
 

 

 

 

 

 

Cellular and molecular effects of 

CDC6-induced senescence in Human 

Bronchial Epithelial Cells 

 

Foteini Karousi 

Biologist 

MSc in Molecular Biomedicine 

Medical School of Athens 

 

Supervisor: Professor Vassilis G. Gorgoulis 

 

ATHENS 2018 

 



 

2 
 

 

 

 

 

Cellular and molecular effects of 

CDC6-induced senescence in Human 

Bronchial Epithelial Cells 

 

Foteini Karousi 

Biologist 

MSc in Molecular Biomedicine 

Medical School of Athens 

 

Supervisor: Professor Vassilis G. Gorgoulis 

 

ATHENS 2018 

 



 

3 
 

Three-member Advisory and Examination Committee: 

 

1. Prof. Vassilis G. GORGOULIS, MD, Head of the Department of Histology- 

Embryology, Medical School of Athens (supervisor). 

 

2. Assistant Prof. Athanassios KOTSINAS, PhD, Department of Histology- 

Embryology, Medical School of Athens. 

 

3. Assistant Prof. Sofia HAVAKI, PhD, Department of Histology- Embryology, 

Medical School of Athens. 

 

Place of research 

 

The presented study was collaboration between the National and Kapodistrian 

University of Athens, Greece and the Biomedical Sciences Research Center 

"Alexander Fleming" (BSRC Alexander Fleming), Greece. 

 

A large part of the research took place in Dr. Fousteri’s laboratory, Division of 

Molecular Biology and Genetics at the Biomedical Sciences Research Center 

"Alexander Fleming" (BSRC Alexander Fleming), Greece. 

. 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

4 
 

ACKNOWLEDGEMENTS 

I would first like to thank my thesis advisor Professor Vassilis G.Gorgoulis of the 

Medical School of the National and Kapodistrian University of Athens. The door to 

Prof. Gorgoulis office was always open whenever I ran into a trouble spot or had a 

question about my research or writing.  

I would also like to thank the experts who were involved in my three-member 

advisory and examination committee Dr. Sofia Havaki and especially Dr. Athanassios 

Kotsinas who was always really helpful and was there every time I asked for. 

In addition I would like to thank Dr. Maria Fousteri who gave me the opportunity and 

trusted me to work in her laboratory. I also would like to thank Dr. Mat Lavigne for 

his guidance and support throughout my MSc research project. 

Moreover, this thesis would not have been possible without the valuable help of 

Christos Zampetidis, Eirini Komseli, Ioanna Mourkioti and Sophia Rizou from 

Gorgoulis Lab. Furthermore, I would like to thank Tasos Liakos, Dimitris 

Konstantopoulos, Smaragda Fanourgakis and George Stefos and all the members of 

Fousteri lab. I am grateful to them for their help at several moments during this 

project. 

Finally, I must express my very profound gratitude to my parents and to my friends 

for providing me with unfailing support and continuous encouragement throughout 

my years of study and through the process of researching and writing this thesis. This 

accomplishment would not have been possible without them.  

Thank you. 

Fotini Karousi 

 

 

 

 

 

 

 



 

5 
 

Contents 
Abstract ......................................................................................................................... 7 

1.Introduction  .............................................................................................................. 9 

 1.1: Chromatin Structure ..................................................................................... 10 

 1.2: Replication.................................................................................................... 11 

 1.3: Cell Cycle ..................................................................................................... 15 

 1.4: Cell Cycle Regulation .................................................................................. 16 

 1.5: Senescence.................................................................................................... 18 

 1.6: CDC6 ............................................................................................................ 20 

 1.7: CDC6 in Human Cancer............................................................................... 21 

 1.8: Oncogenic Activity of CDC6 ....................................................................... 22  

2. Aims ......................................................................................................................... 25 

3. Materials & Mathods. ............................................................................................ 27 

    3.1: Cell Culture and HBEC CDC6 Tet-ON system   .......................................... 27 

