Cell lysis buffer for IP 

H2Odemin  

Tris-Base (pH 8.0) 50 mM 

SDS 1 % (v/v) 

For cell lysis in 10 ml lysis buffer 1 protease inhibitor pill was solved. 

 

4x SDS stacking gel buffer 

H2Odemin  

Tris-HCl (pH 6.8) 0.5 M 

SDS 0.4 % (w/v) 

 

4x SDS separating gel buffer 

H2Odemin  

Tris-HCl (pH 8.8) 1.5 M 

SDS 0.4 % (w/v) 
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6x SDS sample buffer 

H2Odemin  

Tris-HCl (pH 6.8) 350 mM 

Glycerol 36 % (v/v) 

Dithiotreitol (DTT) 9.3 % (w/v) 

Sodiumdodecylsulfate (SDS) 10 % (w/v) 

Bromophenol Blue 0.6 % (w/v) 

β-Mercaptoethanol 10 % (v/v) 

 

Western Blot washing buffer 

PBS  

Tween 20 0.1 % (v/v) 

 

10x Western Blot transfer buffer (High molecular weight (HMW) buffer) 

Tris-base 120 g 

Glycine 60 g 

H2Odemin ad 2 l 

 

Cytoskeletal (CSK) buffer 

H2Odemin  

Sucrose 250 mM 

KCl 25 mM 

HEPES (pH 7.5) 10 mM 

EGTA 1 mM 

Cl2Mg 1 mM 

 

RIPA lysis and extraction buffer 

Tris-HCl (pH 7.5) 10 mM 

NaF 25 mM 

NaCl 20 mM 

Sodium deoxycholate 1 % 

Nonidet P40 1 % 

SDS 0.1 % 
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Pre-extraction buffer for IF and PLA 

H2Odemin  

Sucrose 300 mM 

NaCl 50 mM 

HEPES (pH 7.4) 20 mM 

MgCl2 3 mM 

EDTA 1 mM 

Triton X-100 0.5 % (v/v) 

 

Fiber and PLA washing buffer 

PBS  

Tween 20 0.05 % (v/v) 

 

Click reaction cocktail for SIRF 

PBS  

Na-(L)-Ascorbate 100 mM 

CuSO4 2 mM 

Biotin Azide 0.01 mM 

 

Fiber lysis buffer 

H2Odemin  

Tris-HCl (pH 7.4) 200 mM 

EDTA 50 mM 

SDS 0.5 % (v/v) 

 

Mowiol-DABCO mix  

Mowiol 75 % (v/v) 

DABCO 25% (v/v) 
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2.11 Media 

 

Luria-Bertani (LB) medium (1 l) 

BactoTMTryptone 10 g 

BactoTMYeast extract 5 g 

NaCl 10 g 

H2Odemin ad 1 l  

 

LB-Agar (1 l) 

LB medium (see above) 1 l 

BactoTMAgar 15g 

After the medium has been autoclaved, 100 mg/ml antibiotics (ampicillin or kana-

mycin) were added. 

 

HSPC medium 

StemSpanTM SFEM  

StemSpanTM CC100 1 % (v/v) 

Penicillin/Streptomycin 1 % (v/v) 

 

HSPC freezing medium 

FBS 90 % (v/v) 

DMSO 10% (v/v) 

 

PBL medium 

PB-MAXTM Karyotyping Medium  

PHA 0.5 % (v/v) 

 

Amaxa medium for PBLs 

RPMI 1640  

FBS 20 % (v/v) 

Penicillin/Streptomycin/L-Glutamine 1 % (v/v) 
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PBL freezing medium 

RPMI 1640 20 % (v/v) 

FBS 70 % (v/v) 

Dimethylsulfoxide (DMSO) 10 % (v/v) 

 

MEF medium 

DMEM  

FBS 9 % (v/v) 

stable L-Glutamine  1 mM 

Penicillin (50 U/ml) /Streptomycin (50 µg/ml)  1 % (v/v) 

 

H9 maintenance medium 

KnockOutTM DMEM   

KnockOutTM Serum Replacement  20 % (v/v) 

stable L-Glutamine  1 mM 

β-Mercaptoethanol 100 µM 

Penicillin (50 U/ml) /Streptomycin (50 µg/ml)  1 % (v/v) 

100x NEAA  1 % (v/v) 

bFGF/FGF beads  5 µg/ml 

 

H9 medium 

mTesRTM1 medium   

mTeSRTM1 supplement (5x)  20 % (v/v) 

Penicillin (50 U/ml) /Streptomycin (50 µg/ml)  1 % (v/v) 

 

Neural induction medium (NIM) 

NeurobasalTM medium  

Neural induction supplement (50x) 2 % (v/v) 

 

Neural expansion medium (NEM) 

NeurobasalTM medium:DMEM/F12 1:1 

stable L-Glutamine  1 % (v/v) 

Neural induction supplement (50x) 2 % (v/v) 
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nd medium 

DMEM/Ham’s F12 (1:1)   

B27 supplement without Vitamin A (50x)  2 % (v/v) 

L-glutamine  1 % (v/v) 

Insulin  5 µg/ml 

bFGF 10 µg/ml 

EGF  20 µg/ml 

 

diff medium 

DMEM/Ham’s F12 (1:1)   

FBS  10 % (v/v) 

L-glutamine  1 % (v/v) 

 

feeder medium (for mESC culture) 

DMEM (4.5 g/l glucose, pyruvate)  

FCS  10 % (v/v) 

Penicillin (50 U/ml) /Streptomycin (50 µg/ml)  1 % (v/v) 

 

feeder freezing medium 

DMEM (4.5 g/l glucose, pyruvate)  

FCS  10 % (v/v) 

DMSO  10 % (v/v) 

 

mESC medium 

DMEM (4.5 g/l glucose, pyruvate)  

FCS  15 % (v/v) 

Penicillin (50 U/ml) /Streptomycin (50 µg/ml)  1 % (v/v) 

NEAA  1 % (v/v) 

Lif 0.5 % (v/v) 

β-Mercaptoethanol (50mM) 0.1 mM 
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mESC diff medium 

DMEM (4.5 g/l glucose, pyruvate)  

FCS  10 % (v/v) 

Penicillin (50 U/ml) /Streptomycin (50 µg/ml)  1 % (v/v) 

β-Mercaptoethanol (50mM) 0.1 mM 

Retinoic acid 1 µM 

 

2.12 Consumables 

The used consumables are listed in Table 9. 

 

Table 9: List of the consumables and their distributors. 

Name Company 

Cell scraper Sarstedt, Nümbrecht, Germany 

Coverslips Menzel by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA 

FACS tubes (5ml) Becton-Dickinson (BD), Franklin 

Lakes, New Jersey, USA 

Falcon® Culture Slides 4-well OMNILAB-Laborzentrum, Bremen, 

Germany 

HybondTM P 0.45µm PVDF membrane Amersham Biosciences by GE 

Healthcare, Munich, Germany 

MicroAmp Optical 384-well Plate with Barcode Applied Biosystems by Thermo 

Fisher Scientific, Waltham, Massa-

chusetts, USA 

Nitril gloves Micro-Touch Nita Tex Ansell, Brussels, Belgium 

Nitril gloves Vasco® Guard long B. Braun, Melsungen, Germany 

Reaction tubes (0.2 ml, 0.5 ml, 1.5 ml, 2 ml) Sarstedt, Nümbrecht, Germany 

Reagents reservoir VWR International, Radnor, Penn-

sylvania, USA 

Serological pipettes (5 ml, 10 ml, 25ml, 50 ml) Sarstedt, Nümbrecht, Germany 

Slides for microscopy Menzel by Thermo Fisher Scientific, 

Waltham, Massachusetts, USA 

Superfrost ultra plus slides for microscopy Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

Surgical Disposable Scalpels B. Braun, Melsungen, Germany 



Material 

 

 
54 

 

Tips (0.5 – 10 µl, 2 – 20 µl, 100µl, 20 – 200µl, 

1250µl) 

Sarstedt, Nümbrecht, Germany 

Tips (10 µl, 20 µl, 200 µl, 1250 µl) Nerbe Plus GmbH & Co KG, Win-

sen/Luhe, Germany 

Tissue Culture dishes (60 mm, 100 mm, 150 mm, 

200 mm) 

Sarstedt, Nümbrecht, Germany 

Tissue Culture dishes ultra-low adherent (100 mm) Corning® by Merck, Darmstadt, 

Germany 

Tissue culture flasks (25 cm2, 75 cm2, 175 cm2) Sarstedt, Nümbrecht, Germany 

Tissue Culture Flasks ultra-low adherent  

(25 cm2, 75 cm2) 

Corning® by Merck, Darmstadt, 

Germany 

Tissue Culture Plates (6-well, 24-well, 96-well) Sarstedt, Nümbrecht, Germany 

Tissue Culture Plates ultra-low adherent  

(6-well, 96-well) 

Corning® by Merck, Darmstadt, 

Germany 

Tubes PP (15 ml, 50 ml) Sarstedt, Nümbrecht, Germany 

Tubes PS (15ml) Sarstedt, Nümbrecht, Germany 

Whatmann Filter Paper 3MM Schleicher and Schüll, Munich, 

Germany 

Wipes  Kimberly-Clark, Irving, Texas, USA 

 

2.13 Equipment and Devices 

The equipment, tools and devices needed for the experiments are shown in Ta-

ble 10. 

 

Table 10: List of used tools and devices as well as their suppliers. 

Name Company 

Autoclave, Varioklav 75S H+P, Oberschleißheim, Germany 

Balance P1200 Mettler Toledo, Gießen, Germany 

Balance Sartorius BP61  Sartorius, Göttingen, Germany 

Balance Sartorius Quintix M18 Sartorius, Göttingen, Germany 

Centrifuge Biofuge 13 Heraeus-Sepatech, Osterode, Germany 

Centrifuge Biofuge pico Kendor, Osterode, Germany 

Centrifuge Cytospin3 Shandon, Bohemia, New York, USA 

Centrifuge Multifuge 1S-R Kendro, Osterode, Germany 

Centrifuge Multifuge 3S-R Kendro, Osterode, Germany 
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ceramic plates (size 10 x 8 x 0.075 cm) Amersham Biosciences by GE 

Healthcare, Munich, Germany 

ChemiDocTM MP Imaging System Bio-Rad Laboratories, München, Ger-

many 

combs (ten-dentate) Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Five Gel Caster for 10 x 8 cm plates SE200 Hoefer Inc., Holliston, Massachusetts, 

USA 

Flow cytometry FACSCaliburTM Becton-Dickinson (BD), Franklin Lakes, 

New Jersey, USA 

Freezer MediLine LGEX3410Me (-20°C) Liebherr-International AG, Bulle, Switzer-

land 

Freezer ThermoForma 88700 (-80°C) Thermo, Egelsbach, Germany 

Fridge CN4713 Liebherr-International AG, Bulle, Switzer-

land 

glass plates (size 10 x 8 x 0.075 cm) Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Ice machine AF100 Scotsman International, Milan, Italy 

Incubator ThermoForma Direct Heat CO2, 

Model 311 

Thermo, Egelsbach, Germany 

Isovolt DS1 X-ray tube Seifert by gfa-Gevaert, Mortsel, Belgium 

Lamina Flow Clean Air EN12469 Clean Air Techniek, Woerden, Nether-

lands 

Lamina Flow ESCO Cytotoxic Safety Cyto-

culture®
 

Biomedis® Laborservice GmbH, Gießen, 

Germany 

Microscope Axiovert 25 Zeiss, Jena, Germany 

Microscope Keyence BZ-9000 Keyence Deutschland GmbH, Neu-Isen-

burg, Germany 

Microwave intellowave LG, Seoul, South Korea 

NanoDrop® 2000 Spectrometer Thermo Fisher Scientific , Waltham, Mas-

sachusetts, USA 

Neubauer counting chamber Depth 0.100 

mm; 0.0025 mm2 

Brand GmbH & CO. KG, Wertheim, Ger-

many 

pH-Meter Seven Multi Mettler Toledo, Gießen, Germany 

Pipettes (0.5µl -10µl; 2µl-20µl; 10µl-100µl, 

20µl-200µl; 100µl-1000µl) 

PZ HTL S.A., Warszawa, Poland 
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Power Supply EPS 1000 Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Power Supply EPS 1001 Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Power Supply EPS 2A 200 Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Real-Time PCR System ViiATM 7 Thermo Fisher Scientific , Waltham, Mas-

sachusetts, USA 

Rolling mixer RM810 Sysmex Deutschland GmbH, Norderstedt, 

Germany 

RunOneTM Electrophoresis Cell EmbiTex, San Diego, California, USA  

SE250 Mighty Small II Mini Vertical Protein 

Electrophoresis Unit 

Hoefer Inc., Holliston, Massachusetts, 

USA 

Shaker Certomat R B. Braun, Melsungen, Germany 

Shaker EasiaShaker Medgenix, Ratingen, Germany 

Shaker Phero-Shaker Biotech-Fischer, Reiskirchen, Germany 

Shaker Variospeed Biotech-Fischer, Reiskirchen, Germany 

Sonification water bath Sonorex Bandelin electronic GmbH & Co. KG, Ber-

lin, Germany 

Sonifier Sonopuls GM70 Bandelin electronic GmbH & Co. KG, Ber-

ling, Germany 

Sonifier Tip UW70 Bandelin electronic GmbH & Co. KG, Ber-

ling, Germany 

spacer (0.1 cm) Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Table centrifuge Bio-Rad Laboratories, Hercules, Califor-

nia, USA 

Tecan Sunrise Photometer Tecan, Crailsheim, Germany 

Test-tube-rotator 34528 Snijders Labs, Tilburg, Netherlands 

Thermobloc Eppendorf, Hamburg, Germany 

Thermocylcer FlexCycler BU Analytic Jena, Jena, Germany 

Vortex Genie 2 Bender und Hobein, Zürich, Switzerland 

Water bath Köttermann GmbH, Uetze, Germany 

Western Blot Blotting Tank TE 22 Mini Amersham Biosciences by GE 

Healthcare, Munich, Germany 

Workstation UVP PCR3 HEPA Analytik Jena, Jena, Germany 
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2.14 Software 

The names of the softwares used as well as the companies providing them are listed 

in Table 11. 

 

Table 11: Names and companies of the software used for the data processing. 

Name of the software Company/Homepage 

Magellan3 Tecan, Crailsheim, Germany 

Microsoft paint Microsoft, Redmond, Washington, USA 

Office Word 2007 Microsoft, Redmond, Washington, USA 

BZ-II Analyzer Keyence Germany GmbH, Neu-Isenburg, Germany 

Image LabTM  Bio-Rad Laboratories, Munich, Germany 

BD Cell QuestTM Pro 5.2.1 BD Bioscience, Heidelberg, Germany 

WindowsTM 7 Microsoft, Redmond, Washington, USA 

GraphPad Prism Software 8 GraphPad Software Inc., La Jolla, California, USA 

Fiji (Fiji Is Just ImageJ) ImaeJ Wiki, Laboratory for Optical and Computational 

Instrumentation, University of Wisconsin-Madison, Wis-

consin, USA 
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3 Methods 

3.1 Plasmid Amplification and Preparation 

3.1.1 Transformation of Bacteria 

Transformation of bacteria is described in Inoue et al. (1990). In brief, 50 µl chemo-

competent E. coli DH5α were incubated on ice with 1 µl (0.5 – 1 µg) plasmid DNA 

of interest to enable the DNA to attach to the surface of the bacteria. After 20 min, 

a heat-shock for 90 sec at 42 °C was performed, allowing the plasmid DNA to enter 

the bacteria. This was then followed by an incubation on ice for 5 min. Thereafter, 

1ml 1x LB medium (see 2.11) was added and the transformed bacteria were kept 

for 1 h at 37 °C, gently shaking. Later on 100 µl of the bacteria suspension was 

given onto a LB-agar (see 2.11) plate supplemented with the respective antibiotics 

(100 µg/ml) and incubated for up to 16 h at 37 °C to form colonies. Afterwards, one 

single colony was picked to generate a bacteria stock. The selected colony was 

transferred into 5 ml 1x LB medium supplemented with antibiotics and incubated for 

4 – 6h at 37 °C, softly shaking. Then the pre-culture was used to inoculate 300 ml 

of 1x LB medium containing antibiotics. From this overnight culture shaking at 37 °C 

then the plasmid DNA preparation was performed and the bacterial stock was 

gained by mixing 900 µl bacterial suspension with 100 µl DMSO and freezing at  

-80 °C.  

 

3.1.2 Plasmid DNA Preparation 

Amplification of plasmid DNA was performed by inoculating 5ml 1x LB medium sup-

plemented with antibiotics (100 µg/ml) with some of the bacterial stock by scratching 

with a sterile tip over the stock and giving this tip then into the medium. After incu-

bation for 4 – 6 h at 37 °C on a rotator the pre-culture was given to 300 – 600 ml 1x 

LB medium containing the corresponding antibiotics and incubated on a shaker at 

37 °C for about 16 h. For DNA isolation and purification of the bacterial cell pellet 

(centrifugation 4,500 x g, 5 min) the PowerPrep-HP Plasmid Maxi-Prep System (Ori-

Gene, Rockville, Maryland, USA) was used according to the manufacturer’s instruc-

tions. The freshly prepared plasmid DNA pellet was dried overnight to remove all of 

the alcohol, then resuspended in TE-buffer and frozen at -20 °C. The concentrations 

and quality of the prepared DNA was determined via the NanoDrop® 2000 (Thermo 
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Fisher Scientific, Waltham, Massachusetts, USA). The ratio of 260 nm/230 nm 

needed to be between 1.8 – 2.0 and the quotient of 260 nm/280 nm bigger than 2.0 

to verify the quality of the prepared DNA. Finally, the plasmid DNA concentration 

was adjusted to 1 µg/µl. 

 

3.1.3 DNA Restriction Digest 

The prepared plasmid DNA was digested by restriction endonucleases (RE) to con-

firm the correct amplification. Therefore, an undigested and a digested sample were 

generated. For the digest 1.5 µl plasmid DNA was mixed with 0.5 µl of each of the 

RE and 2 µl of the corresponding buffer (New England BioLabs). Finally, deminer-

alized water (H2Odemin) was added to a final volume of 20 µl. Depending on the RE 

and their requirements the master mixes were also supplemented with 2 µl 

BSA (10x). Mostly a double-digest was performed. The undigested sample was gen-

erated corresponding to the digested one but without the RE. The samples were 

incubated for 3 – 5 h at 37 °C and then separated by agarose gel electrophoresis. 

 

3.1.4 DNA Separation by Agarose Gel Electrophoresis 

Both samples with undigested and digested plasmid were used for agarose gel elec-

trophoresis to prove that the restriction digestion was successful and the right frag-

ments were generated. The agarose gel electrophoresis can separate DNA frag-

ments of various length due to the negative charge of the DNA back bone. If a cur-

rent is applied the DNA migrates to the positive charge at the anode. The agarose 

gel builds kind of meshes like in a net. So, big DNA fragments move slower than 

smaller ones, which experience a lower resistance. Therefore, 1.5 % (w/v) agarose 

in 1x TAE buffer (see 2.10) supplemented with SYBERTM Safe DNA Gel Stain 

(1:10,000; Thermo Fisher Scientific, Waltham, Massachusetts, USA) was poured 

into shape. 2 µl DNA loading dye (6x) (MBI Fermentas, St. Leon-Rot, Germany) 

were added to 10 µl of the samples given into the pockets of the gel. Additionally, 

6 µl of RTU DNA ladder I and II (Promokine, Heidelberg, Germany), respectively 

were put into one well, each. The agarose gel electrophoresis was performed in 

1x TAE buffer at 100 V for 30 - 45 min. Afterwards, bands were visualized by the 

ChemiDocTM MP Imaging System (Bio-Rad Laboratories, Munich, Germany). 
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3.2 Cell Culturing 

All cells were cultured at the same conditions namely at 37 °C, 5 % CO2 and ambient 

oxygen to exclude any influence of the culture conditions on the results.  

 

3.2.1 Human Primary Hematopoietic Cells 

3.2.1.1 Isolation of primary human blood cells 

Cord blood (CB) samples needed for PBLs and HSPCs isolation were collected in 

the Department of Obstetrics and Gynecology of Ulm University Hospital with in-

formed consent from the donors’ mothers/parents according to the ethic require-

ments (approvals by the local advisory boards: #105/2003; #155/13; .#157/10; 

#393/16). 

The isolation of human PBLs and HSPCs from CB samples were performed accord-

ing to Keimling et al. (2012) with some further modifications. In brief, for isolation of 

mononuclear cells gradient centrifugation was used. Therefore, a 1:2 dilution of CB 

samples with PBS was gently layered on 10 ml Ficoll® Paque Plus (1.077 g/ml) and 

then centrifuged at 500 x g for 30 min at room temperature (RT). The layer of mon-

onuclear cells was transferred to a fresh tube and washed several times in PBS to 

get rid of the thrombocytes. After the last washing step the mononuclear cell sus-

pension was directly resuspended in PBS containing 2 % FBS. Incubation of the 

samples for 5 min with red blood lysis buffer (see 2.10) removed the red blood cells 

from the sample, followed by another washing step with 2 % FBS/PBS. Then the 

HSPCs, containing the cell surface glycoprotein CD34 (CD34+) were enriched by 

using the CD34 Micro Bead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) ac-

cording to the manufacturer’s instructions. For the enrichment, cells were resus-

pended in FcR blocking reagent mixed with CD34 specific antibody coupled to super 

paramagnetic MACS Microbeads to minimize unspecific binding. After a 30 min in-

cubation at 4 °C, the cells were washed and taken up in HSPC magnetic bead sep-

aration buffer (see 2.10). The cells were loaded on LS Columns, which were placed 

in a super strong magnet, for magnetic separation. The CD34+ cells remained in 

the columns, whereas the flow through contains the C34- fraction, the PBLs. When 

the columns are removed fast from the magnet and buffer is pushed through the 

CD34+ cells are eluted and can be collected, pelleted and cultured in serum free 

HSPC medium (see 2.11). To ensure that a sufficient number of primary HSPCs are 
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available for the experiments up to five donors were pooled depending on the 

amount of gained cells. 

The purity of the CD34+ population after enrichment was determined using flow cy-

tometer analysis and reached 95 % (Becker et al., 2009).  

 

3.2.1.2 Culture of primary PBLs 

The isolation of the PBLs was followed by freezing the cells in PBL freezing media 

(see 2.11) and storage in liquid nitrogen. 

For the experiments PBLs were thawed and cultivated in PBL medium (see 2.11). 

2 x 106 cells were seeded per ml medium und cultivated for 72 h at 37 °C, 5 % CO2 

and ambient oxygen until the experiments were performed.  

 

3.2.1.3 Culture of primary CD34+ HPSCs 

After the enrichment of the human HSPCs from mononuclear cells these CD34+ 

cells were frozen in HSPC freezing media (see 2.11) and stored in liquid nitrogen.  

For the experiments HSPCs were thawed and cultured in HSPC medium (see 2.11). 

The multi-lineage hematopoietic cytokines in the medium promote the expansion of 

the human hematopoietic cells. For 72 h culture at 37 °C, 5 % CO2 and ambient 

oxygen 1 x 106 cells were seeded per ml medium. Afterwards, the experiments were 

conducted. 

 

3.2.2 Human Embryonic Stem Cells 

All experiments with human embryonic stem cells (hESCs) were conducted in the 

laboratories of the Group of Stem Cell Differentiation and Cytogenetics, Department 

of Biophysics, GSI Helmholtz Center for Heavy Ion Research, Darmstadt, Germany) 

under supervision of Dr. Sylvia Ritter and Dr. Insa Schröder, who kindly provided 

these cells. 

 

3.2.2.1 Expansion and Storage of Mouse Embryonic Fibroblasts  

EmbryoMax® Primary Mouse Embryonic Fibroblasts (PMEF-NL, Merck, Darmstadt, 

Germany) were obtained in passage 3 and propagated until passage 6 in MEF-

medium (see 2.11). They were mitotically inactivated by exposure to 60 Gy X-rays 
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(Isovolt DS1 X-ray tube (Seifert by Agfa-Gevaert, Mortsel, Belgium), 250 kV and 

16 mA) and seeded in MEF medium at a density of 0.5*106 cells in a 6 cm dish 

coated with 0.1 % gelatin (coating for at least 1 h at 37 °C). One hour prior to their 

use for hESC culture medium was exchanged to H9 maintenance medium 

(see 2.11). 

 

3.2.2.2 Maintenance of hESCs H9 

The hESCs H9 were cultured and passaged according to Luft et al. (2017). In brief, 

H9 cells are grown on PMEF-NL feeder cells at 37 °C, 5 % CO2 and ambient oxygen 

in H9 maintenance medium (see 2.11). For maintenance every seven days cells 

were passaged mechanically. For mechanical passaging 15 colonies were chosen 

by their stem cell typical morphological characteristics. Those colonies were then 

microdissected into nine to twelve squares using a sterile scalpel under a micro-

scope (100x objective) in an open laminar flow cabinet. The squares were then 

transferred into a new dish containing feeder cells. The feeder cells are growth ar-

rested and seeded at a density of 0.5*106 cells in a 6 cm dish coated with 0.1 % 

gelatin (coating for at least 1 h at 37 °C).  

 

3.2.2.3 Culture of hESCs H9 for Transfection Experiments 

H9 cells needed for experiments were passaged enzymatically and transferred to 

laminin-521 coated dishes to become feeder free. For coating laminin-521 is diluted 

1:10 with PBS and incubated on the dishes for at least 2 h at 37 °C or at least 24 h 

at 4 °C until it is removed and the cells can be seeded. For enzymatic passaging, 

cells on feeders were covered with ReLeSR solution (STEMCELL Technologies, 

Cologne, Germany), which was removed immediately. Then the dishes were incu-

bated for 3 min at 37 °C. It is very important to stay exactly in time to ensure only 

undifferentiated H9 cells are detached from the dishes and no feeder cells. After the 

incubation time 1 ml H9 medium (see 2.11) was gently given onto the well to lift up 

the colonies. The detached cells were then transferred into a falcon tube, counted 

and seeded 2*105 cells/well in a 6-well plate in 2 ml/H9 maintenance medium (see 

2.11) containing 5 µM Rock inhibitor. Rock inhibitor is only needed for seeding. 24 

h after seeding a medium change was performed using H9 medium (see 2.11). From 

this time point on every 24 h a medium change with H9 medium was needed to 
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ensure stem cell characteristics. Nevertheless, after a certain time period cells start 

to differentiate visibile due to a changed morphology. After approximately a week 

on laminin coated plates without feeders the majority of H9 cells were spontaneously 

differentiate. However, the excat time span for how long H9 cells could be cultured 

feeder free, depended strongly on the cell properties, like passage number, growth 

state or kind of splitting. Therefore, it was important that the H9 cells were not cul-

tured on laminin plates for too long and were always checked for their correct mor-

phology, if they were needed in their undifferentiated state. But due to this sponta-

neous differentiation, non-differentiated (nd) as well as spontaneously differentiated 

(sdiff) H9 cells could be obtained for experiments within one dish. The harvest of 

each cell type occurred by sequential detachment with ReLeSR (nd: 3min, diff: 3 + 

4min). Hence, sdiff H9 cells could be harvested either by longer culture of nd hESCs 

on laminin or by this sequential detachment.  

 

3.2.2.4 Neuronal Stem Cell Differentiation of hESCs H9 

Differentiation of hESCs H9 into the neural lineage was performed according to 

Mayer et al. (2018). H9 were seeded at a density of 2 – 3*104 cells/cm2 on Geltrex 

coated dishes. For the coating culture dishes needed to be covered with Geltrex for 

at least 1h at 37°C until it is removed and the cells can be seeded. For differentiation 

of H9 cells to neuronal stem cells (NSCs) 14 days of neuronal stimulation were 

needed. To start the differentiation H9 cells were transferred without any feeder cells 

onto Geltrex coated plates using ReLeSR like described before (see 3.2.2.3). 24 h 

later (day 1), the differentiation began with the incubation of the cells with neural 

induction medium (NIM, see 2.11) supplemented with 5 µM Rock inhibitor. At day 2, 

4 and 6, medium was exchanged without Rock inhibitor supplementation and cells 

were passaged at day 7 as follows: Cells were incubated in Accutase (Gibco by 

Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 5 min at 37 °C and 

resuspended in neural expansion medium (NEM, see 2.11) with 5µM Rock inhibitor 

at a density of 2 - 3*104 cells/cm2. Medium exchange followed every other day with-

out Rock inhibitor supplementation. After 14 days of differentiation, the cells were 

passaged and frozen in freezing medium (the same as HSPC freezing medium, see 

2.11) for later use. For thawing cells were put into a water bath at 37 °C, transferred 

into cold NSC medium and centrifuged at 200 x g for 5 min. Then the cells were 
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resuspeded in 1 ml fresh NEM supplemented with 5 µM Rock inhibitor per 1*106 

cells.  

 

3.2.3 Human Ovarian Cancer Cells 

Three cell lines of human ovary carcinoma cells kindly provided by Ph.D. Giovanna 

Damia’s laboratory (Department of Oncology, IRCCS-Istituto di Ricerche Farmaco-

logiche Mario Negri-IRCCS, Milan, Italy) could be propagated: #83; #107 and #110, 

which were all p53 wild type. 

 

3.2.3.1 Maintenance of Human Ovarian Cancer Cells 

Cells were cultured according to Ricci et al. (2002) at 37 °C, 5 % CO2 and ambient 

oxygen. The nd cells were expanded in nd medium (see 2.11). For passaging the 

spheroids built by nd cells were dissected via pipetting. The singularized cells were 

then counted and 3*104 cells/ml medium transferred in a new tube. After centrifuga-

tion at 80 x g for 10 min cells were taken up in the corresponding amount of fresh 

nd medium and seeded in ultralow-adherent culture flasks. For experiments the cells 

were kept from the day of seeding for seven days in the flasks. During this time 

medium was added very carefully once to keep the spheroids intact. These culture 

conditions were chosen to adapt them to the ones of their differentiated counter-

parts. 

 

3.2.3.2 Differentiation of Human Ovarian Cancer Cells 

For differentiation nd cells were harvested, singularized via pipetting and counted. 

3*104 cells/ml are needed to be seeded. The corresponding amount of cells were 

then transferred into a falcon, centrifuged at 80 x g for 10 min. All of the remaining 

nd medium was removed and cells were taken up in the correct amount of diff me-

dium (see 2.11), which contains FBS and lacks growth factors. Cells needed after 

the start of differentiation (day 0) seven more days at 37 °C, 5 % CO2 and ambient 

oxygen to complete their differentiation. During this period, fresh medium was added 

once to ensure that enough nutrients are present. At day 7 of differentiation an ad-

herent cell layer is visible depicting the success of differentiation. With those diff 

cells then the experiments could be conducted. The cells were detached from the 
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surface by washing them twice with PBS and incubation with Trypsin/EDTA for 

3 min at 37 °C. After this time the cells could be harvested with diff medium and 

transferred into a falcon. Now the cells could be counted and used for experiments. 

 

3.2.4 Murine Embryonic Stem Cells  

These precious murine ESCs (mESCs) were either of p53 wt or p53-/- (KO) status. 

Nevertheless, culture conditions (37 °C, 5 % CO2, ambient oxygen) and handling 

were identical for both cell lines. 

 

3.2.4.1 Preparation of Feeder Cells  

For mESC cell culture feeder cells, consisting of MEFs are needed. To gain these 

cells a mouse pregnant for 12.5 – 13.5 days needed to be killed. Then the uterus 

with the embryos was dissected. After head, tail and liver of the embryos were re-

moved they were transferred into a falcon and cut into small pieces. Then single 

cells were gained via Trypsin/EDTA digest for 15 min, at RT. To stop the digest 

feeder medium (for mESCs) (see 2.11) was added. When the larger sediments set-

tled down the supernatant was transferred into a new falcon. Cells were harvested 

via centrifugation at 300 x g for 2 min, resuspended in 10 ml feeder medium and 

plated in 200 mm culture dishes (1 ml/dish). When cells reached 90 – 100 % con-

fluency they were split 1:10. At passages 3 – 4 cells were harvested, growth arrested 

via irradiation with 6.3 Gy, centrifuged at 300 x g for 2 min and counted. Finally, 

9.1*106 cells/tube were frozen in feeder freezing medium (see 2.11), which was 

enough for coating ten 60 mm dishes with these MEFs after thawing for mESCs 

culure.  

 

3.2.4.2 Maintenance of mESCs 

When working with pluripotent stem cells it was very important to maintain their stem 

cell properties. For mESC first feeders needed to be cultivated for at least one day 

in the dish before mESCs could be seeded on them. Therefore, feeders were 

thawed at 37 °C, transferred into fresh feeder medium (see 2.11), centrifuged at 

300 x g for 2min, again washed with fresh medium and finally seeded in ten 60 mm 

dish in 3 ml fresh medium. The next day mESCs could be split. by detaching via 
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3 min trypsinization at 37 °C from their previous dish. Then fresh mESC medium 

(see 2.11) was given to the cells to stop the enzyme and the cells were transferred 

to a falcon. Then they were centrifuged at 300 x g for 2min and resuspended in fresh 

medium. Finally, 50*104 cells in 5 ml medium were seeded in a new 60 mm dish. 

mESCs needed to be split every second day as well as required a medium change 

every day. For experiments mESC were seeded for approximately 24 h on dishes 

coated with 0.1 % gelatin to remove the feeders.  

 

3.2.4.3 Differentiation of mESCs 

To start the differentiation of the pluripotent mESCs with or without p53, cells were 

harvested like for maintenance splitting. Then about 5 ml of the cell suspension were 

transfered onto dishes coated with 0.1 % gelatin and incubated for 30 min at 37 °C. 

