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3 Abstract 

Cancer cells depend on continuous cell proliferation and efficient cell cycle checkpoints to 

prevent the induction of cell death. In the clinic, there are different strategies to eliminate 

cancer cells effectively. The strong dependence on cell proliferation can be exploited by 

inhibition of Cyclin-Dependent Kinases (CDKs), the main drivers of cell cycle progression, 

which force cancer cells into cell cycle arrest. In this context, the two CDK inhibitors WEE1 

and p21 play a major role by regulating CDK activity. Another method is the induction of 

replication stress since cancer cells are very susceptible to it due to their fast cell division 

rate. Sensing replication stress and DNA damage involves phosphorylation and therefore 

activation of the checkpoint kinases Ataxia telangiectasia mutated (ATM), ATM and RAD3-

related (ATR), Checkpoint Kinase 2 (CHK2) and CHK1, which slow down the cell cycle 

and initiate Deoxyribonucleic Acid (DNA) repair, or if the damage cannot be repaired, 

induce apoptosis.  

Phosphorylation and acetylation are posttranslational modifications, which control not only 

signaling pathways but also gene expression. The two histone deacetylases (HDAC), 

HDAC1 and HDAC2, have been found to control the expression of the Protein 

Phosphatase 2A (PP2A) B-type subunit PR130, which is involved in the regulation of 

various cellular processes such as DNA repair, apoptosis, cell proliferation and autophagy. 

Moreover, the PP2A-PR130 complex plays an important role in the DNA damage response 

since it deactivates ATM via dephosphorylation of S1981 upon replication stress. Recent 

studies showed that colorectal cancer cells devoid of PR130 had higher levels of pCHK1 

and arrested earlier at the G1/S phase boundary than wild-type cells upon replication 

stress. Combinatorial treatment with the HDAC inhibitor (HDACi) entinostat, however, 

reduced phosphorylation of CHK1 independent of the PR130 status of the cells. This 

shows that the PP2A-PR130 complex is indirectly involved in the regulation of CHK1 

phosphorylation.  

In this thesis it was investigated how CHK1 phosphorylation is controlled by PR130 and 

HDACi. Proteome and RNA sequencing analyses revealed higher levels of the cell cycle 

regulator p21 in PR130-deficient cells compared to wild-type cells. Moreover, it was shown 

that the ATM-p53-axis controls the expression of p21. Additionally, class I HDACi 

increased levels of p21, which binds and deactivates CDK2, leading to diminished CHK1 

phosphorylation upon replication stress. Furthermore, two novel targets of the PP2A-

PR130 complex, pp21-S130 and pWEE1-T190, were identified. Both proteins are directly 

connected to higher CDK2 activity: pp21-S130 cannot bind to CDK2 and pWEE1-T190 is 

not able to phosphorylate it. The results showed that PR130 controls CHK1 
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phosphorylation twofold, on a transcriptional level via p21 and by posttranslational 

modifications via dephosphorylation of pp21-S130 and pWEE1-T190.   

Furthermore, it was shown that class I HDACi dysregulate DNA repair proteins important 

for homologous recombination, thereby promoting non-homologous end-joining, resulting 

in Replication Timing Regulatory Factor 1 (RIF1) foci formation in a PR130-dependent 

manner. This gives new insights into how HDACi and PR130 control the DNA repair 

pathway choice upon DNA replication stress. 

All in all, the results demonstrate that the PP2A-PR130 complex is a key player in cell 

cycle regulation, DNA damage signaling and DNA repair pathways. This versatility 

explains the frequent mutation of the B-type subunit in cancer and underlines it as a 

potentially interesting target in clinical research. 
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4 Zusammenfassung  

Krebszellen sind auf eine kontinuierliche Zellvermehrung und effiziente 

Zellzykluskontrollpunkte angewiesen, um den Zelltod zu verhindern. In der Klinik gibt es 

verschiedene Strategien, um Krebszellen wirksam zu eliminieren. Die starke Abhängigkeit 

von der Zellproliferation kann durch die Hemmung von Cyclin-abhängigen Kinasen 

(CDKs), den Haupttreibern der Zellzyklusprogression, ausgenutzt werden, wodurch 

Krebszellen in einen Zellzyklusstillstand gezwungen werden. In diesem Zusammenhang 

spielen die beiden CDK-Inhibitoren, WEE1 und p21, eine wichtige Rolle, da sie die CDK-

Aktivität regulieren. Eine weitere Methode ist die Induktion von Replikationsstress, da 

Krebszellen aufgrund ihrer schnellen Zellteilungsrate sehr empfindlich sind. Das Erkennen 

von Replikationsstress und Desoxyribonukleinsäure (DNA)-Schäden beinhaltet die 

Phosphorylierung und damit die Aktivierung der Checkpoint-Kinasen Ataxia telangiectasia 

mutated (ATM), ATM and RAD3-related (ATR), Checkpoint-Kinase 2 (CHK2) und CHK1, 

die den Zellzyklus verlangsamen und die DNA-Reparatur einleiten oder, wenn der 

Schaden nicht repariert werden kann, die Apoptose induzieren. 

Phosphorylierung und Acetylierung sind posttranslationale Modifikationen, die nicht nur 

Signalwege, sondern auch Genexpression steuern. Es wurde festgestellt, dass die beiden 

Histondeacetylasen (HDAC) HDAC1 und HDAC2 die Expression der Protein-

Phosphatase 2A (PP2A)-Untereinheit, PR130, steuern, welche an der Regulierung 

verschiedener zellulärer Prozesse wie DNA-Reparatur, Apoptose, Zellproliferation und 

Autophagie beteiligt ist. Darüber hinaus spielt der PP2A-PR130-Komplex eine wichtige 

Rolle bei der Reaktion auf DNA-Schäden, da er bei Replikationsstress ATM durch 

Dephosphorylierung von S1981 deaktiviert. Jüngste Studien haben gezeigt, dass 

Darmkrebszellen ohne PR130 höhere pCHK1-Werte aufweisen und bei 

Replikationsstress früher an der G1/S-Phasengrenze zum Stillstand kommen als 

Wildtypzellen. Eine kombinatorische Behandlung mit dem HDAC-Inhibitor (HDACi) 

Entinostat reduzierte jedoch die Phosphorylierung von CHK1 unabhängig vom PR130-

Status der Zellen. Dies zeigt, dass der PP2A-PR130-Komplex indirekt an der Regulierung 

der CHK1-Phosphorylierung beteiligt ist.  

In dieser Arbeit wurde untersucht, wie die CHK1-Phosphorylierung durch PR130 und 

HDACi gesteuert wird. Proteom- und RNA-Sequenzierungsanalysen ergaben, dass der 

Zellzyklusregulator p21 in PR130-defizienten Zellen im Vergleich zu Wildtyp-Zellen erhöht 

ist. Außerdem wurde gezeigt, dass die ATM-p53-Achse die Expression von p21 

kontrolliert. Darüber hinaus erhöhten Klasse-I-HDACi die Konzentration von p21, welches 

CDK2 bindet und deaktiviert, was zu einer verminderten CHK1-Phosphorylierung bei 
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Replikationsstress führt. Ebenfalls wurden zwei neue Targets des PP2A-PR130-

Komplexes, pp21-S130 und pWEE1-T190, identifiziert. Beide Proteine stehen in direktem 

Zusammenhang mit einer höheren CDK2-Aktivität: pp21-S130 kann nicht an CDK2 binden 

und pWEE1-T190 ist nicht in der Lage, es zu phosphorylieren. Die Ergebnisse zeigten, 

dass PR130 die CHK1-Phosphorylierung in zweifacher Weise kontrolliert, auf 

transkriptioneller Ebene über p21 und durch posttranslationale Modifikationen über die 

Dephosphorylierung von pp21-S130 und pWEE1-T190.   

Darüber hinaus konnte gezeigt werden, dass HDACi der Klasse I DNA-Reparaturproteine, 

die für die homologe Rekombination wichtig sind, deregulieren und dadurch die nicht-

homologe Endverknüpfung fördern, was zur Bildung von Replikationszeitpunkt 

Regulatorischer Faktor 1 (RIF1)-Foci in einer PR130-abhängigen Weise führt. Dies liefert 

neue Erkenntnisse darüber, wie HDACi und PR130 die Wahl des DNA-Reparaturweges 

nach DNA-Replikationsstress kontrollieren. 

Alles in allem zeigen die Ergebnisse, dass der PP2A-PR130-Komplex eine Schlüsselrolle 

bei der Regulierung des Zellzyklus, der DNA-Schadensantwort und bei DNA-

Reparaturmechanismen spielt. Diese Vielseitigkeit erklärt die häufige Mutation der 

Untereinheit bei Krebs und unterstreicht, dass sie ein potenziell interessantes Ziel für die 

klinische Forschung darstellt. 
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1 Introduction 

The world population’s average age increases from year to year. In 2050, more than 

20% of the people will be older than 60 years. For this reason, diseases like cancer, 

which mainly affect older human beings, increasingly get into the focus of our healthcare 

system (Fane and Weeraratna 2020).  

According to D. Hanahan and R. Weinberg, cancer cells are characterized by common 

features, the so-called hallmarks of cancer (Figure 1.1) (Hanahan and Weinberg 2000, 

Hanahan and Weinberg 2011, Hanahan 2022). 

 

Figure 1.1: Hallmarks of cancer defined by Hanahan and Weinberg (Hanahan 2022). 

Cells rely on the maintenance of genomic stability to ensure the correct transmission of 

their genetic material (Matos-Rodrigues et al. 2020). Whereas normal cells have various 

control mechanisms regarding their growth and division, cancer cells often have defects 

in those. During cell cycle progression, cell cycle checkpoints should prevent replication 

of genetic errors, which can lead to cancer development. In cancer cells however, these 

control mechanisms are often perturbed allowing uncontrolled division, which results in 

genomic instability (Matthews et al. 2022). From a clinical point of view, it is important to 

understand basic signaling pathways and protein networks in more detail to allow 

development of novel, precise cancer treatment options. 
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1.1 The DNA damage response  

The Deoxyribonucleic Acid (DNA) Damage Response (DDR) allows cells to react to 

various exogenous (e.g., UV light, ionizing radiation, chemicals) and endogenous (e.g., 

replication errors, oxidative damage by reactive oxygen species) stimuli causing DNA 

damage (Chatterjee and Walker 2017, Gasser and Raulet 2006). As a consequence, 

cells arrest in their cell cycle (see chapter 1.2) and decide whether they can repair the 

damaged DNA (see chapter 1.3). If the damage level is too high, cells instead undergo 

apoptosis (see chapter 1.4) to prevent replication of genetic errors (Gasser and Raulet 

2006). 

The three serine (S)/threonine (T) kinases Ataxia telangiectasia mutated (ATM), ATM 

and RAD3-related (ATR), and DNA-dependent protein kinase catalytic subunit (DNA-

PKcs) play a central role during the DDR. They are similar in their structure but are 

activated upon different types of DNA damage. While ATM and DNA-PKcs get activated 

by binding to ends of double-stranded DNA breaks (DSBs), ATR is activated by single-

stranded DNA (ssDNA; upon DNA damage also known as SSBs) bound to Replication 

Protein A (RPA) (Figure 1.2). All three kinases prefer to phosphorylate S/T sites adjacent 

to glutamine (Fedak et al. 2021, Goodwin and Knudsen 2014). 

To better understand the activity of the three kinases, it is necessary to take a closer look 

at their structure. ATM, ATR, and DNA-PK consist of Huntington-Elongation factor 3-

protein phosphatase 2A-TOR1 (HEAT) repeats and a kinase domain enclosed by a 

FRAP-ATM-TRRAP (FAT) and FAT carboxy-terminal (FATC) domain. HEAT repeats 

mediate interactions with proteins that regulate kinase activity in case of ATM Nijmegen 

Breakage Syndrome 1 (NBS1), in case of ATR ATR-Interacting Protein (ATRIP) and in 

case of DNA-PKcs KU70 and KU80 (Maréchal and Zou 2013, Blackford and Jackson 

2017).  

In the absence of DNA damage, the FAT and kinase domains of ATM interact with each 

other, preventing ATM activity (Bakkenist and Kastan 2003). Upon DNA damage, the 

MRE11-RAD50-NBS1 (MRN) complex acts as a DSB sensor and recruits ATM to the 

DNA breaks (Uziel et al. 2003, Lee and Paull 2005). This leads to ATM 

autophosphorylation at S1981 (located near the FAT domain) and dissociation of the 

ATM homodimer resulting in activation of the kinase (Bakkenist and Kastan 2003). ATM 

is further activated by binding of the Histone Acetyltransferase (HAT) Tat-Interactive 

Protein 60 (TIP60) to its FATC domain resulting in its acetylation at lysine 3016 

(Schleicher et al. 2022, Maréchal and Zou 2013, Sun et al. 2007). Nevertheless, ATM 

can also be activated independent of the MRN complex. Upon treatment with the 

replication stress inducer hydroxyurea (HU) or UV irradiation, it was found that ATR 
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phosphorylates ATM at S1981. This stimulated phosphorylation of Checkpoint Kinase 2 

(CHK2) and G2/M phase arrest (Stiff et al. 2006). Treatment with Reactive Oxygen 

Species (ROS) increased phosphorylation of ATM as well without need of the MRN 

complex (Paull 2015).  

Autophosphorylation of ATR at T1989 within its FAT domain stimulates Topoisomerase 

II-Binding Protein 1 (TopBP1) binding and kinase activation (Liu et al. 2011). 

Furthermore, ATR forms a complex with ATRIP, which is essential for ATR activation 

through ATRIP-mediated stabilization of ATR (Cortez et al. 2001). This promotes its 

localization to RPA-ssDNA (Zou and Elledge 2003). ATRIP further contains a TopBP1-

interacting region, which mediates interaction between TopBP1 and ATR (Mordes et al. 

2008). DNA-PKcs has multiple autophosphorylation sites, which are mainly located 

within the HEAT repeats. Phosphorylation at T3950 activates kinase activity. However, 

S2056 and T2609 phosphorylation are not important for activation but are more involved 

in DNA repair (Blackford and Jackson 2017). 

Activated ATM phosphorylates a variety of substrates, such as CHK2, p53 (encoded by 

the TP53 gene), and Histone 2A variant (H2AX) and is mainly involved in activation of 

the G1/S checkpoint (Figure 1.2). Phosphorylation of CHK2 at T68 stimulates its 

dimerization and activation. Active CHK2 phosphorylates the kinases Cell division cycle 

25 a (Cdc25a) and c (Cdc25c) leading to their inactivation and thereby cell cycle arrest 

by inhibition of Cyclin-Dependent Kinase (CDK) activity (see chapter 1.2). CHK2, as well 

as ATM, ATR and CHK1 phosphorylate p53 at S15 and S20 causing p53 stabilization 

and activation through inactivation of the ubiquitin ligase Mouse Double Minute 2 

(MDM2). Active p53 promotes transcription of p21 (encoded by the CDKN1A gene) and 

the pro-apoptotic genes PUMA, NOXA, BAX and APAF-1 (Smith et al. 2020). 

Phosphorylation of H2AX at S139 (γH2AX) is propagated by Mediator of DNA Damage 

Checkpoint 1 (MDC1), which directly interacts with γH2AX, and leads to the formation of 

γH2AX foci (Ruff et al. 2020). Phosphorylation of H2AX promotes histone unwinding, 

which allows repair of damaged DNA by enabling better access of repair proteins (Fedak 

et al. 2021). Through phosphorylation of p53-binding protein 1 (53BP1), ATM is involved 

in the induction of the DSB repair pathway Non-Homologous End-Joining (NHEJ). 

However, it also controls phosphorylation of Breast Cancer 1 (BRCA1), MRE11, and the 

endonuclease CtBP-Interacting Protein (CtIP), which are important for Homologous 

Recombination (HR) (Smith et al. 2020, Wang et al. 2021, Kijas et al. 2015).  

ATR activation plays a crucial role especially during S and G2/M phase. Upon replication 

stress and DNA damage, ATR phosphorylates CHK1 at S345 and S317 causing 

autophosphorylation at S296 and thereby full activation of the checkpoint kinase (Figure 
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1.2) (Smith et al. 2020, Zhao and Piwnica-Worms 2001). However, this activation 

depends on the adaptor protein claspin, which is phosphorylated by ATR and recruits 

inactive CHK1 in close proximity to the DDR kinase (Kumagai and Dunphy 2000, Smits 

et al. 2019). The replication stress response only occurs during S phase and should 

prevent induction of DNA damage and entry of damaged cells into mitosis. The 

endonuclease MUS81 forms heterodimeric complexes with EME1/EME2 and recognizes 

branched DNA structures, which occur during replication or HR. CDK1 and CDK2 

activate MUS81-EME1/2 complexes to recover stalled replication forks. Upon DNA 

damage, the WEE1 kinase protects replication forks as it phosphorylates both CDKs to 

prevent activation of the endonuclease. Loss of WEE1 activity results in a slowed 

replication progression and an increased genomic instability (Di Ghelli Luserna Rorà et 

al. 2020, Martín et al. 2011). Activated CHK1 phosphorylates and inactivates Cdc25a 

and Cdc25c resulting in their proteasomal degradation, and phosphorylates and 

activates WEE1 resulting in inhibitory CDK1 phosphorylation (Sanchez et al. 1997, Smith 

et al. 2020). ATR, CHK1 and WEE1 are mainly involved in HR. ATR promotes the 

recruitment of RAD51 to DSBs in a BRCA-independent manner. Moreover, CHK1 

phosphorylates RAD51 and BRAC2 (Smith et al. 2020). Both CHK1 and WEE1 inhibition 

cause an accumulation of DNA breaks and a slowed replication fork speed and were 

thought to act in the same manner. However, a combinatorial treatment with CHK1i and 

WEE1i shows additive effects suggesting that both proteins have different roles during 

replication (Martín et al. 2011). 
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Figure 1.2: Scheme of the DNA damage response. ATM and ATR are activated by DSBs or 

SSBs and phosphorylate a variety of targets resulting in cell cycle arrest and DNA repair 

or apoptosis.  Figure created with BioRender (Aleem and Arceci 2015, Jackson et al. 2018, Li 

et al. 2013, Smith et al. 2020).  

For DNA-PK-promoted NHEJ, KU binds to the DSB, which recruits DNA-PKcs and 

subsequently proteins such as Artemis, DNA ligase IV and X-ray repair cross-

complementing protein 4  (XRCC4), which play a major role for NHEJ-dependent DNA-

end ligation (Blackford and Jackson 2017). 

The complex regulation of the DDR is necessary to allow cells to respond to stress and 

guarantee subsequent cell cycle progression. 
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1.2 Cell cycle control 

Every dividing cell undergoes a tightly regulated cell cycle. This cell cycle is divided into 

four major phases (Figure 1.3). During the synthesis (S) phase, DNA replication occurs. 

Throughout the mitosis (M) phase, cells divide into two identical daughter cells. The two 

gap (G) phases, G1- and G2, separate S and M phases and are key periods for cell cycle 

regulation (Matthews et al. 2022). Checkpoints at the borders from G1 to S and G2 to M 

phases are necessary to react to various exogenous and endogenous stimuli causing 

potential errors in the DNA (Matthews et al. 2022, Chatterjee and Walker 2017). During 

the G1 phase, cells can also exit into a non-proliferative, quiescent state (G0). Cancer 

cells are characterized by an abnormal cell division behavior, primarily caused by 

inhibition of apoptosis, errors in cell cycle exit, or dysregulated cell cycle regulator 

proteins in these cells (Matthews et al. 2022, Suski et al. 2021).  

The main cell cycle regulators, which push cells from one cell cycle phase to the next 

one, are CDKs. CDKs are S/T kinases, which form complexes with cell cycle phase-

specific cyclins (Schafer 1998). Complex formation leads to a conformational change of 

residues responsible for ATP binding. This results in CDK activation and stimulates cell 

cycle entry, progression or completion (Malumbres 2014, Matthews et al. 2022). CDKs 

important for cell cycle regulation are CDK4, CDK6, CDK2 and CDK1. Additionally, there 

are other CDKs, which carry out transcriptional (CDK7, CDK8, and CDK9) or post-mitotic 

(CDK5) functions (Asghar et al. 2015). 

 

Figure 1.3: The cell cycle and its regulators.  The cell cycle consists of the four major phases 

G1, S, G2, and M. CDKs together with their cell cycle phase-specific cyclins drive the cells into 

the next cell cycle phase. Inhibitors of the CIP/KIP or the INK4 family (p21, p16, p27) regulate the 

activity of CDK-cyclin complexes. Figure was created using BioRender. Modified after Yang 

(2018) and García-Osta et al. (2022). 
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Whereas levels of CDKs remain quite constant, levels of cyclins differ during the cell 

cycle phases, which allows specific activation of CDKs needed in each phase (Morgan 

1995). Cyclins contain a PEST sequence, which targets them for ubiquitination. Before 

entering the next cell cycle phase, cyclins not needed anymore get degraded by the 

proteasome and the synthesis of the next cell cycle phase-specific cyclin starts (Schafer 

1998). During G1 phase, D-type cyclins (D1, D2, D3) are upregulated and bind to CDK4 

or CDK6. These complexes are stabilized by proteins of the CIP/KIP family such as 

p21CIP1, p27KIP1 and p57KIP2. However, proteins of the INK4 family (p16INK4A, p15INK4B, 

p18INK4C, p19INK4D) inhibit the activity of CDK4/6-cyclin D complexes (Suski et al. 2021, 

Sherr and Roberts 2004). To promote cell cycle progression, CDK4/6-cyclin D 

complexes phosphorylate Retinoblastoma protein (Rb) causing dissociation of Rb from 

transcription factor E2F. E2F stimulates transcription of genes, which are important for 

DNA synthesis, and also leads to an increase in cyclin E levels at the end of the G1 

phase, resulting in activation of CDK2 (Bertoli et al. 2013). CDK2-cyclin E complexes 

hyperphosphorylate Rb further and drive cells into the S phase (Sherr and Roberts 

1999). While cyclin E levels decrease with progressing replication, cyclin A levels 

increase at the same time. Cyclin A can activate CDK2 as well as CDK1 and is therefore 

not only important during the S phase, but also for the transition from the G2 to M phase 

as it activates cyclin B complexes (Martínez-Alonso and Malumbres 2020). CDK2-cyclin 

A complexes stimulate the transcription factor FOXM1, which is essential for the 

transcription of mitotic genes (Lim and Kaldis 2013). Proteins of the CIP/KIP family inhibit 

CDK2 and CDK1 complexes (Malumbres 2014, Sherr and Roberts 2004). Upon DNA 

damage, activation of p53 increases levels of p21. Binding of p21 to CDKs inactivates 

their kinase activity. Therefore, unphosphorylated Rb still binds to E2F, which prevents 

cell cycle progression from the G1 to S phase (Matthews et al. 2022). 

To understand CDK-mediated cell cycle progression in more detail, it is necessary to 

have a closer look on CDK regulation. CDKs are regulated by different mechanisms such 

as phosphorylation on threonine and tyrosine residues, or as already mentioned, binding 

of cyclins and cyclin-dependent kinase inhibitors of the CIP/KIP or INK4 family (Schafer 

1998). Important CDK-regulators are proteins of the WEE1 family, which consists of the 

three different S/T kinases WEE1, PKMYT1 and WEE2. WEE1 and PKMYT1 are mainly 

connected to mitosis and, especially WEE1, more recently to regulation of replication. 

WEE2 plays a major role during meiosis. The WEE1 kinase is located in the nucleus, the 

PKMYT1 kinase in the endoplasmic reticulum and the Golgi apparatus (Di Ghelli Luserna 

Rorà et al. 2020). Both proteins regulate CDK1 activity via an inhibitory phosphorylation 

at tyrosine (Y) 15 and T14 thereby reducing its substrate affinity, which stops cell cycle 

progression. WEE1 additionally phosphorylates CDK2 at Y15 (Di Ghelli Luserna Rorà et 
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al. 2020). However, inhibitory phosphorylation of CDK1 and CDK2 can be counteracted 

by different isoforms of the Cdc25 phosphatase (Malumbres 2014, Elbæk et al. 2020). 

Cdc25a and b are important for G1 to S phase transition, whereas Cdc25c plays a major 

role for G2 to M phase transition (Sur and Agrawal 2016, Smith et al. 2020). Moreover, 

the CDK-Activating Kinase (CAK) complex, comprising the proteins CDK7, cyclin H1 and 

MAT1, phosphorylates CDK1 at T161. Cyclin B1 activates CDK1 further via 

phosphorylation, leading to nuclear import of the complex and the beginning of mitosis 

(Di Ghelli Luserna Rorà et al. 2020). Besides that, CDK1 has a feedback mechanism to 

inhibit WEE1 and Cdc25 activity (Ferrell et al. 2009). Phosphorylation of WEE1 at S123 

results in binding of polo like kinase 1 and casein kinase 2, which phosphorylate the 

kinase further and tag it for degradation by the ubiquitin ligase SCFβ-TrCP (Di Ghelli 

Luserna Rorà et al. 2020). 

Beside cell cycle regulation, CDKs and cyclins also play a role in the repair of damaged 

DNA. Cyclin E1 accumulates at stalled replication forks to impede Cell division control 6 

protein (Cdc6) dissociation, and thereby enhances activation of CHK1 (Lu et al. 2009). 

Moreover, using the yeast model Saccharomyces cerevisiae it was found that CDK1 

phosphorylates the nucleases Dna2 and Sae2, which triggers their recruitment to DSBs 

and initiates HR (Chen et al. 2011, Huertas et al. 2008). Additionally, BRCA2-dependent 

cyclin D1 recruitment induces recruitment of RAD51 to DSBs, which also triggers HR 

(Jirawatnotai et al. 2011). Another study showed that CDK2 phosphorylates Werner 

syndrome protein at S426, which stabilizes its affinity for RPA and causes a switch from 

NHEJ to HR (Lee et al. 2021). Complexes of CDK2/cyclin A as well as CDK1/cyclin B 

were also found to phosphorylate BRCA2 at S3291, which is necessary for RAD51 

binding (Satyanarayana and Kaldis 2009). 
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1.3 Repair mechanisms 

DSBs are formed if both strands of the DNA double-helix are broken (Chapman et al. 