3.2: Cell Passage  .................................................................................................. 27 

 3.3: Freezing Cells  .............................................................................................. 27 

 3.4: Thawing Frozen Cells .................................................................................. 27 

 3.5: Counting Cells with the use of Hematocytometer  Neubaue  ...................... 28 

 3.6: Total Protein Extraction and Western Blot Analysis ................................... 28 

 3.7: ChiP-seq Assay............................................................................................. 29 

 3.8: Illumina Sequencing and Library Generation  ............................................. 30 

 3.9: Reads alignment and normalisation  ............................................................ 30 

 3.10: Flow Cytometry .......................................................................................... 30 

 3.11: Senescence/GL13 staining  ........................................................................ 31 

 3.12: Starving Assay ............................................................................................ 31 

        3.13: Phase Contrast Microscopy ........................................................................ 31 

        3.14: USCS Genome Browser on Human (GRCh37/hg19)................................. 31 

 3.15: Bioinformatic Analysis ............................................................................... 31 

 4. Results  ............................................................................................................ 33 

 4.1: The cellular system HBEC as a non-malignant human epithelial cancer 

model to study CDC6-induced senescence  ......................................................... 33 

 4.2: HBECs restore their proliferation activity after starving ................................. 33 

 4.3: CDC6 overexpression leads to acceleration in the G1/S transition of the cell 

cycle. ..................................................................................................................... 35 



 

6 
 

4.4: Insights into the differentially expressed (DE) genes of the HBECs through 

the Gene Set Enrichment Analysis (GSEA) analysis. .......................................... 37 

 4.5: Insights into the senescent state of the HBECs induced by CDC6 over-

expression.  ........................................................................................................... 38 

 4.6: CTCF binding is lost when CDC6 is over-exressed..................................... 39 

 4.7: DARs are annotated at important gene regulatory regions in HBECs 3d ON.

 .............................................................................................................................. 41 

 4.8: An overall estimation of the results presented in this thesis using the   USCS 

Human Genome Browser (GRCh37/hg19). ......................................................... 42 

 5. Discussion ....................................................................................................... 44 

        6. References ....................................................................................................... 48 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 
 

ABSTRACT 

   The human body is a complex and wondrous living machine. Like any machine, our 

bodies are composed by smaller parts that work together – the organs. Organs consist 

of million cells that cooperate with each other to perform a specialized task. Cancer is 

the result of a long time process that typically happens when the cells of the human 

body present ‘an antisocial behavior’ and cannot work with other cells in harmony. 

Recently, it has been revealed that a type of cellular senescence, the Oncogene-

Induced Senescence (OIS), may act as an anti-tumor barrier. 

   Cell division cycle 6 (CDC6) is an essential protein for cell’s fate as it acts as 

replication licensing factor and prevents the cell from re-replication and genomic 

instability.  Its over-expression has been associated with aberrant DNA replication 

and its deregulation has been linked with several types of cancer. Recent data have 

revealed a new oncogenic role of CDC6 and its newly identified participation in 

transcription regulation.  

   In this thesis, an epithelial cellular model in which over-expression of CDC6 was 

achieved in an inducible way through a doxycycline-inducible promoter is studied. 

Immortalized human bronchial epithelial cells (HBECs) (hTERT/CDK4) are used for 

that purpose. Most of the cancers are of epithelial origin and the above cell system 

simulates the whole spectrum of epithelial cancer development from the non-

malignant stage to complete transformation of the normal cells into a mesenchymal - 

cancerous state. Importantly, in this thesis the part of carcinogenesis that we focus on 

is the cellular and molecular mechanisms controlling anti-tumor barrier-senescence.  