During this first incubation, the bigger feeder cells settle down and the mESCs can 

be harvested in suspension after this time period. With this step the amount of feed-

ers in the culture of differentiated cells was reduced. In a next step, the remaining 

cells in the supernatant were centrifuged at 300 x g for 2 min, resuspended in mESC 

diff medium (see 2.11) and seeded 10*104 cells/100 mm dish for differentiation (day 

0) for seven more days. Every second day medium was changed to maintain differ-

entiation stimuli in the medium. One day before differentiation was finished and ex-

periments were conducted cells were split 1:2, to ensure that they were still prolifer-

ating. 

 

3.2.4.4 Alkaline Phosphatase Assay 

The maintenance of the stem cell properties of mESCs after thawing or during cell 

culture was essential. To validate the stemness an alkaline phosphatase (ALP) stain 

was performed. To this end, 50*104 mESCs were seeded in a 60 mm dish and after 

24 – 48 h with medium change, the ALP stain could be performed. Hence, cells were 

washed three-times with PBS, fixed for 20 min at RT with 4 % formaldehyde and 

then washed again two-times with PBS. Afterwards, cells were incubated for 0.5 – 

2 h with ALP staining sultion, BCIP®/NBT liquid substrate (Sigma-Aldrich by Merck, 

Darmstadt, Germany). Cells with stemness properties were stained dark purple if 

the assay worked. Then either pictures via microscope were taken or the substrate 

was just diluted with water and the dish discarded.  
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3.3 Determination of p53 Status 

For some ovarian cancer cells lines the p53 status was unknown, as these cell lines 

were obtained from patients’ tumors. The tumor suppressor protein p53 plays a cru-

cial in the final results of my thesis, why it was essential to proof that all used cell 

lines were of p53 wild-type status to exclude that any results were due to a mutated 

p53.  

 

3.3.1 Isolation of Genomic DNA 

For the examination of the p53 status a first step was to isolate genomic DNA 

(gDNA). Hence, the High Pure PCR Template Preparation Kit (Roche, Basel, Swit-

zerland) was used. The isolation was executed according to the manufacturer’s in-

structions. In brief, 104 – 106 cells were resuspended in 200 µl PBS. The suspension 

was then transferred to a clean microcentrifuge tube and mixed with 200 µl Binding 

Buffer and 40 µl proteinase K to lyse the cells. After an incubation for 10 min at 

70 °C 100 µl 2-propanol were added and mixed. Then the mixture was given into 

the High Pure filter tube plugged into a collection tube and centrifuged for 1 min at 

8,000 x g. The DNA is now bound to filter, the supernatant can be discarded and 

the DNA washed with 500 µl Inhibitor Removal Buffer. After another centrifugation 

step, DNA was washed twice with Wash Buffer. After the centrifugation for 1 min at 

8,000 x g, the filter-collection tube combination was again spun at full speed for 

10 sec to remove all of the Washing Buffer before the DNA was eluted. Hence, a 

new microcentrifuge tube was placed under the filter tube and 200 µl of Elution 

Buffer, pre-warmed at 70 °C, was directly given into the filter tube. After centrifuga-

tion for 1 min at 8,000 x g the DNA was eluted and transferred into the microcentri-

fuge tube. Some silicon matrix particles were transported into the tube and became 

visible as a small pellet. Therefore, the supernatant was transferred into a new tube, 

the DNA concentration was determined using NanoDrop® 2000 (Thermo Fisher Sci-

entific, Waltham, Massachusetts, USA) and stored at 4 °C until further usage.  
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3.3.2 Amplification of p53 Gene 

After the gDNA of the cells was extracted the p53 gene needed to be amplified to 

obtain enough DNA for sequencing. Thus a PCR of the p53 gene was performed, 

as the p53 gene itself was too large for sequencing it was focused on exons 5 – 6, 

exon 7 and exons 8 – 9. Primer pairs for each of these three exons/exon combina-

tions were used in a separate approach (for primer sequences see Table 2). For 

each primer pair and each sample the mixture (see Table 12) was pipetted in a small 

PCR tube. For the PCR water, which was treated with diethyl pyrocarbonate (DEPC) 

to inactivate any RNases and autoclaved (H2ODEPC), was used. As a negative con-

trol also one sample, where the amount of DNA was replaced by H2ODEPC, was gen-

erated. 

 

Table 12: PCR-Mix for p53 amplification. 

Buffer 10x FLEXI (without MgCl2) 5 µl 

MgCl2 (25mM) 5 µl 

dNTPs (20mM) 0.5 µl 

Forward primer (10 pmol/µl) 2 µl 

Reverse primer (10 pmol/µl) 2 µl 

Taq HotStart polymerase 0.25 µl 

DNA (5ng/µl) 10 µl 

H2ODEPC 25.25 µl 

total volume per tube 50 µl 

 

The tubes with the finalized PCR mixes were placed into a Thermocycler FlexCycler 

BU (Analytic Jena, Jena, Germany) and PCR was conducted according to the fol-

lowing conditions (see Table 13). The amplified DNA was then stored at 4 °C until 

further processing.  

 

Table 13: Thermal PCR condition for the amplification of the target gene p53. 

94 °C 2 min denaturation 

94 °C 15 sec 

35 cycles 60 °C  30 sec 

72 °C  45 sec 

72 °C  5 min elongation 

4 °C hold storage 
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3.3.3 DNA Extraction and Purification from Agarose Gel 

After the PCR the efficiency and accuracy was tested by performing agarose gel 

electrophoresis (see 3.1.4). About 20 µl PCR products including the negative control 

were put into the pockets of a 1.5 % agarose gels. On the edges of the gel RTU 

DNA ladder was given to verify the length of the fragments. Between each sample 

one lane was left free to ensure a more accurate handling during the following step 

of gel extraction. A current of 100 V was applied for about 45 min, then the DNA 

was visualized with the ChemiDocTM MP Imaging System (Bio-Rad Laboratories, 

Munich, Germany). Wearing UV safety glasses the part of the gel harboring the 

correct fragment was cut out with a scalpel and transferred into a previously weighed 

1.5 ml tube. For the DNA extraction from the agarose gel the NucleoSpin® Gel and 

PCR Clean-up Kit (Macherey-Nagel, Düren, Germany) was used according to the 

manufacturer’s instructions. The weight of the agarose fragment was determined 

and 200 µl of Buffer NTI per 100 mg fragment was added. The sample was then 

incubated for 5 – 10 min at 50 °C, vortexing now and then, until the gel was com-

pletely dissolved. The DNA was then bound to a filter column by transferring the 

solution to a NucleoSpin® Gel and PCR Clean-up Column plugged in a collection 

tube. After a centrifugation of 30 sec at 11,000 x g the flow through was discarded 

and the column was washed twice with 700 µl Buffer NT3, each time centrifuging 

for 30 sec at 11,000 x g. Then the silica membrane was dried by another centrifu-

gation at 11,000 x g for 1 min and an incubation period for 2 – 5 min at 70 °C. After-

wards, the DNA was eluted by incubating the filter membrane for 1 min with 30 µl of 

at 70 °C pre-warmed Buffer NE at RT. Prior to the elution, the column needed to be 

placed into a new 1.5 ml tube. To elute the DNA the column-tube combination was 

centrifuged for 1 min at 11,000 x g. Finally, the DNA concentration was determined 

using NanoDrop® 2000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

and stored at 4 °C until further usage or immediately prepared for sequencing.  

For sequencing 12 µl of each PCR product was mixed with 1.5 µl of each corre-

sponding forward and reverse primer in a new tube. This was then marked with a 

sequencing label and sent for sequencing to the laboratories of Microsynth Seqlab 

(Göttingen, Germany). 
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3.4 Quantitative Reverse Transcription Polymerase Chain Reaction 

The expression of proteins can be determined quantitatively on the mRNA level. 

Hence, a quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

needed to be conducted. This method consists of diverse steps. First mRNA isola-

tion, then reverse transcription and finally the qPCR, which determines the amount 

of mRNA based on PCR cycle numbers, which are needed to reach a certain signal 

threshold by the gene specific primer probes (Ct values) in relation to the house-

keeping genes (∆Ct). Afterwards, samples were normalized again to one set of sam-

ples resulting in ∆∆Ct values. 

 

3.4.1 Isolation of mRNA 

Total mRNA of the cells was isolated using the RNeasy Plus Mini Kit (Qiagen, Hil-

den, Germany) according to the manufacturer’s instructions. Cells were harvested 

with a maximum of 1*107 cells in a 1.5 ml tube, suspension cells via centrifugation 

at 500 x g for 3 min and adherent cells via trypsinization 24 h post-seeding or trans-

fection. 600 µl of Buffer RLT supplemented with 6 µl β-mercaptoethanol was added 

to the cell pellet. After vortexing for at least 30 sec a homogenized suspension 

should be obtained. This suspension was then transferred to a gDNA Eliminator spin 

column placed in a collection tube. Centrifugation for 30 sec at 9,000 x g made to 

stick the gDNA to the column. mRNA can be found in the flow-through, which was 

then mixed 1:1 with 70 % (v/v) ethanol. The sample was transferred, including all 

precipitates, to an RNeasy spin column plugged in a collection tube to bind the RNA 

to the column. Centrifugation for 15 sec at 9,000 x g was followed by washing with 

700 µl Buffer RW1 and another centrifugation step of 15 sec at 9,000 x g. Then the 

column was washed with 500 µl Buffer RPE supplemented with four volumes 100 % 

ethanol twice. After the second washing step the centrifugation was extended from 

15 sec to 2 min at 9,000 x g. The column was set in a new collection tube and dried 

by another centrifugation at 13,000 x g for 1 min. Then the mRNA was eluted by 

putting the column into a new 1.5 ml tube and adding 30 µl RNase-free water directly 

to the membrane of the column. For elution, it was centrifuged for 1 min at 9,000 x g. 

To increase the mRNA yield, the eluate was transferred again onto the membrane 

of the column and spun for 1 min at 9,000 x g. Finally, the concentration of the 

mRNA was determined using NanoDrop® 2000 (Thermo Fisher Scientific, Waltham, 
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Massachusetts, USA) and it was immediately proceeded with the reverse transcrip-

tion.  

 

3.4.2 Reverse Transcription of mRNA Samples 

Reverse transcription was conducted using the QuantiTect Reverse Transcription 

Kit (Qiagen, Hilden, Germany). The experiment was performed on ice all the time, 

to prevent the degradation of the mRNA. mRNA samples were mixed with RNase-

free water so that a final concentration of 1 µg mRNA per sample in a total volume 

of 12 µl was reached. Then 2 µl DNA Wipeout per sample was added and incubated 

for 2 min at 42 °C. Afterwards, specimen were set on ice immediately. In a next step, 

the samples were mixed with 6 µl master mix, consisting of 1 µl Quantiscript Reverse 

Transcriptase, 4 µl RT-Buffer and 1 µl RT-Primer-Mix. The samples were mixed well 

with the master mix and then incubated for 15 min at 42 °C for reverse transcription, 

followed by 3 min at 95 °C to inactivate the reverse transcriptase. The gained cDNA 

samples were then stored at -80 °C until further usage.  

 

3.4.3 Quantitative Polymerase Chain Reaction 

For qPCR the SensiFASTTM Probe Lo-ROX Kit (Bioline, Memphis, Tennessee, 

USA) was chosen in combination with TaqMan® Assay: primer and probes (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). The investigated genes are listed 

in Table 3. The preparation of the samples was conducted on ice to maintain their 

stability. A MicroAmp Optical 384-well plate (Applied Biosystems by Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) was used. Samples were diluted 1:20 in 

H2ODEPC and applied on the 384-well plate in triplicates. For each gene a master mix 

was prepared consisting of 5 µl Bioline Master Mix, 0.5 µl TaqMan® Assay and 1.2 µl 

H2ODEPC. In each well to the 384-well plate first 3.3 µl cDNA dilution or as negative 

control H2ODEPC was given followed by 6.7 µl of the prepared master mix. All wells 

were mixed gently to avoid any air bubbles. Before the plate was set into the Viia7 

RUO thermocycler (Applied Biosystems by Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA), it was sealed, centrifuged for 10 min at 300 x g to ensure that all 

the liquid is at the bottom of the plate and checked for any dust or particles at the 

bottom of the plate, which could falsify the results. The PCR was conducted accord-

ing to the temperature profile shown in Table 14. The differences in target mRNA 
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transcription were obtained using the comparative cycle threshold (Ct) method. The 

cycle number when the amplification of a gene overcomes a certain level (Ct) is 

determined. Then, mean values were calculated and the difference between the 

mean Ct-value of the used housekeeping genes was calculated (∆Ct). As only the 

difference of mRNA levels between nd and diff cells or between knockdown (kd) 

and control samples were of interest and TaqMan® probes were used, where no 

standard curves were mandatory to get robust results, no standard curves were 

prepared. Hence, for a clearer presentation the values were normalized either to 

control or nd samples (∆∆Ct) and depicted as the negative power of 2 (2-∆∆Ct). 

 

Table 14: Temperature profile of the qPCR. 

95 °C 2 min activation 

95 °C 10 sec 
40 cycles 

60 °C  20 sec 

 

3.5 Drug treatment 

 

ATM Kinase Inhibition: 

Cells were incubated with 10 µM of ATM kinase inhibitor (ATMi) KU-55933 (Selleck-

chem, Munich, Germany) (Hickson et al., 2004) for 2 h. Controls were treated with 

medium containing the corresponding amount of solvent (DMSO).  

 

ATR Kinase Inhibition: 

Cells were treated with 10 µM of ATR kinase inhibitor (ATRi) VE-821 (Selleckchem, 

Munich, Germany) (Reaper et al., 2011) for 2 h. Controls were incubated with me-

dium containing the corresponding amount of solvent (DMSO).  

 

DNA Crosslinking: 

 

Mitomycin C 

Cells were treated with medium containing 3 µM MMC (Sigma-Aldrich by Merck, 

Darmstadt, Germany) for 45 min. During this time period MMC induces interstrand 

crosslinks into the DNA (Iyer & Szybalski, 1964). Controls were incubated with me-

dium containing the same amount of solvent (H2Oinjectabilia). Afterwards, cells were 

washed and re-incubated with fresh medium for 3 h (release). For survival assays, 
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cells were treated with increasing concentrations (0.125 – 576 µM) of MMC or 

H2Oinjectabilia/medium for 48 h until metabolic activity was measured.  

 

Carboplatin 

Carboplatin is one of the first choice for treatment of ovarian cancer at advanced 

stages (Boulikas & Vougiouka, 2003). It generates crosslinks within the DNA, which 

are then interfering with replication as well as transcription and additionally activates 

signalling pathways finally resulting in the cell death (Boulikas & Vougiouka, 2003). 

To determine the chemosensitivity of cells to this DNA crosslinking agent, cells were 

treated with a concentration range of 0.25 – 1728 µM carboplatin (Pharmacy of the 

University Hospital, Ulm, Germany) or H2Oinjectabilia/medium for 48 h until metabolic 

activity was measured.  

 

DNA Demethylation Inhibition: 

The demethylation of DNA results in a kind of opening of the chromatin making 

genes available for transcription and therefore, enables gene expression. For test-

ing the influence of DNA methylation on DNA replication, cells were treated with 

1 µM of 5-Aza-2’-deoxycytidine (5-A-dC; Sigma-Aldrich by Merck, Darmstadt, Ger-

many) a DNA methyltransferase inhibitor (DNMTi) (Christman, 2002) for 2 h. Control 

cells were treated with medium containing solvent (DMSO).  

 

DNA Intercalation: 

Doxorubicin is an antraquinone isolated from Streptomyces peucetius, which inter-

calates stably with the DNA and therefore, interferes with DNA replication and tran-

scription (Box, 2007; Carvalho et al., 2009). Furthermore, doxorubicin can beside 

other functions become covalently linked to proteins of the replication or transcrip-

tion machinery, resulting in an inhibition of these processes and in a final conse-

quence in triggering apoptosis (Carvalho et al., 2009). The impact of this DNA inter-

fering molecule was also tested in cell survial assays, treating the cells with increas-

ing concentrations (0.01 – 30 µM) of doxorubicin (Pharmacy of the University Hos-

pital, Ulm, Germany) or H2Oinjectabilia/medium for 48 h.  
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Histone Deacetylase Inhibition: 

Cells were incubated with 1.5 µM of histone deacetylase inhibitor (HDACi) Tri-

chostatin A (Sigma-Aldrich by Merck, Darmstadt, Germany) (Yoshida et al., 1990) 

for 2 h to determine the effect of histone acetylation on DNA replication. Control cells 

were treated with medium containing solvent (DMSO).  

 

Nucleoside Excess:  

DNA replication after nucleoside excess was determined by treating cells with a final 

concentration of 30 µM of each nucleoside (adenosine, cytidine, guanosine, thy-

midine and uridine, all from Sigma-Aldrich by Merck, Darmstadt, Germany) for 

2.5 h. For treatment the medium contained all five nucleosides. As control, cells 

were treated with medium containing the corresponding amount of solvent (adeno-

sine, thymidine, uridine: H2Oinjectabilia, guanosine: formic acid and H2Odemin 1:1 (v/v), 

cytidine: 0.5 M hydrochloric acid).  

 

p53 Activation: 

Nutlin-3 (Nutlin) is a small molecule, which blocks the binding of p53 to its negative 

regulator MDM2 resulting in p53 activation (Vassilev et al., 2004). If this activation 

of p53 also influences cell viability differently was tested by treatment of cells with 

increasing amounts (0.125 – 576 µM) of Nutlin (Cayman Chemical, Ann Arbor, Mich-

igan, USA) or solvent (DMSO) for 48 h. 

 

Topoisomerase II inhibition: 

Etoposide has already been a well-known anti-cancer drug before its mechanism, 

namely the trapping of topoisomerase II on the 5’-end of the DNA strand was found 

(Chen et al., 1984; Ross et al., 1984; Hande et al., 1998). Topoisomerase II regu-

lates the degree of DNA winding and can cause relaxation of coild DNA parts by 

inducing transient DNA breaks (Hande et al., 1998). Etoposide creates a covalent 

link of topoisomerase II to the DNA, which could result in fatal outcome from DSB 

until chromosomal rearrangements and cell death, when the replication machinery 

encounters such a DNA-trapped topoisomerase (Hande et al., 1998). To test the 

sensitivity of cells to this anti-cancer drug etoposide, cells were treated with increas-

ing concentrations (0.125 – 576 µM) of etoposide (Sigma-Aldrich by Merck, Darm-

stadt, Germany) or solvent (DMSO) for 48 h until survival was measured. 
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3.6 Transfection Techniques 

3.6.1 Transfection via Amaxa® Nucleofection 

Amaxa® nucleofection (Lonza, Cologne, Germany) is a kind of mixture between 

lipofection and electroporation. The nucleofector reagent encloses the DNA and 

generates liposomes leading to the uptake of the DNA of interest into the cytoplasm 

of the cells. The application of optimized electrical parameters results in the transfer 

of the DNA into the nucleus. As the parameters of electroporation as well as the 

used nucleofector reagent can specifically be adapted to each cell line, it is a trans-

fection method with high efficiency and relatively low toxicity. Therefore, it was used 

for the ovarian cancer cells as well as for the hematopoietic cells. The nd as well as 

diff ovarian cancer cells were transfected with shRNA plasmids at differentiation 

day 7. HSPC and PBLs were also transfected by this method 72 h after thawing. 

Cells were transfected according to the manufacturers’ instructions. The harvested 

cells were resuspended in 100 µl Amaxa nucleofector solution/cuvette and mixed 

with a total amount of 10 µg plasmid DNA. The mixture was then transferred into 

the electroporation cuvette and transfected with the corresponding Amaxa program 

(see Table 15). Afterwards, the cells were given immediately into a well containing 

pre-warmed medium (1 ml medium per 1*106 cells) and cultured for another 24 h 

before experiments were conducted. For PBLs 4h post-transfection phytohemag-

glutinin was added to a final concentration of 2 %. The amount of cells used per 

transfection cuvette, the Amaxa program and kit, as well as the corresponding me-

dium for each cell type are listed in Table 15. 

 

Table 15: Details of Amaxa transfection. 

cell type Amaxa kit cell number/ 

cuvette 

Amaxa 

program 

medium 

nd ovarian 

cancer cells 

Cell Line Nucleofector 

Solution V Kit 

2*106 cells W-001 nd medium 

diff ovarian 

cancer cells 

Cell Line Nucleofector 

Solution V Kit 

2*106 cells W-001 diff medium 

HSPCs Human B Cell Kit 1*106 cells U-008 HSPC medium 

PBLs Human B Cell Kit 1*106 cells U-015 Amaxa medium 

for PBLs 
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3.6.2 Transfection via HiPerFect® 

hESCs H9 nd, as well as their differentiated counterparts the NSCs and sdiff cells 

were transfected by using HiPerFect® (Qiagen, Hilden, Germany). The procedure 

was conducted according to the manufactures’ instructions. Briefly, nd cells were 

harvested with ReLeSR after washing once with PBS. ReLeSR was shortly spread 

all over the cells removed again and then cells were incubated for exactly 3 min at 

37 °C, to be sure that only the nd cells detach from the surface. Cells were then 

harvested with H9 medium. H9 sdiff cells were harvested either from the plates used 

for nd cell harvest or from separate plates, which were containing mainly sdiff cells 

due to longer feeder free culture. The dishes were washed again with PBS and 

incubated with ReLeSR for another 4 min. This was resulting in the detachment of 

the sdiff cells, which could then be harvested with H9 medium. To harvest all diff 

cells, the remaining ones were scratched off the surface of the plates. NSCs were 

harvested by Accutase treatment after washing with PBS. After 4 min incubation at 

37 °C the cells could be collected in NSC medium. For all cell types 4.6*105 cells in 

2 ml medium were seeded per well of a previously coated 6-well-plate. The trans-

fection mixture was prepared with OptiMEM containing 6 % (v/v) HiPerFect solution 

and a final concentration of 5 nM of each siRNA per mix or NS siRNA respectively. 

The transfection mixture was vortexed and then incubated for 15 min at RT. 30 min 

post-seeding 200 µl of transfection mix was added drop-wise into each well. After-

wards, the plates were moved gently to get an equal distribution all over the cells. 

24 h post-transfection a medium change with the corresponding medium was per-

formed. After in total 48 h of culturing at 37 °C, ambient O2 and 5 % CO2 the exper-

iments were be conducted.  

 

3.7 Cell Cycle and Apoptosis Measurement 

Flow cytometry analysis (FACSCaliburTM from Becton-Dickinson (BD), Franklin 

Lakes, New Jersey, USA) was performed to determine cell cycle distribution and 

apoptosis induction in ovarian carcinoma cells. The measurement relies on light 

scattering, excitation and emission of fluorochome molecules like in this case pro-

pidiume iodide (PI). The cells were suspended, then injected and disperesed into 

the flow cytometer by a conical capillary. Therefore, single cells can be measured. 

In the flow cytometer the cells pass an Argon laser beam of 488 nm, which enables 
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to monitor several parameters: ligth scattering corresponding to cell-size and gran-

ularity as well as light emission related to the presence of a fluorophore. Due to the 

usage of various detectores and optical filters different fluorescent molecules can 

be detected. For measurement of cell size and singularity of the cells the forward 

scatter channel (FSC) is utilized collecting scattered light in forward direction. The 

side scatter channel (SSC) gathers light scattered in sideward direction and there-

fore, can give details about granularity of the cells. The information of FSC and SSC 

are needed to discriminate between cell types in a heterogenous specimen.  

For the measurement of cell cycle distribution and apoptosis the PI Assay was con-

ducted. PI intercalates into the DNA generating a quantitative signal corresponding 

to the amount of DNA in the cell. During different cell phases the content of DNA 

varies in the cells. In G1-Phase the cells contain a single set of chromosomes only. 

During S-Phase the content of DNA doubles due to replication. In G2/M Phase the 

cell still have a doubled chromosome set until cell devision, so that at the end of M-

Phase a single chromosome set is present again. For measurements 2*106 cells 

were seeded per well at differentiation day 7. Then all cells in the supernatant as 

well as the ones detached via trypsinzation were collected 24 h post-seeding by 

centrifugation (80 x g, 10 min). Washing with PBS was followed by fixation with an 

ice-cold mixture of acetone and 80 % ethanol (1:1 v/v) by dropwise addition of 4.5 ml 

fixation solution to the cells resuspended in 0.5 ml PBS while gently mixing. After 

incubation for 15 min on ice, cells were washed twice with PBS and resuspended in 

200 µl PI staining solution containing 50 µg/ml PI (Sigma-Aldrich by Merck, Darm-

stadt, Germany) in PBS as well as freshly added Rnase A (50 µg/ml). The subse-

quent incubation for 30 min in the dark was followed by a dilution with 100 µl PBS 

containing 0.2 % EDTA and measurement by flow cytometry. 

 

3.8 Activity of Energy Metabolism/Cell Survival 

The influence of cell differentiation, treatment and kd of various genes on the glu-

cose metabolism and therefore, on the cell viability of ovarian carcinoma cells was 

determined by using the colorimetric MTT Assay according to Mosmann (1983). 

Alive and metabolically active cells reduce the yellow tetrazole 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) mainly by NADH into insoluble, 

purple formazan crystals, which therefore is a measure of the glycolysis rate and 
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energy metabolism (Berridge & Tan, 1993). This colorimetric change can be evalu-

ated by measuring the absorbance at a wavelength of 630 nm with an ELISA-reader. 

For determining the metabolic activity of ovarian cancer cells, these ones were 

transfected or left untreated and then 2*105 cells/well were seeded in a 96-well-

plate. For each sample, four wells were populated. The MTT Assay was conducted 

24 h post-seeding. For analyzing cell survival, 2*105 cells were seeded in triplicates 

and 4 h post-seeding treated with various amounts of indicated agents. After 24 h 

nd cells were resuspended again and 48 h post-treatment MTT Assay was per-

formed. Thus, media was removed, for suspension cells (nd cells) after centrifuga-

tion for 5 min at 300 x g and for adherent cells without any centrifugation. Cells were 

then incubated with 0.5 µg/ml MTT solution in DMEM/F12 without phenol red or 

other substances for 3 h at 37°C. Subsequently, all plates were centrifuged again at 

1,100 x g for 3 min and the MTT solution was replaced by the fixation solution of 

hydrochloric acid and Isopropanol (1:1 (v/v)). After softly shaking for 15 min at RT 

light absorbance was measured at 570 nm using a reference filter at wavelength of 

630 nm. For metabolic activity, single values were normalized either to untreated nd 

or to the corresponding control samples. For cell survival evaluation, single repli-

cates were normalized to their corresponding solvent controls (medium/H2Oinjectabilia 

or DMSO). Afterwards, these values were plotted using nonlinear curve fit between 

0 and 100 %, and IC50 values were calculated with the help of GraphPad Prism 

Software 8. The statistical significance between the IC50 values of nd and diff cells 

was then determined by using Extra Sum of Squares F-Test of log(IC50) values. 

 

3.9 Biochemical Assays and Immunodetection 

3.9.1 Western Blot Analysis 

For the analysis of the proteins of cells it was essential to prevent the samples from 

degradation by proteases. Although protease inhibitors were used it was vital to 

work on ice/at 4 °C until the protein samples were denatured and no more degrada-

tion possible. 
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3.9.1.1 Cell Lysate Preparation 

Cells growing in suspension were transferred into a tube and centrifuged for 5 min 

at 300 x g, then briefly washed with ice-cold PBS. Adherently growing cells were 

washed twice with ice-cold PBS. Afterwards, they were scratched off the plates us-

ing a cell scraper and transferred into a tube.  

Cells were then pelleted by centrifugation at 11,000 x g for 5 min, 4 °C. Supernatant 

was removed and cells were lysed in Western Blot (WB) lysis buffer (see 2.10) for 

at least 30 min on ice to get the proteins extracted. Finally, to remove all cell debris 

lysed cells were centrifuged at 13,000 x g, for 15 min, 4 °C and supernatant was 

transferred into a new tube.  

 

3.9.1.2 Protein Concentration Adjustment 

The content of proteins in the cell lysates was determined by using PierceTM Bicin-

choninic Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massa-

chusetts, USA). This method is based on two reactions resulting into a color change 

(Huang et al. 2010). The first reaction also called biuret reaction is the reduction of 

cupric ions (Cu2+) of copper sulfate by peptide bonds to cuprous ions (Cu+). In a 

second reaction Cu+ ions react with BCA causing a deep blue/purple complex.  

For protein concentration of the samples cell lysates were diluted 1:10 with WB lysis 

buffer (see 2.10). To determine the protein concentration after BCA reaction a stand-

ard curve was needed, therefore, BSA standard samples were prepared in a serial 

dilution (0.125 mg/ml, 0.25 mg/ml, 0.5 mg/ml, 0.75 mg/ml, 1.0 mg/ml, 1.5 mg/ml, 

2 mg/ml). 10 µl of each BSA concentration as well as of diluted samples were given 

into a well of a 96-well-plate. To start the colorimetric reaction 200 µl reagent A 

mixed with solution B (50:1) of the BCA Kit were added into each well. After an 

incubation time of 30 min at 37 °C the optical density at 570 nm was detected with 

a Tecan Sunrise Photometer. The protein concentrations of the samples were then 

calculated using the BSA standard curve. In a next step, the protein concentration 

was adjusted to the same level using WB lysis buffer. Finally, protein samples were 

mixed with 6x SDS sample buffer (5:1) and denatured by heating for 10 min at 97 °C. 

Afterwards, samples were stored at -80 °C until further use. 
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3.9.1.3 SDS-Polyacrylamid-Gel Electrophoresis 

The separation of proteins due to their molecular weight was performed with SDS-

polyacrylamid-gel electrophoresis (SDS-PAGE) under denaturing conditions 

(Laemmli, 1970). For this, gels needed to be prepared: combs, glass and ceramic 

plates as well as spacers (0.1 cm) (Amersham Biosciences by GE Healthcare, Mu-

nich, Germany) were rinsed with Isoseptol and assembled accordingly (ceramic 

plate, spacers, glass plate) in a five gel caster SE200 (Hoefer Inc., Holliston, Mas-

sachusetts, USA). For proteins with high molecular weight, gels with less acrylamide 

are need compared to proteins with low molecular weight. Therefore, the separation 

gels needed to be prepared accordingly to the size of the proteins of interest (see 

Table 16). Ammonium persulfate (APS) as well as N, N, N’, N’-tetramethylendiamide 

(TEMED) are starters for the radical reaction and therefore, needed to accelerate 

polymerization, so they were added to the solution mixtures of the gels last. After 

the separation gel mix was given into the assembled gel caster leaving about 2 cm 

space on top for the stacking gel, everything was covered with 2-propanol. When 

the separation gel was fully polymerized 2-propanol was removed and the stacking 

gel (preparation see Table 16) given on top of the separation gel. Finally, the combs 

were set between each glass and ceramic plate. When the polymerization was com-

pleted the gels were either used for electrophoresis right away or stored at 4°C, 

90 % humidity.  

 

Table 16: Composition of separation and stacking part of five gels. 

Separation Gel  8 % 10 % 12 % 15 % Stacking 

Gel 

Protein Size [kDa] 100 – 200 40 -100 30 - 90 12 - 45 12-200 

Acrylamide 30 %, 

0.8 Bisacrylamide 

12 ml 15 ml 18 ml 21 ml 3.9 ml 

4x SDS separation 

gel buffer 

11.25 ml 11.25 ml 11.25 ml 11.25 ml - 

4x SDS stacking 

gel buffer 

- - - - 7.5 ml 

H2Odemin 21.75 ml 18.75 ml 15.75 ml 11.75 ml 18.3 ml 

10% APS 150 µl 150 µl 150 µl 150 µl 150 µl 

TEMED 30 µl 30 µl 30 µl 30 µl 30 µl 
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For separation of the proteins according to their molecular size the polymerized gels 

were placed into a protein electrophoresis unit (Hoefer Inc., Holliston, Massachu-

setts, USA), filled with 1x Rotiphorese SDS-PAGE buffer (Roth, Karlsruhe, Ger-

many). After the comb had been removed, air bubbles within the pockets were elim-

inated. Then the thawed and denatured samples, again at 97 °C for 7 min, were 

loaded into the pockets (40 – 60 µg/sample). Protein separation was carried out at 

50 mA. 

 

3.9.1.4 Protein Transfer to Membranes  

The proteins separated by molecular size were transferred to PVDF membranes 

(HybondTM P 0.45 µm, Amersham Biosciences by GE Healthcare, Munich, Ger-

many) according to Towbin et al. (1979). First, the membrane needed to be acti-

vated by incubation for 1 min in 100 % methanol, washing for 1 min in H2Odemin and 

then equilibration in 1x HMW buffer (see 2.10). For transfer membrane and gel were 

set between four whatmann-papers (two on each side) and two sponges. The blot-

ting took place in a WB blotting tank (Amersham Biosciences by GE Healthcare, 

Munich, Germany) on ice at 100 V for 35 – 50 min depending on the protein size. 

Smaller proteins needed a shorter transfer compared to bigger ones. Afterwards, 

the protein transfer was monitored by staining with Ponceau S solution and de-stain-

ing with H2Odemin. Then the membrane was incubated for at least 45 min with 5% 

milk in PBS containing 0.1 % (v/v) Tween (PBS-T) at RT, softly shaking to block 

unspecific binding sites for antibodies. Afterwards, some membranes were cut into 

several parts using a scalpel.  

 

3.9.1.5 Immunodetection of Proteins 

Protein detection after membrane transfer was performed adapted to Blake et al. 