2012). They are difficult to handle because the cells do not have a correct template to 

repair the damaged DNA. Considering that genomic stability is extremely important for 

cells, unrepaired DSBs have a large impact on the maintenance of DNA stability. For this 

reason, cells choose between two major repair mechanisms (Figure 1.4) to handle the 

damage: HR or NHEJ (Lieber 2010). NHEJ is the main pathway because it occurs cell 

cycle independent in dividing and not-dividing cells. However, it is favored in the G1 

phase. HR only takes place during S or G2/M phase, since it needs an identical sister 

chromatid as a template for repair (Helleday et al. 2007, Chapman et al. 2012). Whereas 

HR is mostly error-free and the more accurate repair mechanism, NHEJ is faster, but 

often mutagenic (Mao et al. 2008). The interplay between the two proteins 53BP1 and 

BRCA1 has been identified as a mechanism to decide whether the cells repair via the 

HR or NHEJ pathway (Escribano-Díaz et al. 2013). 

 
1.3.1 Homologous Recombination  

The initial step of HR is DNA end resection to create 3’ ssDNA overhangs at the site of 

the DSB. Hereby, the MRN complex plays a major role as it recognizes the break and 

recruits the co-factor CtIP (in case of short-range resection) stimulating the 

endonuclease activity of the MRN complex. The nucleases EXO1 and DNA2 are required 

for long-range resection. To protect ssDNA from degradation, the overhangs are rapidly 

coated by RPA (Escribano-Díaz et al. 2013). BRCA1 and BRCA2 facilitate loading of 

RAD51 onto the ssDNA, which leads to the formation of a presynaptic filament. This 

filament searches for a homologous dsDNA and mediates pairing with the ssDNA 

forming a D-loop. The synthesis of the new strand is carried out by DNA polymerases, 

which extend the invading 3’ end of the ssDNA and synthesize a new strand using the 

homologous dsDNA as a template. The D-loop is stabilized by the formation of a Holliday 

junction, linking the ssDNA with the homologous dsDNA (Ranjha et al. 2018). To resolve 

the Holliday junction, there are two different pathways: the Synthesis-Dependent Strand 

Annealing (SDSA) pathway leading to non-crossover products or the double Holliday 

junction (dHJ) pathway resulting in crossover or non-crossover products. HR creates a 

precisely repaired DSB (Brandsma and Gent 2012). 
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1.3.2 Non-Homologous End-Joining  

NHEJ is only active if the DSB ends are minimally processed (Escribano-Díaz et al. 

2013). For initiation of NHEJ, the KU heterodimer binds to the ends of the DSB to 

stabilize the break and protect the ends from exonucleases. Afterwards, DNA-PKcs is 

recruited, which activates the XRCC4 ligase (Ackerson et al. 2021, Chang et al. 2017). 

If the DNA ends are blunt, XRCC4 and DNA ligase IV bind to and directly ligate the ends. 

If 5’ or 3’ DNA overhangs are present, DNA-PKcs activates the endonuclease Artemis, 

which removes overhangs before the ligation step. Another mechanism for incompatible 

3’ ends is the activity of the polymerases Pol μ and Pol λ which are recruited to the KU-

DNA complex. Whereas Pol μ primarily works template-independent and adds 

nucleotides to generate regions of microhomology, Pol λ needs a template to fulfill its 

task. Other NHEJ factors such as XRCC4-like factor (XLF) or paralogue of XRCC4 and 

XLF (PAXX) share structural similarity to XRCC4 and support the ligation by ligase IV 

(Chang et al. 2017). One key player that promotes NHEJ is 53BP1 (Lei et al. 2022). Upon 

DSBs, the MRN complex phosphorylates ATM, which itself phosphorylates H2AX at 

S139. This leads to the formation of γH2AX foci at the damage site and recruitment of 

MDC1, E3 ubiquitin ligase Ring Finger protein (RNF) 8 and RNF168. Together with E2 

ubiquitin-conjugation enzyme, RNF8 and RNF168 ubiquitinate H2AX, which allows 

binding of 53BP1 and leads to 53BP1 foci formation (Lei et al. 2022). Phosphorylation of 

53BP1 by ATM results in recruitment of Replication Timing Regulatory Factor 1 (RIF1) 

and the Shieldin complex. This prevents accumulation of BRCA1 and leads consequently 

to protection of the DNA ends from resection. Therefore, 53BP1 and BRCA1 are 

important key players for the decision between the two repair mechanisms  (Lei et al. 

2022, Isobe et al. 2021, Chapman et al. 2013). However, RIF1 can be counteracted by 

Suppressor of Cancer cell Invasion (SCAI), which binds to 53BP1 and promotes repair 

by HR (Isobe et al. 2017). RIF1 is also involved in the intra-S-phase checkpoint, timing 

of replication firing, and replication of heterochromatin upon DNA damage or at stalled 

replication forks (Chapman et al. 2013, Buonomo et al. 2009, Silverman et al. 2004, 

Yamazaki et al. 2012).  
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Figure 1.4: The DSB repair pathways Homologous Recombination (HR) and Non-

Homologous End-Joining (NHEJ). HR (left) is initiated by the MRN-CtIP complex, which creates 

3’ single-stranded DNA (ssDNA) overhangs, NHEJ (right) by binding of the KU70/80 heterodimer 

to the DSB ends. Figure was created using BioRender. Modified after Brandsma and Gent (2012) 

and Christmann et al. (2003).  
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1.4 Apoptosis 

Apoptosis, which is also referred to as programmed cell death, is a process that occurs 

during normal cellular development and aging, but also in response to damaging agents 

(Elmore 2007). It is an important self-destruction mechanism to eliminate damaged or 

infected cells in the body without causing inflammation reactions (Haanen and Vermes 

1995). The morphology of apoptotic cells is characterized by cell shrinkage, pyknosis 

(which is the result of chromatin condensation), and DNA fragmentation (Elmore 2007).  

Apoptosis is induced via an extrinsic or an intrinsic pathway (Figure 1.5). The intrinsic 

pathway, also referred to as the mitochondrial pathway, is primarily activated by 

intracellular stress signals, such as DNA damage, oxidative stress, unfolded protein 

response, or the absence of certain growth factors and hormones (D'Arcy 2019, Singh 

and Lim 2022). The tumor suppressor p53 plays an important role in the induction of 

apoptosis as it regulates proteins of the B-cell lymphoma protein 2 (Bcl-2) family, such 

as anti-apoptotic Bcl-xl, Bcl-xs, Bcl-w, Mcl-1 and BFL-1/A1, pro-apoptotic Bax, Bak, and 

Bok, and pro-apoptotic BH3-only Bad, Bid, Bik, Bim, HRK, NOXA, and PUMA (Elmore 

2007, Kashyap et al. 2021). These proteins can change the inner mitochondrial 

membrane and therefore the permeability of the mitochondrial pore, leading to a release 

of the pro-apoptotic proteins cytochrome c, Second mitochondria-derived activator of 

caspase/Direct Inhibitor of Apoptosis protein (IAP)-Binding protein with Low pI 

(Smac/DIABLO), and High temperature requirement A2 (HtrA2)/Omi into the cytoplasm. 

Cytochrome c binds to Apoptotic Protease-Activating Factor-1 (APAF-1), which together 

with deoxyadenosine triphosphate (dATP) and Pro-caspase-9 forms the apoptosome 

complex. This triggers caspase-9 and downstream the activation of various effector 

caspases, such as caspase-3. As a result, endonucleases and proteases are activated, 

chromosomes and nuclear proteins degraded, which finally ends in apoptosis. 

Smac/DIABLO and the serine protease HtrA2/Omi promote apoptosis by IAP  proteins 

(XIAP, cIAP1, cIAP2) (D'Arcy 2019, Singh and Lim 2022). Moreover, Apoptosis-Inducing 

Factor (AIF) and endonuclease G are released from the inner mitochondrial membrane 

into the cytoplasm in a caspase-independent manner, resulting in DNA fragmentation 

(Elmore 2007). 

The extrinsic pathway is also referred to as the death receptor pathway. It depends on 

binding of specific ligands to their corresponding death receptors. There are several 

ligand-receptor pairs, such as CD95/Fas Receptor (FasR), Tumor Necrosis Factor-α 

(TNF-α)/TNF Receptor (TNF-R) 1, Apo2L/DR4, or Apo2L/DR5. Ligand binding leads to 

recruitment and dimerization of the death receptors and subsequently the recruitment of 

the adaptor proteins Fas-Associated protein with Death Domain (FADD) and TNF 
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Receptor type 1 Associated Death Domain protein (TRADD), Pro-caspase-8, and Pro-

caspase-10. Activation of caspase-8 and -10 causes cleavage and activation caspase 3, 

6 and 7 (Kashyap et al. 2021). In general, caspases are extremely important for 

apoptosis and are further divided into initiator caspases (caspase 2, 8, 9 and 10) and 

effector caspases (caspase 3, 6 and 7). Whereas the initiator caspases are 

autoactivated, the effector caspases are activated by cleavage at specific sites by the 

initiator caspases (Shi 2002). 

 

Figure 1.5: The intrinsic and extrinsic apoptosis pathways. The extrinsic pathway is initiated 

by binding of an extrinsic ligand to a death receptor. The intrinsic pathway is initiated by various 

intracellular stress signals, such as DNA damage or oxidative stress and is also referred to as the 

mitochondrial pathway. Figure was created using BioRender. Modified after Kashyap et al. (2021) 

and Wanner et al. (2020). 
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1.5 Protein phosphatase 2A 

Posttranslational modifications of proteins such as phosphorylation, ubiquitination, 

SUMOylation, acetylation, or methylation are important to maintain genomic stability 

(Dzulko et al. 2020). Especially protein phosphorylation and dephosphorylation are 

essential processes affecting the division, signaling, and survival of normal cells. Cancer 

cells often show aberrant protein phosphorylation which can lead to gain-of- or loss-of- 

function (Singh et al. 2017). The main phosphorylation residues are serine (85%), 

threonine (11.8%), and tyrosine (1.8%) (Ardito et al. 2017). One important protein 

phosphatase, Protein phosphatase 2A (PP2A), is a trimeric major serine/threonine 

phosphatase, which is involved in the regulation of various cellular processes, including 

apoptosis, autophagy, cell proliferation, and DNA repair. 

Active PP2A complexes consist of a structural A- (PP2A-A), a catalytic C- (PP2A-C), and 

a regulatory B-type (PP2A-B) subunit (Figure 1.6). There are four different classes of B-

type subunits (B, B’, B’’, B’’’) comprising about 24 different isoforms and splice variants. 

The regulatory subunits define the substrate specificity and the subcellular localization 

of the holoenzyme (Dzulko et al. 2020). 
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Figure 1.6: Schematic overview of the PP2A subunits. The trimeric PP2A complex consists of 

structural (PP2A-A), regulatory (PP2A-B), and catalytic (PP2A-C) subunits. The B-type subunits 

fall into four classes (B, B’, B’’, B’’’) with 24 different isoforms and splice variants (PR59 is mouse-

specific; PR70/PR48 are human-specific; PR61 is also referred to as PR56) (Dzulko et al. 2020). 

Binding of PP2A phosphatase activator leads to conformational change and activation 

of the C-type subunit. This is followed by dimerization with the structural A-type subunit 

(Mazhar et al. 2019). Methylation on leucine-309 at the C-type subunit by leucine 

carboxyl methyltransferase 1 triggers binding of the regulatory B-type subunits (Khan et 

al. 2021). Protein phosphatase methylesterase 1 can counteract methylation and prevent 

assembly of the PP2A holoenzyme complex (Mazhar et al. 2019). PP2A-related 

pathways are not only perturbed in cancer, but also in cardiovascular disease, diabetes, 

and neurodegenerative Alzheimer’s and Parkinson’s disease. PP2A is often inactivated 

due to recurring mutations, suppression of one of the subunits, or up-regulation of its 

endogenous inhibitors such as SET, CIP2A or TIPRL (Mazhar et al. 2019, Sangodkar et 

al. 2016).  
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The PP2A complex is tightly regulated by various activators and inhibitors as it is involved 

in a plethora of cellular pathways and therefore a key player in the maintenance of 

genomic stability. One activator is the sphingolipid ceramide, causing PP2A-induced 

apoptosis through induction of p27 (Kim et al. 2010). There are also synthetic Small-

Molecule Activators of PP2A (SMAPs), which can bind to and stabilize PP2A complexes. 

SMAPs inhibit tumor growth and decrease Myelocytomatosis (MYC) oncogene 

expression (Farrington et al. 2020). MYC is a transcription factor important for the 

expression of proliferation-related genes, for example cyclin A2, cyclin D2 and cyclin E. 

However, MYC also decreases expression of the cell cycle regulators p21 and p15 to 

allow uncontrolled growth of cancer cells (Miller et al. 2012). Phenothiazine drugs, such 

as chlorpromazine, activate PP2A as well. Nevertheless, they are not used for cancer 

therapy as they cause harsh side-effects through activation of G protein-coupled 

receptors and amine transporters (Clark and Ohlmeyer 2019). 

The endogenous inhibitor SET is frequently overexpressed in cancer and can bind to the 

C-type subunit of the PP2A complex (Sangodkar et al. 2016, Switzer et al. 2011). 

However, drugs like OP449 or FTY720 can bind to SET and counteract its inhibitory 

effect (Mazhar et al. 2019, Neviani and Perrotti 2014, Vicente et al. 2020). Inhibition of 

SET via FTY720 for example impairs expression of BCR-ABL resulting in less 

proliferation and enhanced apoptosis of chronic myeloid leukemia cells (Manley et al. 

2011). Furthermore, CIP2A overexpression, which confers high aggressiveness of the 

tumor, interacts with the A-type subunit of PP2A, stabilizes MYC and activates 

transcription factor E2F1 and AKT. High expression of CIP2A is associated with 

increased proliferation and inhibited apoptosis (Soofiyani et al. 2017, Mazhar et al. 2019). 

Other PP2A inhibitors are okadaic acid, binding to the PP2A C-type subunit 

(Seshacharyulu et al. 2013, Fujiki et al. 2018), and the viral protein Simian Virus 40 

(SV40), which binds to the A-type subunit and displaces the B-type subunits (Cho et al. 

2007). However, due to its toxicity, okadaic acid is not used in clinical trials and small 

molecule inhibitors of PP2A, for example LB-100, or phendione, are used instead (Hong 

et al. 2015, Yue et al. 2020, Ho et al. 2018). 

The PP2A complex is involved in the regulation of various pathways. It has a positive 

regulatory function in apoptosis as it regulates proteins of the Bcl-2 family (van Hoof and 

Goris 2003). It dephosphorylates pro-apoptotic proteins like Bad and Bim resulting in 

their activation. Additionally, the complex dephosphorylates anti-apoptotic proteins such 

as Bcl-2, which inactivates them and causes apoptosis (Seshacharyulu et al. 2013, 

Perrotti and Neviani 2013). 
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It has also been shown that the PP2A complex regulates the cell proliferation-promoting 

Wnt signaling pathway context-dependent in a positive or negative manner (Thompson 

and Williams 2018). Wnt pathway activation increases and stabilizes β-catenin, which 

facilitates the transcription of several genes important for cell proliferation, for example 

cyclin D1 and MYC. In non-activated state, a complex of Glycogen Synthase Kinase 3β 

(GSK3β), axin, Casein Kinase 1 (CK1) and Adenomatous Polyposis Coli (APC) protein 

destabilizes β-catenin, resulting in its degradation (Wlodarchak and Xing 2016). PP2A 

dephosphorylates and thereby activates GSK3β, resulting in phosphorylation and 

proteasomal degradation of β-catenin (Wu and Pan 2010, Thompson and Williams 

2018). The PP2A B-type subunit B56 can also interact with the N-terminus of APC, 

supporting β-catenin degradation (Townsley 1999). Contrary, B55α was shown to 

dephosphorylate β-catenin directly at S33, S37 and T41, which results in its stabilization 

(Zhang et al. 2009). Moreover, the PP2A-B56α complex dephosphorylates the proto-

oncoprotein MYC at S62 resulting in its proteasomal degradation (Arnold and Sears 

2006). The AKT kinase is important for cell proliferation, angiogenesis and apoptosis and 

is dephosphorylated at T308 (one of its full activation sites) by PP2A-B55α (Kuo et al. 

2008). This leads to indirect activation of GSK3β because AKT is known to inactivate 

GSK3β. The PP2A complex is further involved in direct cell cycle regulation. Whereas 

the B-type subunit B55α was shown to interact with p107 and p130, PR70/B’’γ interacted 

with p130 and Rb (Kolupaeva and Janssens 2013). The complex is also involved in DNA 

synthesis and regulation of the Origin Recognition Complex (ORC). During the late G1 

and early S phase, Cdc6 binds to ORC. Cdc6 is important for correct origin firing and 

replication. It is phosphorylated by cyclin E/CDK2 on S54 and S74 causing its 

stabilization, and dephosphorylated by the PP2A-PR70 complex, resulting in Anaphase 

Promoting Complex/Cyclosome-promoted proteasomal degradation (Wlodarchak and 

Xing 2016). In addition, PP2A-B55 dephosphorylates the cell cycle regulators WEE1 and 

Cdc25 to control mitotic entry (Wlodarchak and Xing 2016). 
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1.5.1  The regulatory B-type subunit PR130 

PR130 (B’’α1) is one regulatory B-type subunit of the PP2A complex. PR130 and its 

splice variant PR72 (B’’α2) are derived from the same gene (PPP2R3A) and share the 

same 486 amino acid long C-terminus. However, their N-termini are different and are 

encoded by alternatively spliced exons (45 and 664 amino acids). The C-termini contain 

two Ca2+-binding EF-hand motifs, which mediate interaction with the PP2A-A subunit and 

promote phosphatase activity, two A subunit binding domains, and a conserved 

hydrophobic motif (Figure 1.7) (Dzulko et al. 2020). PR130 is expressed in several 

tissues, whereas PR72 is expressed in heart and skeletal muscle tissue (Zwaenepoel et 

al. 2008, Hendrix et al. 1993). 

 

 

Figure 1.7: Domain structure of PR130 and PR72. The two different splice variants are derived 

from the same gene and share the same C-terminus with two A subunit binding domains 

(ASBD1/2), two Ca2+-binding EF-hand (EF1/2) motifs, and a hydrophobic motif (HM) (Dzulko et 

al. 2020). 

In a meta-analysis of 85 different sequencing studies with 9759 tumor samples, the B-

type subunit PR130 was the second most frequently mutated PP2A subunit (12% 

mutation rate), and the highest amongst all B-type subunits. Mutations in B-type subunits 

mostly result in decreased expression of the subunit and are related to cancer 

progression and metastasis. For example, a mutation in the B-type subunit B55γ 

disrupted its interaction with p53, preventing its role as a tumor suppressor. Moreover, 

B55α dephosphorylates and inactivates the AKT kinase, which is important for cell 

proliferation (Sangodkar et al. 2016).  

PR130 is important for proliferation and survival of cells. In Renal Cancer (RCC) it was 

shown that PR130 knockdown increases phosphorylation of AKT at S473, and 

expression of MYC. On the other hand, β-catenin expression was decreased (Sablina et 

al. 2010). PR130 is also directly involved in the promotion of the Wnt pathway as it 

interacts with the Wnt-antagonist Naked cuticle (NKD) and recruits the PP2A-A and -C-

subunits in close proximity (Creyghton et al. 2006). However, PR72 displayed an 
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inhibitory effect on Wnt signaling (Creyghton et al. 2005). PR130 is further involved in 

the regulation of the replicative stress response and cell cycle regulation. CRISPR-Cas9-

generated cells devoid of PR130 showed a slowed G1/S phase transition, higher 

phosphorylation of CHK1, which was decreased upon treatment with the class I Histone 

Deacetylase inhibitor (HDACi) MS-275, and higher levels of the cell cycle regulator p21. 

Moreover, MS-275-treated cells displayed a decrease in the repair protein RAD51. 

Another discovery was that phosphorylated ATM at S1981 is a direct target of the PP2A-

PR130 complex (Figure 1.8) (Göder et al. 2018).  

 

Figure 1.8: The PP2A-PR130 complex controls replication stress-induced checkpoint 

kinase signaling. Upon replication stress (e.g., HU treatment), ATR gets activated via 

phosphorylation. This leads to downstream activation of CHK1 and ATM, which itself 

phosphorylates CHK2. The PP2A-PR130 complex binds directly to phosphorylated ATM and 

dephosphorylates it. Histone deacetylase 1 and 2 (HDAC1/2) control checkpoint kinase 

phosphorylation upon replication stress via PR130. They bind to the PPP2R3A promotor and 

suppress PPP2R3A expression. PR130 also has an indirect control of CHK1 phosphorylation and 

an impact of cell cycle control (Dzulko et al. 2020). 

Furthermore, PR130 regulates growth, invasion, and migration processes. 

Hepatocellular carcinoma cells with silenced PPP2R3A expression showed a reduction 

of the cell cycle regulator and proliferation marker Ki-67. Those cells also had high levels 

of p53, although the authors did not further analyze the posttranslational modifications, 

such as phosphorylation status, or target genes of the tumor suppressor (Chen et al. 

2019a). The PP2A-PR130 complex was also shown to interact with Src-Homology 

domain-containing Inositol Polyphosphate 5’-phosphatase 1 and 2 (SHIP1/2) in cervical 

carcinoma cells via its EF-hand motifs (Zwaenepoel et al. 2010). The SHIP1/2 
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phosphatases interact with proteins, which are involved in adhesion, proliferation and 

apoptosis (Thomas et al. 2017). It was further discovered that PR130 mediates the 

stability of the Epidermal Growth Factor Receptor (EGFR) (Zwaenepoel et al. 2010). 

Additionally, the PP2A-PR130 complex negatively regulates cell adhesion and positively 

regulates migration by interacting with the LIM-protein Lipoma Preferred Partner (LPP) 

via a Zn2+-finger-like motif in its N-terminus (Janssens et al. 2016).   

PR130 is regulated by both endogenous proteins and synthetic drugs. In prostate cancer 

cells, microRNAs (miRNA), which regulate gene expression on post-translational level, 

are often overexpressed. miRNA-652 was found to decrease PPP2R3A mRNA levels 

and increase the activity of AKT, resulting in tumor growth and migration as well as 

epithelial-to-mesenchymal transition, exemplified by the expression of mesenchymal 

markers such as N-cadherin and epithelial markers such as E-cadherin (Nam et al. 

2018). Another PR130 regulator is MS-275, as colorectal cancer cells and pancreatic 

ductal adenocarcinoma cells (8248, S411) treated with this HDACi showed an increase 

in the regulatory subunit (Göder et al. 2018, Nguyen et al. 2021), identifying HDAC1 and 

HDAC2 as main regulators of PR130 expression (Göder et al. 2018). Moreover, the Ca2+-

dependent protease calpain was found to degrade PR130 into a 45-58 kDa proteolysis-

resistant fragment (PR45). PR45 could be detected in apoptotic cells, but its exact 

function remains to be investigated (Janssens et al. 2009). Another PR130 regulator is 

Absent In Melanoma 2 (AIM2), which has been described to be important for 

inflammatory responses and cell death (Lee et al. 2012). It increases the expression of 

the B-type subunit and controls AKT signaling (Chen et al. 2019b).  

 

1.6 Histone deacetylases 

The DNA is wound around histones to store it in the nucleus in a space-saving manner. 

Post-translational modifications of histones, such as methylation, phosphorylation, 

ubiquitylation or acetylation modulate the accessibility of the DNA as they open or close 

its structure (Millán-Zambrano et al. 2022). In this thesis, the focus is mainly on 

deacetylation processes as HDACi are combined with replicative stress inducers. 

Histone acetyltransferases (HATs) acetylate the ε-amino group of lysine residues on 

histones using acetyl-coenzyme A as acetyl group source. This neutralizes or decreases 

the histones’ positive charge and weakens binding to the negatively charged DNA, which 

causes an open and accessible DNA structure to which transcription factors can bind 

easily. HDACs are counterparts of HATs and remove acetyl groups (Glozak and Seto 

2007, Camilo and Jerónimo 2020). There is a balance of HATs and HDACs in normal 
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cells, however, cancer cells often show an aberrant behavior, which affects transcription 

of genes that are important for the maintenance of genomic stability (Wu et al. 2020).  

HATs can be divided into two classes, whereas type A HATs are in the nucleus and 

acetylate histones and other chromatin-associated proteins and type-B HATs are in the 

cytoplasm, acetylating newly synthesized histones. Type A HATs consist of the four 

subfamilies GNAT (GCN5 (General Control of Nuclear-5)-related N-acetyl transferase), 

MYST (MOZ (Monocytic leukemia Zinc-finger protein), YBF2 (Yeast Binding Factor 2), 

SAS3 (Something About Silencing 3)/SAS2, TIP60 (Tat Interactive Protein-60)), 

p300/CBP (CREB (cAMP-Response Element Binding protein), and Steroid Receptor 

Coactivators (SRC). There are also other HATS, which do not belong to any of other 

subfamilies, such as TAF1, TFIIIC, and CLOCK (Figure 1.9) (Guo 2012, Kopytko et al. 

2021, Lee and Workman 2007). 

HDACs fall into four classes (Figure 1.9), whereas class I, II, and IV are zinc (Zn2+)-

dependent and class III is Nicotinamide Adenine Dinucleotide (NAD+)-dependent. Class 

I comprises the ubiquitously expressed HDAC1, 2, 3 and 8, which are mainly located in 

the nucleus. Class II can be divided into class IIa (HDAC4, 5, 7, 9) and IIb (6, 10). Class 

IIa HDACs are expressed in a tissue-specific manner and shuttle between the nucleus 

and the cytoplasm. Class IIb HDAC6 is in the cytoplasm, whereas HDAC10 can be found 

in the nucleus and in the cytoplasm. Class III comprises the Sirtuins (SIRT) 1-7, class IV 

includes the nuclear-located HDAC11 (Ho et al. 2020). 
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Figure 1.9: Histone Acetyltransferase (HAT) and Histone Deacetylase (HDAC) families. 

HATs acetylate lysin residues on histones; HDACs antagonize this modification step. Figure was 

created using BioRender. Modified after Kopytko et al. (2021) and Schneider et al. (2013). 