 

   The aim of this project was to study the role of CDC6 in cancer initiation and 

development. To facilitate our study, we examined how HBEC cells can be 

synchronized in the cell cycle. We confirmed by phase contrast microscopy and Flow 

Cytometry that simple deprivation of supplements was sufficient to reversibly block a 

large majority of the treated cells in G0/G1 phase. These experimental conditions thus 

enabled us to define a framework for addressing the second aim of this study: to 

monitor accurately the changes driven by CDC6 induction and the consequences on 

cell cycle dynamics and gene expression changes. We discovered a premature and 

accelerated entry of the cells in S phase. In addition, cells overexpressing CDC6 

showed difficulties to carry on normal S phase and we suggest that replication may be 

blocked before the completion of the S phase. A third aim consisted in identifying the 

functional consequences of CDC6 induction at the chromatin structure and gene 

expression levels. In particular, we performed Chip-seq experiments to gain insights 

in the changes observed in the genome-wide binding of CTCF between HBEC OFF-

control and HBEC cells that expressed CDC6 for 3 days (HBEC 3d Tet-ON). In 

HBEC 3d Tet-ON cells, we discover that the binding of CTCF on TSS is decreased at 

a subset of Transcription start sites (TSS). We propose that such structural changes 

may affect the gene expression program of the CDC6 overexpressing cells. To 

validate this hypothesis, we analyzed ATAC-seq data that were generated in the lab in 
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order to understand changes in chromatin accessibility upon CDC6 induction and we 

monitored the number and localization of Differentially Accessible Regions (DAR) as 

well as their correlated effect on gene expression. 
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1. INTRODUCTION 

1.1: CHROMATIN STRUCTURE 

   The development of higher organisms requires the distinct specification of various 

cellular types. Although cells have exactly the identical genetic material in their 

nuclei, different cell types present different gene expression profiles (Margueron et 

al., 2010). DNA is found as part of a nucleoprotein complex named chromatin.  

      Chromatin consists of DNA, RNA, histones and non-histones. More specifically, 

147 bp of DNA are wrapped around 2*4 highly conserved core histones - two copies 

each of the four histones H2A, H2B, H3 and H4 - in order to compose the basic unit 

of chromatin, the nucleosome. Linker DNA is located between the nucleosomes. The 

role of chromatin is multiple: i) to pack DNA into a smaller volume in order to fit in 

the nucleus of the cell and ii) to protect its structure and sequence (Richmond et al., 

1984; Luger et al., 1997; White et al., 2001; Hayes et al., 2001; Cutter et al., 2015), 

and iii) to compartmentalize and regulate gene expression (Hübner et al., 2013) as 

well as replication and DNA repair. There are two forms of chromatin: euchromatin 

and heterochromatin. The first one refers to chromosomal regions that contain 

transcriptional active or potentially active genes. The chromatin is decondensed and 

the genome regions are accessible to nucleases. Euchromatin is characterized by H3 

and H4 hyperacetylation on their N-terminal lysine residues. On the other hand, 

heterochromatin refers to genome regions that stay highly condensed during the cell 

cycle. Heterochromatin contains inactive genes and lot of repetitive sequences. Unlike 

euchromatin, it is inaccessible to nucleases and it is characterized by histones 

hypoacetylation (Kosak et al., 2004; Arney et al., 2004; Quina et al., 2006; 

Margueron et al., 2010). ATAC-seq is the most optimal and widely accepted method 

for detecting accessible regions of chromatin (Buenrostro et al., 2013; Tsompana et 

al., 2014). 

   The modulation of the chromatin structure is of pivotal importance for the cell, as it 

regulates the chromatin accessibility and defines the position that the regulatory 

factors will be placed on the DNA. Frequently, the structure of the chromatin is found 

changed in its constituents because of different transcriptional conditions such as the 

presence of activators, repressors, chromatin remodelling complexes and histone 

modifications on its residues (Quina et al., 2006). The amino-terminal ‘tail’ domain of 

each histone that protrudes from the nucleosome is prone to post transcriptional 

modifications (PTMs) such as phosphorylation, methylation, acetylation and 

monoubiquitylation (Fletcher et al., 1996; Luger et al., 1997). In addition to the 

above, it has been reported that specific PTMs are connected with specific cellular 

functions and are playing a role in gene regulation (Campos et al., 2009).  