(1984). The transferred proteins were visualized by incubating with specific primary 

antibodies diluted in 5 % milk/PBS-T overnight at 4 °C or for 2 h at RT. Washing the 

membrane four times for 5 min with WB washing buffer (see 2.10) was followed by 

an incubation for 45 min at RT with secondary antibody conjugated with horseradish 

peroxidase (HRP) and diluted in 1 % milk/PBS-T. All incubation and washing steps 

were performed on a shaker. After another washing step proteins were detected by 

using ClarityTM Western ECL Substrate (Bio-Rad Laboratories, Munich, Germany) 



Methods 

 
82 

 

according to the manufacturer’s instructions. Protein bands were then visualized by 

the ChemiDocTM MP Imaging Systems. In a last step, protein band intensities were 

quantified using Image Lab Software 6.0 (Bio-Rad Laboratories, Munich, Germany).  

Some membranes needed to be stripped for 5 – 20 min at RT, softly shaking with 

RestoreTM Western Blot Stripping Buffer (Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA) to eliminate all antibodies detecting previously visualized proteins. 

After stripping membranes were washed again three times for 5 min with WB wash-

ing buffer. Then another blocking step in 5 % milk/PBS-T for 30 min at RT was 

needed before the membrane could be incubated with another primary antibody 

again.  

 

3.9.2 Protein Interactions 

If proteins build stable complexes with each other is often hard to determine. With 

an immunoprecipitation (IP) stable interactions of proteins can be visualized. But 

some protein complexes are of quite transient nature and therefore, a previous 

crosslink is needed to stabilize the complex to make it then visible. 

 

3.9.2.1 Immunoprecipitation 

For performing an IP of whole cell lysates, cells needed to be harvested 24 h post-

seeding. Suspension cells were simply transferred into a tube and centrifuged for 

5 min at 300 x g and washed with ice-cold PBS. Adherent growing cells were 

washed twice with ice-cold PBS before they were scratched off the plates using a 

cell scraper and transferred into a tube.  

After cell pelletion by centrifugation at 11,000 x g for 5 min, 4 °C , the supernatant 

was removed and cells were lysed in at least 300 µl of special cell lysis buffer for IP 

(see 2.10) for 30 min on ice. This relatively large volume is needed to have enough 

solution for the further steps. Lysed cells were centrifuged at 13,000 x g, for 15 min, 

4 °C to harvest the protein suspension and get rid of all cell debris. Finally, the su-

pernatant was transferred into a new tube.   

A 1:10 dilution of the protein extracts was then used to determine and adjust protein 

concentrations as described in 3.9.1.2 but without the denaturation step, as the latter 

one was only performed for input samples. According to the protein concentration 

the amount of antibodies used for the IP was determined: 2 µg of antibody was 
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needed for 500 µg protein solution. Each protein sample was then divided accord-

ingly to the required pulldown and IgG control samples, 100 µl for each IP sample 

and 50 µl for input. Pulldown refers to the target protein, i.e. IP antibodies against 

this protein are used to determine other complex partners, which interact with this 

target. IgG control is a negative control, as with this IP sample unspecific bands 

occuring due to binding of proteins to the IgG chains of the antibody and not to the 

specific target protein become visible. The input is needed to visualize the amount 

and migration of proteins, which were applied for the IP.   

For the next step of the IP Protein G Sepharose (PGS) beads (GE Healthcare) were 

needed. 600 µl of PGS beads were prepared for each sample, 100 µl each were 

used for binding of the antibody and 100 µl each for removal of unspecifically binding 

compound within the cell lysates. Hence, beads were diluted with H2Odemin to a final 

concentration of 5  % sediment. Then beads were washed briefly three times with 

H2Odemin and then three times with cell lysis buffer for IP. Always spinning for 2 min 

at 13,000 x g after each washing step. Finally, the beads were divided into the two 

1.5 ml tubes per pulldown and control, each with 100 µl beads per tube. The rest of 

the prepared beads could be stored at 4°C for up to 2 weeks.   

In one of the two beads containing tubes 100 µl protein solution was added to re-

move any unspecific binding particles in the samples. In the other tube with beads 

the corresponding amounts of antibody/antibody-mix was added, namely either anti-

PCNA (mouse), a mix of anti-p53 Pab421 (mouse) and anti-p53 Pab1801 (mouse), 

anti-MDM2 (mouse) or normal IgG (mouse) (for details of antibodies see Table 6). 

All tubes were placed on a rotator at 4 °C, overnight. During this time, the antibodies 

could bind to the beads and unspecific interactions of the protein lysate to the beads 

were eliminated. The next day, the cell lysate was transferred to the antibody-bound 

beads, after a centrifugation of 13,000 x g for 2 min. Another incubation of the tube 

with beads, antibodies and protein lysates on the rotator for 4 – 6 h was followed by 

three washing steps with cell lysis buffer for IP, centrifuging for 2 min at 13,000 x g 

each. Finally, the supernatant was removed and beads with bound proteins were 

denatured by adding 30 µl of 6x SDS sample buffer (see 2.10) and incubation for 

10 min at 97 °C. Afterwards, samples could be stored at -80 °C after shock-freezing 

in liquid nitrogen or used for SDS-Polyacrylamid-Gel Electrophoresis (see 3.9.1.3) 

and the following steps of protein immunodetection.  
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3.9.2.2 Chromatin Immunprecepitation  

The chromatin immunoprecepitation (ChroIP) is a special kind of IP, where espe-

cially unstable complexes in the chromatin are isolated and visualized by immuno-

blotting. The ChroIP protocol was adapted from Bi et al. (2006). To perform ChroIP 

cells were washed with PBS 24 h post-seeding. Suspension cells had to be trans-

ferred into tubes and centrifuged 3 min at 1,100 x g after each step, whereas adher-

ent cells could remain on the plates. Chromatin extracts were gained by an 12 min 

incubation at 4°C, of the cells with Cytoskeletal (CSK) buffer (see 2.10) with freshly 

added inhibitors in following order: 1:100 PMSF (1 M), 1:100 Na3VO4 (1 M), one 

tablet protease inhibitor cocktail (Roche, Basel, Switzerland) per 10 ml CSK buffer 

and 1:1000 DTT (1 M). CSK buffer opens up the cell as well as the nuclear mem-

brane and therefore, washes away the soluble fraction of the cells, whereby only the 

chromatin bound proteins remain. CSK buffer was then removed and crosslinking 

performed by adding 1 % (v/v) methanol-free formaldehyde in PBS and incubating 

for 10 min at RT shaking now and then. Afterwards, cells were put on ice, formalde-

hyde was 1:10 diluted with cold glycine (1 M) and incubated for 5 min to stop cross-

linking. Supernatant was then discarded and cells washed with cold PBS. All re-

maining PBS was then removed before RIPA lysis and extraction buffer (see 2.10) 

with freshly added inhibitors: 1:100 PMSF (1 M), 1:100 Na3VO4 (1 M), one tablet 

protease inhibitor cocktail per 10 ml RIPA buffer and 1:1000 DTT (1 M) was given 

onto the cells and adherent cells were scraped off the plates using a cell scraper. 

The RIPA-cell suspension was incubated for 15 min on ice mixing every 5 min. Sam-

ples were then spit into 1.5 ml tubes with a maximum of 300 µl sample per tube and 

put into the sonification water bath Sonorex (Bandelin electronic GmbH & Co. KG, 

Berlin, Germany). Importantly, the water bath contained ice cooled water, in which 

the samples were sonificated at high power three-times 7.5 min each 30 sec sonifi-

cation on, 30 sec sonification off. Afterwards, samples were pooled again and cen-

trifuged at 13,000 x g for 15 min at 4 °C. Then the supernatant was transferred into 

a new tube and a 1:10 dilution with RIPA without any SDS or inhibitors was gener-

ated for protein concentration adjustment (see 3.9.1.2). The rest of the ChroIP was 

performed according to the protocol for the general IP (see 3.9.2.1) using RIPA 

buffer without any SDS or inhibitors. In the end after the last rotating step 80 µl of 

supernatant from the beads with bound antibody and protein lysate were taken as 

output. After washing, done as for the IP beads, bound proteins were denatured in 
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1:4 with H2Odemin diluted 6x SDS sample buffer (see 2.10) and incubated for 30 min 

at 99 °C. In the end, samples could be stored at -80 °C after shock-freezing in liquid 

nitrogen or used for SDS-Polyacrylamid-Gel Electrophoresis (see 3.9.1.3) and fol-

lowing steps of protein immunodetection. 

 

3.9.3 Immunofluorescence 

3.9.3.1 Slide Coating with Poly-L-Lysine 

Immunofluorescence analysis of suspension cells could only be performed if the 

cells were spun on slides. To ensure a better adhesion of the cells on the slides, the 

latter needed to be coated with poly-L-Lysine (Sigma-Aldrich by Merck, Darmstadt, 

Germany). Slides were incubated for at least 5 min at RT in a 1:10 solution of poly-

L-Lysine and H2Odemin. Afterwards, the slides were air-dried and stored until usage 

at RT.  

 

3.9.3.2 Fixation of Cells on Slides 

Suspension cells like nd ovarian cancer cells were harvested after the experiment 

in a tube, centrifuged at 80 x g for 10 min and taken up in PBS. Then cells were 

counted and diluted to 7.5*104 cells/slide in 200 µl PBS/slide. The cells were spun 

onto the poly-L-Lysine covered slides (see 3.9.3.1) with the help of the Centrifuge 

Cytospin3 (Shandon, Bohemia, New York, USA), 500 rpm, 5 min. Afterwards, spot-

ted cells were marked, slides incubated for 1 min in pre-extraction buffer (see 2.10) 

if needed and then fixed in 3.7 % formaldehyde diluted in PBS for 10 min at RT. 

Finally, slides were washed three times for 5 min with PBS and stored in PBS at 

4 °C until staining.  

Adherently growing cells like diff ovarian cancer cells were already seeded on slides 

using 4-well chamber slides (Falcon® Culture Slides 4-well, OMNILAB-Labor-

zentrum, Bremen, Germany) (3*105 cells/well). After the experiment, cells were 

washed twice with PBS, optionally incubated for 1 min in pre-extraction buffer (see 

2.10) and finally, fixed in 3.7 % formaldehyde diluted in PBS for 10 min at RT. When 

the fixation solution was discarded the chambers of the slides were removed and 

cells were washed three times with PBS for 5 min until they were stored at 4 °C in 

PBS until they were stained.  
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3.9.3.3 Immunofluorescence Staining 

Prior to the staining cells needed to be permeablized hence, slides were incubated 

for 12 min in PBS containing 0.5 % (v/v) Triton X-100 at RT. Then slides were 

washed three times with PBS for 5 min each. To block unspecific binding sites for 

antibodies, slides were incubated with 5 % (v/v) goat serum in PBS for 1 h at RT. 

Afterwards, the blocking solution was removed by washing shortly with PBS and 

cells were stained with primary antibodies (see Table 6) diluted in 5 % (v/v) goat 

serum for 1 h at 37 °C. After washing again three times with PBS, secondary anti-

bodies (see Table 7) diluted in PBS were given onto the slides and incubated for 

45 min at 37 °C. In the end, the slides were washed three times with PBS containing 

0.1 % (v/v) Triton X-100 and covered with Vectashield containing DAPI (Vector La-

boratories, Burlingame, California, USA). Finally a coverslip was put onto the slide, 

fixed with nail polish and slides were stored at 4 °C until microscoping. 

 

3.9.3.4 Microscopy and Analysis 

After the slides were stained nuclear signals were visualized with a 100x oil immer-

sion objective of the Keyence BZ-9000 microscope (Keyence Deutschland GmbH, 

Neu-Isenburg, Germany). The pictures were then analysed using the semi-auto-

mated quantification of foci of the Keyence BZ-II Analyzer software. For detecting 

green or red foci as well as their colocalization intensity, threshold as well as minimal 

focus sizes were set and kept throughout one experiment.  

 

3.9.4 Determining Proteins Next to Each Other 

Examining proteins, which are located in a close vicinity to each other, often reveals 

direct protein interactions or components of protein complexes. 

 

3.9.4.1 Proximity Ligation Assay 

The In Situ Proximity Ligation Assay (PLA) is an easy way for determining proteins, 

which are close to each other (less than 40 nm) developed by Fredriksson and col-

leagues (2002; reviewed by Alam, 2018). PLA was conducted using the Duolink® 

In Situ PLA Orange Kit (Sigma-Aldrich by Merck, Darmstadt, Germany) according 

to the manufacturer’s instructions. To perform this assay the cells had to be seeded 
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or spun on slides, pre-extracted and fixed (see 3.9.3.2). First cells were permea-

bilized for 12 min using PBS supplemented with 0.5 % Triton X-100. Then slides 

were washed three times with PBS for 5 min each, before free antibody-binding sites 

on the slides were blocked for 1h at RT using the blocking solution of the Duolink® 

In Situ PLA probe MINUS mouse and Duolink® In Situ PLA probe PLUS rabbit. After 

three times washing with PBS for 5 min each cells were incubated for 1 h at 37 °C 

with a primary antibody mix (see Table 6) diluted in antibody diluent of the Duolink® 

In Situ PLA probes. For the next steps, it was important that one of the primary 

antibodies was derived from mouse and the other one from rabbit so that they can 

be detected by different PLA probes. These probes are directed against the heavy 

and the light chain of IgG from mouse for the MINUS probe and the heavy and the 

light chain of IgG from rabbit for the PLUS probe. Only when the MINUS and PLUS 

probe are in close proximity to each other a light signal can be detected. After the 

primary antibody mix was washed away by three times washing with PLA washing 

buffer (see 2.10) for 5 min each, MINUS and PLUS PLA probes were mixed in a 1:5 

dilution in antibody diluent, given onto the slides and incubated for 1 h at 37 °C. 

Slides were washed twice while softly shaking with 1x Duolink® In Situ Wash 

Buffer A for 5 min each at RT. The oligonucleotides linked to the PLA probes were 

ligated by 30 min incubation at 7°C with the ligation working solution (1:40 diluted 

ligase (1 U/µl) in a 1:5 dilution of ligation stock solution in H2Oinjectabilia (all provided 

in the Duolink® In Situ Detection Reagents Orange Kit except of the H2Oinjectabilia)). 

Slides were again washed twice with 1x Duolink® In Situ Wash Buffer A for 2 min 

each at RT while softly shaking. The last step of the PLA was the rolling circle am-

plification of the linked oligonucleotides generating the final light signal. For the am-

plification step the polymerase (10 U/µl) was diluted 1:80 in the 1:5 in H2Oinjectabilia 

diluted amplification stock solution (polymerase and amplification stock solution pro-

vided in the Duolink® In Situ Detection Reagents Orange Kit). Then the slides were 

incubated with this amplification working solution for 100 min at 37°C. In the end, 

slides were washed twice with 1x Duolink® In Situ Wash Buffer B for 10 min at RT, 

while softly shaking and then once with 0.01x Duolink® In Situ Wash Buffer B for 

1 min at RT. Slides were covered with Duolink® In Situ Mounting Medium and co-

verslips were fixed with nail polish. Slides were stored at 4 °C until they were micro-

scoped and analysed (see 3.9.3.4). 
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3.9.4.2 In Situ Analysis of Protein Interactions at DNA Replication Forks 

There exist some methods to detect proteins at an active fork but most of them are 

very time and cell material consuming. The in situ analysis of protein interactions at 

DNA replication forks (SIRF) is a combination of click chemistry and PLA. The click 

reaction links a biotin molecule to 5-ethynyl-uridine (EdU) incorporated in the DNA 

during the experiment. The vicinity of other proteins to this biotin can then be deter-

mined by PLA, which enables the experimenter to identify proteins located less than 

40 nm near the incorporated EdU. This method was conducted with minor changes 

according to Petruk et al. (2012, 2017) as well as Roy et al. (2018 (a)). First, cells 

needed to be seeded prior to the experiment in chamber slides for adherent cells 

(at least three wells, better six, to have enough for all treatments) or in normal wells 

for suspension cells. About 24 h post-seeding, so that the cells were still replicating, 

suspension cells could be transferred into three tubes per sample (centrifugation: 

1,100 x g for 5 min), whereas adherent cells remain in their chambers. Cells were 

pulse-labelled. First two of the three samples were incubated with 20 µM EdU in 

medium for 8 min (pulse) at 37 °C, the control was only incubated with medium 

alone. After these 8 min one of the samples incubated with EdU was washed with 

PBS and then incubated with medium containing 100 µM thymidine for up to 4 h 

(chase). The other two samples (control and pulse) were processed immediately, 

the chase sample after the incubation. The medium was removed and cells were 

incubated for 1 min with pre-extraction buffer (see 2.10). The buffer was then re-

placed by 2 % methanol-free formaldehyde in PBS. After 15 min at RT samples 

were washed twice with ice cold PBS for 5 min each. For adherent cells chambers 

of the slides were removed at this time point and stored in PBS. Suspension cells 

were kept on ice until further processing. These cells needed to be counted and 

diluted in 7.5*104 cells per 200 µl PBS and were subjected to cytospinning already 

described in 3.9.3.2 but without the pre-extraction. Also the adherent cells were 

again fixed to treat all the cells the same.   

Before the PLA staining of the slides, a click reaction needed to be performed. 

Hence, cells were permeabilized by incubation with PBS containing 0.5 % (v/v) Tri-

ton X-100 for 12min at RT. Slides were washed twice with PBS for 5 min each and 

incubated with freshly prepared click reaction cocktail for SIRF (see 2.10) for 1 h at 

RT. After cells were washed once with PBS it was proceeded with PLA staining as 
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described in 3.9.4.1, starting with the blocking step. For staining all antibodies were 

used in combination with an anti-biotin antibody (see Table 6).  

 

3.9.5 DNA Fiber Spreading Assay 

With the DNA Fiber Spreading Assay a new possibility was established to visualize 

incorporated nucleotides on single DNA molecule level. Hence, this method can be 

used to investigate DNA replication dynamics in a qualitative as well as a quantita-

tive manner via either examining replication structures or measuring track lengths 

(Nieminuszcy et al., 2016). The protocol of the DNA Fiber Spreading Assay was 

adapted from Jackson and Pombo (2002) and Speroni et al. (2012). In brief, 24 h 

post-seeding or transfection the still replicating cells were pulse-labelled first with 

20 µM 5-chloro-2’-deoxyuridine (CldU) in medium for 20 min at 37 °C, then washed 

with pre-warmed PBS one to two times, then incubated with the second label 

200 µM 5-iodo-2’-deoxyuridine (IdU) in medium for 20 – 30 min at 37 °C. As the 

labelled nucleotide analogues are light sensitive, the whole DNA Fiber Spreading 

Assay was performed under low light conditions. After labelling cells were washed 

again one to two times with PBS, then harvested either via centrifugation for sus-

pension cells or via trypsinization for adherent cells. Cells were resuspended in ice-

cold PBS to stop replication. The samples were counted and further diluted with ice-

cold PBS so that a final concentration of 1250 cells/µl was reached. 2 µl of the cell 

suspension was lysed with 6 µl Fiber lysis buffer (see 2.10) directly on a slides, 

which was previously washed with 96 % (v/v) ethanol. The mix of cells and lysis 

buffer was then gently dispersed by drawing circles with a pipette, which become 

bigger and bigger. During this dispersion process the DNA should stick to the pi-

pette-tip like a nearly invisible fiber. When the connection between the tip and the 

DNA fiber was lost, the slide was air-dried for 6 min. Then the slide was tilted for 

about 20 ° – 30 ° to let the DNA stretch along the slide via gravity, followed by 

another drying step for 6 min. DNA was fixed on the slide by incubation in methanol-

acetic acid (3:1) for 5 min. Then slides were dried again for 7 min, before they were 

stored at 70 % (v/v) ethanol at 4 °C until further processing. The next step in this 

assay was then after a 5 min incubation in 100 % methanol and washing with PBS, 

the denaturation/deproteination in 2.5 N HCl for 1 h. Afterwards, slides were washed 

again with PBS and blocked with 5 % BSA in PBS for at least 45 min at 37 °C. 
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During all incubation steps the slides were covered with Parafilm to prevent the dry-

ing of the slides and ensure a symmetrical distribution of the solutions over the whole 

slide. Blocking was followed by shortly washing with PBS and an 1 h incubation at 

RT of primary antibody mix of anti-BrdU (rat, abcam) for detection of IdU and anti-

BrdU (mouse, BD) for CldU detection (see Table 6). Then slides were washed four 

times with Fiber washing buffer (see 2.10) and once with PBS while softly shaking. 

Secondary antibodies AlexaFluor555 anti-mouse and AlexaFluor488 anti-rat (see 

Table 7) were mixed and incubated for 45 min on the slides at RT. Afterwards, slides 

were washed five-times with Fiber washing buffer and once with PBS for 10 min 

each. Washing steps were essential to minimize background noise on the slides. 

DNA fibers were visualized using a Keyence BZ-9000 microscope (Keyence, Co-

logne, Germany) and a 40x objective. Track lengths of DNA fibers were measured 

either with the BZ-II Analyzer Software or the Fiji (is just ImageJ) software. Fork rate 

(FR) was calculated based on the length of the measured DNA fiber tracks using 

the formula: FR [kb/min] = (2.59 [kb/µm] * track length [µm]/pulse time [min].  

 

3.10 Statistics 

For every experiment, sample sizes were chosen in a range that was known to per-

mit determination of statistically significant differences identified in a previous study 

using cancer cells to discover the novel mechanism studied here in stem and differ-

entiated cells (Hampp et al., 2016). Statistics and graphical presentation of the data 

sets was done by using GraphPad Prism Software 8. Mean values and either stand-

ard error of the mean (SEM) or standard deviation (SD) were depicted in the graphs. 

For comparing related samples, two-tailed Wilcoxon matched-pairs signed rank test 

was applied, and for independent samples two-tailed Mann-Whitney U test. When 

comparing samples within groups bigger than two Kruskal-Wallis test was per-

formed previous of the mentioned tests to check for any significances within the 

whole group. The used tests do not assume normal distribution. To monitor normal 

distribution in random samples D'Agostino & Pearson or Shapiro-Wilk normality test 

was used. For generating cell survival curves nonlinear curve fit between 0 and 

100 % was performed and IC50 values were calculated with the help of GraphPad 

Prism Software 8. To calculate the statistical significance between the IC50 values 

Extra Sum of Squares F-Test of log(IC50) values was used. 
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4 Results 

4.1 Opposite Replication Phenotypes in Stem versus Differentiated Cells  

4.1.1 p53 and POLι Dependent Track Shortening in Human HSPCs 

Previous findings showed that the replication speed of human HSPCs depend on 

p53 (Hampp et al., 2016). In my thesis, I wanted to see if this was true for cells from 

the hematopoietic system in general, i.e. regardless of their differentiation status. 

Therefore, I chose PBLs for comparison. Both cell types were isolated from fresh 

cord blood samples (≤ 24 h post-partum) in accordance to the ethical regulations of 

Ulm University with consent given by the mother/parents (see scheme in Fig-

ure 11 A). After isolation, cells were immediately frozen and thawed later for exper-

iments. Seventy-two hours post-thawing cells were transfected or re-seeded. After 

further 24 h of cultivation (96 h after thawing) experiments were performed. In a first 

step, I investigated the DNA replication phenotype via DNA Fiber Spreading Assay 

of both cell types. Interestingly, DNA tracks in PBLs were 1.6-fold increased (for 

IdU) compared to HSPCs (Figure 11 B) (Ihle et al., 2021), visible also in the overview 

pictures of fiber spread (Figure 11 C). As it has been reported before that the p53-

POLι idling-DDT triggers a track shortening and with p53 also being implicated in 

HSPC track length regulation (Hampp et al. 2016) a possible involvement of this 

pathway was hypothesized in the replication of HSPCs (Ihle et al., 2021). To this 

end, I checked the protein expression level of p53 and POLι by WB analysis (Figure 

11 D). As commonly observed in differentiated cells (Jain et al., 2012) also PBLs 

express a higher amount of p53 compared to their stem cell counterparts (Kraft et 

al., 2015). Therefore, I could detect a 2.0-fold increased p53 protein level in this cell 

type (Ihle et al., 2021). But also POLι was detected 1.4-fold elevated in PBLs. 

Hence, the impact of these two proteins on replication was tested by DNA Fiber 

Spreading Assay after respective kd experiments. For clarity reasons, during the 

whole thesis only the protein names were used instead of gene plus protein names. 

As well, in the rest of the thesis only IdU tracks rather than both CldU and IdU tracks 

are shown, as IdU tracks correlate to the corresponding CldU tracks. Silencing of 

p53 by using already estabilished shRNA (Brummelkamp et al., 2002) resulted in 

an increase of track lengths in HSPCs from 2.8 to 4.1 µm (Ihle et al., 2021). In PBLs 

the opposite effect was seen, as after p53 kd the tracks were shortened  
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from 4.1 to 2.9 µm (Ihle et al., 2021), hence inverting the track length ratios of these 

cell types (Figure 11 E, left).  

 

 

Figure 11: Replication in human hematopoietic stem and progenitor cells as well as peripheral 
blood lymphocytes.   
DNA Fiber Spreading Assay was performed 24 h post-seeding/transfection (96 h post-thawing) by 
sequential incorporation of CldU for 20 min (green) followed by IdU for 20 min (red). Grey: hemato-
poietic stem and progenitor cells (HSPCs), blue: peripheral blood lymphocytes (PBLs). Shown are 
mean ± SEM, n = 3, for each experiment cells from 1 – 5 donors were used and at least 100 fi-
bers/sample were evaluated.   
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Statistics was done using Mann-Whitney U test: ***: P < 0.001, ****: P ≤ 0.0001.   
Instead of the names of the genes, the protein names were used for easier comprehensibility.  
A. Schematic overview of the isolation of HSPCs and PBLs out of fresh human cord blood. B. Rep-
lication track length obtained by DNA Fiber Spreading Assay of the two cell types. Shown are tracks 
for both pulses: CldU and IdU. C. Representative pictures of DNA fibers for HSPCs and PBLs, white 
scale bar: 10 µm. D. Western Blot of p53 (detected by p53 DO-1 antibody, BD, #554293) and POLι 
levels in the two cell types. E. DNA fiber track lengths after p53 (left panel) or POLι (right panel) 
knockdown (kd) with plasmids containing gene specific shRNAs (sh) or scrambled shRNA/empty 
vector for controls. Shown is the second pulse (IdU) only. Replication phenotype are indicated by 
green encircled arrows above the graphs. F. Representative WB for kd verification of p53 and POLι. 
Numbers underneath indicate fold change of normalized protein levels (normalization first relative to 
loading control and second to control vector), black stippled lines separate HSPCs and PBLs as well 
as p53 and POLι kd in the single cell types and are used for illustration only. (A, B, E and F was 
modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

The same result was visible after knocking down POLι by utilizing shRNA verified 

by Hampp et al. 2016. Also in this case the relationship of track length ratios in 

HSPCs and PBLs was inverted (HSPCs: from 2.7 to 4.2 µm, PBLs: from 4.3 to 2.7 

µm; Figure 11 E, right). Knockdown efficiency was confirmed by WB in both cell 

types (Figure 11 F). These data revealed that adult stem cells like HSPCs exhibit 

shorter DNA tracks and therefore, possibly slower replication compared to diff cells 

like PBLs (Ihle et al., 2021). Interestingly, both replication phenotypes depend on 

p53 and POLι (Ihle et al., 2021) highlighted by the green encircled grey and blue 

arrows (Figure 11 E). Furthermore, the findings after gene silencing indicated that 

there might be a possible difference in DDT pathway choice resulting in this variation 

in replication dynamics. According to this prime model after p53 and POLι kd, repli-

cation phenotypes were schematically emphasized by grey (nd) and blue (diff) ar-

rows throughout my thesis indicating further kd-induced elongation or shortening of 

tracks compared to controls. Additionally, the arrows are encircled in color, whereby 

green indicates the same replication phenotype as seen after p53 or POLι kd, ma-

genta stands for an opposed phenotype compared to p53 or POLι kd, black sym-

bolizes the same effect on replication dynamics in nd and diff cells, ocher implies no 

effect at all and black-ocher-stippled illustrates an effect in diff cells only. 

 

4.1.2 Slowed Replication in Human Embryonic Stem Cells by p53 and POLι 

In a next step, I investigated whether the results found in HSPCs and PBLs were 

unique to the hematopoietic system or if this was true for stem cells in general. Thus, 

DNA Fiber Spreading Assay was performed with nd hESCs of the H9 line gained 

from the inner cell mass of a female blastocyst (Thomson et al., 1998) as well as 

their spontaneously (sdiff) and neuronally differentiated (ndiff) counterparts  
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(see sketch in Figure 12 A). Experiments with these precious cells were performed 

only in the laboratories of Dr. Sylvia Ritter and Dr. Insa Schroeder at the GSI Helm-

holtz Center for Heavy Ion Research, Darmstadt, Germany. Non-differentiated as 

well as sdiff H9 cells were transfected or seeded at day 5 after splitting. Neuronal 

differentiated cells were differentiated for 14 days out of H9 cells to NSCs, passaged 

and frozen. For experiments ndiff cells were thawed. At day 5 of culturing cells were 

transfected or seeded. Experiments were conducted 48 h post-transfection/seeding 

(at day 7 of culturing) for all three cell types. DNA Fiber Spreading Assay revealed 

for both diff cell types a 1.2-fold increase of the DNA tracks compared to the stem 

cells in the IdU track (Ihle et al., 2021), which is also visible in the representative 

pictures (Figure 12 B and C). WB results showed, that differentiation was successful 

as the pluripotency marker Nanog (Mitsui et al., 2003) was reduced or even van-

ished in both diff cell types, whereas the marker for neuronal differentiation PAX6 

increased in ndiff cells (Thakurela et al., 2016) (Figure 12 C). The p53 level of both 

diff cells was elevated (sdiff: 2.0-fold, ndiff: 4.1-fold) indicating differentiation (Jain 

et al., 2012). Additionally, also POLι protein levels were increased in the diff cells 

(sdiff: 1.6-fold, ndiff: 3.8-fold). To see if the same dependency on replication track 

lengths could be obtained as for HSPCs and PBLs a p53 and POLι kd, respectively, 

was performed (Figure 12 E and F). Although down-regulation of p53 and POLι with 

well estabilished siRNAs (for p53: Hampp et al., 2016 and POLι: Gole et al., 2018) 

resulted only in a reduction of protein levels of 30 – 40 %, the effect on replication 

was tremendous. Silencing of these two proteins revealed in the nd hESCs like in 

HSPCs an 1.5-fold elongation of the tracks for p53 (from 2.9 µm to 4.3 µm) and for 

POLι kd (from 2.9 µm to 4.4 µm) (Ihle et al., 2021). In the two diff cell types a short-

ening by 12 – 34 % of the tracks was detected after p53 as well as POLι down-

regulation each (sdiff: from 3.4 to 2.4 µm/3.0 µm and ndiff: from 6.8 to 4.9 µm/4.5 

µm) (Ihle et al., 2021). The green encircled arrows illustrating the replication pheno-

types, emphasize that in adult (Figure 11 E) as well as in embryonic stem cells (Fig-

ure 12 E) the same p53 and POLι dependencies were detected (Ihle et al., 2021). 

The results highlight the importance of p53 and POLι in both cell models as already 

low kd efficiencies are enough to obtain an effect. Furthermore, these findings indi-

cate that track shortening by p53 and POLι seems to be specific for stem cells. 
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Figure 12: Replication phenotype differences in non-differentiated (nd), spontaneously (sdiff) 
as well as neuronally differentiated (ndiff) human embryonic stem cells (hESCs).   

+ Differentiation     
      Stimulation 
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Legend to Figure 12: Replication phenotype differences in non-differentiated, spontaneously 
as well as neuronally differentiated human embryonic stem cells (hESCs).  
DNA Fiber Spreading Assay was performed 48 h post-seeding/transfection (sdiff: day 7 post-splitting, 
ndiff: day 7 post-thawing) by sequential incorporation of CldU for 20 min (green) followed by IdU for 
30 min (red). Grey: non-differentiated (nd) hESCs, blue: spontaneously differentiated (sdiff), light 
blue: neuronally differentiated (ndiff). Shown are mean ± SEM, for each experiment at least 100 
fibers were evaluated. Statistics was done using Mann-Whitney U test and performed only pairwise 
between samples of nd and the two diff cells each, but not between sdiff and ndiff cells for better 
comprehensibility: **: P < 0.01, ***: P < 0.001, ****: P ≤ 0.0001.   
Instead of the names of the gene, the protein names only were used for easier comprehensibility.  
A. Sketch of the hESC generation and differentiation. B. Results of the DNA Fiber Spreading Assay 
of all three cell types, n = 2. Shown are tracks for both pulses: CldU and IdU. C. Representative 
pictures of DNA fibers, white scale bar: 10 µm. D. Western Blot (WB) for validation of differentiation 
and detection of p53 (DO-1) and POLι levels in nd, sdiff and ndiff hESCs. E. DNA fiber track lengths 
after p53 or POLι kd by a pool of four gene-specific siRNAs (si) or non-silencing si for controls. 
Depicted is one of two independent experiments. Shown is the second pulse (IdU) only. Replication 
phenotypes are indicated by green encircled arrows above the graphs F. Representative WB for kd 
verification of p53 and POLι. Numbers underneath indicate fold change of normalized protein levels 
(normalization first relative to loading control and second to control vector), black stippled lines sep-
arate nd and sdiff cells and are used for illustration only. (A, B, D, E and F was modified with permis-
sion from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

 

4.1.3 Same Replication Phenotypes in Ovarian Cancer Cells with Stem Cell 

Characteristics as in HSPCs and hESCs 

To investigate the mechanisms underlying the track shortening in stem cells, I es-

tablished a third cell model: the ovarian cancer cell line model (Ricci et al., 2012). 