HATs and HDACs have not only been found to regulate acetylation of histones, but also 

other proteins and targets, which have been linked to cell cycle regulation, DNA damage 

repair, apoptosis, and cellular differentiation (Glozak and Seto 2007, Wu et al. 2020). 

p53 for example can be acetylated by p300/CBP, TIP60, or PCAF at various sites 

increasing its ability to bind to the DNA. This increases transcription of the cell cycle 

regulator p21, leading to cell cycle arrest, or pro-apoptotic proteins such as Bax, resulting 

in apoptosis. Moreover, acetylation also enhances p53 stability as it protects it from 

ubiquitination and degradation (Glozak and Seto 2007). Other acetylated proteins are 

cytoskeletal proteins such as α-tubulin, or protein-folding chaperones such as HSP90 

(Movafagh and Munson 2019).  

In this thesis I mainly focus on the activity of class I HDACs as they were shown to 

regulate the expression of the PP2A regulatory B-type subunit PR130 (Göder et al. 

2018). HDAC1 and 2 share over 80% homology, HDAC1 and HDAC3 over 64%. 

Therefore, it is very challenging to design specific inhibitors for each of them (Luo and Li 

2020). They are mainly located in the nucleus in complexes together with the 

transcriptional repressor complexes NuRD, Sin3A, coREST, MiDAC, and MIERT (Ho et 

al. 2020). Among others they deacetylate proteins such as p53 (LeBoeuf et al. 2010, Ito 

et al. 2002), E2F (Harbour and Dean 2000), ATM (Thurn et al. 2013) and CAF1 (Ho et 
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al. 2020, Sharma et al. 2016). Moreover, they bind to the promoters of the CDKi p21, 

p27 and p57 suppressing their expression, or inhibit cyclin D and cyclin A and thereby 

control the cell cycle (Movafagh and Munson 2019). HDAC1 and HDAC2 are also 

involved in the regulation of DNA repair as they promote NHEJ (Miller et al. 2010). They 

decrease the expression of BRCA1, RAD51, and FANCD2 causing a shift from HR to 

NHEJ (Zhao et al. 2017, Krumm et al. 2016). 

Inhibitors of HDACs modulate gene expression, cell cycle control and cell fate decisions 

(Nikolova et al. 2017). HDACi carry out antiproliferative and proapoptotic effects and are 

popular in cancer therapy due to their low toxicity to normal cells. They are often used in 

combinatorial treatments with DNA damage-inducing drugs, as they sensitize cancer 

cells to such treatments (Miller et al. 2010, Camilo and Jerónimo 2020). HDACi can be 

divided into five different classes due to their structural design: short-chain aliphatic acids 

(e.g., valproic acid), hydroxamates (e.g., trichostatin A), benzamides (e.g., entinostat), 

cyclic peptides (e.g., romidepsin), and mercaptoketones (e.g., KD5170) (Camilo and 

Jerónimo 2020). The classical HDACi consist of a zinc-binding group, a hydrophobic cap 

region, a connecting unit and a hydrophobic linker in between (Figure 1.10) (Asfaha et 

al. 2021, Camilo and Jerónimo 2020). The Zn2+-binding group chelates the zinc ion at 

the active site of the HDAC, the connecting unit interacts with the substrate binding 

tunnel, and the cap region binds to the HDAC and nearby complexes and serves as 

surface binding domain (Camilo and Jerónimo 2020, Asfaha et al. 2021). 

 

Figure 1.10: Structural design of a HDACi. It is composed of a cap region (purple), a connecting 

unit (cyan), a linker (black), and a Zn2+-binding group (grey). Shown as an example is entinostat 

(MS-275). Figure was created using ChemSketch and BioRender. Modified after Asfaha et al. 

(2021) and El-Rayes et al. (2019). 

 

HDACi can also be distinguished based on their selectivity. Pan-HDACi, such as 

vorinostat or panobinostat, are often used in clinical trials in the area of hematological 

malignancies and inhibit a variety of HDACs (Movafagh and Munson 2019, Camilo and 
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Jerónimo 2020). To date, there are only four HDACi which are approved by the United 

States Food and Drug Administration (US FDA): romidepsin, panobinostat, belinostat, 

and vorinostat (Movafagh and Munson 2019). However, unspecific inhibition of different 

HDACs causes many side effects and a high toxicity. Therefore, class- and isoform-

specific HDACi are needed. In this study the benzamide entinostat (MS-275) was used, 

which inhibits class I HDACs and is less potent, but more specific than other HDACi. MS-

275 is currently tested in phase I, II and III clinical trials for breast, renal or pancreatic 

cancer as well as leukemia, often in combination with hormone therapy and DNA 

damaging agents (e.g., 5-azacitidine) (Camilo and Jerónimo 2020). HDACi-treated 

cancer cells normally arrest in the G1 phase, however the treatment can also induce G2 

phase arrest of normal cells (Camilo and Jerónimo 2020). Moreover, HDACi induces 

upregulation of the cell cycle regulator p21 in a p53-independent manner through the 

transcription factor SP1 (Ocker and Schneider-Stock 2007, Owen et al. 1998). 
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2 Aims and Objective 

HDAC1 and HDAC2 have been known to modulate checkpoint kinase signaling and cell 

fate upon replication stress through the PP2A-PR130 complex (Göder et al. 2018). The 

exact mechanism of regulation, however, has not been identified yet. Furthermore, only 

a few interaction partners of the PP2A-PR130 complex are known, all associated with 

cellular transformation and cancer development with the phosphatase complex as a 

tumor suppressor or promotor (Dzulko et al. 2020). Considering that the PPP2R3A gene 

has the highest mutational rate amongst 11 B-type subunit genes testing 9759 tumor 

samples (Sangodkar et al. 2016), its relevance as a potential tumor marker becomes 

clear.    

To better understand the role of the PP2A-PR130 complex in checkpoint kinase signaling 

and other cellular pathways, the following questions have been addressed in this thesis: 

• Which interaction partners does the PP2A-PR130 complex have and in which 

cellular pathways is the complex involved? 

• Which proteins are regulated in their expression and phosphorylation by the 

PP2A-PR130 complex? 

• Which molecular regulators control CHK1 phosphorylation and cell cycle 

progression in cells with different PR130 status upon replication stress and class I 

HDACi? 

• How do class I HDAC control the DNA repair pathways HR and NHEJ in a PR130-

dependent manner? 
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3 Materials and Methods 

3.1 Chemicals 

Table 3.1: Chemicals. 

Name Manufacturer  

40% Acrylamide/bisacrylamide (37.5:1) Carl Roth 

5x NewBlot IR Stripping Buffer LI-COR Biotechnology 

Acetic acid Carl Roth 

Acetone Carl Roth 

Ammonium persulfate (APS) Carl Roth 

Annexin-V Fluorescein Isothiocyanate (FITC) BD Bioscience 

Bovine Serum Albumin (BSA) Carl Roth 

Bromophenol blue Merck 

Calcium chloride  Merck 

cOmplete™, EDTA-free Protease Inhibitor Cocktail  Merck 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 

Dithiothreitol (DTT) Carl Roth 

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma-Aldrich 

Ethanol (EtOH) Carl Roth 

Ethylenediaminetetraacetic acid (EDTA) AppliChem 

Fetal Calf Serum (FCS) Life Technologies/Sigma-Aldrich 

Glycerol Sigma-Aldrich 

Glycine Carl Roth 

Hydrochloric acid (HCl) Carl Roth 

Hydroxyethyl Piperazineethanesulfonic Acid 

(HEPES) 

Carl Roth 

Isopropanol Carl Roth 

Lipofectamine® 3000 Invitrogen 

Lipofectamine® RNAiMAX Invitrogen 
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Name Manufacturer  

Methanol Carl Roth 

Natriumchloride (NaCl) Sigma-Aldrich 

Non-fat dry milk Carl Roth 

NP-40 Fluka 

Nuclease-free water AppliChem 

Gibco OptiMEM Thermo Fisher Scientific 

PageRuler (Plus) Prestained Protein Ladder Thermo Fisher Scientific 

Paraformaldehyde (PFA) Carl Roth 

Penicillin/streptomycin (Pen/Strep) Life Technologies 

Phosphatase inhibitor cocktail II Sigma-Aldrich 

Phosphate-Buffered Saline (PBS) Biochrom 

Phosphoric acid (H3PO4) Roth 

Propidium Iodide (PI) Sigma-Aldrich 

Protein G Sepharose™ 4 Fast Flow GE Healthcare 

RNAseA Carl Roth 

Roswell Park Memorial Institute Medium (RPMI) 

1640 

Sigma-Aldrich 

Sodium Dodecyl Sulfate (SDS) Carl Roth 

Tetramethylethylenediamine (TEMED) Carl Roth 

TO-PRO-3 Life Technologies 

Tris base Carl Roth 

Triton X-100 Sigma-Aldrich 

Trypsin/EDTA Life Technologies 

VectaShield® Antifade mounting medium Vector laboratories 
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3.2 Inhibitory, cytostatic, and genotoxic drugs 

Table 3.2: Inhibitory, cytostatic, and genotoxic drugs. 

Name Description Stock 

[mM] 

Manufacturer 

Cytarabine (Ara-C) Anti-metabolite 10 Selleck Chemicals 

Colcemide Tubulin poison 10 Sigma-Aldrich 

CDK2 inhibitor cocktail II CDK2i 5 Santa Cruz 

Hydroxyurea (HU) RNRi 100 Sigma-Aldrich 

KU-60019 ATMi 1 Selleck Chemicals 

MK-1775 WEE1i 1 Selleck Chemicals 

MK-8776 CHK1i 1 Selleck Chemicals 

Entinostat (MS-275) HDAC1/2/3i 5 Selleck Chemicals 

Nocodazole Tubulin poison 10 Sigma-Aldrich 

RI-1 RAD51i 10 EMD Millipore 

Merck60 HDAC1/2i 10 Provided by Sippl group 

RGFP HDAC3i 10 Provided by Sippl group 

HI 2.1 HDAC1/2/3i 10 Provided by Sippl group 

HI 7.2 HDAC1/2i 10 Provided by Sippl group 

 

3.3 Antibodies 

Table 3.3: Primary antibodies. 

Name Host Dilution Manufacturer Order No. 

ac-Histone H4 Rb 1:500 Cell Signaling 8647 

ATM Rb 1:1,000 Abcam ab32420 

CDK2 Ms 1:250 

IP: 3.5 µg 

Santa Cruz sc-6248 

CHK1 Ms 1:1,000 Cell Signaling 2360 
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Name Host Dilution Manufacturer Order No. 

Cyclin A2 Ms 1:500 Abcam ab38 

Cyclin B1 Rb 1:500 Cell Signaling 4138 

Cyclin D1 Rb 1:1,000 Abcam ab134175 

Cyclin E1 Ms 1:500 Santa Cruz sc-377100 

HA Ms IP: 3.5 µg Santa Cruz sc-7392 

HDAC1 Rb 1:1,000 Cell Signaling 34589S 

HDAC2 Rb 1:1,000 Santa Cruz sc-7899 

HDAC3 Rb 1:1,000 Abcam ab32369 

HSP90 Ms 1:5,000 Santa Cruz sc-23119 

p21 Rb 1:1,000 Abcam ab109520 

p53 (DO-1) Ms 1:2,000 Santa Cruz sc-126 

p-ATM (S1981) Rb 1:750 Abcam ab81292 

p-CDK1 (Y15) Rb 1:1,000 Cell Signaling 4539S 

p-CHK1 (S296) Rb 1:500 Cell Signaling 2349 

p-CHK1 (S345) Rb 1:500 Cell Signaling 2348 

p-p21 (S130) Rb 1:1,000 ThermoFisher PA5-12644 

p-p53 (S15) Rb 1:5,000 Cell Signaling 9284 

PR130 Rb 1:1,000 Novus Biologicals 
NBP1-87233 
 

RAD51 Rb  Abcam ab63801 

RIF1 Rb IF: 1:400 Bethyl Laboratories A300-569A 

RRM2 Rb 1:1,000 Thermo Fisher PA5-13570 

Vinculin Ms 1:1,000 Santa Cruz sc-73614 

WEE1 Rb 1:500 Cell Signaling 4936 

α-tubulin Rb 1:1,000 Abcam ab176560 

γH2AX (S139) Rb 1:1,000 Santa Cruz sc-101696 
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Table 3.4: Secondary antibodies. 

Name Host Dilution Manufacturer Order No. 

Goat IgG - - Santa Cruz sc-2028 

Mouse IgG - - Santa Cruz sc-2025 

Rabbit IgG - - Santa Cruz sc-2027 

IRDye® 680RD anti-mouse 

IgG 

Gt 1:10,000 LI-COR 926-68070 

IRDye® 680RD anti-rabbit 

IgG 

Gt 1:10,000 LI-COR 926-68071 

IRDye® 800CW anti-mouse 

IgG 

Gt 1:10,000 LI-COR 926-32210 

IRDye® 800CW anti-rabbit 

IgG 

Gt 1:10,000 LI-COR 926-32211 

Alexa Fluor® 488 F(ab’2)  

anti-mouse IgG (H+L) 

Gt 1:300 Life 

Technologies 

A11017 

Cy3 anti-rabbit IgG (H+L) Gt 1:300 Dianova 111-165-144 

 

3.4 Kits 

Table 3.5: Kits. 

Name Manufacturer Order No. 

High Pure RNA Isolation Kit Roche 11828665001 

Malachite green phosphate detection kit Cell Signaling 12776S 

RNeasy® Mini Kit (50) QIAGEN 74104 
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3.5 siRNAs 

Table 3.6: siRNAs. 

Name Supplier Order No. 

control siRNA A Santa Cruz SC-37007 

control siRNA B Santa Cruz SC-44230 

control siRNA C Santa Cruz SC-44321 

p21 siRNA Dharmacon L-003471-00-0005 

p53 siRNA ThermoFisher Cat# AM51331; ID106141 

RRM2 siRNA Dharmacon L-010379-00-0005 

WEE1 siRNA Dharmacon L-005050-00-0005 

 

3.6 Plasmids 

Table 3.7: Plasmids. 

Name Supplier 

FLAG-p21 Kind gift by Prof. Dr. Yuping Juan (Department of 

Gynecology and Obstetrics, J. W. Goethe-University 

Frankfurt) 

FLAG-p21 S130 A Kind gift by Prof. Dr. Yuping Juan (Department of 

Gynecology and Obstetrics, J. W. Goethe-University 

Frankfurt) 

FLAG-p21 S130 D Kind gift by Prof. Dr. Yuping Juan (Department of 

Gynecology and Obstetrics, J. W. Goethe-University 

Frankfurt) 

HA-PR130 Kind gift by Dr. Claudia Emmerich (Friedrich Schiller 

University Jena) 

pcDNA3.1 Kind gift by Dr. Claudia Emmerich (Friedrich Schiller 

University Jena) 

 
  



Materials and Methods 

33 

3.7 Equipment  

Table 3.8: Equipment. 

Name Manufacturer 

Autoclave 5075 ELV Tuttnauer  

BD FACS Canto II BD Biosciences 

Cell counter TC20TM BioRad 

Electronic repeating pipette, HandyStep® Brand 

Freezer -20 °C LIEBHERR 

Freezer -80 °C SANYO 

Fresco 21 centrifuge VWR 

Heracell™ 150i CO2 incubator Thermo Fisher Scientific 

LaminAir® HB 2472 workbench Heraeus Instruments 

Laser Scanning Microscope LSM 710 

(Zeiss Axio Observer.Z1 confocal microscope) 

Carl Zeiss 

LI-COR Odyssey 9120 LI-COR Biotechnology 

Megafuge 16 centrifuge Heraeus Instruments 

Microplate reader Sunrise™ Tecan 

Mini Star table centrifuge VWR 

Mini Trans-Blot® Cell BioRad 

NanoDrop 2000 Thermo Fisher Scientific 

Orbital shaker Certomat R Braun 

pH meter FiveEasy™ Mettler Toledo 

Pipetboy acu 2 Integra 

Pipet-Lite™ XLS™ (various sizes) VWR 

PowerPac™ HC High-Current Power Supply  Bio-Rad 

Primovert microscope Zeiss 

Rocking platform RS-RS 5 PHOENIX Instrumental 

Roller mixer SRT9 Stuart 
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Name Manufacturer 

Thermomixer 5436 Eppendorf 

Ultrasonic processor UP200Ht Hielscher 

Vortex-genie 2 Scientific Industries 

 
 
3.8 Consumables 

Table 3.9: Consumables. 

Name Manufacturer 

5/10/25 ml plastic pipettes Greiner Bio-One 

6/10 cm cell culture dishes  Greiner Bio-One/Sarstedt 

0.5/1.5/2 ml tubes Greiner Bio-One 

20x20 mm Coverslips Carl Roth 

15/50 ml tubes Greiner Bio-One 

6-Well/12-Well cell culture plates Greiner Bio-One/Sarstedt 

Cell culture flasks Greiner Bio-One/Sarstedt 

Cryogenic tubes Greiner Bio-One 

FACS tubes Sarstedt 

Nitrocellulose membrane 

(Amersham™)  

Cytiva 

Pipette tips Greiner Bio-One 

Syringe BRAUN 

Whatman paper  Carl Roth 
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3.9 Software 

Table 3.10: Software. 

Name Version Application 

BD FACSDiva™  6 Flow cytometry measurement 

BioRender 2023 Creation of figures 

Citavi 6.14.4.0 Citation programm 

GraphPad Prism 8.0.1 Flow cytometry analysis 

Image Studio Lite  5.2 Immunoblot analysis and processing 

ImageJ/FIJI 1.53a Image analysis and processing 

LSM Image Browser  4.2 IF analysis  

Magellan™  Breadford measurement 

MS Office 365 2016 Text processing, creation of figures 

Odyssey Version  3.0 Immunoblot measurement 

STRING Database 11.5 Pathway and protein-protein-network 

analysis 

WebGestalt 2019 Gene set enrichment analysis 
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3.10 Buffers and solutions 

Table 3.11: Buffers and solutions. 

Name Contents 

Bradford Assay 

Bradford reagent 50 mg Brilliant Blue G-250 

50 ml H3PO4  

25 ml EtOH 

ad 500 ml ddH2O, filtrate and store at 4 °C in 

the dark 

Cell lysate preparation 

NET-N lysis buffer 10 mM Tris-HCl pH 8.0  

100 mM NaCl  

10% glycerol (v/v) 

1 mM EDTA  

0.5% NP-40 (v/v) 

in ddH2O  

Supplemented with: 

protease inhibitor (cOmplete Mini) (1 

tablette/10 ml) 

1:1,000 phosphatase inhibitor (cocktail 2) – 

added fresh 

NuPAGE LDS (1x) 4x NuPAGE 

100 mM DTT 

in ddH2O 

1 M DTT 154.25 mg DTT  

ad 1 ml ddH2O 

Sample buffer (6x)  375 mM Tris-HCl pH 6.8  

12% SDS (w/v)  

30% glycerol (v/v) 

500 mM dithiothreitol (DTT)  

spatula tip bromophenol blue  

in ddH2O 
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Name Contents 

SDS gel electrophoresis 

5x Lämmli buffer 30 g (0.25 M) Tris  

144 g (1.92 M) glycine  

ad 1000 ml ddH2O 

1x SDS-PAGE running buffer 200 ml 5x Lämmli buffer  

10 ml 10% SDS  

ad 1000 ml ddH2O 

10% APS 1 g ammonium persulfate  

ad 10 ml ddH2O  

Aliquots: storage at -20 °C 

10% SDS 10 g SDS (sodium dodecyl sulfate)  

ad 100 ml ddH2O 

Western Blot 

1x Transfer buffer 100 ml 5x Lämmli buffer  

200 ml ethanol  

ad 1000 ml ddH2O 

Tris-buffered saline (TBS) (10x) 200 mM Tris-HCl pH 7.6  

1.4 M NaCl 

in ddH2O 

TBS-T (TBS + Tween-20) (1x)  1/10 TBS (10x)  

0.05% Tween-20  

in ddH2O 

FACS measurements 

Annexin binding buffer (10x) 100 mM HEPES pH 7.4 

1.4 M NaCl 

25 mM CaCl2 

in ddH2O 
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Name Contents 

Immunofluorescence 

Blocking solution 5% BSA (w/v) 

0.3% Triton-X (v/v) 

in PBS 

Immunoprecipitation  

Fixing solution 1% Paraformaldehyde (v/v) 

in PBS 

Quenching solution 1 M Glycine  

in PBS 

Final washing buffer 20 mM Tris-HCl pH 8.0  

100 mM NaCl  

1mM EDTA  

0.5% NP-40  

in ddH2O 

HA-IP lysis buffer 200 mM HEPES pH 7.4  

150 mM NaCl  

1 mM EDTA  

0.5% NP-40  

in ddH2O 

IP lysis buffer 50 mM Tris pH 8.0  

120 mM NaCl  

0.5% NP-40  

in ddH2O 

High salt washing buffer 20 mM Tris-HCl pH 8.0  

900 mM NaCl  

1 mM EDTA  

0.5% NP-40  

in ddH2O 
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Name Contents 

Dephosphorylation assay 

Phosphatase reaction buffer 50 mM Tris-HCl pH 7.0  

100 µM CaCl2  

in ddH2O 

Phospho-proteomics 

Modified RIPA buffer 50 mM Tris-HCl  

150 mM NaCl 

1 mM EDTA 

1% NP-40 (v/v) 

0.1% Na-deoxycholate (v/v) 

in ddH2O 

 

3.11 Phosphopeptides for dephosphorylation assay. 

Table 3.12: Phosphopeptides for dephosphorylation assay. Obtained from Dr. Toni Kühl 

(University of Bonn). 

Peptides Sequence Molecular weight [g/mol] 

pS1981-ATM Ac-AFEEGpSQSTTI-NH2 1290.23 

pS130-p21 Ac-EQAEGpSPGGPG-NH2 1106.00 

pT190-WEE1 Ac-FDTPHpTPKSLL-NH2 1376.45 
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4 Methods 

4.1 Cell culture 

All cell lines were cultured under sterile conditions using sterile reagents and solutions. 

The used adherent cell lines were cultured in DMEM supplemented with 5% (all HCT116 

cell lines)/10% (HROC24; VH10tert) FCS and 1% penicillin/streptomycin at 37 °C/5% 

CO2. The medium of VH10tert cells was additionally supplemented with 1% glutamine. 

Cells were cultivated to 80–90% confluency and passaged 1:5 to 1:10. Therefore, the 

medium was removed, and the cells were washed with sterile PBS. To detach the cells 

from the flask, a trypsin/EDTA solution was added for 5 min at 37 °C. The reaction was 

stopped by the addition of fresh DMEM medium. The excess of cells could either be 

thrown away or used for experiments. 

The number of cells was determined via an automatic cell counter. 10 µl of the cell 

suspension were pipetted onto a counting slide to detect the numbers of cells/ml. The 

number of cells was adjusted depending on the experiment and size of the cell dishes. 

Cells were long-time stored in liquid nitrogen. Therefore, medium was removed, cells 

detached, and the cell pellet resuspended in 1 ml FCS supplemented with 10% DMSO. 

The cryogenic tube was transferred to a -80 ° C deep freezer and later in liquid nitrogen. 

Cells were re-cultured by thawing in a water bath at 37 °C. The cell suspension was 

resuspended in 5 ml pre-warmed medium, centrifuged (5 min/1,300 rpm), and washed 

once with PBS. Afterwards, the cells were resuspended in another 5 ml of warm medium 

and transferred to cell culture flasks. Cells were cultured at least one week to ensure 

stable growth conditions before use for experiments. 
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4.2 Cell lines 

Table 4.1: Cell lines used for the experiments. 

Cell line Medium Description 

HCT116wt  DMEM,  

5% FCS 

Human colorectal carcinoma cell line (ATCC) 

HCT116∆gRNA DMEM,  

5% FCS 

Human colorectal carcinoma cell line 

transfected with hSpCas9 without gRNA 

template (generated by Dr. Anja Göder) 

HCT116∆PR130  DMEM,  

5% FCS 

Human colorectal carcinoma cell line with 

depletion of PPP2R3A by CRISPR Cas9 

technology (generated by Dr. Anja Göder) 

HCT116∆PR130∆gRNA DMEM,  

5% FCS 

Human colorectal carcinoma cell line 

transfected with GFP-Cas9 without gRNA 

template 

HCT116∆PR130∆p21 DMEM,  

5% FCS 

Human colorectal carcinoma cell line depleted 

of PR130 and p21 (generated via CRISPR-

Cas9) 

HROC24 DMEM,  

10% FCS 

Colon adenocarcinoma cell line (short-term 

culture) (provided by Dr. Michael 

Linnebacher) 

VH10tert DMEM,  

10% FCS,   

1% Glutamin 

Human diploid foreskin fibroblast cell line 

(provided by Prof. L. Mullenders) 

HCT116p21 -/- DMEM,  

5% FCS 

Human colorectal carcinoma cell line depleted 

of p21 (provided by Prof. Dr. D. Vogelstein) 

HCT116p53 -/- DMEM,  

5% FCS 

Human colorectal carcinoma cell line depleted 

of p53 (provided by Prof. Dr. D. Vogelstein) 
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4.3 Transfection of adherent cells 

4.3.1 Transient transfection with plasmids 

HCT116 cells were transfected with plasmids using Lipofectamine® 3000. Cells were 

seeded to be 70–90% confluent at day of transfection. 125 µl Opti-MEM medium and 

6.25 µl Lipofectamine® 3000 were mixed, as well as 125 µl Opti-MEM medium, 2 µg 

plasmid, and 5 µl P3000 reagent. Both solutions were mixed at a 1:1 ratio and incubated 

for 10–15 min at RT before dropwise addition to the cells. The volumes referred to one 

well of a 6-well plate and were scaled accordingly if larger plates or more wells were 

used. After 24 h of transfection, cells could be additionally treated with chemical 

compounds. 

 

4.3.2 Transient transfection with siRNA 

Knockdown of specific proteins was carried out by using small interfering RNAs (siRNAs) 

and Lipofectamine® RNAiMAX. Cells were seeded to be 70–90% confluent at day of 

transfection. 30–40 pmol siRNA/siCtrl and 100 µl Opti-MEM as well as 5 µl Lipofectamine 

RNAiMAX and 100 µl Opti-MEM were mixed. Both solutions were combined at a 1:1 ratio 

and incubated for 10 min at RT. Afterwards, 200 µl of the mixture was added dropwise 

to each well and incubated for at least 24 h at 37 °C (5% CO2). The volumes referred to 

one well of a 6-well plate and were scaled accordingly if larger plates or more wells were 

used. After 24 h of transfection, cells could be additionally treated with chemical 

compounds. 