   Acetylation of histone tails facilitates the transcription machinery to access the 

promoters and hence initiates transcription (Studitsky et al., 1997). The amino-

terminal domains of the H3 and H4 histones are two of the most highly conserved 

sequences in eukaryotes and are subjected to acetylation. It has been reported that 



 

10 
 

acetyltransferases (HATs) are responsible for the acetylation of the histones N-termini 

and the activation of gene expression whereas histone deacetylases (HDACs) can 

reverse the modification (Sterner et al., 2000; Chen et al., 2001; Khochbin et al., 

2001). Thus, the cooperation and balance between HATs and HDACs is really 

important for gene expression output and plays a key role in alterations in chromatin 

structure and between transcription activity states. Their deregulation often leads to 

cancers and other human disorders (Timmermann et al., 2001; Eberharter et al., 

2002). In particular, acetylation of the 27th lysine residue of H3 histone (H3K27ac) 

can be used as a marker for active enhancers and promoters (Wang et al., 2009; 

Heintzman et al., 2009; Creyghton et al., 2010; Zhang et al., 2013).  

   An upper level of organization of chromatin beyond the nucleosomes involves 

large-scale chromosomal regions that constitute specific territories in the nuclei of the 

cells (Van Bortle et al., 2012). Within these territories chromatin alternates between 

heterochromatin and euchromatin in a way that is connected with transcription 

activity. Chromatin Conformation Analysis (3C) was used to study the 3D chromatin 

structure which has been considered as an important transcription regulator, and to 

capture physical interactions between chromatin segments (Crutchley et al., 2010; De 

Laat et al., 2012). Chromatin configuration is found to have an effect on the folding of 

genome due to long-range interactions- distantly genomic regions on the same or 

different chromosomes interact with each other. Long- range interactions have been 

revealed to affect the transcription. More specifically, physical interactions between 

regulatory DNA elements and gene-targets control the non-basal transcription (Vakoc 

et al., 2005; Spilianakis et al., 2005; Kagey et al., 2010; Ferraiuolo et al., 2012; 

Dekker et al., 2015). The non-histone binding proteins CCCTC-binding factor 

(CTCF) and cohesin that play a key role in genome organization and gene expression 

profiles are considered to guide long-range interactions (Phillips et al., 2009; Hadjur 

et al., 2009; Schmidt et al., 2010; Merkenschlager, 2010).  

   CTCF is an eleven zinc finger DNA-binding protein which is highly conserved 

among higher species. Since the 3D structure of DNA influences the regulation of 

genes, CTCF's activity has an impact on the expression of genes. It acts as a 

multifunctional protein as it is considered to be not only a transcription factor, but 

also an insulator and a transcription repressor or activator (Lobanenkov et al., 1990; 

Klenova et al., 1993; Filippova et al., 1996; Ohlsson et al., 2001). There are several 

thousands of binding sites CTCF across the genome, often proximal to transcription 

start sites (TSS) (Kim et al., 2007). Moreover, it was one of the first proteins that 

were found to change the chromatin structure, creating chromatin loops 

(Topologically Associated Domains –TADs) between its binding sites (Splinter et al., 

2006; Handoko et al., 2011; Dixon et al., 2012; Nora et al., 2012). Within TADs 

enhancer-gene interactions are mediated (Dixon et al., 2012, 2015). More specifically, 

TADs are defined by two CTCF molecules and this structure facilitates the interaction 

of enhancers and genes within the loop compared to the enhancers and genes outside 

the loop (Kim et al., 2007; Barski et al., 2007; Holwerda et al., 2013; Hnisz et al., 
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2016). The above structure which is connected to a cohesin complex and contains at 

least one gene has been defined as a ʺinsulated neighborhoodʺ (Dowen et al., 2014; Ji 

et al., 2016; Hnisz et al., 2016) (see figure 8). This insulating function is pivotal for 

normal gene activation and repression (Hnisz et al., 2016). In addition to the above, 

alterations on the CTCF binding sites in the chromatin loops have been observed in 

cancer cells (Ji et al., 2016). Last but not least, replication of the genome starts within 

the TADs (Pope et al., 2014). 