These cell lines were generated from patients tumor samples (different numbers 

indicate different patients) and enriched for tumor initiating cells by the group of 

Ph.D. Giovanna Damia (Department of Oncology, Istituto di Ricerche Farmacolog-

iche Mario Negri-IRCCS, Milan, Italy) (Ricci et al., 2012). The nd cancer cells exhibit 

stem cell characteristics. During a seven day differentiation these properties are lost 

and the cells acquire a differentiated phenotype (see schema Figure 13 A). At day 

7 of differentiation cells were transfected or seeded. Experiments were conducted 

24 h later (at day 8 of differentiation). Interestingly, upon differentiation DNA fiber 

track lengths were elongated, namely 2.6-fold for #83, 3.2-fold for #110 and 1.6-fold 

for #107 when comparing the second pulse (IdU) track lengths with nd cells (Fig-

ure 13 B, representative pictures: C) (Ihle et al., 2021). WB analysis of p53 further 

supported the differentiation of the nd cells by increased levels in diff cells (#83: 2.4-

fold; #110: 6.5-fold, #107: 1.5-fold) (Figure 13 D). Non-differentiated as well as diff 

cells were expressing POLι, whereby in diff cells in two lines an increase in protein 

levels was detectable (#83: 1.0-fold; #110: 2.5-fold, #107: 1.1-fold). Knockdown of 
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both proteins p53 and POLι with established shRNAs, like already mentioned be-

fore, were performed. Although also in this cell model kd efficiencies were relatively 

low of 50 – 90 % for p53 and 20 – 50 % for POLι the effect on replication was enor-

mous, highlighting the vast influence of these two proteins on DNA replication in 

both cell types.  

 

 

Figure 13: Stem cell-like/non-differentiated and differentiated phenotypes in the ovarian can-
cer cell model.   
DNA Fiber Spreading Assay was performed 24 h post-seeding (day 8 of differentiation) by sequential 
incorporation of CldU for 20 min (green) followed by IdU for 30 min (red). Grey: non-differentiated 
(nd), blue: differentiated (diff) cells. Shown are mean ± SEM, n = 2, for each experiment at least 70 
fibers were measured. Statistics was done using Mann-Whitney U test: ****: P ≤ 0.0001.   
A. Sketch of the generation of the ovarian cancer cell model as well as the differentiation of the nd 
cells by addition of fetal bovine serum (FBS). B. Replication track lengths obtained by DNA Fiber 
Spreading Assay of cell lines generated from tumors of three different patients, indicated by different 
numbers (#83, #110 and #107). Shown are tracks for both pulses: CldU and IdU. C. Representative 
pictures of DNA fibers for nd and diff cells of cell line #110, white scale bar: 10 µm. D. Western Blot 
of p53 (DO-1) and POLι levels in three cell lines for nd and diff cell. Black stippled lines separate 
samples of the different patients and are used for illustration only. (A – D was modified with permis-
sion from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 
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Given that access to the ovarian cancer cell types was easier, these cell lines were 

an ideal and isogenic cell model to further elucidate the mechanism underlying the 

track shortening in stem cells (Ihle et al., 2021). During the whole thesis, the nd 

cancer cells exhibiting stem cell characteristics are referred to as stem cells to in-

crease the comprehensibility of the data. However, it is known, that these cancer 

cells are no bona fide stem cells but rather a kind of stem cell-like cells. Now, per-

forming the DNA Fiber Spreading Assay after p53 as well as POLι silencing similar 

results as for HSPCs/PBLs and hESCs were revealed: track elongation in nd and 

shortening in diff cells (Ihle et al., 2021) symbolized by the colored and green encir-

cled arrows (Figure 14). For example, in #110 tracks in nd cells after p53 kd in-

creased 1.2-fold and after POLι down-regulation 1.4-fold. To the contrary the fiber 

lengths were reduced in diff cells after p53 kd by 20 % and after POLι kd by 28 %. 

These results confirmed that the ovarian cancer cell lines are an appropriate model 

to discover the reasons behind the replication phenotype difference in stem versus 

diff cells, in the next steps.  
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Figure 14: p53 and POLι dependencies of replication in non-differentiated and differentiated 
ovarian cancer cells.  
DNA Fiber Spreading Assay was performed 24 h post-transfection (day 8 of differentiation) by se-
quential incorporation of CldU for 20 min (green) followed by IdU for 30 min (red). Shown is the 
second pulse (IdU) only. Grey: non-differentiated (nd), blue: differentiated (diff) cells. Shown are 
mean ± SEM, n = 2 for line #83 and #110, n = 3 for #107. For each experiment at least 100 fibers 
were measured. Statistics was done using Mann-Whitney U test: ***: P < 0.001, ****: P ≤ 0.0001.  
Instead of gene names, protein names were used for easier comprehensibility.   
Depicted are DNA fiber track lengths after p53 (left panel) or POLι (right panel) knockdown (kd) with 
plasmids containing gene specific shRNAs (sh) or scrambled shRNA/empty vector for controls for A. 
#83 and B. a representative Western Blot (WB) for kd verification, for C. #107 and D. representative 
blot as well as for E. #110 and F. representative WB. Shown are for all three lines the second pulse 
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(IdU) only. Replication phenotypes are illustrated by green encircled arrows above the graphs. For 
WBs: numbers underneath indicate fold change of normalized protein levels (normalization first rel-
ative to loading control and second to control vector), black stippled lines separate nd and diff cells 
as well as p53 and POLι kd in the single cell types and are used for illustration only. p53 protein 
levels were detected using DO-1 antibody. (A, C and E was modified with permission from Ihle et al. 
2021 – Creative Commons CC-BY-NC license.) 

 

4.1.3.1 Verification of Stem Cell Characteristics of Ovarian Cancer Line #110 

The following experiments were performed to decipher the underlying mechanism 

of the tack length variation in nd and diff cells, by use of the representative ovarian 

cancer line #110. Before doing so, I wanted to ensure that these cells behave as 

expected, particularly like stem cell-like cells. Consequently, stemness/pluripotency 

and EMT markers were investigated to confirm the results of Ricci and colleagues 

(2012). First p53 wild-type status was validated by isolation of genomic DNA, exon 

specific PCR and sequencing. Subsequently, stem cell properties were examined 

by expression analysis of corresponding markers. First by mRNA levels after quan-

titative real time PCR. The results demonstrated that nd cells exhibited stem cell 

(Nestin, OCT4) as well as EMT (SLUG, TWIST1) properties (Ihle et al., 2021), 

whereas these characteristics were reduced after differentiation (Figure 15 A). The 

same effect could also be detected on Nestin protein levels, a maker of multipotency 

and therefore, stemness (Wiese et al., 2004), namely Nestin expression significantly 

decreased after differentiation (Figure 15 B). To ensure, that stemness as well as 

EMT markers were not influenced by p53 or POLι kd, their expression after silencing 

of these proteins was determined by qRT-PCR (Figure 15 C and D). The data did 

not reveal any striking influence on the corresponding mRNA levels neither of stem-

ness nor of EMT markers, although the ones of the silenced genes (p53 and POLι) 

decreased. This suggests no effect of the kd on properties of nd as well as diff cells.  
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Figure 15: Stem cell properties of the non-differentiated ovarian cancer cells #110.  
Samples were harvested 24 h post-seeding or transfection with vectors containing gene specific 
shRNAs (sh) or scrambled sh/empty vector as control (day 8 of differentiation). Data are shown as 
mean ± SD for A, C, as well as D, and for B as mean .± SEM. Grey: non-differentiated (nd), blue: 
differentiated (diff) cells. Significances were calculated by Wilcoxon matched-pairs signed rank test 
for B: **: P < 0.01.  
For better comprehensibility, protein names were used only.  
A. Results of quantitative reverse transcription polymerase chain reaction (qRT-PCR) of mRNA lev-
els. Investigated were Nestin as marker for stemness, OCT4 for pluripotency as well as EMT markers 
like SLUG and TWIST1. Results of the comparative cycle threshold method (∆Ct; correlated to the 
corresponding mean value of the housekeeping genes TBP and GAPDH) were further normalized to 
the ones of nd cells or corresponding control samples (∆∆Ct) and are shown as the negative power 
of 2, n = 2. B. Quantitative Western Blot (WB) analysis as well as representative blot of Nestin levels. 
Protein levels were first normalized to the loading control (GAPDH, β-actin or PCNA) and then to 
levels of nd cells, n = 9. C. Results of qRT-PCR like described in A. In these graphs stemness as 
well as EMT markers are shown after p53 silencing or in D. after POLι kd. Values were normalized 
to controls, n = 2. For kd verification also mRNA levels of p53 as well as POLι are depicted (labelled 
with a turquoise rectangle), each for the corresponding kd only. (A, B and C (p53 only) was modified 
with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 
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4.2 No Influence of Metabolism on Difference in Replication of nd and diff Cells  

After the stem cell characteristics of #110 nd cells as well as successful differentia-

tion were verified a closer look on p53 was taken. Data in mouse ESCs revealed 

that these stem cells mainly express the ∆40p53 isoform, lacking the first N-terminal 

40 aa of p53 (Ungewitter & Scrable, 2010). Additionally, results in human ESCs 

indicated that in human stem cells primarily the ∆133p53 isoform is present and this 

in a more than 10-fold higher manner compared to human fibroblasts (Horikawa 

et al., 2017). To investigate if the difference between nd and diff cells in replication 

is due to the varying expression of this N-terminally truncated isoforms of p53, I 

performed WB analysis (Figure 16 A). Lysates of ovarian cancer nd and diff cells 

were incubated with a mix of different p53 antibodies PAb421 (Calbiochem, OP03) 

and PAb1801 (Calbiochem, OP09) recognizing p53 at its aa 376 – 378 and 46 – 55, 

respectively (for further details of antibodies see Table 6). The data in Figure 16 A 

demonstrated that for this cell model, nd and diff cells express p53 wild-type (wt) 

and two shortened p53 forms, the ∆40p53 and the ∆133p53 isoform, although the 

latter only to a very low extent. Furthermore, diff cells showed elevated levels of all 

three p53 forms. This suggested that contrary to mouse as well as human ESCs in 

stem cell-like cancer cells the ∆40p53 and the ∆133p53 expression was not unique 

to stem cells. Unfortunately, due to the low accessibility of the used hESCs no WB 

analysis of the p53 isoforms in this model was possible. Nevertheless, as the repli-

cation phenotypes in nd and diff cells of the hESCs and ovarian cancer cell model 

were similar, the influence of the investigated p53 isoforms on this special replication 

phenotype difference between nd and diff cells could be considered negligible.  

In a next step, I examined if the discrepancy in replication might be due to 

variation of cell cycle distribution (Figure 16 B). For nd cells 59 % were in G1-, 18 % 

in S- and 23 % in G2-phase. The distribution of diff cell was almot similar: 51 % in 

G1-, 19 % in S- and 30 % in G2-phase. Consequently, as both cell types are nearly 

equally distributed and almost the same percentage of cells in S-phase as well as 

the results of the DNA Fiber Spreading Assay only focus on S-phase cells, the cell 

cycle distribution could not explain the variation in replication track length. However, 

the shift of more nd cells in G1 and less in G2 compared to diff cells could indicate a 

slower progression through S-Phase in nd cells (Ihle et al., 2021). But to verify this 

a more sensitive analysis of cell cycle would have been necessary. Interestingly, the 

time the cells need for doubling (generation time) was analogous in both cell types: 
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32 h for nd and 34 h for diff cells (Figure 16 C) (Ihle et al., 2021).   

Previous findings further revealed a link between glycolysis and DNA replication 

(Jannière et al., 2007; Wieczorek et al., 2018). Therefore, the activity of energy me-

tabolism in nd and diff cells was investigated with and without kd of p53 and POLι 

by MTT Assay (Figure 16 D). This assay mainly measures the levels of the reduced 

form of nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) and thus largely 

reflecting glycolysis (Berridge et al., 2005; Stockert et al., 2018). Interestingly, nd 

cells possessed an about 25 % reduced activity of energy metabolism compared to 

diff cells. This matched earlier findings indicating that glucose restriction causes the 

acquisition of stem cell-like characteristics in breast cancer cell lines 

(Banerjee et al., 2018). Hence, the energy metabolism data would suggest, that an 

increasing metabolic activity triggers faster replication dynamics. However, the data 

after p53 or POLι silencing showed that there is no clear-cut dependency of energy 

metabolism and replication speed (Figure 16 D, middle and right panel), as opposite 

influence on replication but same impact on energy metabolism was detected. Ad-

ditionally, nd as well as diff cells showed a 1.2-fold increase of the metabolic rate 

after p53 kd, while the DNA fiber tracks for nd cells exhibited an elongation and for 

diff cells a shortening. For POLι down-regulation the contrary was detectable in en-

ergy metabolism rate compared to the p53 kd, namely a reduction of 40% for nd 

and of 60% for diff cells, whereas for DNA fiber tracks p53 and POLι kd induced the 

same outcome (Figure 14 E). This implied that the activity of the energy metabolism 

could not be the reason for the difference in replication phenotypes of nd and diff 

cells. For a more detailed look at adenosine triphosphate (ATP) consumption the 

protein levels of phosphorylated (Thr172, P-) as well as basal adenosine-mono-

phosphate activated protein kinase (AMPK) were determined. Calculating the ratio 

of P-AMPK/AMPK revealed a 4.0-fold though not significant increase in diff com-

pared to nd cells (Figure 16 E), possibly indicating that diff cells have enhanced ATP 

deprivation (Herzig & Shaw, 2018). The augmented need for ATP in diff cells could 

be linked to the elongated replication tracks as fast replication rises the demand of 

nucleosides and hence, ATP.  
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Figure 16: Metabolic differences between stem cells and differentiated cells in line #110. 
Experiments were performed 24 h after seeding or transfection with vectors containing gene specific 
shRNAs (sh) or scrambled sh/empty vector as control (day 8 of differentiation). Data are shown as 
mean ± SEM. Grey: non-differentiated (nd), blue: differentiated (diff) cells. Significances were calcu-
lated by using Mann-Whitney U test for B – D (left panel) and Wilcoxon matched-pairs signed rank 
test for D (middle and right panel) - F: **: P < 0.01, ***: P < 0.001, **** P ≤ 0.0001.   
Instead of the names of the gene, the protein names only were used for better comprehensibility. 
A. Western Blot (WB) of nd and diff cancer cell line #110. Detection of p53 with a mix of PAb421 
(detecting p53 at aa 376 – 378) and PAb1801 (binding at an epitope at aa 46 – 55), recognizing p53 
wild type, ∆40p53 as well as possible Δ133p53 isoform. Additionally p53 was detected by DO-1 
antibody only recognizing p53, which is not N-terminally truncated. Numbers underneath indicate 
fold change of protein levels after normalization to PCNA and then to nd cells. B. Analysis of cell 
cycle distribution, n = 3. C. Determination of doubling times of #110 nd and diff cells, n = 6. D. Anal-
ysis of energy metabolism mainly by NAD(P)H oxidation via MTT Assay in untransfected cells (left 
panel) as well as after p53 (middle panel) or POLι silencing (right panel), n = 2. Values of single 
replicates (n = 13 - 16) of two independent experiments were applied. For knockdown experiments, 
replicates were normalized to mean values of the controls. E. WB quantification of protein levels of 
AMPK phosphorylated at Thr172 (P-AMPK) or total AMPK, normalized to values of loading control 
and afterwards, to nd cells. Shown is the ratio of the protein level, n = 4, as well as an representative 
WB. F. WB quantification of protein levels of p70 S6 kinase phosphorylated at Thr389 (P-p70 S6) or 
total p70 S6, normalized to values of loading control and afterwards, to nd cells. Shown is the ratio 
of the protein expression, n = 4, as well as a representative WB. (B, C and D (POLι kd only) was 
modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 
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Beside AMPK levels also the protein expression of p70 S6 kinase and its activated 

form (phosphorylated at Thr389, P-p70 S6 kinase) were investigated. This kinase 

plays a role in mTOR signaling, and therefore, in protein synthesis, proliferation and 

cell survival (Fenton & Gout, 2011). Hence, p70 S6 kinase is important for the reg-

ulation of the cellular metabolism. In WB analysis no difference between nd and diff 

cells in the ratio of P-p70 S6 to total p70 S6 levels were detected (Figure 16 F) 

further indicating, that metabolism had no critical impact on the replication difference 

found between nd and diff cells. 

 

4.3 Elevated Levels of DNA Damage in Differentiated Cells 

After metabolic changes were excluded as a decisive factor in replication phenotype 

difference between nd and diff cells, levels of endogenous DNA damage load as 

well as induced DDR were investigated. In earlier publications, it has already been 

identified that DNA damage affects replication speed and vice versa (Neelsen et al., 

2013; Maya-Mendoza et al., 2018). Thus, I wanted to determine, if there is any strik-

ing difference. p53 in general as well as its at Lys382 acetylated form was detected 

mainly in diff cells of #110 as well as of hematopoietic cells although the ratio of 

acetylated p53 to total p53 was nearly unaffected between stem and diff cells (#110 

nd: 0,99 and diff: 1.03; HSPCs: 0,80 and PBLs: 1.01) (Figure 17 A). As high amounts 

of p53 in general are correlated with activated DDR (Gatz & Wiesmüller, 2006) and 

the acetylation of p53 at this Lys382 residue is related to DNA damage (Sakagu-

chi et al., 1998) the data implies that diff cells have a higher DNA damage load. This 

finding was further supported by the ratio of phosphorylated (P-) ATR (Ser428) to 

basal level, which was 1.4-fold increased in diff ovarian cancer cells (Figure 17 B) 

(Ihle et al., 2021) as ATR activation mainly respond to replication stress (Cimprich 

& Cortez, 2008). Furthermore, also nuclear levels of phosphorylated (Ser139) his-

tone variant H2AX (γH2AX), accumulating at sites of DSBs and activated also by 

replication stress (Fernandez-Capetillo et al., 2004; Ward & Chen, 2001), were 1.8-

fold increased in diff cells compared to nd cells without treatment (mock) as well as 

following treatment with the DNA crosslinker mitomycin C (MMC) (Figure 17 C, up-

per left panel) (Ihle et al., 2021).  
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Figure 17: Elevated levels of DNA damage in differentiated ovarian cancer cells compared to 
stem cell-like ones.  
Experiments were performed 24 h post-seeding for ovarian cancer cell line #110 or 96 h post-thawing 
for HSPCs and PBLs. Data are shown as mean ± SEM. Grey: non-differentiated (nd), blue: differen-
tiated (diff) cells. Significances were calculated by using Wilcoxon matched-pairs signed rank test for 
B and Mann-Whitney U test for C: *: P < 0.05, **: P < 0.01, ***: P < 0.001, **** P ≤ 0.0001.  
A. Western Blot (WB) of #110 nd and diff as well as HSPCs and PBLs of acetylated (Lys382) p53 
indicating p53 activation after DNA damage and p53 (DO-1) ,numbers underneath the band depict 
protein levels, normalized first to loading control and second to nd samples. The black stippled line 
separate ovarian cancer and hematopoietic cells. B. WB quantification of ATR as well as its phos-
phorylated (P-) form (Ser428), n = 4. Ratio of P-ATR/ATR levels was calculated after normalization 
relative to loading controls. Then values were normalized to nd cells. On the right side, a representa-
tive WB is shown. C. Evaluation of nuclear focal accumulation (foci) of γH2AX (upper left panel), 
53BP1 (upper right panel) as well as of their colocalization (lower panel). Cells were treated with 3 
µM mitomycin C (MMC) or solvent (H2O, mock) for 45 min followed by 3 h release (culturing with 
medium) before cells were fixed and stained. D. Representative pictures of γH2AX (green), 53BP1 
(magenta) as well as colocalized (yellow) foci after mock or MMC treatment as described in C. (B – 
D was modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

Additionally, the colocalization of γH2AX and 53BP1, indicating DSBs, was 2.6-fold 

elevated in untreated diff cells and 2.1-fold in MMC treated ones (Figure 17 C, lower 

panel) (Ihle et al., 2021). This shows that diff cells have a higher DNA damage load 
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than stem cells. Interestingly, nuclear 53BP1 was reduced by 20 % (untreated) to 

27 % (MMC) in diff cells (Figure 17 C, upper right panel) (Ihle et al., 2021). The 

accumulation of 53BP1 foci might be explained by various reasons: beside labeling 

pre-replicative DSBs (Pellegrino et al., 2017), it could also be shielding post-mitotic 

under-replicated DNA (Mackay & Ullman, 2015) or even flanking DSB caused by re-

replicated DNA (Neelsen et al., 2013). Interestingly, it was also shown that 53BP1 

promotes error-free RAD51 mediated DSB repair (Ochs et al., 2016) as well as it 

protects broken DNA in a BRCA1 negative background from excessive end pro-

cessing and therefore error-prone DNA repair (Bunting et al., 2010). This indicated 

that in nd cells fast repair of DNA damage occurs and therefore no accumulation 

could take place. The results of Figure 17 demonstrated that diff cells suffer from 

more DNA damage most probably caused by replication stress (Ihle et al., 2021). 

This hinted at a more efficient DDR or DDT in stem cells (Ihle et al., 2021).  

 

4.4 Increased Fork Stalling in Differentiated Cells 

As already mentioned damaged template DNA has a great effect on DNA replication 

dynamics (Neelsen et al., 2013). Therefore, the results of the DNA Fiber Spreading 

Assay were re-analyzed in ovarian cancer cell line #110 to gain deeper insights into 

the mechanism. During the sequential incorporation of labelled thymidine analogs, 

a variety of replication structures can be formed (Figure 18 A) (Nieminuszczy et al., 

2016; Quinet et al., 2017). For the previous evaluation of replication velocity the 

track length of a bi-colored forks (also termed ongoing forks) was measured for each 

pulse (green: CldU, red: IdU). As elevated levels of 53BP1 nuclear bodies were 

associated with decreased origin licensing (Moreno et al., 2016) a closer look on the 

numbers of replication origins was taken. To this end, the percentage of the sum of 

first and second pulse origins per evaluated picture was calculated by division of the 

amount of all found replication structures (Figure 18 B). Interestingly, no difference 

between nd (13 % of origins) and diff cells (14 %) was detected (Ihle et al., 2021). 

Nevertheless, an increased amount of replication structures including origins was 

found in nd compared to diff cells (see Appendix: Table AP1) but the relation of 

detected origins to total structures was in both cell types nearly the same.   

 

 



Results 

 
108 

 

 

Figure 18: DNA replication analysis in ovarian cancer cell line #110.  
Evaluation of DNA Fiber Spreading Assay, which was performed 24 h post-seeding (day 8 of differ-
entiation) by sequential incorporation of CldU for 20 min (green) followed by IdU for 30 min (red). 
Grey: non-differentiated (nd), blue: differentiated (diff) cells. Shown are mean ± SEM. Statistics was 
calculated using Mann-Whitney U test: *: P < 0.05, **: P < 0.01.   
A. Schematic graph of replication structures visualized by DNA Fiber Spreading Assay. B. Amount 
of replication origins by calculating the percentage of first and second pulse origin numbers to the 
quantity of all found structures, n = 3. C. Fork asymmetry of first pulse origins. Measuring IdU (red) 
tracks only and divide long tracks by short ones, n = 4. D. Analysis of terminations by calculating the 
percentage of the amount of first and second pulse terminations to the total count of all fiber struc-
tures, n = 3. (A – C was modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-
NC license.) 

In another approach, I correlated stalled replication forks with DNA damage in nd 

and diff cells. Hence, the lengths of the second pulses (IdU) in first pulse origins 

were measured and then the longer one divided by the shorter one, termed fork 

asymmetry. In unperturbed replication both IdU tracks emanating from the same 

origin should have the same length, generating a highly symmetric fork with 1.0 as 

value of fork asymmetry (Nieminuszczy et al., 2016). However, if replication forks 

stall due to DNA damage on the template DNA for example, fork asymmetry in-

creases (Nieminuszczy et al., 2016). Hence, higher values of fork asymmetry indi-

cate higher amount of stalled replication forks, which was detected for diff cells (Fig-

ure 18  C) (Ihle et al., 2021). Whereas nd cells exhibited a fork asymmetry of 1.3, 

diff cells reached 1.6 (Figure 18  C). This data strongly indicated that more replica-

tion stress occurs due to the fast replication speed (Maya-Mendoza et al., 2018) in 

diff cells resulting in stalled forks as well as in a higher DNA damage levels and 

therefore, causing genomic instability (Tubbs & Nussenzweig, 2017). To complete 

the reanalysis of the DNA fiber data also replication termination, which also included 

stalled forks was investigated (Figure 18 D). A significantly higher proportion of ter-

minations in diff (37 %) compared to nd (27 %) was detected. This result correlated 
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with my findings of faster replication (Figure 13 B) and increased stalling (Fig-

ure 18 C), as both could result in termination of the replication, either due to the 

convergence of two replication forks (Dewar & Walter, 2017) or due to blocked rep-

lication machinery resulting in collapsed forks in the worst case (Cortez, 2015). This 

detailed analysis of replication confirmed, that diff cells underwent more replication 

stress, which might be caused by their fast replication. 

 

4.5 Dependency of DNA Replication on DNA Damage Response and DNA Mod-

ification 

The previous data clearly demonstrated that diff cells have significantly higher levels 

of endogenous DNA damage than stem cells. Consequently, in the next step I 

wanted to elucidate if this correlates with an altered DDR. To this end, I treated both 

cell types with 10 µM ATM inhibitor (ATMi) Ku-55933 (Hickson et al., 2004) and 

10 µM ATR inhibitor (ATRi) VE-821 (Reaper et al., 2011), respectively, 2 h before 

performing DNA Fiber Spreading Assay. Even though both ATM and ATR are key 

transducers in DDR (Smith et al., 2010), their inhibition revealed different effects on 

DNA replication in nd cells. Whereas ATM inhibition did not influence DNA replica-

tion track lengths in stem cell-like cells, it causes a track shortening of about 20 % 

in diff cells (Figure 19 A). However, ATR inhibition resulted in significant track short-

ening in both cell types, which was more pronounced in diff cells (Figure 19 B) cor-

relating with the elevated P-ATR/ATR ratio in this cell type compared to nd cells 

(Figure 17 B). In nd cells a track length reduction by 30 % was detected and for diff 

cells even by more than 50 %. A reason for the shorter tracks could be increased 

origin firing, as it is known that this is inhibited by ATR in late S-phase (Zeman & 

Cimprich, 2014). Furthermore, it was discovered that loss of ATR led to deregulated 

replication initiation resulting in dNTP depletion and slowed replication forks  

(Sørensen & Syljuåsen, 2012; Beck et al., 2012; Zeman & Cimprich, 2014). Inter-

estingly, unperturbed nd cells seemed to depend only on ATR but not on ATM, 

whereas diff cell rely for proper DNA replication on both DDR kinases. Notably, while 

ATR loss is lethal, ATM loss is not (Smith et al., 2010). The latter only sensitizes to 

genomic instability (Smith et al., 2010). Whereas ATM is primary activated by DSBs 

mediating their resolution by end resection, ATR becomes active after sensing long 

ssDNA overhangs, resulting in fork stabilization and origin suppression (Smith et al., 
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2010). As untreated nd cells revealed less endogenous DNA damage compared to 

diff cells, the ATM inhibition probably has no consequences for these cells. In case 

of ATR, which is also responsible for origin licensing its inhibition might cause ele-

vated origin firing in both cell types and therefore, shorter replication tracks as al-

ready mentioned above (Sørensen & Syljuåsen, 2012; Beck et al., 2012; Zeman & 

Cimprich, 2014). Nevertheless, as the inhibition of ATR and ATM did not attenuate 

DNA replication track difference between nd and diff cells, I rather exclude both DDR 

kinases to be key players in the pathway choice of both cell types.  

Beside the DDR signaling cascades also epigenetics, the modifications of the DNA 

as well as of histones, play a crucial role in DNA repair (Klein, 2019). Hence, I in-

vestigated the impact of DNA methyltransferase (DNMT) inhibitor (DNMTi) 5-Aza-

2’-deoxycytidin (Creusot et al., 1982) and the histone deacetylase (HDAC) inhibitor 

(HDACi) Trichostatin A (Yoshida et al., 1990). Interestingly, DNA Fiber Spreading 

Assay after 2 h treatment with 1 µM DNMTi revealed the same results like for ATMi: 

no effect in nd cells (control: 3.5 µm, DNMTi: 3.6 µm) and a striking 20 % reduction 

of fiber lengths in diff cells (control: 8.1 µm, DNMTi: 6.6 µm) (Figure 19 C). Like ATM 

also DNMT1 seems to play an essential role in DDR, as previous reports demon-

strated, that DNMT1 quickly localizes together with PCNA at DNA damage sites 

(Mortusewicz et al., 2005) and modulates the repair rate of DSBs (Ha et al., 2011). 

These facts could suggest that due to the lower DNA damage level in nd cells the 

DNMTi as well as the ATMi had no effect on this type of cell. Notably, the HDACi 

resulted in the same replication phenotype as the kd of p53 or POLι, namely track 

elongation, although only slightly by 6 %, for nd and reduction by 24 % for diff cells 

(Figure 19). This indicates that HDAC could contribute to the pathway choice in nd 

and diff cells resulting in the different replication phenotypes. However, the effect in 

nd cells was not as pronounced implying only a minor role of HDAC in replication 

pathway choice. This role could be due to the importantce of histone de- and acet-

ylation for packaging and opening of the chromatin, making DNA accessible for tran-

scription as well as replication (Grunstein, 1997; Alabert & Groth, 2012).  

 



Results 

 
111 

 

 

Figure 19: Impact of the DNA damage response as well as DNA modification on DNA replica-
tion in ovarian cancer line #110.  
Evaluation of DNA Fiber Spreading Assay, performed 24 h post-seeding/transfection (day 8 of dif-
ferentiation) by sequential incorporation of CldU for 20 min (green) followed by IdU for 30 min (red). 
Treatment of cells occurred also during incorporation. Graphs depict the second pulse (IdU) only for 
reasons of comprehensibility. Experiments of A – E were performed simultaneously and therefore, 
correlated to the same solvent control. Grey: non-differentiated (nd), blue: differentiated (diff) cells. 
Shown are mean ± SEM, n = 2, for each experiment at least 100 fibers were examined. Statistics 
was calculated using Mann-Whitney U test: **: P < 0.01, ****: P ≤ 0.0001.   
Replication phenotypes are indicated by encircled grey or blue arrows above the graphs, the color 
of the circle implies similarity (green) to the replication phenotype detected in the absence of p53 or 
POLι, same influence on nd and diff cells (black) and only effect on diff cell (ocher-black-stippled). 
A. DNA fiber track length after 2 h ATM inhibitor (ATMi) KU-55933 treatment (10 µM). B. Track length 
of DNA fibers after 2 h incubation with 10 µM ATR inhibitor (ATRi) VE-821. C. DNA fiber track length 
after 2 h 5-Aza-2’-deoxycytidine treatment (1 µM) a DNA methyltransferase inhibitor (DNMTi). D. 
Track length of DNA fibers after 2 h incubation with 1.5 µM Trichostatin A, a histone deacetylase 
inhibitor (HDACi). E. DNA fiber tracks after RNase H1 silencing. For better comprehensibility the 
protein name is used. Representative Western Blot of knockdown verification is depicted aside; num-
bers underneath the band imply protein levels, normalized first relative to loading control and second 
to control samples. The black stippled line separates nd and diff cells and is used for illustration only.  

As the main task of epigenetics, the modification of DNA and histones is silencing 

or activation of genes (Christmann & Kaina, 2017) I also investigated transcription 

in more detail by exploring R-loops and their impact on replication. R-loops are DNA-

RNA hybrids formed during transcription by the newly synthesized RNA hybridizing 

with one DNA strand and displacing the other DNA strand of the duplex as ssDNA 
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(García-Muse & Aguilera, 2019). If these R-loops are not resolved for example by 

RNase H, they could interfere with the DNA replication machinery and even cause 

genomic instability (García-Muse & Aguilera, 2019). Hence, it was hypothesized that 

the difference in replication phenotype of nd and diff cell might be due to a variation 

in R-loop resolution. To this end, I performed a kd of RNase H1 and investigated 

DNA fiber lengths. Interestingly, for both cell types a reduction of track lengths was 

detected, a decrease by 23 % for nd and by 26 % for diff cells (Figure 19 E). This 

indicated that the R-loop processing by RNase H1 is quite similar in nd and diff cells 

and therefore might not be the underlying reason for the difference in replication 

phenotype.  

 

4.6 Impact of p53 Targets and Candidate Genes on DNA Replication Status of 

Stem and Differentiated Cells 

4.6.1 p53 Target and Candidate Gene Expression as a Function of Cell  

Differentiation 

So far, my results did not provide a satisfying explanation for the differences found 

in the replication phenotypes between nd and diff cells. Therefore, I investigated the 

expression of proteins like p53 targets and binding proteins, which might be essen-

tial for the pathway choice, as well as other possible candidates like ZRANB3 and 

HLTF, which were already highlighted to be necessary for the p53-POLι idling-DDT 

(Hampp et al., 2016). Interestingly, mRNA levels of p53 were reduced by almost 

50 % in diff cells although the amount of protein was significantly increased (6.5-

fold) in this cell type (Figure 20 A and B). This matches the findings by Jain and 

colleagues (2012), who identified that in stem cells p53 exhibit a different post-tran-

scriptional modification pattern compared to diff cells. In stem cells p53 lacks acet-

ylation of Lys373 resulting in its destabilization by an elevated binding affinity to its 

negative regulators targeting p53 for degradation (Jain et al. 2012). Interestingly, 

also acetylation of p53 at Lys382 residue results in stabilization of the protein and 

reduced ubiqutination (Wu et al. 2018). Remakably, Lys382 acetylated p53 was de-

creased in cancer as well as hematopoietic stem cells compared to diff ones (Fig-

ure 17 A). This could explain the discrepancy between p53 mRNA and protein lev-

els, as p53 is destabilized in stem cells, protein levels are low although mRNA are 

increased compared to diff cells. Notably, only for p21 the mRNA as well as the 
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protein levels demonstrated the same tendency, namely a 1.5 – 3.4-fold increase in 

diff cells (Figure 20 A and B). The mRNA levels of MDM2, p53R2 as well as POLι 

were all reduced in diff cells whereas protein levels were elevated for p53R2 and for 

POLι even significantly, or did not change at all like for MDM2 (Figure 20 A and B). 