 

4.3.3 CRISPR-Cas9 

Lipofectamine™ CRISPRMAX™ Cas9 transfection kit (CMAX00001, Thermo Fisher) 

was used to create a PR130-p21-deficient HCT116 cell line. Cas9-GFP-protein (6250 

ng, CAS9GFPPRO, Sigma-Aldrich), Cas9 plus reagent (12.5 µl), two synthetic gRNAs 

(1200 ng each; Hs.Cas9.CDKN1A.1.AA, Hs.Cas9.CDKN1A.1.AC from IDT) and 125 µl 

Opti-MEM™ I Medium were mixed well in a tube. CRISPRMAX™ reagent (7.5 µl) and 

125 µl Opti-MEM™ I were mixed well in another tube. Both solutions were combined and 

incubated for 10 min at RT. HCT116∆PR130 cells were transfected around 24 h prior to 

sorting (~70% confluent at day of transfection). Cells were sorted at BD FACSAria™ III 

for GFP-positive signal. Single clones were seeded in 96-well-plates and cultivated for 

several weeks.  
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4.4 Protein analysis 

4.4.1 Preparation of whole cell lysates 

For preparation of whole cell lysates medium was collected in a reaction tube, cells were 

washed once with PBS, and treated with trypsin/EDTA. After detachment, cells were 

transferred in the reaction tube following centrifugation (5 min/1,300 rpm). The cell pellet 

was washed one more time with 1 ml PBS (5 min/13,800 rpm/4 °C) before lysis. The 

following steps were carried out on ice. For cell lysis, 10 ml NET-N buffer was 

supplemented with 1 tablet of protease inhibitor (cOmplete Mini) and 1:1,000 

phosphatase inhibitor cocktail 2. The amount of lysis buffer needed was adapted to the 

size of cell pellet. Pellets were resuspended in lysis buffer and sonified (10 pulses/40% 

amplitude/0.1 sec pulse duration) following a centrifugation step (20 min/13,800 rpm/4 

°C). The supernatant was transferred to new 1.5 ml reaction tubes. Lysates were stored 

at -20 °C or -80 °C (long-term storage). 

 

4.4.2 Bradford assay 

The quantitative, photometric Bradford assay was used to determine the protein 

concentration in the samples (measured absorbance is proportional to the protein 

concentration). Under acidic conditions, the dye Coomassie Brilliant Blue G-250 binds to 

cationic and non-polar sidechains of protein complexes which stabilizes the anionic form 

of the dye and leads to a shift of the absorbance from 470 to 595 nm. Lysates were 

diluted (1:10 in ddH2O), 10 µl of the dilution transferred to a 96-well plate in duplicates, 

as well as a BSA standard (Table 4.2). Afterwards, 200 µl of Bradford reagent were 

added to each well and incubated for 5 min at RT in the dark. The absorbance was 

measured at 595 nm (Microplate reader Sunrise™).  

Table 4.2: Pipetting scheme – Bradford assay. BSA standard = 1 mg/ml. 

Concentration [µg/ml] BSA [µl] H2O [µl] 

0 0.0 30.0 

50 1.5 28.5 

100 3.0 27.0 

200 6.0 24.0 

300 9.0 21.0 

400 12.0 18.0 

500 15.0 15.0 
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4.4.3 SDS-PAGE 

A Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is used 

to separate proteins according to their molecular weight. Samples were prepared by 

combining 30–50 µg lysate with 6x sample buffer (final concentration: 1x) and ddH2O. 

The sample buffer denaturates the proteins and masks their native charge due to its 

compound SDS. Lysates were boiled for 5 min at 95 °C and loaded onto polyacrylamide 

gels consisting of a stacking and separating gel (gel preparation see Table 4.3). A protein 

ladder (PageRuler™ prestained protein ladder (plus)) was used to identify proteins by 

their size. SDS-PAGE running buffer (Table 3.11) was filled into the gel chamber and the 

voltage set to 95 V. After passing the stacking gel, the voltage was increased to 125 V. 

Proteins move in the electrical field from the positive to the negative pole, however 

smaller proteins move faster than larger proteins. 

Table 4.3: Pipetting scheme – SDS-PAGE. 

Components Stacking gel Separation gel 

2 x 1.0 mm gels  7.5% 10% 15% 17% 

ddH2O 4.4 ml 6.5 ml 5.6 ml 4.2 ml 3.6 ml 

1.0 M Tris (pH 

6.8) 

0.76 ml - - - - 

1.5 M Tris (pH 

8.8) 

- 3 ml 3 ml 3 ml 3 ml 

Acrylamide 0.76 ml 2.3 ml 3.1 ml 4.6 ml 5.2 ml 

SDS (10%) 60 µl 120 µl 120 µl 120 µl 120 µl 

APS (10%) 60 µl 60 µl 60 µl 60 µl 60 µl 

TEMED 6 µl 6 µl 6 µl 6 µl 6 µl 

 

4.4.4 Western Blot 

Following protein separation with the SDS-PAGE, the proteins were transferred to a 

nitrocellulose membrane via western blot technology. Therefore, the gel was put onto 

the membrane between two sponges and four Whatman papers (2 at each site). Western 

blot was carried out at 150 mA/gel (2 h) in a MiniTransBlot® Cell system filled with transfer 

buffer (Table 3.11) and equipped with a cool pad. After the transfer, the membrane was 

rinsed with TBS-T and blocked for 1 h in 5% non-fat dry milk powder (5 g/100 ml TBS-
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T). Primary antibodies were diluted in 5% BSA/milk according to manufacturer’s 

specifications and incubated with the membrane overnight (4 °C). The next day, the 

membrane was washed three times with TBS-T for 5 min following an incubation with 

the secondary antibody. Depending on the primary antibody, a rabbit or mouse 

(green/red) secondary antibody was diluted (1:10,000) in 2% non-fat dry milk/TBS-T. The 

membrane was incubated for 2 h at RT in the dark. After three washing steps with TBS-

T (5 min) the proteins could be detected using the fluorescence-dependent LI-COR® 

Odyssey system. Proteins could be removed from membranes by incubation with 5x LI-

COR® stripping buffer for 5 min following blocking in 2% non-fat dry milk/TBS-T for 30 

min. Densitometric analyses were performed with Image Studio Lite. 

 

4.4.5 Immunoprecipitation 

To analyze the interaction of CDK2, p21 and PR130 in more detail, immunoprecipitations 

(IP) were performed.  

HCT116 cells were treated with 5 µM MS-275 to increase the amount of p21 and PR130. 

The cells were washed two times with PBS following a fixation with 1% 

paraformaldehyde for 10 min and neutralization with quenching solution (Table 3.11) for 

5 min. Afterwards, cells were washed three times with PBS and lysed in appropriate 

amounts of IP lysis buffer (~1 ml/10 cm dish). Lysis was carried out on ice for 1 h following 

centrifugation (13,800 rpm/20 min/4 °C). Lysates were transferred to new reaction tubes 

and protein concentration was determined by Bradford assay.  

For the IP of CDK2, 700–850 µg protein of each condition was incubated with 3.5 µg 

CDK2 (Santa Cruz, sc-6248) antibody or mouse IgG overnight under rotation (4 °C). The 

next day, 60 µl Protein G Sepharose™ 4 Fast Flow beads were prepared for each 

condition. Therefore, the beads were pipetted in a fresh reaction tube and centrifuged 

for 5 min at 13,800 rpm. Supernatant was removed and the beads were washed three 

times with 750 µl PBS (each time centrifugation: 30 s/13,800 rpm). 60 µl of the washed 

beads were transferred to new reaction tubes per condition. The lysates were added as 

well following incubation for 4 h under rotation at 4 °C. Afterwards, samples were 

centrifuged (30 s/ 13,800 rpm/4 °C), washed five times with high salt washing buffer and 

once with final washing buffer. After the last washing step, washing buffer was removed 

completely using a syringe. 60 µl 4x sample buffer were added to the beads of each 

sample and boiled for 5 min at 95 °C. Samples were centrifuged (1 min/13,800 rpm) and 

transferred to new reaction tubes. 30 µl of each IP was used for immunoblot detection. 
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4.4.6 Proteomics 

HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU ± 5 µM MS-275 for 24 

h. Afterwards, cells were harvested (5 min, 200xg, 4 °C), washed once with PBS and 

resuspended in 1x NuPAGE® LDS Sample Buffer (4x diluted, supplemented with 100 

mM DTT). Cells were lysed for 30 min on ice, sonified (10 pulses, 40% amplitude, 0.1 

sec pulse duration), and boiled for 10 min at 70 °C. Lysates were centrifuged (17,000xg, 

25 min, 4 °C) and samples were analyzed using mass spectrometry. Global proteome 

analysis was kindly carried out by . 

 

4.4.7 Phospho-peptide enrichment 

HCT116∆gRNA cells were cultured in light/medium and HCT116∆PR130 cells were cultured in 

heavy SILAC media for isotopic labeling (2 weeks). Every time cells were split, they were 

washed with PBS after trypsin/EDTA detachment and transferred to new plates to 

remove trypsin/EDTA completely. After 2 weeks of labeling, enough cells were seeded 

to gain at least 3 mg of protein per SILAC condition. Medium and heavy labeled cells 

were additionally treated with 1 mM HU for 24 h. Afterwards, medium was removed, cells 

were washed once with PBS and harvested by scraping in 1 ml modified RIPA buffer 

(Table 3.11) (supplemented with protease + phosphatase inhibitors). Samples were 

incubated for 15 min on ice and centrifuged (15 min/13,000 rpm/4 °C). The supernatant 

was transferred to new reaction tubes and the protein concentration determined by 

Bradford assay (Table 4.2). Inputs were taken for western blot analysis to control that the 

labeling did not change the DNA damage response of the cells. Hereafter, labeled 

lysates were combined in a 1:1:1 ratio and supplemented with 4x volume ice-cold 

acetone. Samples were stored at -20 °C until TiO2-based phospho-peptide enrichment. 

Phospho-peptide enrichment was performed by  

, which are hereby kindly acknowledged. 

 

4.4.8 In vitro dephosphorylation assay 

The malachite green assay can be used to quantify the activity of phosphatases such as 

PP2A against phosphorylated targets. Free phosphate absorbs around 650 nm (Repen 

et al. 2012). 

First, HA-tagged PR130 or the vector control pcDNA3.1 was transfected in HCT116 cells 

using Lipofectamine® 3000. After 24 h, cells were additionally treated with 5 µM MS-275 

(24 h) to increase the amount of PR130. Cells were washed twice with PBS and 

harvested in appropriate amounts of HA-IP lysis buffer (Table 3.11) supplemented with 
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protease inhibitor (no addition of phosphatase inhibitor). Cells were incubated on ice for 

1 h and centrifuged (10 min/13,800 rpm/4 °C). Supernatant was transferred to new 

reaction tubes and protein concentration was determined via Bradford assay. 900 µg 

protein were incubated with 3.5 µg HA-antibody (Santa Cruz, sc-7392) or the same 

amount of mouse IgG for 2 h (4 °C) under gentle rotation. Afterwards, 60 µl Protein G 

fast flow Sepharose beads were added following incubation for another 3 h. Samples 

were washed once with HA-IP lysis buffer and three times with TBS (pH 7.4) to remove 

unbound antibody and free phosphate. During the last washing step with TBS the IP was 

divided into three equally large samples. Beads were dried using a syringe to remove 

the washing buffer. 750 µM of pS1981-ATM peptide (served as positive control), pS130-

p21 peptide and pT190-WEE1 peptide (synthesized by  

as described in Göder et al. (2018)) in phosphatase reaction buffer (Table 3.11) were 

added to the IP and incubated for 30 min at 37 °C. 25 µl supernatant of each sample 

was transferred to a 96-well plate in triplicates and mixed with 100 µl malachite green 

solution following an incubation for 15 min. Afterwards, absorbance at 630 nm was 

measured (Microplate reader Sunrise™). A phosphate standard (50–1,600 pmol; 

pipetting scheme see Table 4.4) served as reference to quantify the amount of free 

phosphate. 

 

Table 4.4: Pipetting scheme - In vitro dephosphorylation assay. Phosphate standard = 1 mM.  

Diluted stock (0.1 mM) [µl] ddH2O [µl] Phosphate [pmol]/25 ml 

160 90 1600 

140 110 1400 

120 130 1200 

100 150 1000 

80 170 800 

60 190 600 

40 210 400 

20 230 200 

10 240 100 

5 245 50 

0 250 0 
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4.4.9 Flow cytometry 

4.4.9.1 Cell cycle analyses 

Cell cycles can be analyzed by measuring the intensity of the fluorescent dye Propidium 

Iodide (PI). Fixation with ethanol permeabilizes cells and allows entrance and 

intercalation of PI into the DNA. In the S phase, DNA synthesis takes place, hence cells 

in G2 phase bind the double amount of PI compared to cells in the G1 phase.  

Cells were seeded in 6-well/12-well plates and treated for 24/48 h depending on 

experimental setup. Cells were harvested by collecting medium in reaction tubes, 

washed once with 1 ml PBS and detached with trypsin/EDTA. The detached cells were 

transferred into reaction tubes and centrifuged (5 min/1,300 rpm/RT). The cell pellet was 

washed one more time with 1 ml PBS. Afterwards, the cell pellet was resuspended in 

100 µl PBS and fixed over night by dropwise addition of 2 ml ice-cold 80% ethanol. Fixed 

samples were stored at -20 °C until analysis. On the day of measurement, samples were 

centrifuged (5 min/1,300 rpm/RT) and resuspended in 333 µl PBS + 1 µl RNAse A 

following incubation for 1 h at RT. Then 165 µl PI (stock solution: 50 µg/ml) was added 

to each sample. Measurement was carried out on the BD FACS Canto II. Results were 

analyzed using FACSDiva™ Software. 

 

4.4.9.2 Annexin V-FITC/propidium iodide staining 

Cells were seeded in 6-well/12-well plates and treated for 24/48 h, depending on 

experimental setup. Cells were harvested in reaction tubes described as in section 

4.4.9.1 for cell cycle analysis. A master mix of 50 µl 1 x annexin binding buffer and 2.5 

µl annexin V-FITC per sample was prepared and cell pellets were resuspended and 

incubated for 20 min in the dark. Another master mix of 430 µl 1x annexin binding buffer 

and 10 µl PI (50 µg/ml) was prepared and transferred into the FACS tubes prior to 

measurement. Measurement was carried out on the BD FACS Canto II. Results were 

analyzed using FACSDiva™ Software. 

 

4.4.10 Immunofluorescence 

HCT116∆gRNA and HCT116∆PR130 cells were seeded on 20x20 mm coverslips 24 h prior to 

treatment (200.000 cells/well) in a 6-well plate. Cells were treated as indicated in the 

experiment. After 24 h, medium was removed and the cover slips were washed carefully 

with 3 ml PBS for 5 min. Cells were fixed in -20 °C methanol:acetone (7:3) for 8 min. The 

fixing solution was immediately removed and replaced by 3 ml PBS following two 

additional washing steps with PBS (3x 5 min). Cover slips were placed on small sockets 
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and incubated with 150 µl of blocking solution (5% BSA/0.3% Triton-X in PBS) for 1 h at 

RT (wet chamber). Blocking was followed by incubation with 200 µl primary antibody 

(RIF1, 53BP1; dilution see Table 3.3; in blocking solution) overnight (4 °C). On the next 

day, the coverslips were washed three times with 3 ml PBS (3x 5 min) following 

incubation with 200 µl of the secondary antibody (AlexaFluor488/Cy3; 1:300) for 1 h at 

RT in the dark. The coverslips were washed two times with PBS for 5 min, once with 

high salt PBS for exactly 2 min and one last time with PBS (5 min). For nuclear staining, 

10 µl Vectashield® + 1:100 TO-PRO3 were combined and vortexed for at least 30 s. 10 

µl of the solution were put onto microscopy slides and the coverslips were carefully 

placed on top. Cover slips were sealed with nail polish until measurement. Analysis was 

performed on the Zeiss Axio Observer.Z1 confocal microscope (LSM710 laser-scanning 

unit) and Image J software. 

 

4.4.11 RNA sequencing 

1x 106 HCT116∆gRNA and HCT116∆PR130 cells were seeded on 6 cm dishes per condition. 

Cells were treated with HU ± MS-275 for 24 h or PD for 6/24 h. Medium was removed, 

cells were washed with 1 ml PBS and detached by addition of trypsin/EDTA. Trypsin was 

inactivated by addition of fresh culture medium following centrifugation (5 min/1,300 

rpm/RT). The cell pellet was washed one more time with 1 ml PBS, lysed in 350 µl RLT 

buffer (QIAGEN kit) and vortexed. 1x volume of 70% ethanol was added to the 

homogenized lysate and mixed well by pipetting. The sample was transferred to the 

RNeasy spin column placed in a 2 ml collection tube and centrifuged (15 s/10,000 rpm). 

The flow-through was discarded. Afterwards, 350 µl of RW1 buffer was added to the 

RNeasy spin column following centrifugation (15 s/10,000 rpm) to wash the column. The 

flow-through was discarded. 10 µl DNAse I stock solution (1,500 Kunitz units in 550 µl 

RNAse-free water) were mixed with 70 µl RDD buffer (a master mix was prepared for all 

samples) and added to the spin column following incubation for 15 min at RT. 350 µl 

RW1 buffer was added to the spin column and centrifuged again for 15 s at 10,000 rpm. 

The flow-through was discarded. Afterwards, 500 µl RPE buffer was added, centrifuged 

(15 s/10,000 rpm) and the flow-through discarded again. Another 500 µl of RPE buffer 

was added following centrifugation for 2 min at 10,000 rpm. The long centrifugation step 

should ensure that the spin column membrane is completely dry. The spin column was 

then placed in a new collection tube following addition of 30–50 µl RNAse-free water. It 

was centrifuged for 1 min at 10,000 rpm to elute the RNA. The quality of the RNA was 

analyzed with the NanoDrop2000. RNA sequencing analysis was kindly performed by 

.  

 analyzed the data. 
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5 Results 

5.1 PR130 impacts checkpoint kinase signaling and cell cycle regulation 

upon replication stress 

Göder et al. already showed that the PP2A B-type subunit PR130 is involved in the 

regulation of checkpoint kinase signaling upon replication stress through 

dephosphorylation of ATM at S1981; cells devoid of PR130 displayed a stronger 

phosphorylation of ATM and CHK1, although the ATR activity was equal (Göder et al. 

2018). The exact mechanism by which PR130 controls the phosphorylation status of 

CHK1 independent of ATR has not been identified yet. Moreover, the class I HDAC 

inhibitor entinostat (MS-275) was found to decrease hydroxyurea (HU)-induced 

phosphorylation of ATM in HCT116∆gRNA, but not in HCT116∆PR130 cells. CHK1 

phosphorylation in contrast was decreased in both cell systems (Göder et al. 2018). 

Thus, PR130 must antagonize the phosphorylation of ATM and CHK1 via two 

independent mechanisms, which have not been identified yet.  

To validate the previous findings, HCT116∆gRNA and HCT116∆PR130 cells were treated with 

1 mM HU ± 5 µM MS-275 for 24 h and analyzed by immunoblot and flow cytometry 

(Figure 5.1). 
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Figure 5.1: PR130 modulates cell cycle progression and phosphorylation of CHK1 during 

replication stress. A HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU ± 5 µM 

MS-275 for 24 h. PR130, pCHK1 and CHK1 were analyzed by immunoblot. HSP90 served as 

loading control. Numbers indicate densitometric values of the immunoblot signals relative to those 

of lysates from HU-treated wild-type cells (normalized to the respective loading control). B Cells 

were treated as stated in A and stained with Propidium Iodide (PI). Cell cycle distributions were 

analyzed using flow cytometry. Data are mean ± SD. Statistical analysis was performed using 

Two-way ANOVA and Tukey’s Multiple Comparison Test (**p<0.01, ****p<0.0001, ns=not 

significant; n=7). 

Genetic deletion of PR130 via CRISPR Cas9 technology increased levels of 

phosphorylated CHK1 (Figure 5.1 A) and significantly slowed G1/S phase transition 

(Figure 5.1 B) upon replication stress, which is in line with earlier experiments from our 

group (Göder et al. 2018). HCT116∆PR130 cells showed 2.8-fold higher levels of pCHK1 

compared to wild-type cells. Moreover, addition of MS-275 to HU-treated cells reduced 

pCHK1 levels in both cell lines (Figure 5.1 A). It should be noted that this reduction is 

more pronounced in PR130-deficient cells; HCT116∆gRNA cells showed around 20% less, 

whereas HCT116∆PR130 cells displayed around 65% less CHK1 phosphorylation. The 
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combinatorial treatment led to a slippage of the cells from S phase to G2/M phase (Figure 

5.1 B). 

 

5.1.1 PR130 modulates CHK1 phosphorylation independent of the cell system 

and replicative stress inducer 

The first aim of the thesis was to find the source of higher pCHK1 levels upon replication 

stress depending on the PR130 status of the cells. To assess the effect of genotoxic 

stress in both cell systems, a global proteome screen (in cooperation with Falk Butter, 

IMB Mainz) was conducted (Figure 5.2 A and B). 

 

Figure 5.2: Genetic knockdown of RRM2 induces phosphorylation of CHK1. HCT116∆gRNA 

and HCT116∆PR130 cells were treated with 1 mM HU for 24 h and analyzed by mass spectrometry. 

Volcano plots show the most significantly upregulated proteins for HCT116∆gRNA (A) and 

HCT116∆PR130 (B) cells. C Cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. RRM2 was 

detected using the Odyssey Infrared Imaging System. HSP90 served as loading control. D Cells 

were transfected with 30 pmol siRNA against RRM2 or the same amount of siCtrl (48 h). Indicated 

proteins were analyzed by immunoblot. Numbers indicate densitometric analysis of pCHK1 
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signals relative to loading control. Signals are normalized to HCT116∆gRNA cells transfected with 

siRRM2. 

The global proteome screen showed an upregulation of the ribonucleotide reductase 

subunit 2 (RRM2) in HCT116∆gRNA and HCT116∆PR130 cells upon replication stress (Figure 

5.2 A and B), which could be validated by western blot (Figure 5.2 C). This result is in 

line with the literature, since RRM2 is stable and accumulates constantly with a maximum 

peak during S phase (Zuo et al. 2024). Knockdown of RRM2 in both cell lines displayed 

2.1-fold higher levels of pCHK1 in case of PR130-deficient cells compared to wild-type 

cells (Figure 5.2 D), in accordance with the results from the first experiment (Figure 5.1).  

Since RRM2 is the molecular target of HU, it was next investigated if the effects seen in 

HCT116∆gRNA and HCT116∆PR130 cells were HU-specific or could be also triggered by 

other stimuli. The antimetabolite arabinoside (cytarabine, ara-C) was used (Figure 5.3 

B) due to its different mode of action (David et al. 2016). Moreover, pCHK1 levels upon 

HU-treatment were analyzed in the short-term colorectal cancer cell line HROC24 with 

different PR130-status to assess if the phosphorylation effect is cell line-specific (Figure 

5.3 C). 
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Figure 5.3: PR130 status influences phosphorylation of CHK1 upon different sources of 

replication stress. HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU (A) or 

0.5 µM ara-C (B) for 24 h. HROC24 cells (C) were transfected with 30 pmol siCtrl or siPR130 for 

24 h and then treated with 1 mM HU for 24 h. Indicated proteins were analyzed by immunoblot. 

HSP90 and vinculin served as loading controls. Numbers represent densitometric analysis of 

pCHK1 signals relative to the respective loading controls (normalized to HU-treated HCT116∆gRNA 

or HROC24 (siCtrl + 1 mM HU) cells). C All shown proteins are located on the same membrane 

but cut together for better comparison. 

HCT116∆PR130 cells showed a 2.0-fold increase in CHK1 phosphorylation upon ara-C 

treatment (Figure 5.3 B) compared to HCT116∆gRNA cells, which was similar to HU-treated 

cells (Figure 5.3 A). Moreover, transient knockdown of PR130 in short-term colorectal 

cancer HROC24 cells treated with HU (Figure 5.3 C) displayed a 1.3-fold increase in 

CHK1 phosphorylation compared to wild-type controls cells. In summary, the 

experiments showed that PR130-dependent phosphorylation of CHK1 is independent of 

the cell system and replicative stress inducer. 
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Next, the cell cycle distribution of HU- and ara-C treated cells was investigated (Figure 

5.4), since PR130-deficient cells have been shown to arrest earlier in the cell cycle upon 

HU treatment than control cells (Figure 5.1 B).  

 

Figure 5.4: PR130 status influences cell cycle distribution of HU- and ara-C-treated cells. 

HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU (A) or 0.5 µM ara-C (B) for 24 

h. HROC24 cells were transfected with 30 pmol siCtrl/siPR130 (24 h) and were afterwards treated 

with 1 mM HU for 24 h (C). Cell cycle distribution of PI-stained cells was analyzed using the BD 

FACS Canto II system. For A and C subG1 fractions are excluded. Data are presented as mean 

± SD (A: HCT116∆gRNA, n=18; HCT116∆PR130, n=16; B: n=3; C: n=3). Statistical analysis was 

carried out using Two-way ANOVA and Tukey’s Multiple Comparison Test (*** p < 0.001; **** p < 

0.0001; ns=not significant). 