Remarkably, protein levels of p53, p21, p53R2, POLι, POLη and HLTF were ele-

vated in diff cells (Ihle et al., 2021), reaching statistical significant differences for 

p53, p21, POLι and HLTF (Figure 20 B). But nearly no difference in expression be-

tween the two cell types was discovered for the other analyzed proteins: MDM2, 

POLβ, APE1, PCNA, ZRANB3 (Ihle et al., 2021) or NUMB. It was conceivable that 

the proteins with differential expression could influence DDT pathway choice result-

ing in the variation in replication phenotypes between nd and diff cells.   

Due to my previous results where I detected similar replication phenotypes after p53 

or POLι kd, I wanted to investigate how protein expression was influenced by these 

kds. To this end, I focused on p53 and its targets p21, MDM2, p53R2 as well as on 

POLι, HLTF and ZRANB3 as they are important for the p53-POLι idling-DDT de-

scribed by Hampp et al. (2016). p53 kd was visible in qRT-PCR as well as WB anal-

ysis (Figure 21 A and B, representative WB see Figure AP1 A). Moreover, p21 levels 

were strongly reduced after p53 silencing at both mRNA (65 – 75 %) as well as 

protein level (67 – 70 %) in nd as well as diff cells. For the other p53 targets only a 

decrease in mRNA level (MDM2: 23 - 28 %, p53R2: 40 – 42 %) was detected in 

both cell types although not as pronounced as for p21. Regarding protein levels only 

a slight reduction for MDM2 (25 %) in nd cell was measured, for all other proteins 

the change was below 20 % in this cell type (Figure 21 B). For diff cells elevated 

levels of p53R2 (20 %), POLι (22 %), PCNA (28 %), HLTF (40 %) and ZRANB3 

(30 %) were found (Figure 21 B). Hence, no general pattern in up- or down-regula-

tion of proteins in nd and diff cells after p53 kd was discovered except for p21.  
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Figure 20: Expression analysis of p53 targets, binding proteins and further candidates in non- 
versus differentiated cells.  
Samples were harvested 24 h post-seeding (day 8 of differentiation). Data are shown as mean ± SD 
for A, and for B as mean .± SEM. Grey: non-differentiated (nd), blue: differentiated (diff) cells. Signif-
icances were calculated by Wilcoxon matched-pairs signed rank test for B: *: P < 0.05, **: P < 0.01.  
For better comprehensibility, protein names only were used.  
A. Results of qRT-PCR of mRNA levels. Investigated were p53, its targets p21, MDM2 and p53R2 
as well as POLι. Results of the comparative cycle threshold method (∆Ct; correlated to the corre-
sponding mean value of the housekeeping genes TBP and GAPDH) were further normalized to the 
ones of nd cells (∆∆Ct) and are shown as the negative power of 2, n = 2. B. Quantitative Western 
Blot (WB) analysis of p53 protein levels (DO-1) as well as the ones of its targets and binding proteins 
and other candidates as indicated above the plots. Protein levels were first normalized to the ones 
of loading controls (GAPDH, β-actin or PCNA) and then to levels of nd cells, n = 3 - 14. C. Repre-
sentative WB of the proteins quantified in B. (C and D (PCNA only) was modified with permission 
from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 
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Figure 21: Effect of p53 knockdown on expression of its targets and further candidates.  
Samples were harvested 24 h post-transfection with vectors containing gene specific shRNAs (sh) 
or empty vector as control (day 8 of differentiation). Data are shown for A as mean ± SD and for B 
as mean .± SEM. Grey: non-differentiated (nd), blue: differentiated (diff) cells. Significances were 
calculated by Wilcoxon matched-pairs signed rank test for B. p53 levels are shown for kd verification 
(labelled with a turquoise rectangle).  
For better comprehensibility, protein names only were used.  
A. Results of qRT-PCR for quantification of mRNA levels. Investigated were p53, its targets p21, 
MDM2 and p53R2 as well as POLι. Results of the comparative cycle threshold method (∆Ct; corre-
lated to the corresponding mean value of the housekeeping genes TBP and GAPDH) were further 
normalized to the ones of the corresponding control samples (∆∆Ct) and are shown as the negative 
power of 2, n = 2. Graph for p53 mRNA levels in nd versus diff cells was already shown in Figure 15 
C. B. Quantitative Western Blot analysis of protein levels of p53 (DO-1) and its targets (p21, MDM2, 
p53R2) and other candidate gene products (POLι, PCNA, HLTF, ZRANB3). Protein levels were first 
normalized to the ones of loading controls (GAPDH, β-actin or PCNA) and then to levels of control 
samples, n = 3 - 5. (A (p53, p21 and POLι) was modified with permission from Ihle et al. 2021 – 
Creative Commons CC-BY-NC license.) 

 

 

 

 



Results 

 
116 

 

 

Therefore, also protein expression after POLι kd was investigated (Figure 22, rep-

resentative WB see Figure AP1 A). Although kd effiencies with the well established 

shRNA against POLι (Hampp et al., 2016) were low, pronounced effects were de-

tected by using DNA Fiber Spreading Assay or also in WB analysis. This suggest 

that the cells reacts very sensitive to any changes regarding the POLι level. Inves-

tigating mRNA levels after POLι down-regulation revealed only a 20 % reduction of 

MDM2 in nd cells. For all other examined genes (p53, p21, p53R2) changes in 

mRNA amounts were less than 16 % (Figure 22 A). These mRNA data demon-

strated that the effect of POLι on replication was not simply caused by activating the 

transcriptional transactivation activity of p53 but by POLι itself. However, regarding 

protein levels more pronounced changes although not significant were detected for 

p21 and MDM2 after POLι kd (Figure 22 B). In diff cells p21 levels rose 1.7-fold after 

POLι kd. In nd cells MDM2 levels increased even 2.8-fold. For all other proteins 

changes were about 20 % or less. This indicates that POLι might destabilizes p21 

in diff and MDM2 in nd cells by a function that can be separated from their transcrip-

tion.  

Comparing the protein expression levels after p53 and POLι kd nothing in common 

was detectable. Therefore, no protein, which might be responsible for the switch 

between nd and diff cells, was discovered by mere analysis of total protein levels. 

Hence, further analysis was needed. 
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Figure 22: Impact of POLι knockdown on candidate gene expression.  
Samples were harvested 24 h post-transfection with vectors containing gene specific shRNAs (sh) 
or scrambled sh as control (day 8 of differentiation). Data are shown for A as mean ± SD and for B 
as mean .± SEM. Grey: non-differentiated (nd), blue: differentiated (diff) cells. Significances were 
calculated by Wilcoxon matched-pairs signed rank test for B. Graphs depicting POLι levels are shown 
for kd verification (turquoise rectangle). For better comprehensibility, protein names only were used. 
A. Results of qRT-PCR for quantification of mRNA levels. Investigated were p53, its targets p21, 
MDM2 and p53R2 as well as POLι. Results of the comparative cycle threshold method (∆Ct; corre-
lated to the corresponding mean value of the housekeeping genes TBP and GAPDH) were further 
normalized to the ones of the corresponding control samples (∆∆Ct) and are shown as the negative 
power of 2, n = 2. Graph for POLι mRNA levels in nd versus dif cells was already shown in Figure 
15 D. B. Quantitative Western Blot analysis of protein levels of POLι, p53 (DO-1) and its targets as 
well as other candidate gene products as indicated above the graphs. First, protein levels were nor-
malized to the ones of loading controls (GAPDH, β-actin or PCNA) and then to levels of control 
samples, n = 3 - 5.  

 

4.6.2 In Line DNA Replication of p53’s Targets p21, MDM2, p53R2 with p53 

and POLι 

Further looking into the reasons for the difference in replication phenotypes, I ex-

amined the DNA fiber track lengths after down-regulation of the p53 targets. To this 

end the three high ranked targets p21, p53R2 and MDM2 (Fischer, 2017) as well as 
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POLη known to be important for DNA repair after p53 induction (Lerner et al., 2017) 

were investigated (Figure 23). Although using well established shRNAs for p21 (Laz-

zarini et al., 2008), MDM2 (El-Shemerly et al., 2016) POLη and POLι (Hampp et al., 

2016) as well as previously tested and compared with other shRNAs (p53R2), 

knockdown efficiencies turned out to be relatively low. Nevertheless, already the 

slight reduction of 20 – 80 % had a great impact on the DNA replication of the single 

cells. Interestingly, for kd of p21, p53R2 and MDM2 similar results were detected, 

namely track length elongation by 16 – 34 % for nd and reduction by 19 – 45 % for 

diff cells (Figure 23 A, C, D) (Ihle et al., 2021). This correlates with the replication 

phenotypes measured in absence of p53 or POLι. Notably, when performing a sim-

ultaneous kd of p53 and p21, an additive effect was visible (Figure 22 B) (Ihle et al., 

2021). Whereby kd of the single proteins resulted in nd cells in a elongation by 22 – 

32 % the double-kd lengthened tracks by 70 % (Ihle et al., 2021). Also in diff cells 

such an effect was observable. In this cell type p53 or p21 kd alone resulted in an 

decrease of track length by 19 – 20 %, whereas the double-kd shortened tracks by 

even 43 % (Ihle et al., 2021). This strongly indicates, that p53 excerts an own func-

tion on replication independent of its transcriptional transactivation activity. Remark-

able, down-regulation of POLη caused an opposed replication phenotype, a short-

ening of 24 % in nd and lengthening of 26 % of the tracks in diff cells (Figure 23 E) 

(Ihle et al., 2021). This opposite pattern suggested that the loss of POLη shifts rep-

lication in even more p53 and POLι dependent pathways, as my previous data im-

plies, that these two proteins are necessary for the separation of nd and diff replica-

tion tracks lengths. Therefore, a double-kd of POLη and POLι was performed to see 

if this hypothesis could be true. Indeed, after the double-kd the DNA fiber tracks of 

nd and diff cells showed a 1.3-fold increase of tracks in nd cells and a 15 % reduction 

in diff cells thereby reducing the difference in track lengths from 2.2-fold to 1.5-fold 

(Figure 23 F).  

The DNA fiber data of the p53 targets suggests that p21, p53R2 and MDM2 also 

influence the p53-POLι idling pathway and take part in the process, which separates 

nd and diff cells in their replication speed (Ihle et al., 2021). Conversely, POLη 

seems to be important in DNA replication independent and competing with the path-

ways splitting the two cell types.  
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Figure 23: Influence of p53's targets on replication phenotypes in stem cell-like and differen-
tiated cells.  
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Legend to Figure 23: Influence of p53's targets on replication phenotypes in stem cell-like and 
differentiated cells.  
DNA Fiber Spreading Assay was perfomed 24 h post-transfection (day 8 of differentiation) by se-
quential incorporation of CldU for 20 min (green) followed by IdU for 30 min (red) except for F. POLη 
kd here only 20 min each (CldU and IdU) were incorporated. Shown is the second pulse (IdU) only. 
Grey: non-differentiated (nd), blue: differentiated (diff) cells. Shown are mean ± SEM, n = 2. For each 
experiment at least 100 fibers were measured. Statistics was done using Mann-Whitney U test:  
*: P < 0.05, **: P < 0.01, ****: P ≤ 0.0001.   
Instead of the names of the gene, the protein names only were used for easier comprehensibility. 
Knockdown (kd) was performed with plasmids containing gene specific shRNAs (sh) or scrambled 
shRNA for controls. Depicted are DNA fiber track lengths as well as representative Western Blots 
(WB) after kd, numbers underneath the band indicate protein levels, normalized first to loading con-
trol and second to control samples. Black frames indicate blots from the same membrane with iden-
tical exposure time; orange stippled lines indicate sites of cropping, black stippled lines separate nd 
and diff cells and are used for illustration only. Shown are graphs and blots in A. for p21 kd, in B. for 
simultaneous kd of p53 and p21, in C. for p53R2 kd, in D. for MDM2 kd, in E. for POLη kd, in F. for 
POLη and POLι double-kd and in G. for nucleoside excess without WB. For nucleoside excess ex-
periments, cells were incubated with 30 µM of each nucleoside (adenosine, cytidine, guanosine, 
thymidine and uridine) or the corresponding amount of solvents for 2.5 h.  
Knockdown experiments of p53R2 (C) and MDM2 (D) as well as p21 (A) and POLη-POLι double-kd 
(F) were performed simultaneously. Therefore, the same control samples in DNA Fiber Spreading 
Assay are depicted.  
Replication phenotypes are illustrated with colored encircled arrows above the graphs, green: same 
replication phenotypes like p53 or POLι kd, black: identical trend after kd in nd as well as diff cells 
and magenta: opposed replication phenotypes as seen after p53 or POLι silencing. (A – E was  
modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

 

It is known that p53R2 is induced by p53 after DNA damage and functions as a 

homolog of the small subunit R2 of the ribonucleotide reductase (RNR) (Niida et al., 

2010). Therefore, p53R2 can form together with the large subunit R1 a functional 

enzyme and provide dNTPs for DNA repair (Guittet et al., 2001). Hence, the rever-

sion of the replication pattern in nd and diff cell with diminished p53R2 levels result-

ing in shorter tracks in diff compared to nd cells (Figure 23 C) could be caused by a 

lack of dNTPs. This suggested that possibly the difference in nd and diff cells in 

replication might be due to an imbalance of nucleotide supply in nd cells. To rule 

this out experiments with nucleoside excess were performed, supplementing the 

medium with 30 µM of each nucleoside (adenosine, thymidine, cytidine, guanosine 

and uridine) for 2.5 h and during the fiber experiment (Figure 23 G). This experiment 

showed that in both cell types the tracks became longer after addition of nucleosides 

consistent with what was found in literature (Rodriguez-Acebes et al., 2018). How-

ever, elongation happened to a different extent (nd: 1.3-fold, diff: 1.1-fold). Hence, 

the difference in the track lengths between nd and diff cells cannot simply be ex-

plained by a shortage of nucleosides in nd cells. 
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4.6.3 Different Impact on Replication of p53 Binding Partners and Further 

Candidates Compared to p53 or POLι 

Besides its function as transcriptional transactivator, p53 has also many known in-

teraction partners unrelated to transcription. As I already investigated some of p53’s 

targets, which appeared to have partially the same effect on replication in nd and 

diff cells as p53 itself, I further wanted to examine if this is also true for p53’s inter-

action partners. Therefore, I have chosen APE1 and POLβ as proteins, which are 

both essential for BER and interacting with p53 (Gaiddon et al., 1999; Zhou et al. 

2001). As POLι was also shown to repair DNA lesions by using the BER system 

(Belousova & Lavrik, 2015) it was of special interest to investigate these proteins. 

For APE1 no difference after down-regulation was detected (Figure 24 A) (Ihle et al., 

2021), a reason for this might be the low kd effieciency of 20 – 40 %, although also 

this used shRNA was previously tested and a compared with three other ones as 

identified as the most efficient shRNA. Nevertheless, kd with other already estab-

lished shRNAs like for POLι depicted that despite only slight reduction of protein 

levels strong effects in replication were found due to the high sensitivity of the cells 

upon changes. Therefore, it is tempting to say, that APE1 is not that important for 

DNA replication in unperturbed cells. This is not the case for POLβ, as kd of this 

protein resulted in track shortening of 23 % for nd and of 19 % for diff cells (Fig-

ure 24 B) (Ihle et al., 2021). Interestingly, when POLβ as well as POLι were down-

regulated, again a track shortening for both cell types (nd: 26 %, diff: 23 %) was 

measured (Figure 24 C). Although kd efficiency was lower for POLι than POLβ in 

the double-kd this could not explain the dominance of the POLβ phenotype as POLι 

was shown before to exert its influence on replication even if only slight changes of 

the protein levels were detected (Figure 14 C - F, Figure 23 F). Therefore, the POLβ 

kd data indicated that the BER machinery may act independently of the differentia-

tion status of the cells and exert its influence on replication in the same way on stem 

as well as on diff cells (Ihle et al., 2021).  

In addition to APE1 and POLβ also NUMB was investigated as a p53 

(Colaluca et al., 2008) and MDM2 binding protein (Juven-Gershon et al., 1998), 

which is also thought to play a role in stem cell maintenance and differentiation  

(Tosoni et al., 2015; Faraldo & Glukhova, 2015; Juven-Gershon et al., 1998). Nota-

bly, NUMB kd resulted in both cell types to a 1.2-fold elongation of replication tracks 

(Figure 24 D). This indicated that the binding of NUMB to p53 and MDM2 or its 
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function in general does not account for the difference in replication track length 

between nd and diff cells. NUMB is known to stabilize p53 (Colaluca et al., 2008), 

hence, reduction of NUMB would have resulted in a decrease of p53 levels, too. 

Interestingly, for nd cells the same results were obtained after NUMB kd like for the 

down-regulation of p53, but for diff cells the opposite is the case. This strongly sug-

gested that the effect of NUMB on replication at least in diff cells is unrelated to p53 

and its regulatory functions. But probably NUMB could be involved in replication due 

to other roles in DNA repair together with its interaction partner BRCA1 (Wang et al., 

2019) or by its potential to induce proapoptotic factors like p53 up-regulated modu-

lator of apoptosis (PUMA) (Dhami et al., 2013). Thus, it is tempting to say that NUMB 

plays at least no unique role in discriminating replication phenotypes in unperturbed 

stem versus diff cells. 

To test my hypothesis that stem cells perform the p53-POLι idling-DDT, I also ex-

amined the dependency of the replication phenotypes on HLTF and ZRANB3. 

These two proteins were demonstrated to be essential components in the idling-

DDT pathway (Hampp et al., 2016), given their role in fork reversal (Vujanovic et al., 

2017; Bai et al., 2020) and therefore, most likely in fork resolution after the idling 

process (Hampp et al., 2016). Remarkably, HLTF kd with established shRNA 

(Hampp et al., 2016) resulted in the opposed replication phenotype as found for p53 

or POLι down-regulation, namely by 14 % reduced tracks in nd and by 12 % in-

creased ones in diff cells (Figure 24 E) (Ihle et al., 2021). Instead silencing of 

ZRANB3 by using established shRNA (Hampp et al., 2016) caused an increase of 

fiber lengths in both cell types (nd: 1.3-fold, diff: 1.2-fold) (Figure 24 F) (Ihle et al., 

2021). These results suggest that neither HLTF nor ZRANB3 can be proteins, re-

sponsible for the great differences in replication track lengths in both stem and dif-

ferentiated cells.  
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Figure 24: Replication phenotypes after knockdown of promising candidate genes.   
DNA Fiber Spreading Assay was performed 24 h post-transfection (day 8 of differentiation) by se-
quential incorporation of CldU for 20 min (green) followed by IdU for 30 min (red). Grey: non-differ-
entiated (nd), blue: differentiated (diff) cells. Shown are mean ± SEM, n = 2 for A, for B –C n = 3. For 
each experiment at least 100 fibers were measured. Statistics was done using Mann-Whitney U test: 
***: P < 0.001, ****: P ≤ 0.0001.   
Instead of gene names, the protein names only were used. Knockdown (kd) was performed with 
plasmids containing gene specific shRNAs (sh) or scrambled shRNA for controls. Depicted are DNA 
fiber track lengths of second pulse (IdU) only as well as representative Western Blots (WBs) after 
kd, numbers underneath the band indicate protein levels, normalized first to loading control and sec-
ond to control samples. Black frames indicate blots from same membranes with identical exposure 
time; orange stippled lines indicate sites of cropping, black stippled lines separate nd and diff cells 
and are used for illustration only. Shown are graphs and blots in A. for APE1 kd, in B. for POLβ kd, 
in C. for POLβ and POLι double-kd, in D. NUMB kd in E. for HLTF kd and in F. for ZRANB3 kd.  
Knockdown experiments of POLβ (B), POLβ-POLι double-kd (C), HLTF (D) and ZRANB3 (F) were 
performed simultaneously. Therefore, the same control samples in the DNA Fiber Spreading Assays 
are depicted. Also for WBs after POLβ (B) kd and POLβ-POLι double-kd the same control sample is 
shown.   
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Replication phenotypes are illustrated with colored encircled arrows above the graphs, ocher: no 
effect at all, black: identical trends after kd in nd as well as diff cells and magenta: opposed replication 
phenotypes like found as seen after p53 or POLι silencing. (A, B, E and F was modified with permis-
sion from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

 

Examing the hierarchy of all these proteins regarding expression and their influence 

on replication phenotypes, respectively (summarized in Figure 25), it became ap-

parent that different protein expression levels between nd and diff cells do not cor-

relate with distinct effects on replication phenotypes in these cells types (Ihle et al., 

2021). Some proteins, which were significantly higher expressed in diff compared 

to nd cells, had opposed effects on replication track length. For example, p53, p21 

and POLι silencing led to track elongation in nd but shortening in diff cells (Ihle et al., 

2021). To the contrary, HLTF and POLη levels were also elevated in diff cells, but 

resulted in the opposed phenotype (Ihle et al., 2021). Other proteins, expressed 

nearly equally in both cell types, displayed deviating replication phenotypes. Thus, 

MDM2 had the same effect like p53 and POLι on replication, NUMB and ZRANB3 

kd increased track lengths in both cells types, whereas POLβ reduced them. This 

emphasizes that different protein expression levels on their own are not responsible 

for the variation in the replication phenotypes between nd and diff cells (Ihle et al., 

2021). Furthermore, it has been noticed that the impact of proteins on the replication 

phenotype can vary strongly between nd and diff cells and that the difference in 

DNA fiber tracks in stem and diff cells does not depend on one single protein but on 

a crowd of them. 
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Figure 25: Summary of protein levels and replication phenotypes of investigated proteins. 
A. Waterfall plots of protein levels of differentiated (diff) cells normalized to non-differentiated (nd) 
ones following normalization to loading controls each in ovarian cancer cells #110 under unperturbed 
gowth conditions (depicted in details in Figure 20 B). Waterfall plot of DNA fiber track length of B. nd 
and C. diff cells. Summary of mean values of second pulse (IdU) fiber track lengths after kd of various 
candidate genes (protein names are used for clarity) were normalized to control samples (single 
graphs shown in Figure 14 E, Figure 23 and Figure 24). Bars are sorted according to their mean 
values starting from highest fold change for A and B and from lowest for C. Color intensities of the 
bars correspond to the ones of protein levels in A. Thus, the protein expressed at the highest level 
in diff cells compared to nd cells was colored with the most intense color (dark blue) the one with the 
lowest ratio with the most faint one (white), control bars are black. (A was modified with permission 
from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

 

4.7 Differential Protein Interactions of PCNA, p53 and POLι in Non- and Differ-

entiated Cells Types 

Knowing that it is not a single protein responsible for the difference in replication 

track lengths between stem and diff cells, I wanted to see if special protein com-

plexes account for this phenomenon. Hence, I performed In Situ Proximity Ligation 

Assay (PLA) in cancer cell line #110 to investigate if proteins were close to each 

other indicating possible interactions (Figure 26). For these experiments, I focused 

on the already examined proteins with a major impact on replication track length. 
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First, I investigated possible interaction partners of PCNA (Figure 26 A). Interest-

ingly, the number of focal signals indicating PCNA located closely to POLι was al-

most the same for nd and diff cells (Ihle et al., 2021). But for PCNA and p53 phos-

phorylated at serine 15 (P-p53) a 4.7-fold higher number of PLA foci was detected 

in diff compared to nd cells (representative pictures Figure 26 D), which would cor-

related with the increased p53 protein levels in diff cells (Figure 13 D, Figure 20 B 

and C). Hence, the PLA data indicates more interactions of PCNA and P-p53 in diff 

cells. To investigate interactions of DNA replication and repair proteins with p53 the 

serine 15 phosphorylated form was used for detection as previous publication re-

vealed that this form can be recruited to stalled replication forks (Sengupta et al., 

2003) and colocalizes with factors mediating the error-free DNA repair mechanism 

of homologous recombination (Restle et al., 2008). Additionally also the association 

of PCNA and POLη as well as PCNA and NUMB were examined, in both cases 

identifying the opposite compared to PCNA-P-p53. For the vicinity to POLη a reduc-

tion of 26 % of PLA foci and for the one to NUMB of even 40 % in diff cells was 

measured. This indicates that NUMB could play a direct role in DNA replication, as 

it associates with PCNA, even more prominently in stem cells. This is in accordance 

with previous publications suggesting an important role of NUMB in the maintenance 

and differentiation of stem cells (Tosoni et al., 2015; Faraldo & Glukhova., 2015; 

Juven-Gershon et al., 1998).  

PLA interactions of P-p53 and POLι were as well observed (Figure 26 B), whereby 

a 2.7-fold increase in PLA foci in nd cells was detected supporting the hypothesis, 

that stem cells perform p53-POLι idling (Ihle et al., 2021). An even more pronounced 

(6.7-fold) gain of PLA foci was also detected using p53 DO-1 and POLι antibody 

(Appendix: Figure AP2 A), excluding the possibility that elevated association of POLι 

with P-p53 in stem cells was measured only due to antibody affinities or due to the 

particular post-translational modification of p53. Remarkably, the detected PLA foci 

correlate inversely with the protein levels of p53 and POLι as these expression lev-

els were significantly higher in diff compared to nd cells (Figure 20 B and C). When 

investigating the proximity of P-p53 and HLTF or NUMB, no significant difference 

was found between the two cell types. Interestingly, for NUMB almost no PLA foci 

with P-p53 were detected, although an interaction of p53 and NUMB has already 

been published (Colaluca et al., 2008). An explanation for this could be that NUMB 

association with p53 appears mainly after severe DNA damage for example after 
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treatment with Doxorubicin (Dhami et al., 2013). Another reason could be that the 

association is modulated by posttranslational modifications as it is already known 

that methylation of NUMB also impedes interaction with p53 (Dhami et al., 2013). 

When looking at P-p53 and another TLS polymerase POLη, also here a 4.5-fold 

increase of PLA foci was detected in nd cells. This implied that in stem cells p53 

might reside mainly in protein complexes together with polymerases whereas in diff 

cells it primarily couples with PCNA.   

Interestingly, for most PLAs with POLι (Figure 26 C) a higher amount of foci was 

detected in nd cells, namely for ZRANB3 (5.6-fold), HLTF (1.5-fold) (Ihle et al., 

2021), NUMB (4.6-fold), MDM2 (1.7-fold) and p53R2 (4.7-fold), although POLι pro-

tein levels were significantly increased in diff cells (Figure 20 B and C). In nd cells 

compared to diff ones PLA foci were reduced by 80 % except for POLι and p21, 

implying that POLι mainly interacts with p21 and PCNA in diff cells (Ihle et al., 2021). 

The validity of these results meaning that the observed PLA foci reflected true vicin-

ities and no artifacts, can be checked by looking at the negative control, incubating 

cells only with one primary antibody instead of a mix of two (Appendix: Figure AP2 

A). Here, no vicinity could be detected, as according to the PLA design only anti-

bodies from two different species, when close to each other, cause a signal. There-

fore, PLA data strongly suggested different interactions between proteins in nd and 

diff cells, which were schematically summarized in Figure 26 E. This sketch did not 

imply that these proteins interact at the same time in the same cell under the same 

conditions but illustrates the detected, quantitative interactions of PCNA, P-p53 and 

POLι with other proteins. In nd cells PCNA is mainly located close to the polymer-

ases POLι and POLη as well as NUMB, whereas in diff cells main complex partners 

are POLι and P-p53. For P-p53 a close vicinity to HLTF and NUMB was found in 

both cells types, but the number of P-p53-NUMB PLA foci was very small 

(< 0.03 foci/nucleus) so that it might be negligible. A big difference was found when 

looking at polymerases and PCNA: P-p53 localized near POLι and POLη mainly in 

nd cells but near PCNA mostly in diff cells. For POLι it looked as if almost every 

investigated protein primarily interacts with it in nd cells. The only exceptions were 

PCNA, which was in vicinity to POLι nearly to the same extent in both cell types, 

and p21, showing enormously elevated associations with POLι in diff cells 

(Ihle et al., 2021).  
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Figure 26: Examination of possible complex partners of PCNA, p53 and POLι using In Situ 
Proximity Ligation Assay (PLA).  
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Legend to Figure 26: Examination of possible complex partners of PCNA, p53 and POLι using 
In Situ Proximity Ligation Assay (PLA).   
Cells of line #110 were fixed for PLA 24 h post-seeding (day 8 of differentiation) to detect proteins, 
which are in close vicinity to each other indicating possible protein interactions. Grey: non-differenti-
ated (nd), blue: differentiated (diff) cells. Shown are mean ± SEM, n = 2 – 3. Statistics was performed 
using Mann-Whitney U test: ****: P ≤ 0.0001.  
Investigated were proximities in A. of PCNA and POLι, at Ser15 phosphorylated p53 (P-p53), POLη 
and NUMB, respectively, in B. of P-p53 and POLι, POLη, NUMB as well as HLTF and in C. of POLι 
and p21, MDM2, p53R2, NUMB, HLTF and ZRANB3, respectively. D. Representative pictures of the 
PLA results for: PCNA-POLι, PCNA-P-p53, P-p53-POLι and POLι-ZRANB3, white scale bar: 10 µm. 
E. Sketch of the possible interaction partners of PCNA, P-p53 and POLι in nd (upper panel) and diff 
cells (lower panel) according to the quantitative results in (A – C), whereby larger circles resembling 
individual proteins reflect to their preference to interact with the investigated proteins in nd or diff 
cells; smaller sized circles indicate relative decrease of association in the particular cell type. (A 
(PCNA and POLι only), B (P-p53 and POLι only), C (POLι and ZRANB3/HLTF/p21), D (POLι and 
PCNA/P-p53/ZRANB3) and E (POLι in the center) was modified with permission from Ihle et al. 2021 
– Creative Commons CC-BY-NC license.) 

To clarify, whether PLA results correspond to true physical interactions of proteins 

or just reflect in situ proximities, IP with crosslinking of chromatin components 

(ChroIP) and without crosslink using whole cell extracts were performed (Figure 27). 

The IP revealed protein interactions as elevated band intensities compared to the 

corresponding IgG control signals (Figure 27 A – C). After pull down of p53 and 

PCNA in ChroIP both proteins successfully co-immunoprecipitated with POLι (Ihle 

et al., 2021), p53R2 as well as HLTF in nd cells (Figure 27 A). Furthermore, p53 pull 

down co-immunoprecipitated PCNA whereas PCNA pull down hardly revealed the 

reciprocal interaction with p53 in nd cells. When focusing on diff cells only faint 

bands for p53R2 as well as HLTF after PCNA pull down were detectable. After p53 

pull down no interaction partner was clearly identified, even for PCNA only a very 

weak band could be noticed.  

The pattern of possible interaction partners changed markedly when looking at IPs 

of whole cell extracts and without crosslink (Figure 27 B and C). In these IPs after 

PCNA pull down in nd cells bands were detected for p53R2, POLι and for MDM2 

but with a calculated molecular mass of 150 kDa as compared to the theoretical 

mass of about 80 – 90 kDa. In diff cells pull down of PCNA resulted in no specific 

interactions as unspecific signals were also detected in the IgG controls. As the 

150 kDa MDM2 protein was found in the PCNA pull down of nd cells, I wanted to 

investigate if this signal is specific and probably corresponds to a modified form of 

MDM2. To this end, I performed the same kind of IP for MDM2 and concomitantly 

also for p53 (Figure 27 C). Indeed, after MDM2 pull down a protein migrating during 

SDS-PAGE at 150 kDa as well as approximately at the expected height of MDM2 

(80 kDa) were detected, but not in the IgG control. This observation combined with 
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the fact that the upper band intensity increased when the lower band was intensified 

suggested that the 150 kDa protein band was specific. Interestingly, after MDM2 

pull down in nd cells a PCNA band appeared, further supporting the hypothesis that 

PCNA and MDM2 interact with each other. Additionally interaction of MDM2 with 

p53, p53R2 and HLTF were found in nd cells. For diff cells, only the interaction of 

MDM2 and p53 was verified. The IP of p53 revealed bands of p53R2, PCNA and 

HLTF in both cell types and for nd cells even a weak band in the POLι lane. 

 

 

Figure 27: Protein interactions of PCNA, p53 and MDM2 detected by immunoprecipitation (IP) 
in ovarian cancer cell line #110.  
Cells were harvested for IP 24 h post-seeding (day 8 of differentiation). Grey: non-differentiated (nd), 
blue: differentiated (diff) cells. Black framed blots indicate origin from the same membrane and the 
same exposure. Orange stippled line indicates sites of cropping. Black stippled lines discriminate nd 
and diff cells and serves illustration purposes only. p53 was visualized in A – C with DO-1 antibody.  
A. Representative blot of a chromatin IP (ChroIP) after crosslinking. Pull down of PCNA (PC10, ab29, 
Abcam) and p53 (Pab421, #OP03 and Pab1801, #OP09, both Calbiochem) is shown as well as an 
IgG control and Input samples. Also representative blots of IPs with whole cell extracts without cross-
link are depicted in B. for PCNA (PC10, ab29, Abcam) and in C. for MDM2 (2A10, MABE281, Milli-
pore) and p53 (Pab421, #OP03 and Pab1801, #OP09, both Calbiochem) pull down. (A (p53, PCNA 
and POLι) was modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC li-
cense.) 
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These findings indicated that there is a p53-POLι complex only in nd cells, strength-

ening the hypothesis, that stem cells perform the idling-DDT discovered in 

Hampp et  al. (2016), whereas diff cells do not use this pathway (Ihle et al., 2021). 

Furthermore, the different IP protocols emphasized, that there might be a difference 

in the interactions in the whole cell (soluble) compared to the chromatin-bound frac-

tion.  