Induction of replication stress led to S phase arrest of HCT116∆gRNA and control HROC24 

(siCtrl) cells. In case of HU, the number of cells in S phase increased from 22% to 48% 

for HCT116∆gRNA cells (Figure 5.4 A), and from 14% to 43% for HROC24 cells (Figure 5.4 

C). In case of ara-C, there was an increase from 19% to 42% for HCT116∆gRNA cells (G1: 

58% to 19%) (B). However, HCT116∆PR130 cells and HROC24 cells with PR130-

knockdown (siPR130) arrested significantly earlier in G1/S phase. HU treatment 

increased HCT116∆PR130 cells in S phase from 16% to 33% (Figure 5.4 A), and ara-C 

from 14% to 32% (Figure 5.4 B). In case of PR130-deleted HROC24 cells, HU treatment 

increased cells in S phase from 15 to 28% (Figure 5.4 C). Comparing the number of cells 
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in G1 phase of HU-treated HCT116∆gRNA and HCT116∆PR130 cells, the wild-type showed 

27% whereas the deficient cells displayed 51% (Figure 5.4 A). In case of ara-C 

treatment, the difference of cells in G1 phase for both cell systems was slightly smaller 

(HCT116∆gRNA: 19%; HCT116∆PR130: 36%; Figure 5.4 B). In HROC24 cells, 44% of HU-

treated control cells were in G1 phase, compared to 61% of HU-treated PR130-deficient 

cells. Taken together, PR130 deficiency leads to stronger arrest in G1/S phase upon 

replication stress. 

Additionally, the time (Figure 5.5 A) and dose dependency (Figure 5.5 B) of HU-induced 

cell cycle arrest in HCT116∆gRNA and HCT116∆PR130 cells was analyzed. 

 

Figure 5.5: HU-induced cell cycle arrest is time- and dose-dependent. HCT116∆gRNA and 

HCT116∆PR130 cells were treated with 1 mM HU for 2, 4, 6, 16, and 24 h (A). Additionally, cells 

were treated with increasing doses of HU (1, 2, 5 mM) for 24 h (B). Cell cycle distribution of PI-

stained cells was measured on the BD FACS Canto II system. Data show mean ± SD (n=3). 

Statistical analysis was carried out using Two-way ANOVA and Tukey’s Multiple Comparison Test 

(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 ns=not significant). In the table, treatments of 

HCT116∆gRNA and HCT116∆PR130 cells are directly compared to each other.  
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It was observed that S phase arrest increased with progressing time (2–24 h) in 

HCT116∆gRNA cells. After 16 h, the number of cells in S phase was the highest with 54%. 

Directly comparing the cell cycle distribution of HCT116∆gRNA and HCT116∆PR130 cells at 

the same time points, there was always a higher number of PR130-deficient cells in G1 

phase (Figure 5.5 A). However, there was just a trend visible until 4 h, which became 

significant from 6 h on. After 16 and 24 h, it could be determined that a slight S phase 

arrest built up in HCT116∆PR130 cells, but compared to the wild-type cells, G1/S phase 

transition is slowed. Furthermore, increasing doses of HU shifted the number of cells 

progressively in G1 phase (Figure 5.5 B). The differences in cell cycle distribution were 

apparent regardless of drug concentration.  

It was also tested if the earlier cell cycle arrest at the G1/S boundary of HU treated 

HCT116∆PR130 compared to HCT116∆gRNA cells was caused by cells which traversed 

through G2/M phase and then stalled in the subsequent G1 phase. Therefore, both cell 

systems were treated with HU in combination with the tubulin poison nocodazole (Figure 

5.6). 

 

Figure 5.6: HCT116∆PR130 cells arrest earlier at the G1/S phase boundary compared to 

HCT116∆gRNA cells.  Both cell systems were pre-treated with 100 nM nocodazole for 1 h. 

Afterwards, cells were treated with 1 mM HU for 24 h. Cell cycle distributions were analyzed by 

flow cytometry (mean ± SD; n=4). 

Nocodazole treatment led to an accumulation of HCT116∆gRNA and HCT116∆PR130 cells in 

G2/M phase, whereas the combinatorial treatment with HU reduced the number of cells 

in this cell cycle phase for both cell systems. This indicates that cells arrested in S phase 

without transversal into G2/M phase. 

  



Results 

59 

5.1.2 PR130-deficient cells depend on CHK1 signalling for cell cycle progression 

upon replication stress 

To determine the importance of higher pCHK1 levels upon HU treatment in PR130-

deficient cells compared to wild-type cells, both cell systems were additionally stimulated 

with the CHK1 inhibitor MK-8668 (Figure 5.7).  

 

Figure 5.7: Cell cycle distribution of HCT116∆gRNA and HCT116∆PR130 cells upon CHK1 

inhibition and replication stress. Cells were treated with 1 mM HU ± 300 nM MK-8668 (1 h pre-

treatment) for 24 h and stained with PI. Cell cycle distribution (subG1 fractions were excluded) 

was measured on the flow cytometer. Data are presented as mean ± SD (HCT116∆gRNA: n=4; 

HCT116∆PR130: n=3). Statistical analysis was performed by Two-way ANOVA and Tukey’s multiple 

comparison test (*p<0.05; ns=not significant). 

Whereas the cell cycle distribution of HCT116∆gRNA cells did not change upon the 

combinatorial treatment with HU and MK-8668, HCT116∆PR130 cells showed significantly 

more cells in G1 phase compared to HU single treatment (Figure 5.7), indicating that 

CHK1 activation is involved in S phase transition in PR130-deficient cells. 

 

It is evident that PR130-dependent CHK1 phosphorylation regulates cell cycle 

progression, although the molecular regulators of this phosphorylation are not sufficiently 

known. Therefore, global proteome-, phosphoproteome- and RNA sequencing analyses 

were employed to identify targets of the regulatory subunit and elucidate possible 

involvement in regulatory pathways. 
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5.2 The PP2A-PR130 complex is involved in the regulation of various 

pathways 

5.2.1 Proteome screen identifies PR130-dependent involvement in cell cycle 

regulation and DNA repair  

In order to identify new and previously unknown targets of the PP2A-PR130 complex in 

the context of the DNA damage response to exogenous stimuli, a global proteome 

analysis of HCT116∆gRNA and HCT116∆PR130 cells treated with 1 mM HU ± 5 µM MS-275 

(24 h) was carried out (Figure 5.8).  

 

Figure 5.8: Volcano plots of HCT116∆gRNA and HCT116∆PR130 cells upon replication stress 

and HDACi. Cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. Cell lysates were 

subjected to label-free mass spectrometry (n=4). The left side shows proteins enriched in 

HCT116∆gRNA cells, the right side shows proteins enriched in HCT116∆PR130 cells. Red arrow: p21 

(CDKN1A); purple arrow: cyclin D1 (CCND1); orange arrow: RIF1 (RIF1). Single treatments for 
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each cell line can be found in the supplementary (HCT116∆gRNA: Supplementary Figure 8.1; 

HCT116∆PR130: Supplementary Figure 8.2). 

A STRING analysis using significantly upregulated proteins in both cell systems was 

performed to determine differentially regulated pathways depending on the PR130-

status of the cells (Supplementary Figure 8.3 A–D). Although there was no clear pattern 

of proteins which belong to a certain pathway, some cell cycle regulators, such as p21 

(encoded by the CDKN1A gene) and cyclin D1 (encoded by the CCND1 gene), as well 

as DNA repair proteins, such as RIF1 (encoded by the RIF1 gene) were upregulated as 

seen in the volcano plots (Figure 5.8). p21 and cyclin D1 were only significantly 

upregulated in untreated HCT116∆PR130 cells compared to wild-type cells (Figure 5.8 A). 

RIF1, however, was enriched in HCT116∆gRNA cells upon all treatment conditions (Figure 

5.8 A–D).  
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5.2.1.1 Western Blot analysis validates higher levels of cell cycle regulators in 

PR130-deficient cells 

To validate the proteome screen, p21 and cyclin D1 levels were analyzed by immunoblot 

(Figure 5.9). Therefore, HCT116∆gRNA and HCT116∆PR130 cells were incubated with 1 mM 

HU ± 5 µM MS-275 for 24 h.  

 

Figure 5.9: PR130-deficient cells have higher levels of p21 and cyclin D1 compared to wild-

type cells. Cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. p21 and cyclin D1 levels 

were analyzed by immunoblot with HSP90 as loading control. Numbers indicate densitometric 

analysis of protein signals relative to untreated wild-type cells normalized to the respective loading 

controls. 

About 2.3-fold higher levels of p21, and 2.2-fold higher levels of cyclin D1 were detected 

in untreated PR130-deficient cells compared to wild-type cells (Figure 5.9). However, 

HU- and/or MS-275-treated HCT116∆PR130 cells also showed higher levels of p21 

compared to control cells treated with the same inhibitor, which could not be seen in the 

proteome screen. Moreover, MS-275 treatment increased levels of p21 in both cell lines. 

In case of cyclin D1, there were not only twofold higher protein levels in the untreated, 

but also in HU-treated HCT116ΔPR130 cells compared to similar treated HCT116∆gRNA cells. 

However, incubation with MS-275 did not display significant differences in cyclin D1 

protein levels between both cell systems.  
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5.2.1.2 HDAC1 and 2 control expression of PR130 and p21 

Western blot analysis showed that HDAC inhibition by MS-275 treatment strongly 

increased the expression of p21 (Figure 5.9), which is in line with literature reports (Davie 

2003). Next, it was investigated which HDACs exactly control the expression of the cell 

cycle regulator. Therefore, HCT116wt cells were treated with different class I HDACi 

(Figure 5.10 A).  

 

Figure 5.10: HDAC1 and 2 control the expression of PR130 and p21. A HCT116wt cells were 

treated with 5 µM of different class I HDACi (see table on the right side) for 24 h. These HDACi 

inhibit different combinations of HDAC1, HDAC2 and HDAC3. B and C HCT116ΔgRNA and 

HCT116ΔPR130 were treated with 5 µM MS-275 for 24 h. RNA sequencing analysis was carried out 

using the NextSeq500 system (n=3). B shows the relative p21 expression (encoded by the 

CDKN1A gene) normalized to untreated HCT116ΔgRNA cells. C displays the relative PR130 

expression (encoded by the PPP2R3A gene) normalized to untreated   HCT116ΔgRNA cells. 
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Interestingly, HDAC1 and HDAC2, which also control the expression of the PP2A 

regulatory subunit PR130 (Göder et al. 2018) were found to regulate p21 expression, 

since all tested HDACi, except for HDAC3-specific RGFP, induced the cell cycle 

regulators’ expression (Figure 5.10 A). 

Next, the PR130-dependent CDKN1A expression of untreated and MS-275-treated cells 

was investigated, since cells lacking the regulatory subunit showed higher levels of the 

cell cycle regulator on protein level (Figure 5.8 and Figure 5.9). Therefore, HCT116∆gRNA 

and HCT116∆PR130 cells were treated with MS-275 and submitted to RNA sequencing 

analysis (Figure 5.10 B). Untreated HCT116∆PR130 cells already showed 2.3-fold higher 

CDKN1A levels compared to wild-type cells. This points to a transcriptional control of the 

cell cycle regulator by the PP2A-PR130 complex, which will be analyzed in more detail 

in chapter 5.3. MS-275 treatment increased the expression of p21 in both cell lines. In 

case of HCT116∆gRNA cells the expression was increased 3.0-fold, in case of 

HCT116∆PR130 cells 1.3-fold. RNA sequencing analysis further validated MS-275-induced 

PPP2R3A expression in HCT116∆gRNA cells (Figure 5.10 C). In conclusion, expression of 

PR130 and p21 is controlled by HDAC1/2. 
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5.2.1.3 Class I HDACs maintain expression of cell cycle regulators 

Due to the significant differences in the two cell cycle regulators p21 and cyclin D1 in the 

global proteome screen (Figure 5.8), a RNA sequencing analysis should clarify whether 

other cell cycle regulators are also regulated by replication stress, HDACi and PR130. 

HCT116∆gRNA and HCT116∆PR130 cells were incubated with HU ± MS-275 for 24 h and 

RNAs were analyzed using the NextSeq500 system (Figure 5.11).  

 

Figure 5.11: Heatmap of cell cycle regulators. HCT116ΔgRNA and HCT116ΔPR130 cells were 

treated with 1 mM HU ± 5 µM MS-275 for 24 h. RNA sequencing analysis (n=3) was carried out 

using the NextSeq500 system. Heatmap shows log2 fold changes (red: upregulated, blue: 

downregulated). 

Whereas HU treatment only had a moderate effect on the expression of various cell cycle 

regulators, MS-275 treatment decreased the expression of multiple target genes in both 

cell lines. The combinatorial treatment slightly decreased the expression of some of the 

investigated genes; however, the changes were not as strong as for MS-275 single-

treatments. The PR130 status of the cells did not have a strong impact on the gene 

expression of the analyzed cell cycle regulators (Supplementary Figure 8.11), except for 

CDKN1A, which had already been shown (Figure 5.10 B).  

A gene set enrichment analysis of MS-275-treated HCT116ΔgRNA and HCT116ΔPR130 cells 

showed that class I HDACi decreased the expression of genes which are important for 



Results 

66 

G1/S transition and during S phase (Figure 5.12), underlining the reduced S phase 

fraction in MS-275-treated cells (Figure 5.1 B).  

 

Figure 5.12: Class I HDACi downregulate genes important for G1/S transition and S phase. 

HCT116ΔgRNA and HCT116ΔPR130 cells were treated with 5 µM MS-275 for 24 h. Gene set 

enrichment analysis plots were created using WebGestalt.  
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5.2.2 Gene set enrichment analysis revealed further PP2A-PR130-dependent 

pathways 

Since MS-275 treatment increased the expression of the regulatory subunit PR130 

(Figure 5.10 C), the RNA sequencing analysis of HCT116ΔgRNA and HCT116ΔPR130 cells 

treated with HU + MS-275  was also performed to determine which genes and pathways 

are further regulated in a PR130-dependent manner upon replication stress (Figure 

5.13).   

 

Figure 5.13: Cellular pathways regulated by PR130 upon replication stress. HCT116ΔgRNA 

and HCT116ΔPR130 were treated with 1 mM HU ± 5 µM MS-275 for 24 h. Gene set enrichment 

analysis was kindly performed by .  

Especially MYC targets genes, Cdc6/ORC-related and genes responsible for APC-

mediated degradation of cell cycle proteins and β-catenin were downregulated in PR130-

deficient cells compared to control cells. 
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5.3 PR130-dependent control of CHK1 phosphorylation by the p21-

CDK2-WEE1 signalling axis 

5.3.1 PR130 regulates p21 on protein and mRNA levels through ATM and p53 

Proteome (Figure 5.8) and RNA sequencing (Figure 5.10) analysis revealed that the cell 

cycle regulator p21 is significantly upregulated on protein and mRNA levels in 

HCT116∆PR130 cells compared to HCT116∆gRNA cells. Western blot analysis of p21 

supported this finding (Figure 5.9). These differences in p21 levels suggest a 

transcriptional control of the cell cycle regulator by the PP2A-PR130 complex. As the 

protein kinase ATM is a known target of the PP2A-PR130 complex (Göder et al. 2018) 

and an upstream regulator of the tumor transcription factor p53 (Smith et al. 2020), ATM 

inhibition and p53 knockdown and their influence on p21 levels were further investigated.  

Therefore, HCT116∆gRNA and HCT116∆PR130 cells were treated with 3 µM KU-60019 

(ATMi) for 1 h and afterwards with 1 mM HU for 24 h (Figure 5.14).  

 

Figure 5.14: ATM controls expression of p21. A HCT116ΔgRNA and HCT116ΔPR130 cells were 

treated with 1 mM HU ± 3 µM KU-60019 (1 h pre-treatment) for 24 h. Indicated proteins were 

analyzed by immunoblot. Numbers indicate densitometric values of the immunoblot signals 

relative to those of lysates from HU-treated (pATM, pCHK1, pp53 S15) or untreated (p21) cells 

normalized to the respective loading control. B Cell cycle distribution of HU ± KU-60019-treated 

cells was measured on the flow cytometer. SubG1 fractions were excluded. Data show mean ± 
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SD (n=3). Statistical analysis was performed using Two-way ANOVA and Tukey’s Multiple 

Comparison Test (*p<0.05, **p<0.01, ****p<0.0001, ns=not significant). 

It was observed that HU treatment increased phosphorylation of ATM at S1981 in both 

cell lines. Combinatorial treatment with the ATMi had no significant influence on 

phosphorylation of ATM and CHK1. However, the combinatorial treatment decreased 

levels of p53, phosphorylated p53 (S15) and p21, especially in case of PR130-deficient 

cells (Figure 5.14 A). Looking at the cell cycle distribution, higher amounts of 

HCT116∆PR130 cells arrested in G1 phase upon replication stress compared to 

HCT116∆gRNA cells. Upon combinatorial treatment the difference of cells in G1 phase 

between both cell systems became less pronounced (Figure 5.14 B). Next, p53 

knockdown and its influence on p21 levels (Figure 5.15 A) was analyzed since p53 is a 

known upstream regulator of p21.  

 

Figure 5.15: p53 controls the expression of p21. A HCT116ΔgRNA and HCT116ΔPR130 cells were 

transfected with 30 pmol siRNA against p53 or control siRNA (siCtrl) for 24 h. Thereafter, cells 

were incubated with 1 mM HU for 24 h. Proteins were detected by immunoblot. HSP90 served as 

loading control. B Densitometric analysis of p21 levels in HCT116ΔgRNA and HCT116ΔPR130 cells 
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relative to untreated HCT116ΔgRNA cells. Data are presented as mean ± SD (n=3). Statistical 

analysis was carried out using One-way ANOVA and Tukey’s Multiple Comparison Test (*p<0.05; 

***p<0.001). C Densitometric analysis of pCHK1 levels relative to untreated wild-type cells. 

Statistical analysis was performed as stated in B (*p<0.05; **p<0.01; mean ± SD; n=3). 

Knockdown of p53 reduced p21 levels to a minimum in both cell lines (Figure 5.15 B). In 

HCT116ΔPR130 cells, this effect was significant, whereas in HCT116ΔgRNA cells only a trend 

was visible. Furthermore, a reduction in CHK1 phosphorylation upon HU treatment and 

p53 knockdown compared to HU single treatment was observed (Figure 5.15 C). In 

HCT116∆gRNA cells, pCHK1 signals decreased by 50%, whereas HCT116∆PR130 cells 

showed 33% less protein induction after p53 knockdown. Moreover, phosphorylation of 

the cell cycle regulating protein CDK1 at tyrosine 15 (pCDK1-Y15) correlated negatively 

with p53 and p21 levels (Figure 5.15 A). HCT116p53-/- cells were also tested for p21 and 

pCHK1 levels (Supplementary Figure 8.4) and showed similar results as p53 knockdown 

experiments.  
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5.3.2 p21 is essential for efficient CHK1 phosphorylation upon replication stress 

Due to the differences in p21 levels in both cell systems, the impact of p21-knockdown 

for cell cycle distribution and checkpoint kinase activation were analyzed. Therefore, 

HCT116∆gRNA and HCT116∆PR130 cells were transfected with siRNA against p21 or control 

siRNA for 24 h and were afterwards treated with 1 mM HU for another 24 h (Figure 5.16).  

 

Figure 5.16: p21 is essential for phosphorylation of CHK1 upon replication stress.  

A HCT116ΔgRNA and HCT116ΔPR130 cells were transfected with 30 pmol siRNA against p21 or siCtrl 

(24 h). Cells were then treated with 1 mM HU for 24 h. Cell cycle distribution of PI-stained cells 

was analyzed on the flow cytometer (n=3). B Cells were handled as stated in A (n=3). Indicated 

proteins were detected using the Odyssey Infrared Imaging System. Densitometrical analysis was 

carried out with Image Studio Lite. Signals were normalized to HU-treated HCT116∆gRNA or 

HCT116∆PR130 cells transfected with siCtrl. All shown proteins are located on the same membrane, 

but it was cut for better comparability. 
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While there was no difference in the cell cycle distribution upon HU treatment with or 

without p21 (Figure 5.16 A), the checkpoint kinase activation showed a different picture 

(Figure 5.16 B). Knockdown of p21 reduced phosphorylation of CHK1 upon HU treatment 

around 30% in both cell lines. Similarly treated HCT116p21-/- cells compared to HCT116wt 

cells gave a congruent result (Supplementary Figure 8.5). This shows that p21 is 

essential for phosphorylation of CHK1 upon replication stress.  
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5.3.3 CDK2 is essential for CHK1 phosphorylation upon replication stress 

p21 can suppress the catalytic activities of the cyclin-dependent kinases CDK1 and 

CDK2, which promote CHK1 phosphorylation upon DNA damage (Xu et al. 2012). The 

focus was placed on CDK2, since it is highly active in a complex with cyclin E in early S-

phase (Bačević et al. 2017). HCT116∆gRNA and HCT116∆PR130 cells were treated with HU 

± CDK2i for 24 h and the cell cycle progression and CHK1 phosphorylation were 

analyzed (Figure 5.17). 

 

Figure 5.17: CDK2 is essential for CHK1 phosphorylation upon replication stress.  

A HCT116ΔgRNA and HCT116ΔPR130 cells were treated with 1 mM HU ± 5 µM CDK2i for 24 h. 

Proteins were analyzed by immunoblot with HSP90 and α-tubulin as loading controls. B Cells 

were treated as stated in A. Cell cycle analysis of PI-stained cells was carried out on the BD 

FACS Canto II system (n=5). Statistical analysis was performed using Two-way ANOVA and 

Tukey’s Multiple Comparison Test (**p<0.01, ***p<0.001, ****p<0.0001, ns=not significant). 
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While HU treatment increased, the combinatorial treatment completely abrogated 

phosphorylation of CHK1 (Figure 5.17 A). The combinatorial treatment arrested 

significantly more HCT116∆gRNA cells in G1 phase, while there was no difference in case 

of HCT116∆PR130 cells (Figure 5.17 B).  

The close interaction between p21, CDK2 and PR130 as shown above begs the question 

whether these proteins interact in a complex. To test this hypothesis, 

immunoprecipitation experiments were carried out (Figure 5.18).  

 

Figure 5.18: CDK2, p21 and PR130 form a complex upon class I HDACi treatment. HCT116wt 

cells were treated with 5 µM MS-275 for 24 h. Immunoprecipitation (IP) was performed using 

CDK2 antibody or mouse IgG. PR130, p21 and CDK2 were detected by immunoblot. Input 

represents 4% of the lysate used for the IP (n=3).  

Immunoprecipitation experiments showed that p21 binds CDK2 in MS-275-treated cells. 

Moreover, this complex of p21 and CDK2 contains the PP2A B-type subunit PR130 

(Figure 5.18). 

 

5.3.4 pp21-S130 and pWEE1-T190 are targets of the PP2A-PR130 complex 

Since p21 suppresses CDK2 activity, which primes CHK1 for phosphorylation upon 

replication stress, it was still not clear why HCT116∆PR130 cells with high p21 levels 

showed a stronger phosphorylation of CHK1 compared to wild-type cells. Here, a 

phosphoproteome analysis, which was carried out to identify potential targets of the 

PP2A-PR130 complex, gave detailed insights. For the analysis, cells were cultured for 

two weeks in light, medium and heavy SILAC media (Figure 5.19 A) for isotopic labeling 

and were afterwards treated with 1 mM HU for 24 h. Since HCT116∆gRNA and 

HCT116∆PR130 cells showed significant differences in CHK1 phosphorylation upon 
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replication stress, the phosphorylation status was examined prior to the analysis to 

ensure that the labeling did not directly affect checkpoint kinase signaling. 

 

Figure 5.19: pp21-S130 and pWEE1-T190 are novel targets of the PP2A-PR130 complex.  

A HCT116∆gRNA and HCT116∆PR130 cells were cultured in light, medium and heavy SILAC medium 

for 2 weeks. Cells were then treated with 1 mM HU for 24 h. B Prior to the mass spectrometry-

based phosphoproteome analysis, cells were validated for CHK1 phosphorylation. C Sequence 

logo analysis of compared conditions was carried out using upregulated phosphorylated sites with 

± 15-residue flaking sequences. D Gene sequences and detected phosphosites of p21 (encoded 

by the CDKN1A gene) and WEE1 (encoded by the WEE1 gene). 
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Both HCT116∆gRNA and HCT116∆PR130 cells displayed no differences in CHK1 

phosphorylation whether they were cultured in SILAC media or not (Figure 5.19 B). The 

comparison between the conditions “medium” and “heavy” was the most interesting to 

look at, as it compares both cell systems upon replication stress. The analysis revealed 

that the S/T-directed PP2A-PR130 complex favors interaction partners having proline or 

leucine near serine or threonine (Figure 5.19 C). The two phospho-proteins, pp21-S130 

and pWEE1-T190, which exhibit this kind of structure, were consequently identified as 

novel targets of the PP2A-PR130 complex (Figure 5.19 D). Phosphorylation of WEE1 at 

T190 has been shown to inactivate the kinase activity (Pagliuca et al. 2011). The results 

from the phosphoproteome analysis were validated by immunoblot. Both cell systems 

were treated with 1 mM HU and investigated in respect to phosphorylation of p21 at S130 

(Figure 5.20 A) and phosphorylation of CDK1 (Figure 5.20 B), which indicates WEE1 

activity.   
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Figure 5.20: Validation of pp21-S130 and pWEE1-T190 as targets of the PP2A-PR130 

complex. A HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU for 24 h. WEE1, 

pp21-S130 and p21 were detected by immunoblot. HSP90 and α-tubulin served as loading 

controls. B Cells were treated as stated in A. pCDK1 levels were analyzed by immunoblot. All 

shown proteins are located on the same membrane which was cut for better comparability. 

Numbers indicate densitometric analysis of pp21 (A) and pCDK1 (B) signals (normalized to HU-

treated HCT116∆gRNA cells) relative to α-tubulin. C HCT116wt cells were transfected with HA-

tagged PR130 or a vector control (Ctrl). Afterwards, cells were treated with 5 µM MS-275 (24 h) 

to increase the amount of PR130. The phosphatase activity of PR130-complexes against pp21-
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S130 an pWEE1-T190 peptides was measured using the malachite green assay. The pATM-

S1981 peptide served as positive control (mean ± SEM; pATM, pp21: n=4; pWEE1: n=3). The 

representative immunoblot displays the precipitated HA-PR130 complex 

(IP=immunoprecipitation; IN=input). D HCT116ΔgRNA and HCT116ΔPR130 cells were treated with 1 

mM HU ± 5 µM CDK2i for 24 h. pp21-S130 and p21 were analyzed by immunoblot with α-tubulin 

as loading control. Numbers indicate densitometric values of the immunoblot signals relative to 

untreated cells normalized to α-tubulin. 

HCT116∆PR130 cells showed 4.0-fold higher levels of pp21-S130 upon replication stress 

compared to similar treated wild-type cells (Figure 5.20 A). Moreover, the cells showed 

70% less phosphorylation of CDK1 upon replication stress compared to HCT116∆gRNA 

cells, indicating that PR130 controls WEE1 activity. Further, the activity of HA-tagged 

PR130 against pp21-S130 and pWEE1-T190 phospho-peptides was tested (Figure 5.20 

C). pATM-S1981 served as positive control as shown previously in (Göder et al. 2018). 

PR130 was able to dephosphorylate both tested phospho-peptides. Taken together, the 

PP2A-PR130 complex controls dephosphorylation of p21 and WEE1 at specific 

serine/threonine phosphorylation sites. 

Moreover, HU-treated HCT116∆PR130 cells showed 80% less phosphorylation of p21 at 

S130 upon combinatorial treatment with CDK2i (Figure 5.20 D). HCT116∆gRNA cells did 

not show significant changes in phosphorylation of p21 upon HU ± CDK2i treatment. 

HCT116∆PR130 cells also had higher cyclin E levels compared to wild-type cells 

(Supplementary Figure 8.7). This indicates that CDK2 is more active in PR130-deficient 

cells and phosphorylates p21 at S130.  
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5.3.5 WEE1 controls phosphorylation of CHK1 via cyclin-dependent kinase 

CDK2 

In the following, HCT116ΔgRNA and HCT116ΔPR130 cells were analyzed regarding their 

responsiveness to WEE1 inhibition. Therefore, both cell systems were treated with HU 

± the WEE1i MK-1775 (Figure 5.21).  

 

Figure 5.21: HCT116ΔPR130 cells are independent of WEE1. A HCT116∆gRNA and HCT116∆PR130 

cells were treated with 1 mM HU ± 500 nM MK-1775 for 24 h. Cell cycle distribution was analyzed 

by flow cytometry (mean ± SD; n=3). Statistical analysis was performed using Two-way ANOVA 

and Tukey’s Multiple Comparison Test (***p<0.001, ****p<0.0001, ns=not significant). B Cells 

were transfected with 30 pmol siRNA against WEE1 (+) or siCtrl (-). Cell cycle distribution was 

analyzed, and statistical analysis was carried out as described in A (mean ± SD; n=3; *p<0.05, 

ns=not significant). C HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU for 24 h 

and afterwards with 500 nM MK-1775 for 1 h. Indicated proteins (HSP90=loading control) were 

analyzed by the Odyssey Imaging system.  
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While HCT116ΔgRNA cells arrested significantly more in G2/M phase upon single 

treatment with the WEE1 inhibitor, it had no impact on the cell cycle distribution of 

HCT116ΔPR130 cells (Figure 5.21 A). Knockdown of WEE1 using siRNA gave a similar 

result (Figure 5.21 B). Interestingly, the combinatorial treatment of HU ± MK-1775 

increased phosphorylation of CHK1 in case of PR130-proficient cells. PR130-deficient 

cells, however, did not show an increase upon HU ± MK-1775 incubation compared to 

HU only treatment (Figure 5.21 C). 

To better visualize the connection between WEE1, CDK2 and phosphorylation of CHK1, 

all treatment combinations were combined on one immunoblot (Figure 5.22 A).  

 

Figure 5.22: Phosphorylation of CHK1 is regulated by WEE1 and CDK2 activity.  

A HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU for 24 h and afterwards with 

500 nM MK-1775 or 5 µM CDK2i for 1 h. Indicated proteins were detected by immunoblot. B 

Densitometric analysis of pCHK1 levels upon HU ± MK-1175/CDK2i treatment in HCT116ΔgRNA 
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and HCT116ΔPR130 cells relative to untreated cells. Data are presented as mean ± SD (n=3). 

Statistical analysis was carried out using One-way ANOVA and Tukey’s Multiple Comparison Test 

(****p<0.0001, ns=not significant). 

Combinatorial treatment of HU and the WEE1i MK-1775 increased phosphorylation of 

CHK1 in case of HU-treated HCT116∆gRNA cells, whereas HCT116∆PR130 cells displayed 

no significant difference. WEE1 inhibition further decreased phosphorylation of CDK1 at 

Y15. Combinatorial treatment of HU and the CDK2i reduced phosphorylation of HU-

treated HCT116∆gRNA and HCT116∆PR130 cells, however the effect was not significant and 

only a trend was visible (Figure 5.22 B). To test whether these effects are cancer cell 

line-specific, non-cancerous fibroblasts (VH10tert) were tested as well and showed 

similar results (Supplementary Figure 8.8). In summary, WEE1 controls phosphorylation 

of CHK1 via cyclin-dependent kinase CDK2, a process that is mediated by PR130. 
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5.4 Regulation of HR and NHEJ by class I HDAC and PR130 

As already shown in the global proteome screen, the RIF1 protein was enriched in 

HCT116ΔgRNA cells upon all treatment conditions (Figure 5.8 A-D). RIF1 is essential for 

the DNA repair mechanism NHEJ, as described in chapter 1.3.2 (Bayley et al. 2022). 

Therefore, the two major DNA repair mechanisms HR and NHEJ were investigated in 

connection to the PR130 status of the cells. First, HCT116∆gRNA and HCT116∆PR130 cells 

were incubated with MS-275 to increase the amount of PR130 and DNA repair-related 

gene expression was analyzed by RNA sequencing analysis (Figure 5.23).  

 

Figure 5.23: Class I HDACs regulate the expression of DNA repair proteins. HCT116ΔgRNA 

and HCT116ΔPR130 cells were treated with 5 µM MS-275 for 24 h. RNA sequencing analysis (n=3) 

was carried out using the NextSeq500 system. Heatmap shows log2 fold changes of genes 

involved in DNA repair. 

Both cell lines showed a decreased expression of RAD51 and BRCA1 upon HDACi. All 

other tested DNA repair proteins were not significantly affected. There was also no 

significant difference between the two cell lines regarding the mRNA expression of the 

tested DNA repair proteins (data not shown). 

To analyze whether the MS-275-dependent mRNA decrease of the two essential HR 

proteins RAD51 and BRCA1 (Prakash et al. 2015) subsequently increases NHEJ, a 

reporter assay was carried out (in cooperation with  

). HCT116wt cells were transfected with a 

plasmid expressing GFP upon NHEJ or HR. Cells were then treated with MS-275 for  

24 h and analyzed by flow cytometry (Figure 5.24).  



Results 

83 

 

Figure 5.24: Class I HDACi increase NHEJ. HCT116wt cells with a reporter plasmid expressing 

GFP upon repair by NHEJ or HR were treated with 1.5 µM MS-275 (24 h) and then transfected 

with the endonuclease I-Sce1. Shown is the percentage of GFP-positive cells, with untreated cells 

set to 100% (n=3). The reporter assay was kindly performed by  

. 

The reporter assay revealed that MS-275 treatment stimulated NHEJ-dependent repair 

of a GFP substrate (Figure 5.24). Cells which carried the HR-GFP plasmid were not 

affected by HDACi treatment. Taken together, the experiment showed that class I HDACi 

treatment causes NHEJ as preferred repair mechanism.  

 

In the following, the role of PR130 in the two DNA repair mechanisms HR and NHEJ was 

analyzed. HCT116∆gRNA and HCT116∆PR130 cells were treated with 1 mM HU and the 

RAD51 inhibitor RI-1 (30 µM) for 24 h (Figure 5.25). RAD51 is an essential HR protein 

and its inhibition should cause disruption of HR (Budke et al. 2012).   
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Figure 5.25: PR130 and its involvement in HR. A HCT116ΔgRNA and HCT116ΔPR130 cells were 

treated with 1 mM HU ± 30 µM RI-1 for 24 h. γH2AX levels were detected by immunoblot with α-

tubulin as loading control. B Graph shows subG1 fractions of HCT116ΔgRNA and HCT116ΔPR130 

cells, which were treated with 1 mM HU ± 30 µM RI-1 for 48 h. Statistical analysis: One-Way 

ANOVA and Tukey’s Multiple Comparison Test (**p<0.01). C Cells were treated for 48 h and 

stained with annexin V/PI for cell death analysis. Statistical analysis was done using Two-way 

ANOVA and Tukey’s Multiple Comparison Test (****p<0.0001; n=3). 

The combinatorial treatment showed a 1.4-fold increase of the DSB marker γH2AX in 

case of HCT116∆gRNA cells compared to single treatment with HU. However, there was 

no significant difference in case of HCT116∆PR130 cells (Figure 5.25 A). Moreover, PR130-

proficient cells displayed higher levels of cell death compared to PR130-deficient cells 

after 48 h of HU ± RI-1 treatment measured by subG1 fractions (Figure 5.25 B) and 

annexin V/PI-stained cells (Figure 5.25 C). 

Next, HCT116ΔgRNA and HCT116ΔPR130 cells were analyzed via immunofluorescence and 

stained for γH2AX foci to analyze the induction of DNA damage (Figure 5.26). Both cell 

lines were incubated with HU ± MS-275 for 24 h. 
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Figure 5.26: γH2AX foci formation upon HU and MS-275 treatment in cells with different 

PR130 status. A HCT116ΔgRNA and HCT116ΔPR130 cells were treated with 1 mM HU ± 5 µM MS-

275 for 24 h (γH2AX (green); TO-PRO-3 (blue); n=3; >150 cells). Representative images are 

shown. B Mean γH2AX fluorescence of all three performed experiments (mean ± SD; relative to 

untreated cells). Statistical analysis was performed using One-way ANOVA and Tukey’s Multiple 

Comparison Test (***p<0.001, ns=not significant). 

HU treatment increased the γH2AX signal in HCT116ΔgRNA and HCT116ΔPR130 cells, 

whereas the combinatorial treatment did not increase it further (Figure 5.26 B; not 

significant; not shown for better clarity of the graph). However, HCT116ΔPR130 cells 

displayed a significant higher level of γH2AX upon the combinatorial treatment compared 
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to wild-type cells (HCT116ΔPR130: 9-fold compared to untreated cells; HCT116ΔgRNA: 3-fold 

compared to untreated cells).  

HCT116ΔgRNA and HCT116ΔPR130 cells were furthermore treated with HU ± MS-275 for  

24 h and analyzed for chromosomal aberrations (Figure 5.27).  

 

Figure 5.27: Chromosomal aberrations upon HU and MS-275 treatment in cells with 

different PR130 status. HCT116ΔgRNA and HCT116ΔPR130 cells were treated with 1 mM HU ± 2 

µM MS-275 for 24 h. Medium was changed and after 8 h, colcemide (1:200) was added overnight. 

On the next day (~ 15 h of incubation) chromosomal aberration assay was performed by 

. A Representative image of 

chromosomes upon HU ± MS-275 treatment. B Normalized number of chromosomal aberrations 

per 100 metaphases. Statistical analysis was carried out using One-way ANOVA and Tukey’s 

Multiple Comparison Test (ns=not significant). 

Interestingly, there was no difference between both cell systems and also none between 

only HU treatment and the combinatorial treatment with the HDACi. 
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Even though no difference in RIF1 protein could be detected between HCT116∆gRNA and 

HCT116∆PR130 cells in the mRNA screen (Figure 5.23), the protein was nevertheless 

analyzed in more detail due to the differences in the proteome screen (Figure 5.8) and 

its important role in DNA repair (Chapman et al. 2013). Both cell lines were therefore 

treated with 1 mM HU ± 5 µM MS-275 for 24 h and RIF1 foci formation was investigated 

(Figure 5.28).  

 

Figure 5.28: RIF1 foci formation upon HU and MS-275 treatment in cells with different 

PR130 status. A HCT116ΔgRNA and HCT116ΔPR130 cells were treated with 1 mM HU ± 5 µM MS-

275 for 24 h. For immunofluorescence (n=3), cells were fixed and stained with RIF1 primary 

antibody. Cy3 (red) was used as secondary antibody and TO-PRO-3 (blue) as nuclear staining. 
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Representative images are shown. B Quantitative analysis of RIF1 foci/cell was done using 

ImageJ/FIJI. At least 150 cells were analyzed for each treatment. Graph shows one experiment 

presented as violin plot. Statistical analysis was performed using One-way ANOVA and Tukey’s 

Multiple Comparison Test (***p<0.001, ****p<0.0001). 

It was observed that PR130-deficient cells had significantly higher levels of RIF1 foci 

compared to control cells, especially when treated with the HDACi MS-275. 
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6 Discussion 

Phosphorylation and dephosphorylation are important post-translational modifications, 

which regulate the activity of proteins and thereby control a variety of cellular pathways. 

Mutations or defects in these regulatory mechanisms can promote cancer development 

as they directly influence processes like cell proliferation, differentiation, and apoptosis 

(Ardito et al. 2017).  

This thesis focuses on the serine/threonine phosphatase PP2A, which dephosphorylates 

about 30–50% of such residues in many cell types. Various cancers show mutations in 

the phosphatase or an increased expression of PP2A inhibitors leading to inactivation of 

this essential cellular key player (Nader et al. 2019, Janssens and Goris 2001, Kauko 

and Westermarck 2018, Peng et al. 2015). PP2A was found to dephosphorylate ATM in 

human lymphoblastoid cells and ATM as well as ATR in Xenopus egg extracts (Petersen 

et al. 2006, Goodarzi et al. 2004). Previous studies from our laboratory showed that the 

PP2A regulatory B-type subunit PR130 in particular controls ATM phosphorylation upon 

replication stress. Moreover, the epigenetic modifiers HDAC1 and HDAC2 were 

identified as regulators of PR130 expression (Göder et al. 2018).  

While treatment with the replication stress inducer HU resulted in increased CHK1 

phosphorylation, the combinatorial treatment with the HDACi MS-275 decreased CHK1 

phosphorylation (Figure 5.1 A). The exact mechanism by which HDACs and PR130 

control CHK1 phosphorylation has not been clarified yet. 

The aim of this work was the characterization of the role of PR130 in the DNA damage 

response upon replication stress in more detail. How does it control cell cycle 

progression, checkpoint kinase signaling, and DNA repair mechanisms? To date, not 

many functions and targets of PR130 are known, thus the expression and 

phosphorylation of proteins regulated by the regulatory B-type subunit should be 

investigated. Moreover, new molecular pathways in which PR130 is involved should be 

unraveled. For this purpose, global (phospho-)proteome, as well as RNA sequencing 

experiments were performed. Gene set enrichment analyses were carried out to cluster 

genes according to their involvement in specific pathways.  
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6.1 PR130 regulates proliferative and cell-cycle-related pathways 

PP2A is involved in the regulation of various pathways, such as apoptosis, autophagy, 

cell proliferation, and DNA repair (Dzulko et al. 2020). Active PP2A complexes consist 

of a structural, regulatory, and catalytical subunit, whereby the regulatory subunit defines 

the substate specificity and the subcellular localization of the holoenzyme (Dzulko et al. 

2020). Some subunits are better known and studied than others. The B-type subunit 

PR130, however, belongs to the less studied subunits. It is yet unknown how many 

proteins are controlled by PR130 in resting and stressed cells, and how many interaction 

partners the regulatory subunit has. Therefore, a global proteome screen and RNA 

sequencing analysis should give insight into the network of PR130-dependent protein 

regulation.  

The proteome screen revealed that many proteins were differentially regulated in 

HCT116∆PR130 cells compared to HCT116∆gRNA cells (Figure 5.8). However, a STRING 

analysis using the most upregulated proteins in both cell systems did not show a clear 

pattern of proteins which belong to a certain pathway (Supplementary Figure 8.3). This 

emphasizes the versatile role of the phosphatase subunit. Nevertheless, untreated 

PR130-deficient cells displayed higher levels of p21 (encoded by the CDKN1A gene) 

and cyclin D1 (encoded by the CCND1 gene) compared to wild-type cells, indicating a 

PR130-dependent cell cycle regulation function (Figure 5.8). This result was validated 

by immunoblot analysis (Figure 5.9). Moreover, HCT116∆gRNA cells showed higher levels 

of RIF1 protein upon all tested treatment conditions compared to HCT116∆PR130 cells 

(Figure 5.8) suggesting a PR130-dependent control of DNA repair pathway choice 

between HR and NHEJ. In the following chapters 6.2 and 6.5 the relevance of p21 and 

RIF1 for cells with different PR130 background will be analyzed in more detail.   

Furthermore, an RNA sequencing analysis was carried out to identify PR130-dependent 

gene expression. HCT116∆gRNA and HCT116∆PR130 cells were therefore treated with MS-

275 to increase the amount of PR130 and HU to induce replication stress. The most 

interesting pathways differentially regulated in both cell systems showed up upon the 

combinatorial treatment. Especially MYC targets, Cdc6/ORC-related genes, or genes 

responsible for APC-mediated degradation of cell cycle proteins and β-catenin were 

downregulated in PR130-deficient cells compared to control cells upon HU + MS-275 

treatment (Figure 5.13).  

MYC and PP2A can regulate each other: on one hand, MYC regulates the transcription 

of the PP2A inhibitors SET and CIP2A (Pippa and Odero 2020). On the other hand, the 

PP2A-B56α complex dephosphorylates MYC at S62, causing proteasomal degradation 

of the transcription factor (Pippa and Odero 2020). Creyghton et al. found that PR130 
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acts indirectly as an activator of the Wnt signaling pathway, as it binds to the Wnt-

antagonist NKD (Creyghton et al. 2006). This is in line with the results from the RNA 

sequencing analysis, since PR130-deficient cells showed a downregulation of MYC 

target genes (Figure 5.13 and Supplementary Table 1), whose expression is controlled 

by Wnt signaling (Zhang and Wang 2020). Loss of PR130 was also reported to result in 

MYC overexpression and increased MYC function in HEK cells (Sablina et al. 2010), 

which is contradictory to the aforementioned result. However, in this study the authors 

used small hairpin RNA (shRNA) inhibiting both PR130 and its splice variant PR72. Since 

PR72 was found to inhibit Wnt signaling (Creyghton et al. 2005), this could explain the 

contrasting result. It further illustrates the opposing effects of PR72 and PR130 and 

clarifies that both variants are needed to efficiently control MYC activity. 

Furthermore, HCT116∆PR130 cells showed lower enrichment of β-catenin degradation 

pathways (Figure 5.13). β-Catenin facilitates the transcription of several genes important 

for cell proliferation, differentiation, survival, and migration and is part of the Wnt 

signaling pathway (Liu et al. 2022). The β-catenin destruction complex regulates β-

catenin levels in the absence of exogenous Wnt signals (Kimelman and Xu 2006). The 

lower Wnt signaling activity is underlined by the lower enrichment in β-catenin 

degradation pathways in PR130-deficient cells, since activation of Wnt signaling leads 

to higher levels of β-catenin, resulting in stronger activation of degradation by the 

proteasome. This is in line with lower levels of β-catenin and TCF7, a transcriptional 

regulator of Wnt/β-catenin signaling (Tang et al. 2008), in HCT116∆PR130 cells 

(Supplementary Table 4). 

The RNA sequencing analysis also revealed less APC-mediated degradation of cell 

cycle regulators and a downregulation of Cdc6/ORC-related genes in PR130-deficient 

cells compared to wild-type cells (Figure 5.13). The gene list, however, showed that 

HCT116∆PR130 cells had less CDK2, cyclin B1, and cyclin A2, as well as Cdc6 and 

Chromatin licensing and DNA replication factor 1 (CDT1) compared to wild-type cells  

Supplementary Table 2 and Supplementary Table 3). Downregulation of these mRNAs 

can be explained by the different cell cycle distribution of HCT116∆gRNA and HCT116∆PR130 

cells upon HU + MS-275 treatment (Figure 5.1 B).  

Taken together, it was shown that the PP2A-PR130 complex is involved in various 

pathways including cell cycle regulation, cell proliferation, and DNA repair.  
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6.2 PR130-dependent regulation of p21 levels controls cell cycle  

One key task of this thesis was to determine the molecular mechanisms that are decisive 

for the different cell cycle distribution of cells lacking PR130 compared to wild-type cells. 

HCT116∆PR130 cells arrested earlier at the G1/S boundary upon HU treatment compared 

to similar treated HCT116∆gRNA cells, which arrested in S phase (Figure 5.1). Incubation 

with HU ± nocodazole has ruled out the possibility that PR130-deficient cells traversed 

through G2/M phase and were stalled in the subsequent G1 phase, since the 

combinatorial treatment arrested fewer cells in G2/M phase than nocodazole only 

treatment (Figure 5.6).  

It was found that HCT116∆PR130 cells showed higher levels of the cell cycle regulator p21 

on protein and mRNA levels compared to wild-type HCT116∆gRNA cells. While in the 

proteome analysis (Figure 5.8) the higher levels could only be seen in the untreated 

state, an immunoblot analysis (Figure 5.9) displayed higher levels of the cell cycle 

regulator also upon HU ± MS-275 treated cells. The discrepancy in the assays could be 

explained by the fact that the proteome screen only showed top hits of the analysis. The 

differences in the p21 levels of the HU ± MS-275-treated HCT116∆gRNA and HCT116∆PR130 

cells could be not as significant as for the untreated state. 

p21 expression was especially increased upon treatment with the HDACi MS-275 in both 

cell lines on protein (Figure 5.9) and mRNA levels (Figure 5.10 B) compared to untreated 

cells. Moreover, the class I HDACi did not only increase the expression of p21, but also 

of the PP2A B-type subunit PR130 as seen in RNA sequencing experiments (Figure 5.10 

C), which is in line with the corresponding immunoblot analysis (Figure 5.10 A). 

To unravel the reason of higher levels of p21 in PR130-deficient cells, the ATM-CHK2-

p53 axis was analyzed in more detail, since it is known to regulate the expression of the 

cell cycle protein (Abuetabh et al. 2022). PR130 regulates ATM phosphorylation at 

S1981 (Göder et al. 2018), therefore a regulation of p21 expression through the ATM-

CHK2-p53 pathway appeared obvious. Indeed, incubation with an ATMi reduced levels 

of pp53-S15, p53 and p21, especially in case of HCT116∆PR130 cells (Figure 5.14 A).  

RNAi-based elimination of p53 confirmed that p21 expression depends on the tumor-

suppressive transcription factor (Figure 5.15 A and B). Especially in PR130-deficient 

cells, p21 levels significantly decreased upon p53-knockdown. Nevertheless, there is 

also a p53-independent pathway regulating p21 expression, since HCT116p53-/- cells 

treated with MS-275 displayed high levels of the cell cycle regulator (Supplementary 

Figure 8.4 A). In this case, p21 expression could be regulated via other transcription 
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factors such as SP1 and SP3 as described in the literature (Gartel et al. 2001, Hsieh et 

al. 2014).  

Another explanation for higher p21 levels in HCT116∆PR130 cells could be cyclin E, since 

such cells showed higher levels of the cyclin compared to HCT116∆gRNA cells 

(Supplementary Figure 8.7). Hughes et al. found that inhibition of CDK2 phosphorylation 

leads to cyclin E degradation and is important for the maintenance of genomic stability. 

Therefore, cyclin E overexpression triggers p53-dependent induction of p21 (Hughes et 

al. 2013).  

Depending on its cellular localization, p21 carries out different functions. Nuclear p21 is 

commonly known to carry out tumor-suppressive activities as it binds to CDKs and 

inhibits cell cycle progression upon DNA damage (Abbas and Dutta 2009). The role of 

p21 as a cell cycle inhibitor with anti-proliferative characteristics (Shamloo and Usluer 

2019) can be seen in flow cytometry analysis as high p21 levels in MS-275 treated cells 

arrested cells in G1 phase (Figure 5.1 A). Immunoprecipitation experiments, moreover, 

revealed that p21 binds to CDK2 when treated with the class I HDACi MS-275 (Figure 

5.18). CDK2 is necessary for G1/S phase (Bačević et al. 2017); consequently, cancer 

cells cannot enter the cell cycle efficiently (Figure 5.1 B). In the cytoplasm, p21 has anti-

apoptotic effects as it can bind to pro-caspase 3 and inhibits Fas-mediated apoptosis 

(Suzuki et al. 1999). It has also been found to associate with apoptosis signal-regulating 

kinase 1 (Zhan et al. 2007). Many tumor types exhibit high levels of p21 correlating with 

chemoresistance and enhanced survival of the cancer cells (Jung et al. 1995, Sarbia et 

al. 1998, Ferrandina et al. 2000, Baretton et al. 1999, Korkolopoulou et al. 1998). 

HCT116∆PR130 cells with high levels of p21 were more robust against HU treatment 

compared to wild-type cells (Figure 5.25 C), which is therefore in line with the anti-

apoptotic effects of p21.  In the future, the cellular localization of p21 should be analyzed 

in more detail in order to understand how this influences the function of the protein. 

All in all, the results displayed that PR130 controls p21 on transcriptional level via the 

ATM-CHK2-p53 axis. Moreover, p21 regulates the cell cycle by binding to CDK2. 
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6.3 pp21-S130 and pWEE1-T190 are direct targets of the PP2A-PR130 

complex 

Another key task of this thesis was the identification of novel targets of the PP2A-PR130 

complex. Using a phosphoproteome analysis, the two phospho-proteins pp21-S130 and 

pWEE1-T190 were identified as targets. A sequence logo analysis showed that the S/T-

directed phosphatase complex prefers targets with P/L next to S/T when cells were 

treated with HU (Figure 5.19 C); accordingly, pp21-S130 and pWEE1-T190, exhibited 

this kind of structure (Figure 5.19 D). An immunoblot analysis validated pp21-S130 as a 

target of PR130 as HCT116∆PR130 cells displayed higher levels of pp21-S130 upon HU 

treatment compared to wild-type cells (Figure 5.20 A). The presence of pWEE1-T190 

could not be shown directly as there was no commercially available antibody for this 

specific phosphorylation site. However, it was indirectly validated as a target of the 

PP2A-PR130 complex by testing the phosphorylation of CDK1, which is a target of the 

WEE1 kinase. pWEE1-T190 is described as an inactive form of the kinase (Pagliuca et 

al. 2011). HCT116∆PR130 cells showed less phosphorylation of CDK1 indicating less 

WEE1 activity (Figure 5.20 B). For further validation, the phosphatase activity of 

immunoprecipitated HA-tagged PR130 was tested against a pp21-S130 and pWEE1-

T190 peptide. To increase the amount of the regulatory B-type subunit, cells were 

additionally treated with MS-275. pATM-S1981 served as positive control as Göder et al. 

could already validate this phospho-protein as a target of the PP2A-PR130 complex 

(Göder et al. 2018). Immunoprecipitated PR130 dephosphorylated both tested phospho-

peptides, which confirmed the aforementioned finding once more (Figure 5.20 C). 