 

4.8 Different Protein Dynamics at Replication Forks in Non- and Differentiated 

Cells 

As the ChroIP and IP data revealed variations of protein interactions depending on 

the localization of the complex, I wanted to investigate the dynamics of the proteins 

directly at the replication fork. Hence, I established In Situ Analysis of Protein Inter-

actions at DNA Replication Forks (SIRF) in the ovarian cancer cells #110 as de-

scribed in Petruk et al. (2012, 2017) as well as Roy et al. (2018 (a)). This method is 

composed of an EdU incorporation, followed by a biotin click-it reaction of nascent 

DNA and finally a detection of the proteins via PLA protocol. This allows visualization 

of proteins enriched near/at ongoing replication forks or after up to 4 h thymidine 

incorporation (chase) at decelerated forks or the chromatin behind the fork. In a first 

approach, PCNA was detected to examine if the method works in my cell system. 

Indeed, PCNA was enriched at progressing forks (EdU) in both cell types and sig-

nificantly reduced after the chase, correlating with results described in Roy et al. 

(2018 (a)) (Ihle et al., 2021). Interestingly, much higher amounts of PCNA were de-

tected in nd cells (3.2-fold increase), but arriving at almost identical levels in the 

chase (Figure 28 A and K). Remarkably, for every investigated protein reduced lev-

els in diff cells were measured. A reason for this might be the detection of more DNA 

fiber structures in nd compared to diff cells revealed by quantification of replication 

structures (Appendix: Table AP1), although generation time experiments (Fig-

ure  16 C) as well as origin firing evaluation (Figure 18 B), did not point out any 

difference. This might indicate that more forks were active in nd cells, taking the 

absolut numbers of replication structures in account (Appendix: Table AP1) and 

therefore more PCNA as well as other proteins needed for replication could be found 

at active forks. Looking at POLι also an approximately 60 % reduction from nd to 

diff cells after EdU incorporation was monitored (Figure 28 B and K). However, for 
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the PLA foci at active or decelerated forks an opposed pattern was monitored in the 

two cell types. In nd cells foci numbers increased 1.7-fold in the chase, whereas for 

diff cells they were reduced by 57 % (Ihle et al., 2021). Remarkably, for P-p53 a 

more than 3-fold foci-accumulation was detected in nd cells compared to diff ones 

at active forks and nearly vanished completely in both cell types in the chase (Fig-

ure 28 C and K) (Ihle et al., 2021). Furthermore, the number of foci in diff cells did 

not show significant differences after EdU incorporation compared to the chase, 

supporting that probably nearly no P-p53 was present at replication forks of diff cells 

(Ihle et al., 2021). Interestingly, POLη-specific foci numbers showed the same trend 

in both cell types, i.e. higher numbers at the progressing fork and decreased levels 

in the chase (Figure 28 D). Still, for nd cells the decrease was more pronounced, 

95 % of foci vanished after thymidine incorporation, for diff cell it was only about 

40 %. However, also with this POL SIRF foci numbers were 6.6-fold elevated in nd 

compared to diff cells. Remarkably, MDM2 foci were more than 26-fold increased in 

nd compared to diff cell and did not change from EdU to chase in both cell types, 

indicating, that MDM2 is always present, i.e. at the fork and in the chromatin behind 

the fork (Figure 28 E). For the detection of p53R2 at active forks 2.2-fold elevated 

levels in nd cells were found. Notably, in both cells types a foci reduction by more 

than 76 % was seen in the chase (Figure 28 F). For the p53 target p21 and its 

binding protein NUMB only very few foci (< 0.02 foci/nucleus) were detected (Fig-

ure 28 F and G) not permitting any statistical calculation. Therefore, it could be rea-

soned that these two proteins are present neither at progressing nor at decelerated 

forks or the chromatin. Furthermore, for NUMB it was already published, that it pri-

marily localizes to chromatin only after severe DNA damage as caused by DNA 

intercalating agents (Dhami et al., 2013). As the cells in this experiment were in an 

unperturbed state, probably no recruitment to the chromatin took place. Additionally, 

the NUMB SIRF data implies that the association of this protein with PCNA or POLι 

found in the PLA (Figure 26 A and C) could be correlated with pre-replicative struc-

tures or even be cell cycle dependent as SIRF mainly covers S-phase interactions. 

Hence, this gives the final hint, that NUMB does not play a crucial role in discrimi-

nating replication phenotypes in nd and diff cells, as its impact on DNA fiber track 

length is the same for both cells types (Figure 24 D). Furthermore, there was no 

association of NUMB detected with P-p53 and the one found by the proximity with 

either PCNA or POLι cannot indicate localization to replication forks or chromatin 
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according to the SIRF data. Therefore, a direct contribution of NUMB to the DDT 

pathway choice can be excluded. Nevertheless, NUMB seems to be more important 

in stem cells as within this cell type more associations were found, which is con-

sistent with previous publications (Juven-Gershon et al., 1998; Faraldo & Glukhova, 

2015; Tosoni et al., 2015). HLTF instead seemed to be very important for DDT dis-

crimination in nd and diff cells, especially for decelerated forks in nd cells, as foci 

numbers were elevated 3.3-fold (Figure 28 H). Remarkably, for diff cells they stayed 

at the same level in the pulse as well as in the chase. Nevertheless, for HLTF a 

reduction of 37 % at active forks from nd to diff cells was monitored. Finally, also the 

presence of ZRANB3 at active as well as at decelerated forks was investigated (Fig-

ure 28 I and K). Also for this translocase during the pulse a decrease of 84 % in foci 

number in diff compared to nd cells was measured (Ihle et al., 2021). Interestingly, 

in both cell types the number of ZRANB3-specific foci did not change when compar-

ing active forks or decelerated ones (Ihle et al., 2021). However, in diff cells for 

ZRANB3 only very few foci were detected, implying that it is almost completely ab-

sent at replication forks or the chromatin behind the fork in this cell type (Ihle et al., 

2021). 

The sketch in Figure 28 L summarizes all findings of the SIRF experiments and 

demonstrates that during replication in nd cells POLι, p53, POLη, MDM2, p53R2, 

HLTF and ZRANB3 are enriched at the fork. But also in the chase, a fraction of 

forks, as PCNA also partially remains in the chase, still binds POLι, MDM2, p53R2, 

HLTF and ZRANB3, insinuating decelerated forks following fork reversal. Further 

indicated by HLTF and ZRANB3 as these two proteins were shown previously to be 

crucial for performing fork reversal events (Vujanovic et al., 2017; Bai et al., 2020). 

Replisomes of diff cells were lacking p53 as well as ZRANB3 and hence, mainly 

consisted of POLι, POLη, MDM2, p53R2 and HLTF. Interestingly, this composition 

stays the same during the chase, although all protein levels were decreasing except 

the ones of MDM2 and HLTF. By looking only at the difference in protein composi-

tion at progressing or decelerated forks in nd and diff cells this would indicate that 

the major discriminating components resulting in the variation of replication track 

lengths would be p53 and ZRANB3. This further supports the finding that nd cells 

perform the p53-POLι idling-DDT (Ihle et al., 2021) resolving the replication barrier 

by ZRANB3 mediated fork reversal (Hampp et al., 2016). 
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Figure 28: Determination of proteins at active forks as well as in the chromatin/at decelerated 
forks. 
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Legend to Figure 28: Determination of proteins at active forks as well as in the chromatin/at 
decelerated forks.   
Cells of ovarian cancer cell line #110 were used for In Situ Analysis of Protein Interactions at DNA 
Replication Forks (SIRF) 24 h post seeding (day 8 of differentiation). This method combines an EdU 
(8 min) followed by a thymidine (up to 4 h) incorporation with a click reaction of EdU and biotin as 
well as later on a PLA of biotin with the protein of interest. With this method, proteins near/at ongoing 
replication forks can be detected. Grey: non-differentiated (nd), blue: differentiated (diff) cells. Shown 
are mean ± SEM, n = 2 – 3. Statistics was performed using Mann-Whitney U test: **: P < 0.01, ***: 
P < 0.001, ****: P ≤ 0.0001.  
Shown are proximity of proteins to active forks (EdU) or chromatin (Thymidine Chase) of A. PCNA, 
B. POLι, C. Ser15 phosphorylated p53 (P-p53), D. POLη, E. MDM2, F. p53R2, G. p21, H. NUMB, I. 
HLTF and J. ZRANB3. K. Representative pictures of the most important SIRF results for PCNA, 
POLι, P-p53 and ZRANB3, white scale bar: 10 µm. L. Schematic illustration of protein complexes at 
active or decelerated forks in nd (upper panel) and diff cells (lower panel) according to the quantita-
tive results in (A - J), whereby the size of the individual proteins correlates to their preference to be 
at the fork in nd or diff cells as well as to their increased detection at the active or the decelerated 
fork/chromatin; smaller size indicates relative decrease. (A – C and J – L was modified with permis-
sion from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 

 

4.9 Distinct in PCNA Ubiquitination Pattern in Non- versus Differentiated Cells 

Having demonstrated that stem cells prefer the p53-POLι idling-DDT I wanted to 

see if I can also detect the corresponding pattern of PCNA ubiquitination in cancer 

cell line #110. Interestingly, nd cells exhibited a significantly higher amount of total 

ubiquitinated PCNA (Figure 29 A and B). Looking at the ubiquitination forms in detail 

it became obvious that both cell types carry nearly the same amount of mono-ubiq-

uitinated PCNA. However, poly-ubiquitinated PCNA levels were elevated by nearly 

40 % in nd compared to diff cells (Ihle et al., 2021). This led to an increased ratio of 

mono- to poly-ubiquitinated PCNA of 55 % in diff cells. PCNA becomes mono-ubiq-

uitinated, when the replication machinery encounters a barrier allowing polymerase 

switching and TLS (Moldovan et al., 2007). When the p53-POLι idling pathway takes 

place mono-ubiquitinated PCNA can be poly-ubiquitinated and the barrier bypassed 

by fork reversal (Hampp et al., 2016). Therefore, my results imply that in diff cells 

mono-ubiquitinated PCNA is not further poly-ubiquitinated and hence, lesions are 

most likely overcome by TLS (Ihle et al., 2021).   

As the ubiquitination of PCNA is very important in the regulation of the DDT pathway 

choice (Leung et al., 2018), I also wanted to examine the PCNA ubiquitination after 

the down-regulation of p53 and POLι (Figure 29 C and D) as they are key players 

of the idling phenotype. Knockdown verification of p53 as well as protein levels of 

PCNA, which were slightly increasing after down-regulation of p53, were shown al-

ready in Figure 21. Remarkably, whereas for p53 silencing no effect on total or 

mono-ubiquitinated PCNA was detectable, the levels of poly-ubiquitinated PCNA 
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were oppositely influenced in nd and diff, i.e. less poly-ubiquitination in nd but ele-

vated one in diff cells compared to empty vector controls. This also led to an altered 

ratio of mono- to poly-ubiquitinated PCNA: in nd cells a 1.4-fold elevation of the ratio 

compared to control samples and in diff cells a 19 % reduction was seen. Notably, 

the absence of POLι (kd verification and unchanged PCNA levels can be found in 

Figure 22) revealed the same outcome as p53 kd in the ratio from mono- to poly-

ubiquitinated PCNA although not as pronounced (nd: 18 % increase, diff: 6 % re-

duction compared to control samples). POLι kd in general had a stronger effect on 

the ubiquitination pattern of PCNA. Total ubiquitination levels were increased 1.2-

fold in nd and 1.5-fold in diff cells compared to control samples, as both mono- (nd: 

1.4-fold, diff: 1.5-fold) and poly-ubiquitinated PCNA (nd: 1.2-fold, diff: 1.6-fold) was 

increased after POLι silencing.  

As it is known that up- or down-regulation of p21 can stimulate PCNA ubiquitination 

(Soria et al., 2006, Avkin et al., 2006) also PCNA ubiquitination levels after p21 kd 

were examined (Figure 29 E). Knockdown was verified (marked with a turquoise 

rectangle) and PCNA levels were also depicted but only showed a slight decrease 

of 10 % compared to control samples in nd cells. Interestingly, like for POLι kd the 

p21 silencing led to increased levels of total ubiquitination levels of PCNA (nd: 28 %, 

diff: 50 %) compared to control samples. In addition, the level of mono-ubiquitination 

of PCNA was elevated in both cells types in comparison with control samples 

(nd: 64 %, diff: 48 %). The levels of poly-ubiquitinated PCNA were influenced con-

trarily in nd and diff cells, with a 14 % reduction in nd and a 50 % increase in diff 

cells (Ihle et al., 2021). These changes resulted in a ratio of mono- to poly-ubiqui-

tinated PCNA that was 2.0-fold increased in nd and 1.1-fold increased in diff cells 

compared to control samples.  

Taking all these results of the PCNA ubiquitination together it looks like we 

indeed have a switch in DDT pathway choice depending on p53, POLι and p21. 

Although mostly statistical significance was not reached but often trends with P val-

ues < 0.1 were observed. Thus, in nd cells more mono-ubiquitination of PCNA com-

pared to poly-ubiquitination after kd of the investigated proteins was detected and 

in diff cells for all three kds an elevation of poly-ubiquitinated PCNA was found. This 

altered PCNA modification in diff cells would implicate a switch from TLS to the p53-

POLι idling-DDT pathway after kd of p53, POLι or p21, as poly-ubiquitinated PCNA 

mediates fork reversal (Petermann & Helleday, 2010).  
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Figure 29: Analysis of PCNA ubiquitination in ovarian cancer cells #110 with or without kock-
down of p53, POLι or p21. . 
Cells were harvested for Western Blotting (WB) 24 h post-seeding/transfection (day 8 of differentia-
tion). Grey: non-differentiated (nd), blue: differentiated (diff) cells. Shown are mean ± SEM for A – E, 
or mean ± SD for the right plot of E (p21). Statistics was calculated using Wilcoxon matched-pairs 
signed rank test: *: P < 0.05.   
Instead of the names of the gene, the protein names only were used. Knockdown (kd) was performed 
with plasmids containing gene specific shRNAs (sh) or empty vector/scrambled shRNA for controls. 
Ubiquitinated PCNA levels were normalized to basal PCNA levels. Depicted are in the first column 
total ubiquitinated (ubi) PCNA, in the second mono-ubi PCNA, in the third poly-ubi PCNA and in the 
fourth the ratio of mono- to poly-ubi PCNA for A. untransfected cells, normalized to nd samples, n = 7 
and B. representative WB, for C. cells after p53 kd, for D. cells after POLι kd and for E. cells after 
p21 kd, normalized to control samples each and n = 5 except for the right plot showing p21 levels 
after kd (turquoise rectangle) with n = 2. In E corresponding PCNA levels, n = 5, were illustrated in 
the fifth graph from the left. Please note that PCNA levels corresponding to C or D as well as p53 or 
POLι levels after kd can be found in Figure 21 B and Figure 22 B, respectively. (A, B and E was 
modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC license.) 
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Given that diff cells bear high basal p53 levels compared to nd cells I tested how far 

the level of p53 played a decisive role and whether the changes in PCNA ubiquiti-

nation indeed translate into changes in the formation of the p53-POLι idling complex. 

To this end, I performed PLA to detect P-p53 and POLι complexes after p53 kd 

(Appendix: Figure AP3 A). Interestingly, PLA after p53 kd induced lower P-p53-

POLι association levels in nd but elevated ones in diff cells. This supports the hy-

pothesis that reducing p53 levels promotes the p53-POLι complex formation and 

slowing of DNA replication via the p53-POLι idling-DDT pathway, when starting from 

the high p53 level in diff cells. To further delineate this aspect, a DNA Fiber Spread-

ing Assay was performed in cells transfected with plasmids for expression of wt p53 

and the exonuclease deficient but transcription activation proficient H115N mutant 

(Ahn et al., 2009) (Appendix: Figure AP3 B). Interestingly, increasing the amount of 

p53 by transfecting the cells with these expression plasmids elongated replication 

tracks in nd as well as diff cells independently of wt or H115N mutant p53 expres-

sion. This supports the hypothesis that above a certain threshold level of high p53 

amounts such as found in diff cells (Figure 19 B) or nd cells expressing exogenous 

p53, the p53 level correlates with replication track lengths. This means that above 

this certain level the exonucleolytic activity of p53 no longer influences the DDT 

pathway and hence, p53 promotes TLS rather than the p53-POLι idling-DDT path-

way. Knowing that p53(H115N) is inactive in the idling-DDT pathway depending on 

p53 and POLι due to loss of its exonuclease function (Hampp et al., 2016), it is very 

likely that the transcriptional transactivation function retained in p53(H115N) under-

lies p53-dependent replication track elongation. It is further conceivable that the p53 

target p21 (El-Deiry et al., 1983), which binds PCNA (Mansilla et al., 2020) promotes 

this track elongation via its effect on PCNA mono-ubiquitination. Interestingly, when 

investigating DNA replication tracks in a murine model, comparing replication in 

stem cells with and without p53 as well as with their differentiated counterparts, the 

opposite was observed compared to the human models (Figure AP4 A). In mESCs 

1.8-fold higher replication track lengths were measured compared to the diff cells in 

p53 wt cells. In p53 KO cells the difference between nd mESCs and diff ones was 

strongly reduced and only about 1.1-fold elevated tracks were observed in stem 

cells. In the murine model I detected a reduction by 20 % in nd cells with p53 KO 

whereas in diff cells with p53 KO track length were elongated by 36 % (Fig-

ure AP4 A). This was indeed contradictory to what I revealed in human stem and 
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differtiated cells. Remarkably also, p53 levels were opposed in murine compared to 

human stem cells (Figure AP4 B). Whereas in the human cells p53 levels were low 

in stem cells and increased upon differentiation (Figure 11 – Figure 13) (Jain et al., 

2012). In murine cells the opposite was found (Figure AP4 B) (Jain & Barton., 2018). 

To ensure, that the murine stem cells maintained their stemness properties, ALP 

assay was performed (not shown) and the pluripotency marker Oct 3/4 (Nichols 

et al., 1998) was detected, both confirming stemness characteristics of the nd 

mESCs (Figure AP4 B). Therefore, this mouse data could further point to a possible 

impact of p53 level on replication pathway choice. However, to verify this hypothesis 

that stem cells perform the p53-POLι idling pathway due to their low levels of p53, 

further studies will be necessary. 

 

4.10 Higher Resistance of Stem Cell-Like Cells against Chemotherapeutics 

In a final step, I wanted to assess any difference in responsiveness to chemothera-

peutics in the stem cell-like compared to diff cells. This could then point to an impact 

of replication pathway choice on drug resistances. To this end, I performed MTT 

assay after 48 h of treatment. I applied a range of concentrations of various reagents 

interfering with DNA replication like the DNA crosslinking and intercalating agents 

MMC (Iyer & Szybalski, 1964), Carboplatin (Boulikas & Vougiouka, 2003) and Dox-

orubicin (Box, 2007; Carvalho et al., 2009) as well as of the topoisomerase inhibitor 

Etoposide (Chen et al., 1984; Ross et al., 1984; Hande et al., 1998). However, Nutlin 

a p53 activating agent (Vassilev et al., 2004), was also tested, as a previous study 

showed great impact of Nutlin treatment on replication fork processivity (Klusmann 

et al., 2016). Remarkably, for all of the drugs except of Nutlin a strong difference 

reaching or in case of Carboplatin almost reaching statistical significance between 

nd and diff cells in their responsiveness was found (Figure 30). For MMC and Car-

boplatin IC50 values were 1.5-fold increased in stem cell-like cells. For Etoposide 

1.8-fold elevated tolerances and for Doxorubicin even 2.2-fold higher IC50 values 

were observed in nd compared to diff cells. In case of Nutlin treatment nd and diff 

cells respond similarly. These data emphasized that stem cell-like cells could cope 

better with exogenous induced DNA damage than their differentiated counterparts, 

whereas p53 activation alone does not influence cell viability in stem versus differ-

entiated cells.  
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Figure 30: Diverging responsiveness to chemotherapeutics of stem cell-like and differentiated 
ovarian cancer cells.   
Ovarian cancer cells #110 were treated for 48 h with the indicated concentrations of reagents, 4 h 
post-seeding (day 7 of differentiation). Data points represent single replicates (n = 3 – 9) of two (A, 
B, E) or three (C, D) independent experiments and are shown as mean ± SEM. Grey: non-differenti-
ated (nd), blue: differentiated (diff) cells. After normalization of the single values to either me-
dium/H2Oinjectabilia (A – C) or DMSO control (D – E), curves were generated by the Nonlinear Curve 
Fit function between 0 and 100 % of the GraphPad Prism Software 8. IC50 as well as P values were 
also calculated by using this software. Statistical significances between the IC50 values were deter-
mined via Extra Sum of Squares F-Test of log(IC50) values.   
Cell survival curves are depicted for A. MMC, B. Carboplatin, C. Doxorubicin, D. Etoposide and 
E. Nutlin.  
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5 Discussion 

In my dissertation, I unveiled new insights in DDT mechanisms specific to stem and 

differentiated cells. To my knowledge I was one of the first showing, that replication 

tracks varied tremendously between stem and differentiated cells and that this di-

versity resulted from a variation in DDT pathway choice between these cells types. 

I could prove in three different human cell models, using HSPCs, hESCs as well as 

cancer stem cell-like cells and their corresponding counterparts, that the replication 

track difference was dependent on p53 and POLι (Ihle et al., 2021), the key players 

of the p53-POLι idling-DDT discovered by Hampp et al. (2016). Furthermore, in the 

ovarian cancer cell model I revealed that replication tracks were regulated by p53 

targets p21, MDM2 and p53R2 as well (Ihle et al., 2021). Interaction assays like 

PLA, IP and SIRF detected that p53 and POLι only formed complexes in the stem 

cell-like cells and that mainly in these cells ZRANB3 interacts with POLι and is pre-

sent at replication forks (Ihle et al., 2021). This strongly suggests DDT by fork rever-

sal in stem cells, whereby for an ultimate evidence electron microscopy would have 

been necessary, but this method was out of reach for me. However, the data of my 

thesis were substantial enough to conclude idling-DDT with resolution by fork rever-

sal for stem cells (Ihle et al., 2021). Interestingly, this conclusion was strengthened 

by PCNA poly-ubiquitination levels (Ihle et al., 2021). Whereas PCNA mono-ubiqui-

tination levels conspicuously indicate TLS as favored DDT in diff cells (Ihle et al., 

2021). However, for TLS-DDT the final proof, like a plasmid based quantitative TLS 

assay as described by Avkin and colleagues (2002) could not be established within 

the tight time span of the thesis. This TLS assay relies on the ability of TLS poly-

merases due to their large and variable active center to synthesize across a DNA 

lesion resulting often in misincorporation of bases and hence, mutations (Sale, 

2013). In addition, the realization of whole genome sequencing to provide evidence 

of increased numbers of point mutations and mutational signatures of the TLS func-

tion of POLι (Maul et al., 2016) in diff cells was unfortunately not possible. Never-

theless, I could show, that DNA damage levels were much higher in diff cells com-

pared to their nd counterparts, further supporting the results that stem cells prefer 

error-free DDT by fork reversal maintaining genomic stability, whereas diff cells most 

probably execute fast but error-prone TLS (Ihle et al., 2021). To sum up, I discov-

ered a difference in DDT pathway choice in stem and differentiated cells and could 
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uncover parts of the mechanism causing this different replication outcome (Ihle 

et al., 2021).  

 

5.1 Dependence of Replication Track Shortening in Stem Cells on p53 and 

POLι 

Interestingly, comparing stem cells and their diff counterparts, for adult and embry-

onic stem as well as cancer stem cell-like cells a track shortening compared to diff 

cells was measured (Ihle et al., 2021). This correlates with results of fiber track 

length shortening in another hESC line MShef11 as well as in induced pluripotent 

stem cells although the reasons for track shortening in nd cells in this publication 

(Halliwell et al., 2020) seem to be other ones as I will discuss in paragraph 5.3. 

Nevertheless, I revealed that the track shortening in my cell models was always 

dependent on p53 and POLι (Ihle et al., 2021). This gave the first hint, that stem 

cells perform the p53-POLι idling-DDT pathway (Ihle et al., 2021). Remarkably, also 

the elevated track lengths in diff cell depended on p53 and POLι but in an opposed 

manner (Figure 11 - Figure 14) (Ihle et al., 2021). Hence, my results indicate that 

the involvement of p53 and POLι can result in diverse replication phenotypes in 

different cell types (Ihle et al., 2021).   

Of note, monitoring stemness (Nestin, OCT4) as well as EMT marker (SLUG, 

TWIST1) in the ovarian cancer cells after p53 as well as POLι kd revealed only a 

minor and not significant influence on their expression (Figure 15 C, D). This indi-

cates that these transient kds do not change the properties of stem cell-like as well 

as differentiated cells in my system. Probably a more pronounced kd or even a KO 

would impact stem cell as well as differentiation status as Jain et al. (2012) deter-

mined that p53 regulates stemness marker like Nanog and OCT4. Interestingly, ac-

cording to my data like p53 kd also POLι downregulation exhibited a slight impact 

on stemness as well as EMT marker (Figure 15 D), therefore probably also POLι 

could be a regulator of stemness factors. But to elucidate this further investagtion 

will be needed using a more stable POLι kd or KO. Nevertheless, I could discover 

that p53 and POLι affect replication in stem (cell-like) as well as differentiated cells 

in an opposed manner (Ihle et al., 2021) but do not change their cell properties. 

This observation could also explain differing results on published DNA fiber track 

lengths in the presence and absence of p53. Klusmann et al. (2016) detected track 
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length shortening in the absence of p53 in tumor cell lines U2OS and HCT116 as 

well as in murine embryonic fibroblasts and murine thymocytes. Additionally, Yeo 

and colleagues (2016) detected track shortening in p53 deficient HCT116 cells. Fur-

thermore, Klusmann et al. (2016) observed that p53 hyperactivation by Nutlin 

(Vassilev et al. 2004) increased track lengths. Taking my data into account the rep-

lication phenotypes detected by Klusmann et al. (2016) as well as Yeo et al. (2016) 

would correlate to the ones found in diff cells. In contrast, the fiber track lengths of 

stem cells correspond to the ones detected by Hampp et al. (2016) in tumor cell 

lines: U2OS, K562 and H1299 as well as in primary human HSPCs. The difference 

in replication track length might not only be due to the usage of diverse cell lines. 

As these harbor in case of HCT116 a defect in the DNA repair protein MRE11 

(Wen et al., 2008) or differ in case of murine cells in their DDR compared to human 

ones (Bañuelos et al., 2008, Lane & Scadden, 2010) as well as their replication 

phenotypes (Appendix: Figure AP4). But the difference could also arise due to a 

variation of DNA Fiber Spreading protocols. So do incorporation times span from 15 

(Yeo et al., 2016) to 20 min (Hampp et al., 2016) as well as up to 2 h (Klusmann et 

al., 2016) in the mentioned publications. Additionally, also the treatment of the cells 

could affect DNA replication, as the p53 activating drug Nutlin and the nucleoside 

analogue Gemcitabine (Klusmann et al., 2016), the RNA POL II inhibitor DRB (Yeo 

et al., 2016) as well as the DNA crosslinking agent MMC (Hampp et al., 2016) excert 

their effects via different mechanisms on nascent DNA synthesis.  

Interestingly, the difference in replication tracks between nd and diff cells did not 

result from variations in doubling times or metabolism (Figure 16). Although diff cells 

seemed to have a higher energy consumption in general, kd experiments demon-

strated that even though p53 kd promoted energy metabolism, POLι kd resulted in 

a dampening. However, results of replication track length measurements were iden-

tical for both kds. Thus, energy metabolism does not influence the track length dif-

ference in stem versus diff cells. Also of interest, diff cells showed elevated replica-

tion speed, indicated by their longer tracks, although they possessed high amounts 

of asymmetric forks (Figure 18 C) (Ihle et al., 2021) implying a higher ratio of fork 

stalling (Nieminuszczy et al., 2016; Quinet et al., 2017). This suggests that in stem 

cells DNA replication is slow but smooth whereas in diff cells fast but uneven. This 

adds another piece of evidence that in stem cells p53-POLι idling-DDT is performed 

(Ihle et al., 2021), reducing replication speed to preserve genome integrity. 
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5.2 Shorter Tracks in Stem Cells Independently of Differentiation Potential 

Three different stem cell models were examined in this thesis. All of these models 

underly well established differentiation processes. HSPCs were either still immature 

or had already differentiated in vivo to PBLs before the blood draw, as both cell 

types were isolated from human cord blood. hESCs were spontaneously differenti-

ated by removal from MEF feeder cells and by choosing cells for experiments, which 

grew at low density, as this is a well-known technique to reduce self-renewing sig-

nals and therefore, induce differentiation (Yamanaka et al., 2008). Additionally, 

hESCs were stimulated to differentiate specifically into the neuronal lineage by a 

specialized and verified neural induction medium (Yan et al., 2013; Mayer et al., 

2018). Regarding my third model, the ovarian cancer cells, I used FBS stimulation 

for differentiation as was pre-established by Ricci and colleagues (2012). Further-

more, it has already been published that bovine serum contains a bone morphoge-

netic protein (BMP) 4-like protein, which is also conserved in humans (Kodaira et al., 

2006). The BMP-4 protein is known to induce stem cell differentiation 

(D’Amour et al., 2005; Yamanaka et al., 2008). This further supports the used tech-

nique of stem cell differentiation via FBS.  

Interestingly, when looking at the three models it becomes obvious that they vary 

strongly in their differentiation potential. First, multipotent HSPCs (Chao et al., 

2008); second, pluripotent hESCs (Thomson et al., 1998) and third, ovarian cancer 

stem cell-like cells, which were most probably multipotent, indicated by their high 

Nestin expression (Figure 15 A and B) (Wiese et al., 2004) but this was never in-

vestigated. As the determination of the differentiation potential of ovarian cancer 

cells would include the testing and establishment of various procedures of differen-

tiation into specific lineages or cell subtypes, which was beyond the scope of this 

thesis. Nevertheless, all three models revealed the same replication phenotypes 

(Figure 11 - Figure 14) (Ihle et al., 2021). Interestingly, the cells differentiated from 

hESCs still retained stem cell properties, as the sdiff cells still expressed Nanog 

although very low amounts compared to nd hESCs (Figure 12 D). Moreover, the 

ndiff lineage differentiated from hESCs are in fact considered NSCs (Mayer et al., 

2018). NSCs are multipotent progenitors and express Nestin at high levels (Lendahl 

et al., 1990). Therefore, the hESC data would indicate that the difference in replica-

tion tracks already appeared between pluri- and multipotent stem cells. However, 

according to the HSPCs data, in which CD34+ stem but mainly (80 %) 
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CD34+/CD133+ progenitor cells were investigated (Becker et al., 2009), the same 

difference would also occur between multipotent cells and their differentiated coun-

terparts PBLs. To compare the single DNA fiber experiments with each other the 

fork rate (FR) of IdU tracks, illustrating the mean amount of kilo-base pairs (kb) in-

corporated per minute in the single cell types (formula see 3.9.5), were calculated. 

These values disclose an increase in the amount of inserted base pairs per minute 

from pluripotent hESCs (0.33 kb/min) to the mix of stem and progenitor cells HSPCs 

(0.38 kb/min) to the single progenitors sdiff (0.4 kb/min), ndiff (0.4 kb/min) and finally 

to the differentiated PBLs (0.6 kb/min). This indicates that with declining capability 

to differentiate into various cell types, the replication speed rises. The data further 

suggests that the elongation of track lengths with increasing differentiation status 

would be lineage independent as it was shown that HSC-like cells could be differ-

entiated from hESCs as well (Kaufman et al., 2001; Wang et al., 2005) but resulting 

from the mesodermal lineage (Moore & Metcalf, 1970). Interestingly, the ovarian 

cancer stem cell-like nd cells exhibited a similar FR as hESCs, namely 0.27 kb/min, 

whereas for the diff cells a comparatively very high FR of 0.85 kb/min was gained. 

This would imply, that the cancer stem cell-like cells possibly hi-jack the DDT mech-

anisms of pluripotent stem cells to develop resistances and escape therapeutic 

strategies. Of note, mesodermal differentiation of ESCs depends strongly on p53 as 

well as its family members p63 and p73, cooperating with the Wnt as well as the 

TGFβ pathway (Wang et al., 2017; Jain & Barton, 2018). These two pathways are 

common triggers of EMT (Zheng & Kang, 2014) and might therefore, explain phe-

notypical similarities between HSCs/HSPCs or stem cells in general and cancer 

stem cell-like cells exhibiting EMT-like changes. Furthermore, it has already been 

shown, that also ZEB2, another EMT master regulator protein, is very important for 

HSC differentiation as well as for the formation of hematopoietic malignancies 

(Meyer, 2017), supporting the hypothesis, that also EMT or EMT-like features could 

promote the usage of the idling-DDT pathway. However, considering the model 

summarizing the data in Figure 29 and the additional data (see Appendix) in Figure 

AP3 as well as in Figure AP4 possibly p53 or p21 levels could determine replication 

phenotypes, i.e. the expression of these proteins might assign, which DDT pathway 

will be taken independently of the differentiation potential of the cells. However, this 

hypothesis needs to be investigated in future experiments. Nevertheless, p53 levels 
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are particularly low in human stem cells (Jain et al., 2012) hence, the p53-POLι 

idling-DDT pathway could be considered in general as stem cell specific in humans. 

 

5.3 Protection from DNA Damage by p53 in Stem Cells 

Now, already talking about p53 in stem cells a closer look at the function of p53 in 

this cell type was taken. Interestingly, in all used human stem cells reduced levels 

of p53 compared to the differentiated cells were found (Figure 11 - Figure 13) (Ihle 

et al., 2021). This phenomenon has already been published before (Jain et al., 

2012). In human stem cells p53 is deacetylated destabilizing the protein by in-

creased binding to MDM2, finally causing proteasomal degradation (Jain et al., 

2012). Differentiation of the stem cells then results in acetylation of Lys373 and 

hence, in the stabilization of p53 increasing its transcriptional activity especially of 

p21 (Figure 20 and Figure 21) (Jain et al., 2010). Levine and colleagues (2016) 

concluded in one of their reviews about stem cells and p53 that the different func-

tions of p53 in stem and differentiated cells depends on the different transcriptional 

activation domains of p53. The domain located around amino acids 22 and 23 is 

important to activate p53 targets like p21 and MDM2 and is therefore mostly used 

in differentiated cells. The second transcription domain at residues 53 and 54 could 

be essential for the function of p53 in stem cells according to Levine et al. (2016). 

This theory is supported by the fact that mouse ESCs mainly express the N-termi-

nally truncated ∆40p53 isoform of p53 (Ungewitter & Scrable, 2010) but challenged 

by the finding that hESCs as well as human iPSCs mainly express the ∆133p53 

isoform compared to human fibroblasts (Horikawa et al., 2017). However, in ovarian 

cancer cells I found that beside full-length p53 both nd and diff cells express the 

∆40p53 as well as ∆133p53 isoform and diff cells even to a 1.6- to 2-fold higher 

extent (Figure 16 A). Therefore, it is conceivable that ∆40p53 is more important in 

mouse ESCs than in human stem (cell-like) cells and that possibly the difference in 

∆133p53 expression in hESCs compared to their progenitors sdiff and ndiff used in 

my project is not as tremendous as to fibroblasts or does not impact replication 

pathway choice. Unfortunately, due to low availability of the precious hESCs I was 

not able to investigate the p53 isoform expression in this cell model. Nevertheless, 

the WB data demonstrated the presence of full-length p53 in all cell types of all cell 
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models (Figure 11 - Figure 13) permitting the process of the p53-POLι idling. Fur-

thermore, the PLA (Figure 26) as well as IP (Figure 27) data support the presence 

of N-terminally intact p53 in stem cell-like cells. With these two techniques interac-

tions of p53 with POLι as well as PCNA were observed, which are essential for the 

p53-POLι idling-DDT process. As it is already known that POLι and PCNA bind at 

the N-terminus of p53 (Biber et al. 2020; Banks et al. 2006), stem cells need to have 

p53 with intact N-terminus as otherwise no p53-POLι idling-dependent track short-

ening would have been detectable. 

Such a dependency on p53 suggests the possibility that p53 exerts a genome sta-

bilizing function via this DDT, as it has already been shown that ZRANB3 and HLTF 

protect the genome (Poole & Cortez, 2017). To prove this hypothesis further experi-

ments like whole genome sequencing or spectral karyotyping in stem and diff cells 

with and without p53 will be needed. Nevertheless, the difference in the pathway 

choice after encountering a replication barrier resulted in the assumption that stem 

cells have a more efficient DDR in general. This has already been described in 

HSCs. A study examining the effect of ionizing radiation (IR) on murine HSCs and 

myeloid progenitors revealed that HSCs remove IR induced γH2AX foci much faster 

and also exhibit a much higher level of DNA repair than their differentiated counter-

parts (Mohrin et al. 2010). In contrast to this, Kraft and colleagues (2015) could show 

that human HSPCs are compromised in DSB repair pathways NHEJ and HR com-

pared to PBLs and are mainly using the error-prone MMEJ pathway independently 

of cell cycle distribution and induction of apoptosis. This reduced repair capacitiy in 

HSPCs resulted further in accumulation of DNA damage marker after radiation as 

well as in higher sensitivity to PARP inhibitor and X-ray irradiation (Kraft et al., 2015). 

These contradictory findings might results from species difference as it was shown 

previously that human and mouse DDR varies (Bañuelos et al., 2008, Lane & Scad-

den, 2010). However, the results from Kraft et al. (2015) would argue against the 

hypothesis that stem cells have a more efficient DDR. Possibly, the DDR in stem 

cells is less active as in diff cells under unperturbed conditions and therefore, the 

differences arises due to treatment as Kraft et al. (2015) mainly investigated irradi-

ated HSPCs and PBLs. Interestingly, a study investigating how p53 inactivation af-

fects the self-renewal capacity of human HSCs in vivo revealed that these cells need 

intact p53 to promote self-renewal after serial transplantation into immunodeficient 

mice (Milyavsky et al., 2010). Additionally, it was discovered that p53 loss resulted 
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in elevated spontaneous γH2AX foci formation during the second round of HSC 

transplantation (Milyavsky et al., 2010). Hence, Milyavsky and colleagues (2010) 

could work out that p53 is essential in stem cells to maintain their self-renewal ca-

pacity and circumvent the accumulation of DNA damage. Also the data in my thesis 

support that unperturbed HSPCs as well as nd ovarian cancer cells have lower lev-

els of DNA damage identified by reduced amounts of p53 acetylated at Lys382 

(Sakaguchi et al., 1998) (Figure 17 A). Furthermore, in unperturbed cells P-ATR as 

well as γH2AX levels and even co-localized foci of 53BP1 and γH2AX (Figure 17 B 

and C) were strongly elevated in diff cells (Ihle et al., 2021), indicating a much higher 

DNA damage load (Cimprich & Cortez, 2008; Fernandez-Capetillo et al., 2004; 

Ward & Chen, 2001). Remarkably, analysis of nascent DNA synthesis via DNA Fiber 

Spreading assay after ATMi only revealed an effect in diff cells, whereas ATRi had 

an impact on both cell types although the one on diff cells was more pronounced 

(nd: 31 %, diff: 54 % track length reduction) (Figure 19 A, B). This implys, that in diff 

cells probably DDR is already active in unperturbed cells, possibly caused by the 

increased amounts of DSBs visualized by γH2AX foci (Fernandez-Capetillo et al., 

2004) as well as by the increased sensitivity to ATMi and ATRi. The impact of ATRi 

on both nd and diff cells might be caused due to its function as regulator of replica-

tion initiation/origin firing (Sørensen & Syljuåsen, 2012; Beck et al., 2012; Zeman & 

Cimprich, 2014) and not mainly by its activation via DNA damage, especially in nd 

cells. Hence, this data indicate that diff cells habor increased levels of DNA damage 

and depend therefore, stronger on DDR kinases ATM and ATR. A reason for these 

increased damage levels might be the fast replication in diff cells, as it was published 

that this damaging effect occurs in case of an increase of replication speed by more 

than 40 % (Maya-Mendoza et al., 2018). Interestingly, Halliwell and colleagues 

(2020) revealed the complete opposite. They detected a higher DNA damage load 

of DSBs during S- and G2-phase in nd iPSCs and MShef11 cells, a hESC cell line, 

compared to their differentiated counterparts (Halliwell et al., 2020). One explana-

tion might be that reversed forks, which according to my data are predominantly 

formed in nd cells (Ihle et al., 2021), can be resolved after cleavage of the Holliday 

junction, i.e. DSB introduction, as shown in Figure 8 (Petermann & Helleday, 2010). 

Hence, nd cell would accumulate DSBs in S-phase. Another reason for the discrep-

ancy with my data could be the high genetic instability of iPSCs (Yoshihara et al., 
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2017) as well as of hESCs, obtained due to feeder-free long term culture (Bar-

baric et al., 2014; Baker et al., 2016), which possibly resulted in altered replication 

and increased DNA damage. The importance of good maintenance of hESCs cul-

ture was an essential point for me to learn during my experimental work with these 

precious cells. On feeder cells the hESCs are stable for several months (Thomson 

et al., 1998). Nonetheless, passaging needed to be performed carefully under the 

microscope to choose only cells for further passage, which show the morphology of 

stem cells, to ensure the maintenance of stem cell characteristics. If hESCs were 

transferred to feeder-free culture for experiments, they could be only cultured for 

less than a week. Because after about eight days mainly differentiated cells (sdiff) 

with changed replication phenotype could be monitored, probably resulting in altered 

DNA damage load according to my data in cancer stem cell-like cells. This discloses 

that the results of my study and the one of Halliwell and colleagues (2020) could not 

be compared easily as some important background information like the p53 status 

of the cells for example or the time period of feeder-free culture are missing. Never-

theless, the results in HSPCs obtained by Milyavsky et al. (2010) and Mohrin et al. 

(2010) as well as the ones in ovarian cancer cells demonstrated that stem cells 

exhibit less DNA damage and altered DDR compared to diff ones. Consequently, 

p53 prevents DNA damage in stem cells and very likely maintains genome stability 

according to the dependency of DNA replication on p53. Notably, although replica-

tion stress markers are relatively low in stem cells, DDT seems to be active, other-

wise no track elongation after p53 and POLι kd would have been measured (Ihle 

et al., 2021). This suggests a very sensitive system towards replication stress in nd 

cells and would explain why replication in these cells is less prone to fork stalling 

and results in lower levels of DNA damage. 

 

5.4 Diverging Functions of p53 Targets in Stem and Differentiated Cells 

When investigating the impact of the p53 target genes p21, MDM2 and p53R2 it 

was conspicuous that they behave like p53 and POLι in both cell types. This indi-

cated that these proteins also play important roles in the DDT pathway choice of nd 

and diff cells (Ihle et al., 2021).  
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5.4.1 Determination of PCNA Ubiquitination by p21 

The impact of p21 on DNA replication (Waga et al., 1994; Mansilla et al., 2016) and 

especially PCNA ubiquitination (Soria et al., 2006; Avkin et al., 2006) has already 

been extensively studied. Therefore, I examined the effect of this p53 target gene 

on replication phenotypes in my cancer cell system. Indeed, p21 kd resulted in the 

same outcome as p53 or POLι silencing (Figure 23), implying an important contri-

bution of this protein to the differences in replication pathway choices between nd 

and diff cells (Ihle et al., 2021). Furthermore, the simultaneous kd of p53 and p21 

revealing additive effects, points out that p53’s and p21’s function are independent 

of each other (Ihle et al., 2021). Interestingly, p21 seems to be highly expressed in 

diff cells compared to nd ones (Figure 20) like its transcription activator p53 

(Ihle et al., 2021). Hence, it was expected that after p53 kd also p21 levels decrease 

in both cell types (Figure 21). Remarkably, p21 protein levels rose in diff cells after 

POLι silencing although no statistical significance was reached, whereas mRNA lev-

els remained unaffected (Figure 22). Taking the PLA data additionally into consid-

eration demonstrating that POLι associates with p21 more pronounced in diff than 

nd cells (Figure 26 C) (Ihle et al., 2021), it is tempting to speculate that POLι possibly 

destabilizes p21 in diff cells by inducing its degradation. Another explanation would 

be that the kd of POLι could cause DNA damage, resulting in increased acetylation 

of p21 and hence, its stabilization (Lee et al., 2012 (b)). To prove this hypothesis 

DNA damage marker needed to be investigated after POLι kd, which should then 

show different impact on DDR in nd as well as diff cells, as p21 was mainly upregu-

lated in diff cells (1.8-fold) after POLι downregulation and almost not in nd ones (1.1-

fold). Nevertheless, the first assumption of p21 destabilization via POLι is compati-

ble with findings of Mansilla and colleagues (2013), who discovered in U2OS, Hela 

as well as HCT116 cells that after UV induced DNA damage enforced p21 stabiliza-

tion derogates replication of damaged DNA by impairing the recruitment of TLS pol-

ymerases of the Y-family. Therefore, it is tempting to say that in diff cells POLι, also 

a member of the Y-family TLS polymerases, promotes PCNA binding by depleting 

its binding competitor p21 and hence, taking over its place at the PCNA binding site. 

This would also explain why some association of POLι and p21 was detected in the 

PLA but nearly no p21 was detected at replication forks in the SIRF (Figure 28). To 

produce evidence of the assumption that POLι may destabilizes p21 experiments 

using proteasome inhibitors could be performed. 
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Notably, the DNA fiber data after p21 kd in diff cells (Figure 23 A) match additionally 

with what Mansilla and colleagues (2016) detected in unstressed U2OS and 

HCT116 cells, namely a reduction of the tracks in the absence of p21. This finding 

can also be reconciled with the hypothesis of POLι destabilizing p21. If p21 is ab-

sent, the loading of DNA polymerases to the replisome is dysregulated and thus 

alternative DNA polymerases can bind PCNA and perform DNA elongation (Mansilla 

et al., 2016). Among these polymerases is also POLκ slowing down replication and 

causing underreplicated DNA (Mansilla et al., 2016). However, as POLι kd revealed 

the greatest impact of 50 % reduction on p53-mediated recombination events, giving 

the first hint for the idling-DDT pathway (Hampp et al., 2016), I focused during my 

thesis on this POL. In contrast, POLκ and POLζ, affected p53-stimulated recombi-

nation only by about 30 % and POLη even did not have an effect at all (Hampp et al., 

2016; Dr. med. thesis of Kerstin Büchle, 2016). Hence, I only compared TLS POLι 

and POLη as these two revealed the most opposed effects.  

Another reason for the track shortening in diff cells after p21 silencing could be the 

switch of pathway choice. As the basal p21 level in diff cells is relatively high (Fig-

ure 20 B and C), kd of p21 resulted in a reduction but not complete removal of this 

protein (Figure 23 A). Therefore, the decline of p21 level could cause a switch from 

DDT by TLS to DDT via the idling complex, as elevated levels of PCNA poly-ubiq-

uitination in diff cells after p21 silencing indicate (Figure 29 E). Additionally, the PLA 

foci numbers of P-p53 and POLι in diff cells increased after p53 kd (Appendix: Fig-

ure AP3 A), which also resulted in decreased p21 levels (Figure 21 B). Furthermore, 

it was already published that changes in the p21 amount influences replication 

events at PCNA sites (Galanos et al., 2016). Additionally, unpublished data by 

Georg Wodarz and results of the master’s thesis of Sabrina Schorer (Department of 

Obstetrics and Gynecology, Ulm University) already revealed that different p53 lev-

els correlating with p21 levels result in variation of nascent DNA track lengths. How-

ever, in how far the postulated switch in DDT is due to altered p21 levels and if these 

may also contribute to the DDT switch observed with altered p53 levels needs fur-

ther investigation.  

In stem cells, the function of p21 may lie in the differential regulation of PCNA mono- 

and poly-ubiquitination (Soria et al., 2006; Avkin et al., 2006). p21 may again block 

the PCNA binding site from TLS polymerases and permit therefore the formation of 

the p53-POLι idling complex and finally PCNA poly-ubiquitination resulting in error-
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free lesion bypass by fork reversal. In absence of p21 in stem cells PCNA mono-

ubiquitination is enhanced (Figure 29 E) promoting binding of TLS polymerases and 

hence elongating replication tracks (Mansilla et al., 2013). This finding in stem cells 

correlates with results of Maya-Mendoza and colleagues (2018) defining p21 as key 

regulator of replication fork speed and hence measuring elevated replication tracks 

after p21 silencing.   

Summarizing the results of p21, this protein’s main function seems to be the regu-

lation of PCNA ubiquitination in both cell types (Figure 29 E). In stem cells, it seems 

to be placeholder for the idling complex to be formed and in diff cells, POLι may 

replace p21 at PCNA due to destabilization. All in all p21 seems to be definitely a 

key regulator of replisome loading both in stem as well as diff cells.  

 

5.4.2 Removal of R-Loops and Opening of Chromatin by MDM2 

Interestingly, beside p21 also another p53 target MDM2, might be important in the 

replication pathway choice in nd and diff cells. Recent publications discovered that 

MDM2 is essential for replication as it remodels chromatin (Wienken et al., 2016) 

and removes R-Loops (Klusmann et al., 2018). These functions of MDM2 especially 

the first one would be important for both cell types, as they are necessary to guar-

antee the accessibility of the DNA to the replisome (Alabert & Groth, 2012) and 

could explain the identical levels of MDM2 at the fork as well as in the chase in the 

SIRF (Figure 28 E). However, this does not explain the difference in replication phe-

notypes between stem and diff cells. When looking at RNase H1 kd, which is pre-

dicted to augment R-loops accumulation (Zhao et al., 2018), track shortening in both 

cell types was detected (Figure 19 E). This is in agreement with the results of Klus-

mann and colleagues (2018) measuring reduced DNA fiber track length after MDM2 

kd. Therefore, R-loop removal seems not to be discriminatory between the two cell 

types. Remarkably, MDM2 kd as well as HDAC inhibition induced the same changes 

in replication track length (Figure 23 D, Figure 19 D), implying that histone deacety-

lases are also key factors in distinguishing the replication phenotypes of stem and 

diff cells. Of note, also DNMT inhibition revealed similar results in DNA Fiber 

Spreading Assay like MDM2 kd or HDACi although no significant difference in nd 

cells was found (Figure 19 C). Nevertheless, this indicates, that the modification of 

the chromatin is crucial for the maintenance of DNA replication in both cell types 
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whereupon the effect on diff cells is more pronounced. A reason for the greater im-

pact on diff cells might be the faster replication compared to stem cells. Due to this 

increased replication speed also the chromatin needs to be opened more quickly. If 

this could not happen, when for example DNMTs or HDACs are blocked, then the 

DNA replication cannot proceed and tracks become shorter, in case of diff cells 

(Figure 19 C, D). Interestingly, MDM2 and HDAC do not only have the function of 

chromatin remodelers in common, MDM2 can also stabilize HDAC3 for example by 

mono-ubiquitination (Choi et al., 2019) or interact with HDAC1 (Ito et al., 2002).   

Furthermore, MDM2 as well as HDAC1 destabilize p53 and induce its degradation 

(Ito et al., 2002), whereas inhibition of HDAC and MDM2 result in p53’s reactivation 

and induction of apoptosis in MCF7 as well as in T-cell prolymphocytic leukemia 

cells (Natarajan et al., 2018; Schrader et al., 2018). This indicates that MDM2 bind-

ing of p53 inversely correlates with the acetylation status of p53. Previous studies 

already revealed that fully acetylated p53 could not associate with MDM2 and there-

fore, has an increased binding affinity to DNA and is transcriptionally more active 

(Tang et al., 2008; Luo et al., 2004). Furthermore, it was shown that MDM2 binds 

p53 at three sites: the TAD (Lin et al., 1994; Kussie et al., 1996), the DBD 

(Tang et al., 2008) and the C-terminus (Poyurovsky et al., 2010). Taking this 

knowledge as well as the fact, that p53 is less acetylated in human stem cells 

(Jain et al., 2012) (Figure 17 A and B) together, it is tempting to say, that p53 acet-

ylation, MDM2 binding and DDT pathway choice could be connected.   

But not only acetylation of p53 regulates its binding to MDM2, also the p53 and 

MDM2 binding protein NUMB impacts MDM2 mediated p53 degaradation (Juven-

Gershon et al., 1998; Colaluca et al., 2008; Sczaniecka et al., 2012). NUMB can 

interfere with the MDM2-p53 complex resulting in the release of p53 and the ubiq-

uitnation of NUMB itself and therefore, stabilizing p53 levels (Colaluca et al., 2008; 

Sczaniecka et al., 2012). But seemingly this protein as well as its interaction with 

p53 and MDM2 does not impact DDT pathway choice differently as NUMB kd re-

vealed track elongation in nd as well as diff cells (Figure 24 D) and no presence at 

replication forks according to the SIRF data (Figure 28 H).   

However, beside NUMB also DNA polymerases were identified as interaction part-

ners of MDM2 like POLη (Jung et al., 2012) or POLε (Vlatkovic et al., 2000). Addi-

tionally, it was discovered that MDM2 can even enhance the catalytic activity of 

POLε (Asahara et al., 2003). Due to these findings it is tempting to suppose that 
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MDM2 could promote the activity of POLι’s TLS function and therefore, increase 

track length like this in diff cells. These different functions of MDM2 could explain 

the diverging replication phenotypes in nd versus diff cells after downregulation of 

this protein.   

Remarkably, protein levels of MDM2 in nd cells after POLι kd increased by 2.8-fold, 

whereas mRNA was only slightly reduced (Figure 22 A and B), suggesting destabi-

lization of MDM2 by POLι. Interestingly, also in diff cells MDM2 protein levels were 

1.5-fold increased although mRNA levels only showed a 1.2-fold elevation (Fig-

ure 22 A and B). This indicates, that POLι destabilizes MDM2 in general though 

more pronounced in stem (cell-like) cells. However, another possibility could be that 

POLι downregulation reduces DNA damage levels in cells and therefore, stabilizes 

MDM2 protein levels by a reduction of DNA damage response (Li & Kurokawa, 

2015). But the fact that beside MDM2 also p21 is upregulated after POLι kd (Fig-

ure 22 B) and as these two proteins are regulated in an opposed manner upon ac-

tivated DDR, p21 is stabilized (Lee et al., 2012 (b)) whereas MDM2 is degraded (Li 

& Kurokawa, 2015) disfavours this assumption. To prove if POLι indeed destabilizes 

MDM2 and p21 studies using proteasome inhibitors will be needed. Interestingly, 

according to the PLA data a possible functional interplay between POLι and MDM2 

could exist depicting increased association of these two proteins in nd cells (Figure 

26 C). However, IP of MDM2 revealed no physical interaction with POLι neither in 

nd nor in diff cells, although an association with p53 in both cell types was detected 

(Figure 27 C) as was expected from published data (Lin et al., 1994; Kussie et al., 

1996; Tang et al., 2008; Poyurovsky et al., 2010). This indicates that MDM2 and 

POLι do not get in direct contact with each other, but POLι possibly replaces MDM2 

in binding to p53. The hypothesis that POLι and MDM2 are competing for the p53 

binding is further supported by the fact that both proteins bind at the N-terminus of 

p53 and need the TAD at residues 22 and 23 for binding (Biber et al., 2020; 

Lin et al., 1994 Kussie et al., 1996). Interestingly, MDM2 pull down displayed PCNA 

interaction in nd cells only, whereas PCNA pull down resulted in detection of MDM2 

in both nd and diff cells but mainly in nd cells (Figure 27 B and C). This IP data 

suggest that MDM2 might be still bound to p53, when it is recruited to PCNA after 

the replication machinery encountered a barrier. Only when POLι appears MDM2 is 

displaced and destabilized, so that the p53-POLι idling complex can be formed. In-
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terestingly, for MDM2 in nd cells also an interaction with HLTF was detected (Fig-

ure 27 C), which could indicate, that HLTF as an E3-ligase (MacKay et al., 2009) 

modifies MDM2 resulting in the release of p53 and enabeling the p53-POLι idling 

complex. Another possible explanation might be that HLTF is bound to p53, which 

is associated with MDM2 at the same time, as for p53 a strong HLTF interaction 

was observed in IP of nd as well as of diff cells (Figure 27 C). However, to elucidate 

the function of the association of HLTF and MDM2 further experiments will be nec-

essary. 

Summing up the replication data after MDM2 and RNase H1 kd as well as HDACi 

treatment indicate, that MDM2 exerts its effect on DNA fiber track length in diff cells 

via its function of R-loop removal (Klusmann et al., 2018) and chromatin remodeling 

(Wienken et al., 2016) (Ihle et al., 2021). In stem cells MDM2 might be needed to 

bind the deacetylated form of p53 (Tang et al., 2008) possibly resulting in a confor-

mational change enabling the displacement of MDM2 by POLι permitting the for-

mation of the p53-POLι idling complex together with PCNA.  

 

5.4.3 p53R2: Supplier of Nucleotides? 

However, MDM2 and p21 are not the only p53 targets involved in replication phe-

notype differences between stem and diff cells. Moreover, the kd of p53R2 resulted 

in DNA fiber track harmonization or to be more precise even a flip of the phenotypes 

of the investigated nd and diff cells (Figure 23 C). The functions of p53R2 creating 

the replication profiles found in these cell types are difficult to explain. p53R2 in-

duced by p53 after treatment of cells with DNA damaging agents is mainly active in 

G1- or G2-phase (Tanaka et al., 2000) and forms together with the R1 subunit a 

functional RNR (Guittet et al., 2001). Interestingly, former studies already revealed 

that the R1 and R2 subunit of the RNR are only expressed during S phase (Björklund 

et al., 1990). Remarkably, the protein levels of the large R1 subunit do not change 

during cell cycle progression due to its long half-life, but R2 levels are only elevated 

during S phase and hence, restricts RNR activity to S phase (Engström et al., 1985). 

Notably, it was found that p53R2 is most probably essential for dNTP supply during 

the transition from G1- to S-phase (Liu et al., 2005). This as well as the increased 

ATP consumption shown as elevated ratio of P-AMPK to AMPK (Figure 16 E) and 

the lengthening of nascent DNA tracks after nucleoside addition (Figure 23 G) would 
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explain the track shortening in diff cells after kd (Figure 23 C). Of note, previous 

reports discovered that additional nucleotide supply can only boost replication fork 

speed in early S-phase (Malínsky et al., 2001), this fortifies the assumption that a 

lack of dNTPs due to a disabled RNR when p53R2 is missing results in slowed 

replication. Such a results was already found in yeast, in which the blockade of the 

RNR by hydroxyurea resulted in decelerated replication nearly immediately after S-

phase entry (Poli et al., 2012). Furthermore, as p53R2 is essential for the dNTP 

supply during DDR, a loss of this protein might result in unrepaired DNA preventing 

proper DNA replication and causing chromosomal instability (Chang et al., 2013) 

and subsequently decelerated replication.  

To explain the lengthening of replication tracks in nd cells is even more difficult. One 

possibility could be that due to the absence of p53R2 resulting in a lack of functional 

RNR an imbalance in the ratio of ribonucleotides (rNTPs) to dNTPs occurs 

(Ihle et al., 2021). This would result then in the impediment of the p53-POLι idling 

complex formation as POLι exhibits a decreased incorporation efficiency of rNTPs 

(Vaisman & Woodgate, 2018) and p53’s exonuclease activity is impaired when en-

countering certain RNA/DNA hybrids (Lilling et al., 2003). However, the p53-POLι 

idling complex depends on the function of p53’s exonuclease as well as on the in-

corporation of nucleotides by POLι (Hampp et al., 2016). Hence, increased rNTP 

levels would disfavor the idling-DDT pathway and cause probably a switch to TLS 

and hence, track elongation, as POLη for example is less sensitive to increased 

rNTP/dNTP ratios (Meroni et al., 2019). This hypothesis could also explain the in-

creased track lengths after nucleoside addition in nd cells (Figure 23 G), as we have 

lower p53R2 levels in nd compared to diff cells (Figure 20 B). These reduced protein 

amounts then probably result in an accumulation of the exogenously given nucleo-

sides in the cells causing an imbalance of the rNTP/dNTP ratio and therefore a 

switch to TLS, lengthening nascent DNA tracks.   

So far, my results would not explain the increased association of p53R2 and POLι 

by PLA found in nd cells (Figure 26 C) as well as the one of p53R2 and PCNA, p53 

as well as MDM2 in the IP of nd cells (Figure 27). Interestingly, already Chang and 

colleagues (2008) revealed a physical interaction of p53R2 and MDM2 causing a 

hyperubiquitination of p53R2 and finally its degradation. After induction of DDR and 

activation of ATM, p53R2 can associate with ATM and be phosphorylated at Ser72, 

preventing the association of p53R2 with MDM2 (Chang et al., 2008), indicating a 
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stabilization of p53R2 upon DNA damage. This could be the reason why only in nd 

cells an association between MDM2 and p53R2 was detected as I could disclose 

during my thesis elevated DNA damage levels in diff cells (Figure 17). This indicates 

that more ATM could be activated in this cell type, phosphorylating p53R2 and 

hence, stabilizing this protein, which could be also seen in WB analysis (Figure 20 A 

and B). Furthermore, also the DNA fiber analysis after ATMi showed only significant 

effect, namely reduction of track lengths, in diff cells (Figure 19 A) indicating that 

ATM signaling and therefore, a possible p53R2 stabilization is crucial for diff cells. 

 In stem cells p53R2 might have its important function via the p53R2–MDM2 

interaction, as probably p53R2 competes with p53 for the binding site of MDM2 

whereupon at the same time POLι vies with MDM2 for the p53 binding. Hence, pos-

sibly more p53 could come into complex with POLι and perform idling, which could 

then elucidate the increased PLA foci of POLι and p53R2 in the nd cells. Therefore, 

it is tempting to say that p53R2 may help POLι to displace MDM2 in the p53 complex 

and hence, enables idling. Remarkably, in nd cells also an interaction of p53R2 and 

PCNA in IP can be found (Figure 27 A, B), further supporting the hypothesis of 

p53R2 promoting the idling complex. Additionally, the SIRF data suggests a role of 

p53R2 at active forks (Figure 28 F), which would further fuel the hypothesis of a 

direct participation in DDT pathway choice. Nevertheless, the finding that p53R2 

SIRF results were similar in nd and diff cells and therefore, could also indicate a 

more general function of this protein in various DDT pathways. Of note, this hypoth-

esis is strengthend by the impact of p53R2 kd on nacent DNA replication as, the 

influence on both cell types was almost similar, increase of track length by 34 % in 

nd and reduction by 45 % in diff cells (Figure 23 C, Figure 25 B, C). However, this 

is just another hypothesis like the one with the imbalance of rNTP to dNTP and 

needs to be proven in further experiments.   

Remarkably, recent reports detected an interaction of the RNR large subunit R1 and 

ZRANB3 in the nucleus, competing with PCNA for ZRANB3 binding (Fu et al., 2018). 

Hence, the reduced p53R2 levels after kd might cause increased amounts of un-

bound R1, which could then prevent ZRANB3 recruitment to DNA replication sites, 

probably forcing nd cells to choose an alternative DDT pathway for lesion bypass 

as ZRANB3 is not available. According to this third hypothesis, p53R2 serves only 

as binding partner for the R1 subunit of the RNR and hence, has an indirect role in 

the DDT pathway choice of nd and diff cells. However, also this assumption would 
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need further investigation like colocalization of ZRANB3 and R1 in presence as well 

as absence of p53R2.   

Interestingly, the association of p53R2 and p53 was detected in both cell types, 

implying that this interaction belongs again to a more general function, which is sim-

ilar in nd and diff cells. Remarkably, in the literature also a binding between p53R2 

and p21 in the nucleus as well as in the cytosol was shown (Xue et al., 2017). How-

ever, after DNA damage induction the association breaks off only in the nucleus, 

resulting in enhanced RNR activity as well as in an elevated binding of p21 with 

CDK2 and a G1 arrest (Xue et al., 2017). Furthermore, Zhang and colleagues (2011) 

found that p53R2 reduction also declines p21 levels, whereas its overexpression 

increases p21 amounts. Therefore, it is tempting to assume that beside p53 or even 

p21 levels having an impact on replication pathway choice, also the regulation of 

p21 by p53R2 could result in similar outcomes of replication track changes after kd 

like the down-regulation of p21 does, possibly enhanced due to its function in dNTP 

supply.   

All in all, it seems as there are many possibilities how the p53R2 protein could influ-

ence replication and DDT pathway choice in nd and diff cells. To define which of 

them or maybe even which combination is true needs further investigation.  

 

5.5 POLι versus POLη versus POLβ 

To exclude that the effect seen by POLι could be mimicked by any other TLS or 

DNA repair-related polymerase also the p53 target gene POLη (Liu & Chen. 2006) 

as well as the p53 interaction partner POLβ (Zhou et al., 2001) were investigated, 

in single as well as double-kd experiments with POLι. Interestingly, down-regulation 

of POLη resulted in an even more pronounced separation of replication track lengths 

in nd and diff cells (Ihle et al., 2021), whereas the double-kd of POLη and POLι 

revealed the same phenotype as POLι kd alone (Figure 23 E and F). This indicates 

that the loss of POLη shifts the pathway choice into a more POLι dependent manner. 

Furthermore, it seems as if POLη as another TLS polymerase of the Y-family (Leh-

mann et al., 2007) competes with POLι for binding sites at PCNA and even p53, as 

PLA data indicate (Figure 26 A and B). Hence, if POLη is absent POLι can take over 

its function and separates the two cell types even more in their replication speed. 
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Thus, it can be concluded that POLη does not take part in the DDT pathways seg-

regating nd and diff cells, which is in accordance with the results of the recombina-

tion stimulation measurements of Hampp et al. (2016) and the Dr. med. thesis of 

Kersting Büchle (2016), excluding a role of POLη in the idling-DDT. The augmented 

association of POLη and PCNA or P-p53 in nd cells seen by PLA (Figure 26 A and 

B) as well as the enhanced presence of POLη at the active fork compared to the 

chase in both cell types (Figure 28 D) suggest that POLη is crucial for lesion bypass 

in both cell types. The important role of POLη in DDR especially after UV irradiation 

was already extensively studied (Cleaver et al., 2002; Jung et al., 2012; Lerner et 

al., 2017; Federico et al., 2020) and might apply to both cell types. Nevertheless, 

the DDR function of POLη seems not to account for replication track difference in 

nd and diff cells  

After having excluded that the function of POLι could be replaced by the transcrip-

tionally p53-regulated Y-family TLS POLη, a detailed look at POLβ as important 

BER polymerase interacting with p53 (Zhou et al., 2001) was taken. Knowing that 

POLι could also synthesize across DNA templates damaged by oxidation as well as 

ones containing breaks due to repair by the BER system (Petta et al., 2008;  

Belousova & Lavrik, 2015), it was of interest to see if the effect on replication track 

length difference could be mimicked by POLβ. Interestingly, kd of POLβ resulted in 

a reduction of the track lengths in both cell types (Figure 24 B) (Ihle et al., 2021). In 

addition, the double-kd with POLι revealed the same phenotype (Figure 24 C). This 

suggests that the function of POLβ is identical in stem as well as diff cells and that 

the effect on replication by POLι is most likely not due to its function in BER (Ihle 

et al., 2021). Because the effect of POLβ down-regulation was dominant in nd cells, 

the double-kd revealed that blocked BER hampers DNA replication regardless of 

the DDT pathway. This was already shown by Sobol and colleagues (2003) discov-

ering in mice that POLβ knockout creates a persistent replication block after treat-

ment with alkylating agents. This implies that BER intermediates like single-nucleo-

tide DNA strand gaps inhibit replication, whereby enduring alkylated bases in DNA 

replication can be tolerated and only moderately affect DNA replication (Sobol et al., 

2003). This tolerance towards low levels of alkylated bases by the cells would also 

explain why APE1 setting the gap after removal of the modified base does not sig-

nificantly affect DNA replication (Figure 24 A). However, if the nucleotide with the 
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alkylated base has been already erased and POLβ could not fill the gap, the dam-

aged templates would cause a replication block and hence, shortened DNA fiber 

tracks (Sobol et al., 2003).  