However, the phosphatase activity against pWEE1-T190 was stronger than for pp21-

S130.  

In the literature, pp21-S130 is also described as a target of the PP2A complex. Gao et 

al. tested the small molecule PP2A inhibitor LB-100 in bladder carcinoma and found that 

PP2A dephosphorylates p21 at S130 causing its stabilization. Consequently, treatment 

with LB-100 led to a reduction of total p21 levels and induction of apoptosis (Gao et al. 

2022). Moreover, they found that LB100 abrogated the G1/S cell cycle checkpoint due 

to p21 degradation. Interestingly, our cell systems cells devoid of PR130 show p21 

stabilization as they have higher levels of the cell cycle regulator (Figure 5.9) and an 

increased G1 phase upon replication stress (Figure 5.1 B) compared to wild-type cells.  

Phosphorylation of p21 at S130 and its either stabilization or destabilization are the 

subject of intense debate: in addition to the aforementioned instability of pp21-S130 by 

Gao et. al, it was shown that the CDK1/cyclin B1 complex phosphorylates p21 at S130 

reducing the cell cycle regulator’s stability and binding affinity for the CDK-cyclin complex 
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(Kreis et al. 2016). It was also described that CDK2/cyclin E complexes phosphorylate 

p21 at S130. However, this phosphorylation depends on the Cy2-binding domain and 

results in destabilization of the p21 protein. The CDK- and Cy1-binding domains, in 

contrast, support stabilization of the cell cycle regulator (Zhu et al. 2005). In another 

study it was shown that cyclin D1 stabilizes p21 through binding to the Cy2 domain, 

which interrupts interaction with the proteasome and its degradation (Coleman et al. 

2003). Moreover, it has been reported that cyclin E binds to a greater extent to the Cy1- 

than to the Cy2-binding domain. Therefore, Zhu et. al suggest that excess cyclin E 

causes recruitment of CDK2, phosphorylation of p21 at S130 and its degradation. Upon 

excess p21 the authors propose direct inhibition of CDK2, leading to p21 stabilization 

(Zhu et al. 2005). Kim et al. further describe that stress signals activate JNK and p38 

MAPK signaling initiated by TGF-β1, which causes G1 arrest by stabilization of p21 and 

inhibition of CDK2/Cyclin E complexes (Kim et al. 2002). They showed that p38α and 

JNK1 phosphorylate p21 at S130 in vitro and in vivo. Mutation of serine to alanine led to 

proteasomal degradation of p21. In another study, it was published that cyclin K/CDK6 

phosphorylates p21 at S130, however this did not affect the stability or subcellular 

localization of p21, but impedes its binding to CDK2 (Järviluoma et al. 2006). Bisteau et 

al. showed that p21 was more efficiently phosphorylated at S130 when bound to CDK4-

cyclin D complexes (Bisteau et al. 2013). Moreover, pp21-S130 seems to be important 

for activation of CDK4 (Coulonval et al. 2022, Bisteau et al. 2013). S130A mutation of 

p21 prevented activating CDK4 phosphorylation, and inhibition of CDK4/6 and CDK2 

impaired the phosphorylation of both p21 and p21-bound CDK4. S130 phosphorylation 

was abundant in general and CDK4-bound p21 during G1 phase, indicating that it does 

not rapidly lead to p21 degradation at this stage, possibly because SCFSKP2 E3 ubiquitin 

ligase levels are kept low in G1 phase (Bisteau et al. 2013). 

In this thesis, CDK2 was shown to phosphorylate p21 at S130 (Figure 5.17 A). 

HCT116∆PR130 cells incubated with HU ± CDK2i displayed reduced pp21-S130 levels 

compared to HU-treated ones. This indicates that CDK2 is responsible for 

phosphorylation of p21 at S130 in PR130-deficient cells. In case of HCT116∆gRNA cells 

there was no difference which could be explained due to pp21-S130 being a target of 

the PP2A-PR130 complex and already being dephosphorylated upon HU treatment. 

Moreover, one study showed that phosphorylation of p21 at S130 disables the interaction 

between CDKs and p21 (Kreis et al. 2016), which can consequently promote 

phosphorylation of WEE1 by CDKs. This is in line with the increased pWEE1-T190 levels 

in HCT116∆PR130 cells (Figure 5.19 D). 

In summary it was shown that pp21-S130 and pWEE-T190 were targets of the PP2A-

PR130 complex. Phosphorylation at S130 might increase the stability of p21 in our cell 
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system, which need to be verified by additional experiments; phosphorylation at T190 

decreased the activity of the WEE1 kinase. Moreover, as CDKs phosphorylate WEE1 at 

T190, the increased phosphorylation is consistent with the phosphorylation of p21 at 

S130. 

 
 

6.4 WEE1, p21 and CDK2 orchestrate CHK1 phosphorylation upon 

replication stress 

Another key task was to determine the molecular mechanisms that regulate PR130-

dependent CHK1 phosphorylation and its control by HDACi. It was found that HU-treated 

HCT116∆PR130 cells have higher levels of phosphorylated CHK1 compared to 

HCT116∆gRNA cells (Figure 5.1 A). This result could be reproduced using other replicative 

stress inducers (ara-C, siRRM2) and cell systems (short-term colorectal cancer HROC24 

cells) (Figure 5.2, Figure 5.3, Figure 5.4). Since HCT116∆gRNA and HCT116∆PR130 cells 

showed the same activation of ATR (Göder et al. 2018), which is in general the direct 

activator of CHK1 phosphorylation upon replication stress (Smith et al. 2010), the 

differences in CHK1 phosphorylation in HCT116∆gRNA and HCT116∆PR130 cells needed to 

be explained by another mechanism.   

Upon replication stress, ATR inhibits cyclin E ubiquitinylation and degradation (Lim and 

Kaldis 2013). Cyclin E is required for stabilization of Cdc6, which is an essential regulator 

of DNA replication (Borlado and Méndez 2008). Cyclin E accumulates at stalled 

replication forks, prevents initiation of replication, and stabilized Cdc6 activates CHK1 

(Lim and Kaldis 2013). This ensures that all DNA is replicated before cells enter into 

mitosis (Clay-Farrace et al. 2003). Elevated cyclin E levels also reduce the activity of 

CDK2-cyclin A complexes, which causes a slowed S phase progression (Lim and Kaldis 

2013). Paradoxically, overexpressed cyclin E levels accelerate S phase entry but show 

a slower progression throughout the replication phase (Lu et al. 2009). In this thesis, 2-

fold higher levels of cyclin E were observed in HCT116∆PR130 cells compared to control 

cells. Therefore, the earlier cell cycle arrest (Figure 5.1 B) and the stronger 

phosphorylation of CHK1 (Figure 5.1 A) are in line with the aforementioned 

characteristics of elevated cyclin E levels.  

p21 was also found to be important for efficient CHK1 phosphorylation as p21-depleted 

(Figure 5.16 B) or -deficient (Supplementary Figure 8.5) cells showed less 

phosphorylation of the checkpoint kinase upon replication stress compared to wild-type 

cells. Moreover, MS-275-induced induction of p21 (Supplementary Figure 8.4) could 

explain why CHK1 phosphorylation is decreased upon HU + MS-275 treatment in 

HCT116∆gRNA and HCT116∆PR130 cells (Figure 5.1 A), since p21 bound to CDK2 upon MS-
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275 treatment in immunoprecipitation experiments (Figure 5.18). The decrease in CHK1 

phosphorylation upon the combinatorial treatment could also be explained by a reduction 

in total CHK1 mRNA levels as seen in the RNA sequencing analysis of HCT116∆gRNA and 

HCT116∆PR130 cells (Supplementary Figure 8.9 and Supplementary Figure 8.10). This 

creates a link between the control of gene expression and response to DNA replication 

stress.  

Furthermore, HU-treated PR130-deficient cells displayed a reduced activity of the WEE1 

kinase measured by phosphorylation of its target CDK1 (Figure 5.20 B). WEE1 

phosphorylates CDK1 and CDK2 and regulates their activity and cell cycle progression 

upon DNA damage (Di Ghelli Luserna Rorà et al. 2020). In this thesis, the focus was on 

CDK2, since it is highly active in a complex with cyclin E in early S phase (Fagundes and 

Teixeira 2021). Using a CDK2 inhibitor, it was found that CDK2 is essential for CHK1 

phosphorylation upon replication stress. After 24 h, the HU-induced phosphorylation was 

already reduced to a minimum (Figure 5.17 A). However, treatment with HU + CDK2i 

increased cells in G1 phase for both cell lines compared to an S phase arrest upon HU 

single treatment (Figure 5.17 B). In order to rule out that the reduction in CHK1 

phosphorylation was due to these changes in cell cycle distribution, the experiment was 

repeated with a short-term treatment (Figure 5.22 A). This time, the cell cycle distribution 

of HU ± CDK2i-treated cells did not change (Supplementary Figure 8.6), whereas levels 

of CHK1 were slightly reduced (Figure 5.22 B). At the same time, treatment of HU-treated 

cells with the WEE1i MK-1775 increased phosphorylation of CHK1 significantly in case 

of HCT116∆gRNA cells (Figure 5.22). pCDK1 levels were reduced accordingly, validating 

that the WEE1 inhibitor worked efficiently. In case of HCT116∆PR130 cells, pCHK1 and 

pCDK1 levels did not change significantly. Again, only a trend toward slightly increased 

levels was seen in case of pCHK1. This could be explained by the fact that PR130-

deficient cells already have lower WEE1 activity due to the inhibitory phosphorylation at 

T190 (see chapter 6.3). Therefore, such cells did not respond as strongly as 

HCT116∆gRNA cells to the WEE1 inhibitor. The experiment was further carried out in non-

cancerous VH10tert cells to show that the CDK2/WEE1 regulated mechanism of CHK1 

phosphorylation is cell line- and disease-independent (Supplementary Figure 8.8). 

Furthermore, the increase in CHK1 phosphorylation upon HU + MK-1775 treatment 

(Figure 5.22 C) was accompanied by an earlier G1/S phase arrest of HCT116∆gRNA and 

HCT116∆PR130 cells (Figure 5.21 A). HU-treated PR130-deficient cells, which showed the 

inhibitory phosphorylation of WEE1, also arrested earlier at the G1/S boundary than 

HCT116∆gRNA cells (Figure 5.1 B). This shows that CHK1 controls the cell cycle arrest 

and that high pCHK1 levels in HCT116∆PR130 cells are the reason for their earlier G1/S 

phase arrest upon replication stress. Furthermore, the higher activity of CDKs caused by 
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the inhibitory phosphorylation of WEE1 causes more origin firing, which shortens 

nucleotide pools. Accordingly, the replication fork speed reduces, leading to more stalled 

forks and an increased binding of MUS81 endonuclease complexes (Beck et al. 2012). 

Beck et al. showed an increased uptake of EdU upon WEE1i with MK-1775, which shows 

that WEE1 inhibition stimulates DNA replication. However, this increase in DNA 

replication depends on higher activity of CDK1 and CDK2 (Beck et al. 2012). Since HU-

treated HCT116∆PR130 cells arrested earlier at the G1/S boundary compared to wild-type 

cells (Figure 5.1 B), this is in line with findings from the literature. By looking at the cell 

cycle distribution of HCT116∆gRNA and HCT116∆PR130 cells treated with the WEE1 inhibitor 

(Figure 5.22 A) or siWEE1 (Figure 5.22 B), it can further be seen that PR130-deficient 

cells do not respond to WEE1 inhibition as similarly treated wild-type cells, which can 

again be explained by the inhibitory phosphorylation at T190. 

Moreover, the question was raised why HCT116∆PR130 cells with high levels of p21 

paradoxically did not show reduced pCHK1 levels upon replication stress. This could be 

explained by the fact that phosphorylation of p21 at S130 reduces the binding affinity to 

CDK-cyclin complexes (Kreis et al. 2016). Therefore, CDK2 is more active in PR130-

deficient cells with high levels of pp21-S130. To better understand the role of pp21-S130 

for phosphorylation of CHK1, HCT116p21-/- cells were transfected with different pp21-

S130 plasmids. Unfortunately, there was no significant difference in pCHK1 levels 

between all tested plasmids. However, the phospho-mimetic S130D mutant displayed 

less inhibitory pCDK1 levels (Supplementary Figure 8.13 A) and a slight trend toward 

more cells in G1 phase (Supplementary Figure 8.13 B) compared to the non-

phosphorylatable S130A mutant. Since the result was not that clear, the experiment 

should be repeated. Beyond that it should also be carried out in cells devoid of PR130 

and p21 to guarantee that the PP2A-PR130 complex cannot dephosphorylate the pp21-

S130 constructs. 

Further, a cell line deficient for PR130 and p21 was created using CRISPR-Cas9 to 

better characterize the importance of the cell cycle regulator in PR130-deficient cells 

(Supplementary Figure 8.12 A-C). One clone (#2) deficient for both proteins was 

analyzed for CHK1 phosphorylation upon replication stress compared to HCT116∆PR130 

cells. HCT116∆PR130∆p21 cells showed less phosphorylation of CHK1 than HCT116∆PR130 

cells (Supplementary Figure 8.12 D), which indicates once more that p21 is important for 

CHK1 phosphorylation. Moreover, the double-knockout cells displayed a slowed cell 

cycle, since HCT116∆PR130∆p21 cells arrested in G1/S phase upon HU treatment compared 

to PR130-deficient cells, which arrested in S phase (Supplementary Figure 8.12 E). This 

highlights the important function of p21 for cell cycle regulation. Low p21 levels are 

needed to stabilize CDK4/CDK6-cyclin D complexes stimulating their activity ((Sherr and 
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Roberts 1999). Paradoxically, HCT116∆PR130∆p21 cells also showed less pCDK1, 

indicating higher CDK activity, which should cause more phosphorylation of CHK1. Since 

this is not the case, it cannot be excluded that HCT116∆PR130∆p21 cells only displayed less 

pCHK1 due to lower levels of CDKs in general. This newly generated cell system needs 

to be further analyzed in more detail in the future.  

To sum up, it was found that there is a close network of p21, CDK2 and WEE1 in the 

DNA damage response. These proteins orchestrate CHK1 phosphorylation upon 

replication stress in a PR130-dependent manner.  

 

6.5 HDACi promote NHEJ and RIF1 foci formation in PR130-deficient 

cells 

Another key task of this thesis was to analyze how PR130 modulates the DNA repair 

pathway choice. A proteome screen revealed higher RIF1 levels in HCT116∆gRNA cells 

compared to HCT116∆PR130 cells upon all tested treatment conditions (Figure 5.8). The 

RIF1 protein, together with 53BP1, was identified to be required for DNA repair pathway 

choice between NHEJ and HR. HR only takes place during S or G2/M phase, since it 

needs an identical sister chromatid as a template for repair (Helleday et al. 2007). NHEJ 

happens throughout all cell cycle phases, but is favored in G1 phase upon HR, since no 

sister chromatid is available (Daley and Sung 2013). Interestingly, HCT116∆PR130 cells 

displayed more and larger RIF1 foci upon MS-275 treatment compared to HCT116∆gRNA 

cells (Figure 5.28), which is contrasting to the proteome screen (Figure 5.8). However, 

the amount of protein alone does not reflect its functionality. Therefore, the RIF1 foci 

formation is more likely to indicate which repair mechanism is favored. PR130-deficient 

cells showed more RIF1 foci, suggesting that these cells rather use NHEJ as a favored 

repair mechanism compared to wild-type cells. A reporter assay confirmed MS-275-

induced NHEJ (Figure 5.24). Moreover, the mRNA expression of HR proteins such as 

RAD51 and BRCA1 was downregulated in HCT116∆gRNA and HCT116∆PR130 cells upon 

class I HDACi (Figure 5.23). Treatment with the RAD51 inhibitor RI-1 and HU showed 

that more HCT116∆gRNA cells undergo apoptosis when RAD51 is inhibited in comparison 

to similar treated HCT116∆PR130 cells (Figure 5.25 B, C). PR130-deficient cells also 

showed less γH2AX than wild-type cells (Figure 5.25 A), indicating that these cells do 

not strongly rely on HR as repair mechanism. Keeping in mind that NHEJ is a more error-

prone DNA-repair mechanism and occurs during each cell cycle phase, the preference 

of this mechanism in dPR130 cells could have clinical implications with higher mutational 

rates and higher resistance to genotoxic stress due to faster strand repair (Brandsma 

and Gent 2012).  
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RIF1 locates to the damaged sites via ATM-dependent phosphorylation of 53BP1 (Gupta 

et al. 2014). RIF1 has 14 potential SQ/TQ ATM phosphorylation sites (Wang et al. 2018), 

whereas 53BP1 has 28 (Gupta et al. 2014). Since ATM phosphorylation is maintained in 

HCT116∆PR130 cells upon HU + MS-275 treatment compared to wild-type cells (Göder et 

al. 2018), this could explain why such cells have more RIF1 foci than wild-type cells 

(Figure 5.28). It would also be interesting to see if inhibition of ATM reduces RIF1 foci 

formation. It was further tested how additional ATM inhibition of HU + MS-275-treated 

cells affects their fate (Supplementary Figure 8.14) since higher ATM activity plays an 

important role for the DNA damage repair in PR130-deficient cells. Cell death increased 

significantly, suggesting pro-survival functions of ATM and NHEJ in PR130-deficient 

cells. RNAi based experiments with siRNA against RIF1 and 53BP1 could support this 

finding.  

The phosphoproteome analysis further revealed various phosphorylation sites of 53BP1 

and RIF1, indicating that both proteins could also be novel targets of the PP2A-PR130 

complex (Supplementary Table 5). Moreover, the CDK1 kinase is described to be 

required for the maintenance of RIF1 phosphorylation (Robertson et al. 2023). Therefore, 

high RIF1 phosphorylation is in line with less WEE1 and higher CDK activity in 

HCT116∆PR130 cells compared to wild-type cells (see chapter 6.4). However, not all 

phosphorylation sites showed the preferred target structure with S/T next to P/L. Future 

experiments using an in vitro dephosphorylation assay could show if the PP2A-PR130 

directly dephosphorylates 53BP1 and RIF1 at these specific phosphorylation sites.  

HCT116∆gRNA and HCT116∆PR130 cells were also analyzed for chromosomal aberrations. 

Interestingly, there was no difference between both cell systems or HU only and the 

combinatorial treatment with MS-275 (Figure 5.27). This speaks in favor of HU ± MS-275 

treatment, as the combinatorial treatment does not additionally lead to a mutation of the 

cells; rather the treatment increased apoptosis in both cell lines (Göder et al. 2018). 

In summary, the results showed that PR130-deficient cells favor NHEJ as repair 

mechanism and NHEJ is induced upon class I HDACi treatment. 
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8 Supplementary 

 

Supplementary Figure 8.1: Volcano blots of HCT116∆gRNA cells upon replication stress and 

HDACi. Cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. Cell lysates were subjected 

to mass spectrometry (kindly performed by ; n=4). A Untreated vs. 

HU; B Untreated vs. MS-275; C Untreated vs. HU + MS-275.  
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Supplementary Figure 8.2: Volcano blots of HCT116∆PR130 cells upon replication stress and 

HDACi. Cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. Cell lysates were subjected 

to mass spectrometry (kindly performed by ; n=4). A Untreated vs. 

HU; B Untreated vs. MS-275; C Untreated vs. HU + MS-275. 
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Supplementary Figure 8.3: STRING-analysis of significantly upregulated proteins in 

HCT116ΔgRNA and HCT116ΔPR130 cells. Cells were treated with 1 mM HU ± 5 µM MS-275. 

Upregulated proteins are shown in one figure for both cell lines upon untreated (A), HU-treated 

(B), MS-275-treated (C), and HU+MS-275-treated (D) conditions. Lines display a direct interaction 

between proteins. Figure was created using https://string-db.org/. 
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Supplementary Table 1: HALLMARK_MYC_TARGETS_V1. 

SYMBOL RANK IN GENE 
LIST 

RANK METRIC SCORE RUNNING ES CORE 
ENRICHMENT 

U2AF1 7288 0.774 -0.2173 No 

CTPS1 11246 0.333 -0.3365 No 

HSPD1 12180 0.261 -0.3621 No 

PRDX4 13017 0.200 -0.3855 No 

EXOSC7 13152 0.191 -0.3871 No 

EEF1B2 13888 0.137 -0.4082 No 

CDC45 14519 0.096 -0.4266 No 

CUL1 14762 0.083 -0.4330 No 

COPS5 15223 0.057 -0.4466 No 

HDAC2 15806 0.025 -0.4645 No 

RFC4 15992 0.017 -0.4700 No 

TYMS 15995 0.017 -0.4699 No 

SNRPA1 16220 0.008 -0.4768 No 

NOP56 16238 0.007 -0.4772 No 

EIF3D 16463 -0.001 -0.4842 No 

NME1 16589 -0.006 -0.4880 No 

AIMP2 16633 -0.008 -0.4892 No 

SRSF2 18009 -0.026 -0.5319 No 

RPS10 18047 -0.028 -0.5327 No 

RPL34 18089 -0.030 -0.5335 No 

IFRD1 18176 -0.034 -0.5358 No 

PSMA1 18492 -0.049 -0.5449 No 

XPOT 18533 -0.050 -0.5455 No 

RPL6 18954 -0.073 -0.5576 No 

ORC2 19018 -0.077 -0.5586 No 

PABPC4 19161 -0.086 -0.5618 No 

SRSF7 19243 -0.091 -0.5631 No 

DUT 19362 -0.097 -0.5655 No 

NCBP1 19497 -0.105 -0.5682 No 

GNL3 19542 -0.107 -0.5681 No 

RPS6 19655 -0.114 -0.5701 No 

PSMA6 19723 -0.118 -0.5706 No 

UBE2E1 19832 -0.124 -0.5723 No 

RPS5 19887 -0.127 -0.5722 No 

SSB 19956 -0.131 -0.5725 No 

RACK1 20034 -0.136 -0.5731 No 

LSM2 20159 -0.142 -0.5750 No 

USP1 20228 -0.146 -0.5752 No 

CBX3 20312 -0.151 -0.5757 No 

MRPL23 20386 -0.155 -0.5759 No 

HNRNPD 20509 -0.162 -0.5775 Yes 

SRSF1 20545 -0.165 -0.5763 Yes 

HNRNPA2B1 20646 -0.170 -0.5771 Yes 

NOP16 20665 -0.171 -0.5753 Yes 
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IMPDH2 20746 -0.176 -0.5754 Yes 

RPL14 20774 -0.177 -0.5739 Yes 

NCBP2 20783 -0.177 -0.5717 Yes 

XPO1 20814 -0.179 -0.5702 Yes 

TRA2B 20825 -0.180 -0.5680 Yes 

BUB3 20893 -0.184 -0.5676 Yes 

RPS3 20906 -0.185 -0.5655 Yes 

MYC 20936 -0.187 -0.5638 Yes 

ACP1 20967 -0.189 -0.5622 Yes 

RPLP0 21185 -0.199 -0.5663 Yes 

SSBP1 21196 -0.200 -0.5638 Yes 

G3BP1 21214 -0.201 -0.5616 Yes 

PPIA 21565 -0.222 -0.5695 Yes 

CANX 21591 -0.224 -0.5673 Yes 

RPS2 21614 -0.226 -0.5649 Yes 

RNPS1 21789 -0.237 -0.5671 Yes 

CDC20 21797 -0.237 -0.5640 Yes 

FAM120A 21899 -0.244 -0.5639 Yes 

HNRNPC 21933 -0.245 -0.5616 Yes 

TUFM 21964 -0.247 -0.5591 Yes 

HSPE1 22028 -0.251 -0.5577 Yes 

PSMD7 22047 -0.251 -0.5548 Yes 

CDK2 22117 -0.256 -0.5535 Yes 

TXNL4A 22121 -0.257 -0.5500 Yes 

PSMA2 22129 -0.258 -0.5467 Yes 

POLD2 22200 -0.261 -0.5454 Yes 

NAP1L1 22228 -0.263 -0.5426 Yes 

RPL18 22267 -0.266 -0.5402 Yes 

SYNCRIP 22290 -0.267 -0.5372 Yes 

TARDBP 22376 -0.273 -0.5361 Yes 

TCP1 22553 -0.284 -0.5378 Yes 

EIF4A1 22651 -0.289 -0.5369 Yes 

CAD 22660 -0.289 -0.5332 Yes 

SF3B3 22737 -0.295 -0.5315 Yes 

COX5A 22884 -0.304 -0.5319 Yes 

PSMC6 22963 -0.309 -0.5301 Yes 

SRPK1 22972 -0.310 -0.5262 Yes 

VDAC3 22988 -0.311 -0.5224 Yes 

SLC25A3 22989 -0.311 -0.5181 Yes 

MCM5 23170 -0.323 -0.5193 Yes 

LDHA 23202 -0.325 -0.5159 Yes 

MCM6 23206 -0.325 -0.5115 Yes 

EIF4E 23314 -0.333 -0.5103 Yes 

CSTF2 23367 -0.337 -0.5073 Yes 

RAN 23388 -0.339 -0.5033 Yes 

CYC1 23398 -0.340 -0.4990 Yes 

SRSF3 23417 -0.340 -0.4949 Yes 



Supplementary 

130 

RRP9 23436 -0.342 -0.4908 Yes 

SNRPD3 23492 -0.346 -0.4878 Yes 

PCNA 23533 -0.349 -0.4842 Yes 

SNRPD2 23567 -0.352 -0.4805 Yes 

RUVBL2 23609 -0.355 -0.4769 Yes 

CCNA2 23615 -0.356 -0.4722 Yes 

PGK1 23617 -0.356 -0.4674 Yes 

PSMD14 23662 -0.360 -0.4638 Yes 

DEK 23674 -0.361 -0.4593 Yes 

SNRPB2 23703 -0.363 -0.4552 Yes 

MAD2L1 23742 -0.366 -0.4514 Yes 

SF3A1 23749 -0.367 -0.4465 Yes 

EIF2S2 23758 -0.368 -0.4418 Yes 

MCM4 23781 -0.370 -0.4374 Yes 

CCT7 23785 -0.370 -0.4324 Yes 

TFDP1 23825 -0.373 -0.4286 Yes 

HNRNPU 23833 -0.374 -0.4237 Yes 

MRPS18B 23863 -0.376 -0.4194 Yes 

HNRNPA3 23944 -0.383 -0.4167 Yes 

TRIM28 23977 -0.385 -0.4125 Yes 

PSMD3 24007 -0.387 -0.4081 Yes 

DDX21 24054 -0.390 -0.4042 Yes 

PHB2 24078 -0.393 -0.3995 Yes 

DDX18 24079 -0.393 -0.3942 Yes 

TOMM70 24085 -0.393 -0.3890 Yes 

EIF4G2 24170 -0.400 -0.3861 Yes 

SERBP1 24206 -0.404 -0.3817 Yes 

CCT4 24231 -0.406 -0.3769 Yes 

PRDX3 24362 -0.417 -0.3753 Yes 

CCT5 24442 -0.424 -0.3720 Yes 

PRPS2 24507 -0.430 -0.3681 Yes 

HNRNPR 24560 -0.436 -0.3638 Yes 

MCM7 24576 -0.438 -0.3582 Yes 

KPNA2 24706 -0.451 -0.3561 Yes 

HNRNPA1 24714 -0.451 -0.3502 Yes 

PRPF31 24739 -0.455 -0.3447 Yes 

STARD7 24744 -0.455 -0.3386 Yes 

RPL22 24745 -0.455 -0.3324 Yes 

PSMA7 24747 -0.455 -0.3262 Yes 

EIF3J 24759 -0.456 -0.3203 Yes 

VDAC1 24765 -0.457 -0.3143 Yes 

RAD23B 24782 -0.457 -0.3085 Yes 

MRPL9 24789 -0.459 -0.3024 Yes 

GSPT1 24852 -0.466 -0.2980 Yes 

EIF1AX 24854 -0.466 -0.2917 Yes 

PPM1G 24870 -0.468 -0.2857 Yes 

PHB 24881 -0.470 -0.2796 Yes 
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LSM7 24904 -0.472 -0.2739 Yes 