In summary, the analysis of the three DNA polymerase POLι, POLη and POLβ re-

vealed that all three are important for DNA replication and repair but only POLι is a 

key protein in the DDT separating replication phenotypes in stem and diff cells. This 

becomes even more obvious when looking at the IP data, where a clear interaction 

of POLι with PCNA as well as with p53 were detected in nd cells only (Fig-

ure 27 A – C) (Ihle et al., 2021), indicating the formation of the p53-POLι idling com-

plex (Hampp et al. 2016). Interestingly, the association of PCNA and p53 with POLι 

in the chromatin was more pronounced compared to whole cell extracts, indicating, 

that these complexes in nd cells are mainly assembled directly on the DNA. Re-

markably, in diff cells no PCNA – POLι binding was detected in the IP, although in 

PLA an association of these two proteins was measured (Figure 26 A). Furthermore, 

the increased mono-ubiquitination ratio in diff cells (Figure 29 A) (Ihle et al., 2021), 

supporting the theory of predominating TLS functions such as by POLι in diff cells 

(Stelter and Ulrich, 2003; Kannouche et al., 2004) would require a physical interac-

tion of POLι and PCNA as well. An explanation for the lack of POLι bands after 

PCNA pull down could be the transient nature of the interaction of TLS polymerases 

and PCNA (Solovjeva et al., 2005) causing dissociation of the POLι-PCNA complex 

during the lengthy IP procedure (Ihle et al., 2021). All in all the data show that POLι 

is essential for DDT pathways in stem as well as in diff cells (Ihle et al., 2021) and 

could not be replaced easily by another candidate polymerase exerting the same 

effect. 

 

5.6 Promotion of Fork Reversal by ZRANB3 and HLTF 

Now, that I had shown that stem cells indeed perform p53 and POLι mediated idling, 

I wanted to see how the replication barrier is finally bypassed. Hampp and col-

leagues (2016) already suggested the resolution of the barrier by HTLF and 

ZRANB3 mediated fork reversal. Hence, a closer look was taken on these two pro-

teins. Remarkably, kd of HLTF resulted in the opposed replication phenotype as 

found for p53 or POLι down-regulation, namely track shortening in nd and track 

elongation in diff cells (Figure 24 E) (Ihle et al., 2021). The same phenotype was 
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detected after the kd of POLη (Ihle et al., 2021). This indicates an interplay between 

HLTF and POLη performing another DDT not accounting for replication track differ-

ence in stem versus diff cells. Indeed, such a cooperation was already discovered 

after UV treatment (Lin et al., 2012; Seelinger et al., 2020). HLTF promotes UV-

induced lesion bypass by the mono-ubiquitnation of PCNA followed by recruitment 

of POLη, which has a pro-survival function (Lerner et al., 2017) and a low mutagen-

icity rate after this kind of DNA damage (Lin et al., 2012; Seelinger et al., 2020). 

Therefore, it is tempting to say that due to the fact that kd of HLTF and POLη had 

the same effect, these two proteins together perform another kind of DDT, compet-

ing with the POLι-dependent DDTs in lesion bypass (Ihle et al., 2021). Hence, if this 

opposed pathway cannot happen anymore due to the lack of key proteins, the POLι 

driven DDT takes over and separates the replication phenotypes of nd and diff cells 

even more.  

However, HLTF was originally thought to be primarily important for lesion resolution 

in nd cells as illustrated by PLA showing a more pronounced association of POLι 

and HLTF (Figure 26 C) and by SIRF depicting higher amounts of HLTF foci at 

decelerated forks in this cell type (Figure 28 I). Additionally, in the literature HLTF 

has been described to bind PCNA (Unk et al., 2008; Seelinger & Otterlei, 2020) and 

to result in its mono- (Lin et al., 2012) as well as poly-ubiquitination for preventing 

DNA damage accumulation (Unk et al., 2008; Takaoka et al., 2019). Furthermore, it 

is known that HLTF functions as translocase needed for fork reversal and error-free 

lesion bypass (Blastýak et al., 2010; Bai et al., 2020; Seelinger et al., 2020). This 

strongly indicates, that HLTF plays an important part in fork resolution in stem cells, 

which is further supported by the IP data, showing increased interaction of PCNA 

and HLTF in nd cells compared to diff one (Figure 27 A). Interestingly, also an inter-

action of HLTF and p53 was detected in PLA (Figure 26 B) as well as in the IP 

(Figure 27 A and C), the impact of this interaction is not known until now and will 

need further investigation. This interplay could also be important for pathway choice 

decision making in nd and diff cells as in the Chro-IP only an association of p53 and 

HLTF in nd cells was found. Nevertheless, the replication phenotype does not match 

the assumption of HLTF in fork reversal in stem cells, as I observed the opposite 

effect after kd of HLTF and of the translocase ZRANB3 in nd cells (Figure 24 E, F). 

Interestingly, Bai et al. (2020) also detected increased track length in the absence 

of HLTF, correlating with DNA fiber track data in diff cells. Moreover, Seelinger and 
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colleagues (2020) detected TLS as well as fork reversal in dependency of HLTF and 

assumed according to their data, that for certain damage the TLS DDT pathway by 

POLη was first choice and reverting forks only second. This would explain why the 

replication phenotype after HLTF kd correlates with the one of POLη down-regula-

tion. Furthermore, it was demonstrated, that another Rad5 homologue SHPRH 

plays also an important role in lesion bypass (Lin et al., 2012; Seelinger et al., 2020; 

Seelinger & Otterlei, 2020) and that it can partially compensate for HLTF loss  

(Seelinger & Otterlei, 2020). Therefore, if the main task of HLTF after idling in stem 

cells is the poly-ubiquitination of PCNA and not the reversion of the fork itself this 

could be perfomed in the absence of HLTF by SHPRH (Unk et al., 2006) or other 

proteins (Krijger et al., 2011). Hence, fork reversal could also take place when HLTF 

is lost, if fork regression is perfomed by another protein like ZRANB3 for example. 

  Indeed, replication track lengths elongated in both cell types after kd of 

ZRANB3, matching the results of Vujanovic and colleagues (2017), discovering a 

fork slowing function of ZRANB3 via fork reversal. Moreover, ZRANB3 was found to 

interact with PCNA (Ciccia et al., 2012; Weston et al., 20012, Yuan et al., 2012), 

whereby PCNA needs to be poly-ubiquitinated for recruitment of ZRANB3 (Ciccia et 

al., 2012) and for subsequent fork reversal (Vujanovic et al., 2017). This is in ac-

cordance with the increased levels of PCNA poly-ubiquitination in nd cells (Figure 

29 A and B) (Ihle et al., 2021). Furthermore, the SIRF experiments showed the pres-

ence of ZRANB3 at active and decelerated forks primarily in nd but not diff cells 

(Figure 28 J) , indicating that this protein is essential for replication progression 

mainly in this cell type (Ihle et al., 2021). In addition, PLA data depicting augmented 

association of POLι and ZRANB3 in nd cells (Figure 26 C) further support the hy-

pothesis that ZRANB3 is needed in stem cells for final lesion bypass (Ihle et al., 

2021) and most probably with the help of its complex partner POLι remains associ-

ated with decelerated forks (Figure 28 B). The interaction of ZRANB3 and TLS pol-

ymerases was already shown for POLη, which is needed for DNA synthesis at the 

new template after fork regression (Weston et al., 2012) further supporting the co-

operation between ZRANB3 and POLι in overcoming the lesion. 

To sum up, the data gained during my thesis implies that in stem cells after the 

formation of the p53-POLι idling complex, the lesion is bypassed due to an interplay 

of HLTF and ZRANB3 (Ihle et al., 2021), as it is known that these two proteins as-
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sociate with forks upon replication stress (Poole & Cortez, 2017). HTLF most prob-

ably poly-ubiquitinates PCNA to enable ZRANB3 recruitment resulting in fork rever-

sal and lesion bypass due to DNA synthesis by POLι. 

 

5.7 Conclusion 

During my dissertation, I could elucidate replication phenotype differences between 

stem and diff cells, namely shortened tracks in stem compared to diff cells, which 

were p53 and POLι dependent (Figure 11 -Figure 14) (Ihle et al., 2021). I could 

reproduce these results in three human cell models: embryonic, adult as well as 

cancer stem cell-like cells and their corresponding diff counterparts (Ihle et al., 

2021). I excluded generation times as well as metabolic contributions as reasons 

for the difference in replication phenotypes (Figure 16) and identified key DDT path-

ways in both cell types as being accountable for the detected phenotypes (Fig-

ure 31). Furthermore, I discovered new critical players discriminating between nd 

and diff cell DDT as well as their probable role in the p53-POLι idling-DDT in stem 

and the TLS-DDT in differentiated cells. The left part of the model in Figure 31 de-

scribes the DDT pathway primarily executed in human stem cells. In these cells p53 

is mainly deacetylated (Figure 17 A) (Jain et al., 2012) by HDAC for example (Ito 

et al., 2002) resulting in increased MDM2 binding (Figure 27 C) (Tang et al., 2008) 

and p53 degradation (Figure 20) (Chao, 2015). During replication, MDM2 is needed 

for chromatin remodelling (Wienken et al., 2016) as well as R-loop removal (Klus-

mann et al., 2018) particularly in diff cells (right part of the model in Figure 31) as in 

this cell type the effect on replication after DMNTi, HDACi or RNase H1 kd was more 

pronounced (Figure 19 C – E). Additionally, p53R2 forming together with the large 

subunit R1 a functional RNR (Guittet et al., 2001) during G1-, G1-/S-phase transition 

as well as G2-phase (Tanaka et al., 2000; Liu et al., 2005) takes care of a sufficient 

dNTP supply (Ihle et al., 2021) during DNA repair and start of DNA replication in 

both cell types (Figure 23 C, G). If the replication machinery encounters a DNA le-

sion, PCNA becomes mono-ubiquitinated (Figure 29 A) by RAD6/RAD18 causing a 

switch from replication to DNA repair/DDT (Hoege et al., 2002; Moldovan et al., 

2007; Ulrich, 2009). PCNA then most probably interacts with p21 regulating binding 

partners of PCNA (Modovan et al., 2007; Mansilla et al., 2016; Mansilla et al., 2020). 

In stem cells where p21 levels are low due to decreased p53 levels and hence less 
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transcriptional transactivation (Figure 20), possibly not all binding sites of PCNA 

could be shielded by p21 enabling the binding of the p53-MDM2 complex to PCNA. 

Subsequently, POLι can be recruited for formation of the p53-POLι idling complex. 

Therefore, MDM2 needs to be displaced in its p53 binding, which is managed most 

probably by POLι and p53R2 (Figure 26 C) resulting in POLι and p53 association 

(Figure 26 B) at PCNA (Figure 27 A) and a MDM2-p53R2 complex (Figure 27 A) 

targeted for degradation (Figure 22 B). Due to the idling, constant insertion of dNTPs 

by POLι and degradation by p53’s exonuclease activity (Hampp et al., 2016), the 

cell gains time for the recruitment of HLTF (Figure 26 B and C, Figure 27 A, Fig-

ure 28 I) resulting in PCNA poly-ubiquitination (Figure 29 A) (Unk et al., 2008; Ta-

kaoka et al., 2019). This enables then the binding of ZRANB3 to PCNA (Ciccia et 

al., 2012) replacing p53 in the complex (Figure 26 C, Figure 28 C and J). The asso-

ciation of ZRANB3 then mediates fork reversal and replication restart (Vujanovic et 

al., 2017) after DNA synthesis with the new template by POLι.  

In human diff cells where the p53 levels are higher compared to their correlating 

stem cells (Figure 20) (Jain et al., 2012) DDT is conducted in a different manner 

(Figure 31, right part). In this cell type due to increased amounts of p53, also p53 

targets are elevated like p21 (Figure 20) (Ihle et al., 2021). If then PCNA is mono-

ubiquitinated (Figure 29 A) after the replication machinery encountered a barrier, 

high levels of p21 are present to block binding sites for alternative polymerases 

(Modovan et al., 2007; Mansilla et al., 2016; Mansilla et al., 2020). However, POLι 

manages to compete with p21 (Figure 26 C) forwarding it to degradation (Figure 22) 

and to bind PCNA (Figure 26 A, Figure 27 A and B, Figure 28 B). This results then 

most likely in lesion bypass via TLS (Moldovan et al., 2007; Ulrich, 2009) and ulti-

mately continued replication. 

Remarkably, stem cells manage by utilizing the idling-DDT pathway to maintain ge-

nome stability, keep DNA damage levels low under unperturbed conditions and per-

form an smooth kind of replication with little fork stalling (Figure 17 and Figure 18). 

The opposite can be detected in diff cells mainly choosing TLS-DDT and therefore, 

exhibiting fast replication and accumulation of stalled forks as well as high amounts 

of DNA damage (Figure 17 and Figure 18) (Ihle et al., 2021).  

Also of interest, levels of p53 and of its target p21 influence DDT pathway 

choice. If p53 and therefore, also p21 is low, idling-DDT is favored as visible in hu-

man stem cells or diff cells after p53 down-regulation (Figure 26 B, Figure 29 B and 
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D, in the Appendix: Figure AP3 A). If p53/p21 levels are increased as in diff cells or 

in nd cells after p53 overexpression replication tracks elongated indicating prefer-

ence of TLS-DDT (Figure AP3). This implies that low p53 levels in human stem cells 

are not only responsible for the maintenance (Jain et al., 2012) of stemness but also 

for genome integrity (Milyavsky et al., 2010) by determining DDT pathway choice 

resulting in smooth replication and hence preventing replication fork collapse and 

DNA damage. 

To ultimately elucidate and prove all the proposed interactions and crosstalks be-

tween proteins further experiments will be needed. To confirm the p53 deacetylation 

as a prerequisite for the p53-MDM2 interaction and further for the formation of the 

p53-POLι idling complex DNA Fiber experiments as well as ChroIPs after CBP/p300 

overexpression promoting acetylation (Liu et al., 1999; Tang et al., 2008) or in cells 

with successful CRISPR/Cas9 knockin of p53 acetylation defective mutants could 

be performed. Additionally, attempts by using drugs like Nutlin, blocking the binding 

of MDM2 to p53 (Vassilev et al., 2004) could be executed. As the explicit role of 

p53R2 regrading dNTP delivery versus structural functions remained almost un-

known, experiments influencing rNTP/dNTP ratios in the presence and absence of 

p53R2 as well as the functional RNR could be conducted. Furthermore, the MDM2-

p53R2 complex formation could be proven by detecting in vitro interactions of puri-

fied proteins. Afterwards, a MDM2 binding defective p53R2 could be generated to 

detect, if the p53-POLι complex could still be formed. Also p53 or p21 titrating ex-

periments might be executed like already started during the master’s theses of 

Georg Wodarz and Sabrina Schorer (Department of Obstetrics and Gynecology, 

Ulm University) to prove the presumed level dependency on the protein level when 

switching from idling-DDT to TLS-DDT.  

Nevertheless, my findings provide first insights into replication phenotypes in stem 

and cancer stem cell-like cells, probably resulting in enhanced chemoresistance to 

DNA damaging drugs like MMC, Carboplatin, Doxorubicin and Etoposide according 

to the cell survival data (Figure 30 A – D). The results of my thesis indicate that 

cancer stem cell-like cells also use the idling-DDT pathway and possibly escape by 

this chemotherapy. As in general in human stem cells p53 levels are low and possi-

bly the DDT pathway choice is level dependent an activation of p53 for example via 

Nutlin (Vassilev et al., 2004) could revert the stem cell phenotype and result in an 

altered DDT pathway choice, making cells more sensitive to chemotherapeutics. 
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Therefore, a double-treatment with p53 activating and DNA damaging drugs could 

also kill cancer stem cell-like cells. Furthermore, p53 acetylation also determines 

p53 protein stability as well as transcriptional activity (Nakamura et al., 2000; 

Luo et al., 2004; Tang et al., 2008). Hence, inhibition of p53 deacetylation via HDACi 

like Trichostatin A (Yoshida et al., 1990) could also force cancer stem cell-like cells 

to change from idling-DDT to TLS-DDT and sensitize these cells to chemotherapeu-

tics. As many cancers express mutated p53, also p53 restorating drugs like PRIMA-

1 (Bykov et al., 2002) or one of its derivates could be used in a combinatory therapy 

with DNA damaging drugs like Carboplatin for increased apoptosis induction in can-

cer cells. But the data gained during this thesis could also be used for diagnostic 

purposes. If cells could be cultivated from patients’ tumors, replication analysis via 

DNA Fiber Spreading Assay as well as PLA data could reveal if the tumor cells 

already developed stem cell characteristics and therefore, if an increased risk of 

resistances exist. Hence, patient therapy could specifically be adapted to these re-

sults. Therefore, the results of my dissertation provide a basis for new approaches 

in cancer diagnostics and therapy.   

To conclude this thesis uncovered first mechanistic insights into different replication 

phenotypes caused by a diverging DDT pathway choice in human stem cells and 

their differentiated counterparts. This was also true for cancer cells exhibiting stem 

cell characteristics providing new starting points for tumor therapy of patients who 

already developed cancer stem cell-like cells and therefore, therapy resistances.  
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Figure 31: Mechanisms discriminating between DNA replication track lengths in stem and 
differentiated cells.  
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Legend to Figure 31: Mechanisms discriminating between DNA replication track lengths in 
human stem and differentiated cells. p53 forms homotetramers (Saha et al., 2015) and can be 
activated post-translationally for example by acetylation resulting in transcriptional transactivation of 
p53 and expression of p53 targets (Luo et al., 2004; Tang et al., 2008), like p21, p53R2 and MDM2. 
If p53 is deacetylated by histone deacetylase (HDAC) (Ito et al., 2002), happening in most human 
non-differentiated stem cells (nd) (Jain et al. 2012), it binds MDM2 (Tang et al., 2008) causing a 
conformational change, mono-ubiquitination and dissociation into its monomers (Chao, 2015). After 
poly-ubiquitination of the p53 monomers, they are degraded (Chao, 2015). Therefore, p53 is desta-
bilized in human stem cells and levels of p53 as well as its targets are mainly reduced compared to 
differentiated (diff) cells. For DNA replication and repair, the ribonuclease reductase (RNR) con-
sistent of the large subunit R1 and the p53R2 protein at transition of G1- to S-phase provides deox-
yribonucleotides (dNTP) by reducing ribonucleotides (rNTPs) (Tanaka et al., 2000; Guittet et al., 
2001; Liu et al., 2005). Furthermore, MDM2 and other proteins remove R-loops (Klusmann et al., 
2018) and modulate chromatin (Wienken et al., 2016), making DNA accessible for replication. If then 
in stem cells (left part) the replication machinery encounters a barrier, PCNA is mono-ubiquitinated 
by RAD6/RAD18 resulting in the dissociation of PCNA and the replicative DNA polymerase 
(Hoege et al., 2002; Moldovan et al., 2007; Ulrich, 2009). Transitionally, p21 interacts with PCNA to 
prevent deregulated binding of proteins (Modovan et al., 2007; Mansilla et al., 2016; Mansilla et al., 
2020) and hence, possibly enables like this the association of the p53-MDM2 complex to PCNA in 
stem cells. Then POLι possibly in company of p53R2 is recruited to p53 displacing MDM2 and form-
ing the p53-POLι idling complex (insertion of dNTPs followed by degradation by p53’s exonuclease) 
(Hampp et al., 2016) and leaving MDM2 interacting with p53R2 for degradation. The idling provides 
the cell time to recruit HLTF, which can with the help of UBC13 and Mms2 poly-ubiquitinate PCNA 
(Unk et al., 2008; Takaoka et al., 2019), enabling ZRANB3 mediated fork reversal, template switch 
and error-free bypass of the lesion (Vujanovic et al., 2017) via DNA synthesis by POLι. In differenti-
ated cells, a different DDT pathway is chosen (right part). Also in this cell type, PCNA is mono-
ubiquitinated by RAD6/18 after encountering a replication barrier (Hoege et al., 2002; Moldovan 
et  al., 2007; Ulrich, 2009). Then p21 associated with PCNA to prevent uncontrolled loading of poly-
merases (Modovan et al., 2007; Mansilla et al., 2016; Mansilla et al., 2020). After recruitment of POLι 
to PCNA, p21 is sent to degradation. Translesion synthesis (TLS) of DNA across the barrier by POLι 
enables the continuation of replication.  
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6 Summary 

Up to date the impact of stemness features as well as epithelial to mesenchymal 

transition (EMT) on DNA repair and vice versa was intensively studied. On the con-

trary the effect of stemness and EMT on DNA replication and therefore, on DNA 

damage tolerance (DDT) pathways remained almost unknown. Hence, the aim of 

my dissertation was to elucidate replication phenotype differences between human 

stem and differentiated (diff) cells and determine the underlying mechanisms.  

To this end, I applied DNA Fiber Spreading Assay to three human cell models: em-

bryonic, adult as well as cancer stem cell-like cells and their corresponding diff coun-

terparts for determining the impact of stemness features on replication. Further-

more, proximity ligation assay as well as co-immunoprecipiation assays were used 

to demonstrate protein associations. Additionally, cell survival assays and immuno-

fluorescence as well as protein expression analysis were performed to determine 

the impact of stemness on durg as well as DNA damage response.  

Interestingly, the results of my dissertation revealed that in human cells differentia-

tion causes accelerated DNA replication. Notably, replication in stem as well as diff 

cells depends on p53 and translesion synthesis (TLS) polymerase iota (POLι) but 

neither on doubling time nor on the metabolism. 

I could elucidate that in stem cells the p53-POLι idling complex is formed, guaran-

teeing poly-ubiquitination of proliferating cell nuclear antigen (PCNA) by helicase-

like transcription factor (HLTF) and error-free lesion bypass via recruitment of zinc 

finger Ran-binding domain containing protein 3 (ZRANB3). This translocase then 

mediates fork reversal to overcome the barrier by change of the template strand and 

new DNA synthesis by POLι. In diff cells, p53 plays a more regulatory role and im-

pacts DNA replication most probably due to transcriptional transactivation. This cell 

type shows elevated ratios of mono- to poly-ubiquitinated PCNA levels consistent 

with lesion bypass via TLS by POLι.  

Beside p53 and POLι replication also relies on the p53 targets p21, mouse double 

minute 2 (MDM2) and ribonucleotide reductase (RNR) regulatory p53 inducible sub-

unit M2B (p53R2) whose functions have not been fully elucidated yet and will need 

further investigation. Based on the current literature together with my results p21 

most likely regulates loading of proteins like POLι to PCNA and possibly influence 

PCNA ubiquitination pattern and therefore, DDT pathway choice in both cell types. 
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MDM2 remodels chromatin and removes R-loops in both cell types. Furthermore, in 

stem cells MDM2 binds p53 to probably scaffold formation of the p53-POLι complex. 

p53R2 ensures in association with the large subunit of the RNR R1 the deoxyribo-

nucleoside triphosphate supply and possibly promotes MDM2 replacement at p53 

by POLι, guaranteeing the formation of the idling complex.  

Remarkably, I also obtained hints indicating a major impact of p53 or p21 levels on 

DDT pathway choice. Nevertheless, also these findings will need further investiga-

tion, to fully disclose the impact of p53 amounts. Up to date it is not known if stem-

ness, p53 levels or both determine DDT pathway choice.  

Importantly, my results imply that DDT selection could affect DNA double-strand 

break levels and that stem cells prevent DNA damage accumulation and most likely 

maintain their genome stability and hence cell survival by choosing idling-DDT. Fur-

thermore, the outcomes of my experiments indicate that cancer cells hi-jack this 

DDT preferred by stem cells resulting in resistance against DNA damage inducing 

agents, which are often applied in chemotherapy.  

Overall, this dissertation represents a solid basis for continuative experiments evolv-

ing the detailed mechanistical switch in replication between stem as well as differ-

entiated cells. In the future, this knowledge could then be used for the development 

of personalized therapies of cancer stem cell-like cells as well as stem cell therapies.  
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Appendix 

Determination of the Percentage of Replication Origins and Terminations 

In my thesis, I refer to graphs showing replication origins and terminations of ovarian 

cancer cell line #110 (Figure 18 B, D). The total number of origins as well as termi-

nations was determined per evaluated picture of the DNA Fiber Spreading Assay. 

For calculations, the sum of the first and second pulse origin and termination, repec-

tively, was used, divided by the amount of the total replication structures (all struc-

tures). For an overview of the evaluated structures, see Figure 18 A. To gain a better 

insight into how these origin and termination data were obtained the following table 

was included, containing three representative pictures of each nd and diff cells from 

one experiment.  

 

Table AP1: Evaluation of replication origins and terminations. 

diff status non-differentiated differentiated 

picture No. #1 #2 #3 #1 #2 #3 

ongoing forks 98 95 61 19 39 37 

1st pulse origin 13 8 6 1 2 8 

2nd pulse origin 14 8 5 4 8 5 

1st pulse termination 30 37 20 16 21 32 

2nd pulse termination 4 7 6 0 2 5 

sum 

all structures 159 155 98 40 72 87 

origins 27 16 11 5 10 13 

terminations 34 44 26 16 23 37 

normalization to all 

structures [%] 

origins 17 10 11 13 14 15 

terminations 21 28 27 40 32 43 

 

Quantification of Protein Levels after Down-Regulation of p53, POLι or p21 

An important part of my thesis was to determine changes in protein levels after kd 

of key regulatory proteins like p53 (Figure 21 and Figure 29 C), POLι (Figure 22 and 

Figure 29 D) and p21 (Figure 29 E). Therefore, I did WB quantification of blots as 

shown in the exemplary Figure AP1. 
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Figure AP1: Representative Western Blot after p53, POLι and p21 knockdown.  
WB samples of ovarian cancer line #110 were harvested 24 h post-transfection (day 8 of differentia-
tion). Grey: non-differentiated (nd), blue: differentiated (diff) cells.  
Instead of the names of the gene, the protein names only were used for easier comprehensibility. 
Knockdown (kd) was performed using gene specific shRNAs (sh) or scrambled shRNA/empty vector 
for controls. A. Representative WB after p53 and POLι kd of indicated proteins. p53 was detected by 
DO-1 antibody. B. Representative WB after p21 down-regulation of denoted proteins.  
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Control Samples of PLA and SIRF 

To exclude detection of unspecific signals in the PLA (Figure 26) as well as SIRF 

results (Figure 28) shown in my thesis, control samples, accompanying each series 

of PLA experiments, were depicted in Figure AP2. Besides these negative controls 

(incubation with only one primary antibody instead of a mix of two), also a control 

PLA for the in the main part, namely in WBs, used p53 (DO-1) antibody was per-

formed (Figure AP2 A). In WB analysis it was shown, that p53 (DO-1) antibody de-

tects the protein in nd as well as diff cells (Figure 13 D, Figure 20 C). Therefore, the 

PLA of p53 (DO-1) together with POLι, revealing elevated PLA foci numbers in nd 

cells, proved that the effect seen with the P-p53 antibody in the main part (Figure 

26 B) was a true effect and not due to e.g. antibody affinity of the P-p53 antibody.  

For SIRF also negative control samples are shown in Figure AP2 B. 

 

Figure AP2: Control samples of PLA and SIRF experiments in ovarian cancer cell line #110.  
Cells were fixed/treated for PLA/SIRF 24 h post-seeding (day 8 of differentiation). Grey: non-differ-
entiated (nd), blue: differentiated (diff) cells.  
A. PLA control samples. Graph shows proximity of p53 detected by DO-1 antibody and POLι, shown 
are mean ± SEM, n = 1, significances were calculated using Mann-Whitney U test: ****: P ≤ 0.0001. 
Representative pictures of p53 (DO-1)-POLι vicinity and negative controls (only one primary antibody 
instead of a mix of two), white scale bar: 10 µm. B. Representative pictures of the SIRF negative 
control (using only one primary antibody instead of a mix of two), white scale bar: 10 µm. (A (negative 
control) and B was modified with permission from Ihle et al. 2021 – Creative Commons CC-BY-NC 
license.) 
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Influence of p53 or p21 Levels on Pathway Choice in Non- and Differentiated 

Cells? 

To further investigate the idea that DNA replication speed could depend on p53 and 

even p21 levels, which arose after investigating ubiquitinated PCNA levels after kd 

of p53, POLι and p21, repectively (Figure 29 C - E), another PLA and DNA Fiber 

Spreading Assay was performed (Figure AP3). This time P-p53 and POLι PLA was 

performed after p53 kd (Figure AP3 A, for kd verification see Figure 21 B). This PLA 

showed and decrease of P-p53-POLι vicinity in nd but an increase in diff cells after 

p53 kd. Furthermore, the DNA Fiber Spreading Assay revealed elevated replication 

tracks in nd and diff cells after expressing exogenous wt p53 and the exonuclease 

deficient but transcriptionally active mutant p53(H115N) (Ahn et al., 2009). These 

findings implies that replication track lengths and therefore, most probably also DDT 

pathway choice depend on p53 levels, at least partially. 

 

 

Figure AP3: Analysis of impact of p53 protein levels on DNA replication.  
Experiments in ovarian cancer cell line #110 were conducted 24 h post-transfection (day 8 of differ-
entiation). Grey: non-differentiated (nd), blue: differentiated (diff) cells. For easier comprehensibility, 
protein names only were used instead of gene names. In the graphs mean ± SEM are depicted, 
n = 2. Significances were calculated by using Mann-Whitney U test: **: P < 0.01, ***: P < 0.001, ****: 
P ≤ 0.0001.  
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A. In Situ Proximity Ligation Assay after p53 knockdown by using gene specific shRNA (sh) or empty 
vector control. Vicinity of p53 phosphorylated at Ser15 (P-p53) and POLι was tested. B DNA Fiber 
Spreading Assay after sequential incorporation of CldU for 20 min and IdU for 30min. Shown is the 
second pulse (IdU) only. For each experiment at least 100 fibers were measured. Graphs show fibers 
after transfecting cells with expression plasmids of p53, either wild type (wt) or the exonuclease 
deficient H115N mutant or empty vector control. Replication phenotypes are depicted as black en-
circled arrows upon the graph. Representative WB shows protein level, numbers underneath indicate 
changes in protein levels compared to control. All values were normalized to the ones of loading 
control GAPDH at first. 

 

Impact of p53 Loss in Murine Embryonic Stem Cells 

The findings of this thesis demonstrate clearly, that in human stem cells replication 

is differently regulated than in differentiated cells resulting in shorter replication 

tracks (Figure 11 – Figure 13) (Ihle et al., 2021). Furthermore, I could show, that this 

difference in track length is strongly p53 and POLι dependent (Figure 11, Figure 12, 

Figure 14) (Ihle et al., 2021). To investigate if these findings are true amongst all 

mammalian species, I performed DNA Fiber Spreading Assay with mESCs of p53 wt 

or KO status. Remarkably, the opposite phenotype compared to human stem cells 

was detected (Figure AP4 A). In the murine model stem cells exhibited longer tracks 

compared to their differentiated counterparts, whereby also in these cells the differ-

ence was p53 dependent as p53 KO nd and diff cells exhibited almost similar track 

lengthes. Hence, p53 KO resulted in stem cells into a track shortening whereas in 

diff cells a track lengthening was observable in absence of p53. As this was the 

opposite phenotype found to human stem cells replication phenotypes were marked 

pink encircled. Notably, when looking at p53 expression levels, these were in con-

trast to the ones, which were found in human stem (cell-like) cells (Figure 11 – Fig-

ure 13), namely higher p53 levels in stem cells compared to their diff counterparts 

(Figure AP4 B). POLι was expressed in all cells at a detectable level, although 

p53 wt as well as diff cells expressed higher ones. Nevertheless, this difference in 

POLι expression could not explain the vast difference in replication phenotype, as 

also in human cells POLι was present to a higher extent in diff cells (Figure 20). As 

the pluripotency marker Oct 3/4 (Nichols et al., 1998) is only expressed in the non-

differentiated stem cells (Figure AP4 B), it could be concluded that the differentiation 

worked and this was not the reason for the discrepancy between human and murine 

ESC results. This seemed to be a species difference or maybe it was just due to the 

difference in p53 protein levels, like already indicated by the experiments in ovarian 
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cancer cells after p53 overexpression (Figure AP3). To fully elucidate this phenom-

enon, further experiments will be needed. 

 

 

Figure AP4: Assessment of DNA replication in mESCs.  
Experiments in mESCs were conducted at day 7 of differentiation and 24 h post-seeding. Grey: non-
differentiated (nd), blue: differentiated (diff) cells. For easier comprehensibility, protein names only 
were used instead of gene names. In the graphs mean ± SEM are depicted, n = 2. Significances 
were calculated by using Mann-Whitney U test: *: P < 0.05, ****: P ≤ 0.0001.  
A. DNA Fiber Spreading Assay after sequential incorporation of CldU for 20 min and IdU for 30 min. 
Shown is the second pulse (IdU) only. For each experiment at least 100 fibers were measured. 
Graphs show fibers of mESCs with p53 wild-type (wt) or knockout (KO) status. Replication pheno-
types are depicted as pink encircled arrows upon the graph. B. Representative WB depicts protein 
level, numbers underneath indicate changes in protein levels compared to nd mESCs with p53 wt 
status. All values were normalized to the ones of loading control GAPDH at first. 
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