NDUFAB1 25014 -0.487 -0.2706 Yes 

KPNB1 25020 -0.487 -0.2641 Yes 

SNRPD1 25022 -0.487 -0.2575 Yes 

CCT2 25053 -0.491 -0.2518 Yes 

DHX15 25058 -0.492 -0.2452 Yes 

RRM1 25060 -0.492 -0.2385 Yes 

ETF1 25208 -0.508 -0.2361 Yes 

EIF3B 25214 -0.509 -0.2293 Yes 

MCM2 25236 -0.512 -0.2230 Yes 

PWP1 25242 -0.513 -0.2161 Yes 

SMARCC1 25259 -0.515 -0.2096 Yes 

CNBP 25334 -0.526 -0.2047 Yes 

CLNS1A 25366 -0.530 -0.1985 Yes 

HDDC2 25371 -0.530 -0.1914 Yes 

XRCC6 25396 -0.533 -0.1848 Yes 

SNRPA 25457 -0.545 -0.1793 Yes 

CCT3 25469 -0.547 -0.1721 Yes 

GOT2 25490 -0.551 -0.1652 Yes 

PSMD8 25501 -0.553 -0.1580 Yes 

PABPC1 25594 -0.563 -0.1532 Yes 

HPRT1 25623 -0.567 -0.1463 Yes 

PSMA4 25798 -0.591 -0.1437 Yes 

YWHAQ 25818 -0.594 -0.1362 Yes 

PSMD1 25838 -0.597 -0.1286 Yes 

PCBP1 25897 -0.605 -0.1222 Yes 

PA2G4 25936 -0.610 -0.1150 Yes 

APEX1 25937 -0.611 -0.1067 Yes 

VBP1 25961 -0.613 -0.0990 Yes 

C1QBP 25968 -0.613 -0.0908 Yes 

RSL1D1 26048 -0.625 -0.0848 Yes 

YWHAE 26100 -0.632 -0.0777 Yes 

FBL 26101 -0.632 -0.0691 Yes 

NHP2 26125 -0.637 -0.0611 Yes 

NOLC1 26153 -0.641 -0.0532 Yes 

UBA2 26154 -0.642 -0.0444 Yes 

SRM 26165 -0.644 -0.0359 Yes 

HSP90AB1 26214 -0.654 -0.0285 Yes 

EIF2S1 26223 -0.656 -0.0198 Yes 

SNRPG 26294 -0.668 -0.0129 Yes 

AP3S1 26376 -0.689 -0.0060 Yes 

ILF2 26383 -0.691 0.0033 Yes 

PTGES3 26394 -0.694 0.0124 Yes 

EIF4H 26469 -0.717 0.0199 Yes 

SET 26494 -0.721 0.0290 Yes 

PSMC4 26521 -0.728 0.0381 Yes 

NPM1 26542 -0.734 0.0475 Yes 
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GLO1 26554 -0.737 0.0573 Yes 

UBE2L3 26621 -0.758 0.0656 Yes 

CDK4 26641 -0.763 0.0754 Yes 

POLE3 26689 -0.781 0.0846 Yes 

PSMB3 26706 -0.785 0.0948 Yes 

HDGF 26732 -0.793 0.1049 Yes 

ODC1 27073 -0.862 0.1060 Yes 

ERH 27136 -0.868 0.1159 Yes 

RANBP1 29658 -0.996 0.0507 Yes 

PSMB2 29713 -1.012 0.0628 Yes 

ABCE1 29857 -1.036 0.0725 Yes 

 

Supplementary Table 2: REACTOME: APC-C-MEDIATED DEGRADATION OF CELL CYCLE 

PROTEINS. 

SYMBOL RANK IN GENE 
LIST 

RANK METRIC 
SCORE 

RUNNING ES CORE 
ENRICHMENT 

PSME2 8458 0.603 -0.2467 No 

ANAPC4 9714 0.468 -0.2727 No 

ANAPC16 9758 0.464 -0.2611 No 

FBXO5 11938 0.281 -0.3212 No 

CCNA1 12841 0.214 -0.3433 No 

CDC16 13195 0.188 -0.3490 No 

ANAPC5 13607 0.157 -0.3574 No 

SKP2 13751 0.146 -0.3578 No 

ANAPC1 14398 0.104 -0.3750 No 

CUL1 14762 0.083 -0.3840 No 

AURKB 15355 0.049 -0.4011 No 

CDC14A 15755 0.027 -0.4128 No 

CDK1 15944 0.020 -0.4181 No 

PSME1 16229 0.007 -0.4267 No 

RB1 18447 -0.046 -0.4945 No 

PSMB9 18460 -0.047 -0.4936 No 

PSMA1 18492 -0.049 -0.4932 No 

ANAPC15 18543 -0.050 -0.4933 No 

FZR1 18980 -0.075 -0.5048 No 

BTRC 19238 -0.091 -0.5103 No 

RPS27A 19548 -0.108 -0.5169 No 

PSMA6 19723 -0.118 -0.5190 No 

UBE2E1 19832 -0.124 -0.5189 No 

ANAPC10 20150 -0.141 -0.5248 No 

PSMD4 20365 -0.154 -0.5272 No 

BUB3 20893 -0.184 -0.5385 Yes 

ANAPC7 21002 -0.190 -0.5365 Yes 

UBE2D1 21005 -0.190 -0.5313 Yes 

PSMD6 21068 -0.194 -0.5278 Yes 

UBB 21457 -0.216 -0.5338 Yes 
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ANAPC2 21612 -0.225 -0.5323 Yes 

UBA52 21613 -0.226 -0.5260 Yes 

CDC20 21797 -0.237 -0.5251 Yes 

PSMD7 22047 -0.251 -0.5258 Yes 

CDK2 22117 -0.256 -0.5208 Yes 

CDC27 22126 -0.257 -0.5138 Yes 

PSMA2 22129 -0.258 -0.5067 Yes 

PSMB1 22427 -0.276 -0.5082 Yes 

ANAPC11 22777 -0.297 -0.5108 Yes 

PSMC6 22963 -0.309 -0.5079 Yes 

PSMB4 23227 -0.327 -0.5070 Yes 

CDC23 23258 -0.330 -0.4987 Yes 

PSMC3 23391 -0.339 -0.4933 Yes 

AURKA 23515 -0.348 -0.4874 Yes 

PSMC2 23557 -0.351 -0.4788 Yes 

CCNA2 23615 -0.356 -0.4707 Yes 

SEM1 23655 -0.359 -0.4619 Yes 

PSMD14 23662 -0.360 -0.4520 Yes 

MAD2L1 23742 -0.366 -0.4442 Yes 

UBC 23849 -0.375 -0.4370 Yes 

PSMD10 23850 -0.376 -0.4265 Yes 

PSMF1 23978 -0.385 -0.4197 Yes 

PSMD3 24007 -0.387 -0.4097 Yes 

PSMD5 24019 -0.388 -0.3992 Yes 

PSMD2 24040 -0.389 -0.3890 Yes 

PSMC1 24201 -0.403 -0.3827 Yes 

CCNB1 24596 -0.439 -0.3827 Yes 

PSMA7 24747 -0.455 -0.3746 Yes 

PSMC5 24901 -0.472 -0.3662 Yes 

PSME3 24948 -0.478 -0.3542 Yes 

PTTG1 24975 -0.482 -0.3416 Yes 

PSMA5 24990 -0.484 -0.3285 Yes 

PSMD9 25002 -0.485 -0.3152 Yes 

UBE2C 25037 -0.489 -0.3026 Yes 

PSMA3 25118 -0.499 -0.2912 Yes 

BUB1B 25136 -0.501 -0.2777 Yes 

PSMB7 25374 -0.530 -0.2703 Yes 

PLK1 25387 -0.532 -0.2557 Yes 

PSMD8 25501 -0.553 -0.2438 Yes 

PSMD13 25611 -0.565 -0.2314 Yes 

PSMB6 25719 -0.578 -0.2186 Yes 

PSMD12 25769 -0.585 -0.2037 Yes 

PSMA4 25798 -0.591 -0.1881 Yes 

PSMD1 25838 -0.597 -0.1726 Yes 

PSMD11 26192 -0.650 -0.1654 Yes 

PSMB5 26239 -0.659 -0.1484 Yes 

NEK2 26278 -0.663 -0.1310 Yes 
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PSME4 26326 -0.675 -0.1136 Yes 

SKP1 26407 -0.701 -0.0965 Yes 

PSMC4 26521 -0.728 -0.0797 Yes 

UBE2S 26675 -0.775 -0.0628 Yes 

PSMB3 26706 -0.785 -0.0417 Yes 

CDC26 26767 -0.807 -0.0210 Yes 

PSMB11 28036 -0.974 -0.0333 Yes 

PSMB2 29713 -1.012 -0.0572 Yes 

PSMB8 30252 -1.351 -0.0362 Yes 

PSMB10 30626 -1.572 -0.0039 Yes 

PSMA8 31122 -1.864 0.0328 Yes 

 

Supplementary Table 3: REACTOME: CDT1 ASSOCIATION WITH THE CDC6 ORC ORIGIN 

COMPLEX. 

SYMBOL RANK IN GENE 
LIST 

RANK METRIC 
SCORE 

RUNNING 
ES 

CORE 
ENRICHMENT 

PSME2 8458 0.603 -0.2404 No 

ORC6 12635 0.229 -0.3617 No 

ORC3 14765 0.082 -0.4249 No 

MCM8 15996 0.017 -0.4625 No 

PSME1 16229 0.007 -0.4695 No 

PSMB9 18460 -0.047 -0.5371 No 

PSMA1 18492 -0.049 -0.5362 No 

ORC2 19018 -0.077 -0.5496 No 

ORC5 19394 -0.099 -0.5575 No 

RPS27A 19548 -0.108 -0.5582 No 

PSMA6 19723 -0.118 -0.5591 No 

ORC4 20100 -0.139 -0.5656 No 

PSMD4 20365 -0.154 -0.5679 No 

ORC1 20730 -0.174 -0.5726 No 

PSMD6 21068 -0.194 -0.5757 No 

UBB 21457 -0.216 -0.5796 Yes 

UBA52 21613 -0.226 -0.5758 Yes 

GMNN 21883 -0.243 -0.5750 Yes 

PSMD7 22047 -0.251 -0.5705 Yes 

PSMA2 22129 -0.258 -0.5632 Yes 

PSMB1 22427 -0.276 -0.5620 Yes 

PSMC6 22963 -0.309 -0.5669 Yes 

PSMB4 23227 -0.327 -0.5626 Yes 

PSMC3 23391 -0.339 -0.5548 Yes 

CDC6 23516 -0.348 -0.5454 Yes 

PSMC2 23557 -0.351 -0.5333 Yes 

SEM1 23655 -0.359 -0.5227 Yes 

PSMD14 23662 -0.360 -0.5092 Yes 

UBC 23849 -0.375 -0.5007 Yes 
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PSMD10 23850 -0.376 -0.4864 Yes 

PSMF1 23978 -0.385 -0.4757 Yes 

PSMD3 24007 -0.387 -0.4618 Yes 

PSMD5 24019 -0.388 -0.4474 Yes 

PSMD2 24040 -0.389 -0.4333 Yes 

PSMC1 24201 -0.403 -0.4229 Yes 

PSMA7 24747 -0.455 -0.4225 Yes 

PSMC5 24901 -0.472 -0.4094 Yes 

PSME3 24948 -0.478 -0.3926 Yes 

CDT1 24989 -0.484 -0.3754 Yes 

PSMA5 24990 -0.484 -0.3570 Yes 

PSMD9 25002 -0.485 -0.3389 Yes 

PSMA3 25118 -0.499 -0.3235 Yes 

PSMB7 25374 -0.530 -0.3113 Yes 

PSMD8 25501 -0.553 -0.2942 Yes 

PSMD13 25611 -0.565 -0.2761 Yes 

PSMB6 25719 -0.578 -0.2574 Yes 

PSMD12 25769 -0.585 -0.2367 Yes 

PSMA4 25798 -0.591 -0.2151 Yes 

PSMD1 25838 -0.597 -0.1936 Yes 

PSMD11 26192 -0.650 -0.1799 Yes 

PSMB5 26239 -0.659 -0.1562 Yes 

PSME4 26326 -0.675 -0.1332 Yes 

PSMC4 26521 -0.728 -0.1116 Yes 

PSMB3 26706 -0.785 -0.0875 Yes 

PSMB11 28036 -0.974 -0.0918 Yes 

PSMB2 29713 -1.012 -0.1055 Yes 

PSMB8 30252 -1.351 -0.0709 Yes 

PSMB10 30626 -1.572 -0.0227 Yes 

PSMA8 31122 -1.864 0.0328 Yes 
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Supplementary Table 4: REACTOME: DEGRADATION OF BETA CATENIN BY THE 

DESTRUCTION COMPLEX. 

SYMBOL RANK IN GENE 
LIST 

RANK METRIC 
SCORE 

RUNNING ES CORE 
ENRICHMENT 

PSME2 8458 0.603 -0.2453 No 

TLE2 8798 0.565 -0.2388 No 

CTBP2 13034 0.199 -0.3647 No 

PPP2R5B 13037 0.199 -0.3588 No 

FRAT1 13213 0.186 -0.3586 No 

TCF7L2 14453 0.100 -0.3942 No 

APC 14621 0.091 -0.3966 No 

GSK3B 14648 0.090 -0.3947 No 

AMER1 14650 0.089 -0.3920 No 

CUL1 14762 0.083 -0.3930 No 

TLE4 15414 0.045 -0.4119 No 

TLE1 15725 0.029 -0.4207 No 

TLE5 15940 0.020 -0.4267 No 

PSME1 16229 0.007 -0.4355 No 

CTBP1 16709 -0.011 -0.4501 No 

TLE3 18201 -0.036 -0.4955 No 

PSMB9 18460 -0.047 -0.5021 No 

PSMA1 18492 -0.049 -0.5016 No 

HDAC1 19052 -0.079 -0.5166 No 

BTRC 19238 -0.091 -0.5196 No 

RPS27A 19548 -0.108 -0.5260 No 

PPP2R5D 19662 -0.115 -0.5260 No 

PSMA6 19723 -0.118 -0.5243 No 

FRAT2 19884 -0.127 -0.5255 No 

PSMD4 20365 -0.154 -0.5357 No 

MYC 20936 -0.187 -0.5479 No 

PSMD6 21068 -0.194 -0.5461 No 

UBB 21457 -0.216 -0.5516 Yes 

AXIN1 21582 -0.223 -0.5487 Yes 

UBA52 21613 -0.226 -0.5428 Yes 

PPP2CB 21701 -0.231 -0.5386 Yes 

PPP2R5E 21806 -0.238 -0.5346 Yes 

PSMD7 22047 -0.251 -0.5345 Yes 

PPP2R5A 22079 -0.254 -0.5278 Yes 

ZRANB1 22094 -0.255 -0.5205 Yes 

PSMA2 22129 -0.258 -0.5138 Yes 

PSMB1 22427 -0.276 -0.5147 Yes 

CTNNB1 22462 -0.277 -0.5073 Yes 

PPP2R1A 22938 -0.307 -0.5128 Yes 

PSMC6 22963 -0.309 -0.5042 Yes 

PPP2R5C 23159 -0.322 -0.5006 Yes 

PSMB4 23227 -0.327 -0.4927 Yes 

PPP2R1B 23273 -0.331 -0.4841 Yes 
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PSMC3 23391 -0.339 -0.4775 Yes 

TCF7L1 23523 -0.349 -0.4710 Yes 

PSMC2 23557 -0.351 -0.4615 Yes 

SEM1 23655 -0.359 -0.4536 Yes 

PSMD14 23662 -0.360 -0.4429 Yes 

AXIN2 23808 -0.372 -0.4362 Yes 

UBC 23849 -0.375 -0.4261 Yes 

PSMD10 23850 -0.376 -0.4147 Yes 

PPP2CA 23924 -0.381 -0.4054 Yes 

PSMF1 23978 -0.385 -0.3954 Yes 

PSMD3 24007 -0.387 -0.3846 Yes 

PSMD5 24019 -0.388 -0.3732 Yes 

PSMD2 24040 -0.389 -0.3621 Yes 

PSMC1 24201 -0.403 -0.3548 Yes 

PSMA7 24747 -0.455 -0.3580 Yes 

PSMC5 24901 -0.472 -0.3485 Yes 

PSME3 24948 -0.478 -0.3355 Yes 

PSMA5 24990 -0.484 -0.3221 Yes 

PSMD9 25002 -0.485 -0.3078 Yes 

CSNK1A1 25032 -0.488 -0.2939 Yes 

PSMA3 25118 -0.499 -0.2815 Yes 

PSMB7 25374 -0.530 -0.2734 Yes 

PSMD8 25501 -0.553 -0.2606 Yes 

PSMD13 25611 -0.565 -0.2468 Yes 

PSMB6 25719 -0.578 -0.2327 Yes 

PSMD12 25769 -0.585 -0.2165 Yes 

PSMA4 25798 -0.591 -0.1995 Yes 

PSMD1 25838 -0.597 -0.1827 Yes 

PSMD11 26192 -0.650 -0.1740 Yes 

PSMB5 26239 -0.659 -0.1555 Yes 

PSME4 26326 -0.675 -0.1377 Yes 

SKP1 26407 -0.701 -0.1190 Yes 

PSMC4 26521 -0.728 -0.1005 Yes 

TCF7 26618 -0.758 -0.0806 Yes 

PSMB3 26706 -0.785 -0.0595 Yes 

RBX1 26801 -0.821 -0.0376 Yes 

PSMB11 28036 -0.974 -0.0466 Yes 

PSMB2 29713 -1.012 -0.0682 Yes 

PSMB8 30252 -1.351 -0.0441 Yes 

PSMB10 30626 -1.572 -0.0082 Yes 

PSMA8 31122 -1.864 0.0328 Yes 
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Supplementary Figure 8.4: p53-dependent expression of p21 is independent of HDACi 

treatment. HCT116wt and HCT116p53-/- cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. 

Indicated proteins were analyzed by immunoblot. HSP90 served as loading control. 

 

 

Supplementary Figure 8.5: p21 is essential for efficient CHK1 phosphorylation upon 

replication stress. HCT116wt and HCT116p21-/- cells were treated with 1 mM HU ± 5 µM MS-275 

for 24 h. Indicated proteins were analyzed by immunoblot. HSP90 served as loading control. 
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Supplementary Figure 8.6: CDK2 is essential for cell cycle regulation. HCT116ΔgRNA and 

HCT116ΔPR130 cells were treated with 1 mM HU ± 5 µM CDK2i for 1 h. Cell cycle analysis of PI-

stained cells was carried out on the BD FACS Canto II system (n=3).  

 

 

Supplementary Figure 8.7: PR130-dependent expression of cyclins. HCT116ΔgRNA and 

HCT116ΔPR130 cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. Numbers beneath 

analyzed cyclins indicate densitometric values of the immunoblot signals relative to those of 

lysates from untreated wild-type cells (normalized to HSP90; loading control). 
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Supplementary Figure 8.8: WEE1 controls phosphorylation of CHK1 via cyclin-dependent 

kinase CDK2. VH10tert cells were treated with 1 mM HU for 24 h and afterwards with 500 nM 

MK-1775 or 5 µM CDK2i for 1 h. Indicated proteins were detected by immunoblot.  
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Supplementary Figure 8.9: G1/S DNA damage checkpoints in HCT∆gRNA cells upon 

replication stress and HDACi treatment. HCT∆gRNA cells were treated with 1 mM HU ± 5 µM 

MS-275 for 24 h. mRNAs were analyzed by RNA sequencing (in cooperation with 

). Figure shows the most upregulated mRNAs important 

for G1/S DNA damage checkpoints. 
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Supplementary Figure 8.10: G1/S DNA damage checkpoints in HCT∆PR130 cells upon 

replication stress and HDACi treatment. HCT∆PR130 cells were treated with 1 mM HU ± 5 µM 

MS-275 for 24 h. mRNAs were analyzed by RNA sequencing (in cooperation with 

. Figure shows the most upregulated mRNAs important 

for G1/S DNA damage checkpoints. 
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Supplementary Figure 8.11: Heatmap of cell cycle regulators. HCT116ΔgRNA and 

HCT116ΔPR130 cells were treated with 1 mM HU ± 5 µM MS-275 for 24 h. RNA sequencing analysis 

of three independent replicates was carried out using the NextSeq500 system. Heatmap shows 

log2 fold changes. Shown are the differences between HCT116ΔgRNA and HCT116ΔPR130 cells 

(higher expressed in PR130-deficient cells compared to wild-type cells). 
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Supplementary Figure 8.12: p21 is essential for efficient checkpoint kinase 

phosphorylation and cell cycle regulation. A Schematic overview of GFP-Cas9-mediated 

knockout of p21 in HCT116∆PR130 cells. Cells were transfected with GFP-Cas9 protein and the 

indicated gRNA1 and gRNA2. PAM sequences adjacent to the chosen sequences in the CDKN1A 

gene are marked. B Selection and analysis of PR130-p21-null CRISPR-Cas9 clones. Whole cell 

lysates were analyzed by immunoblotting. p21 and HSP90 (loading control) were measured using 

the Odyssey Imaging system. Clone #2 is marked in red and was chosen for following 

experiments. C Microscopic images of HCT116∆PR130∆gRNA (CRISPR-Cas9 control; left) and 
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HCT116∆PR130∆p21 (right) cells (ECHO Rebel; x20). D HCT116∆PR130∆gRNA and HCT116∆PR130∆p21 

cells were treated with 1 mM HU for 24 h. Indicated proteins (HSP90 as loading control) were 

analyzed by western blot. E Cells were treated with 1 mM HU for 24 h, stained with PI and 

analyzed by flow cytometry. 

 

Supplementary Figure 8.13: pp21-S130 controls activity of WEE1. HCT116p21-/- cells were 

transfected with FLAG-tagged p21, p21 S130 A, p21 S130 D or a vector control (pcDNA3.1) for 

24 h. Afterwards, cells were treated with 1 mM HU for 24 h. A Proteins were analyzed by 

immunoblot (HSP90 and α-tubulin = loading controls). B Cells were stained with PI and cell cycle 

was analyzed by flow cytometry. 
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Supplementary Table 5: p53BP1 and pRIF1 are novel targets of the PP2A-PR130 complex. 

HCT116∆gRNA and HCT116∆PR130 cells were cultured in light, medium and heavy SILAC medium 

for 2 weeks. Cells were then treated with 1 mM HU for 24 h. Table shows gene sequences and 

detected phosphosites of 53BP1 and RIF1. 

Gene  Sequence Phospho-site 

53BP1 T(0.005)S(0.005)S(0.005)VLGMS(0.925)VES(0.059)APAVEEE 

KGEELEQK 

124; 129 

53BP1 MVIQGPS(0.892)S(0.108)PQGEAMVTDVLEDQKEGR 1113; 1118 

53BP1 GSGEKPVS(0.004)APGDDT(0.036)ES(0.96)LHS(1)QGEEEFD

MPQPPHGHVLHR 

1219; 1224 

53BP1 TS(0.002)S(0.998)GTSLSAMHSSGSSGK 1317; 1322; 80 

RIF1 LRELDPSLVSANDS(1)PSGMQTR 2161; 435 

RIF1 TIGDLST(0.004)LT(0.031)AS(0.965)EIK 2339; 2313; 

613 

RIF1 ASQGLLSSIENS(0.001)ES(0.974)DS(0.02)S(0.005)EAK 1554 

RIF1 KADVQAPVS(0.891)PS(0.102)ET(0.005)S(0.001)QANPYSEGQ

FLDEHHSVNFHLGLK 

1772; 46 
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Supplementary Figure 8.14: ATM and NHEJ carry out pro-survival functions. HCT116∆PR130 

cells were treated with 1 mM HU ± 5 µM MS-275 ± 3 µM KU-60019 (1 h pre-treatment) for 24 h 

(A) or 48 h (B) and stained with annexin V/PI for cell death analysis. Statistical analysis was done 

using Two-way ANOVA and Tukey’s Multiple Comparison Test (***p<0.001; n=3). 
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