 

Figure 1.1: Organization of chromatin structure (figure from Hnisz et al., 2016). Chromatin is organized in 

large-scale chromosomal regions that constitute specific territories in the nuclei of the cells. Topologically 

associating domains (TADs) consist the next level of chromatin organization. The insulated neighborhoods are the  

basic of TADs. Anchor refers to the binding of the cohesion ring with two CTCF molecules in order a insulated 

neighborhood to be formed. 

1.2: REPLICATION  

   The procedure of DNA replication that occurs in every cell cycle has always been 

thought as a topic of ‘basic research’. On the other hand, defects in genome 

replication which can be amplified and accumulated over the cell cycles, have been 

shown to be linked with a variety of human diseases, including many types of cancer 

and possibly underlie the process of ageing (DePamphilis, 2006; Borlado et al., 2007; 

Fragkos et al., 2015).  

  For that reason, it is extremely important for the process of DNA duplication to be 

kept regulated precisely. Importantly, the whole replication process needs to be 

strictly accurate in order to inhibit the generation and the transfer of unexpected 

mutations to daughter cells. For that reason, the coordinated action of several proteins 

and enzymes, acting either separately or in complexes is required. Consequently, cells 

have developed a so called “replication machinery”, which is able to respond to a 

variety of signals and functions to preserve genome stability and to ensure DNA 

replication fidelity at replication forks (Denhardt, 1999; Bell et al., 2002; Sancar et 

al., 2004; Masai et al., 2005). 

 

   DNA replication starts at specific genomic regions called replication origins. 

Replication origins are dispersed among tens of thousands of loci across the genome 

of eukaryotic cells. The replication region is initially recognized by specific proteins 

that form the origin recognition complex (ORC) which binds the DNA and recruits 

other protein factors to establish the pre- replication complex (pre-RC) (DePamphilis, 
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2003; Kawakami et al., 2010; Chang et al., 2011) . Initiation of Replication at origin 

sites in eukaryotic cells are determined by two steps: the recognition of the pre‑RC 

site,· a process known as replication origin ‘licensing’ which is restricted  to the G1 

phase of cell cycle, and the activation of DNA synthesis which is called origin ‘firing’ 

during the S phase. This two-step mechanism is essential for the inhibition of 

re‑replication within the same cell cycle and the prevention of genome instability 

(Abbas et al., 2013; Fragkos et al., 2015; Prioleau et al., 2016).  In addition to the 

above, it is important to note that the subset of the potential origins which are 

activated varies from cell to cell (Fragkos et al., 2015). 

   More specifically, the process of ‘licensing’ of replication starts when the 

replication origins are first identified by the conserved 6-subunits (ORC1-6) origin 

recognition complex (ORC). ORC is bound to DNA during the whole cell cycle and 

at the late M/early G1 phase, recruits the Cell division cycle 6 (CDC6) protein which 

recruits the CDC10-dependent transcript 1 (also known as DNA replication factor 

CDT1). Additionally, the recruitment of the mini-chromosome maintenance (MCM) 

helicase complex-MCM2–7- is the last step of the what is called licensing process 

(Diffley et al., 1994; Speck et al., 2005; Chen et al., 2007; Evrin et al., 2009). 

Actually, within the nucleus of a eukaryotic cell, Cdt1 associates with the MCM2-7 

complex and recruits it to the ORC-Cdc6-DNA complex via an interaction with Orc6 

protein (Tanaka et al., 2002; Evrin et al., 2009). Although 2 MCM2-7 hexamers are 

required for the initiation and progression of replication in bidirectional replication 

forks, more hexamers are loaded onto each replication origin in order to protect the 

cells in case of replicative stress (Laskey et al., 2003; Ge et al., 2007).It is worth 

mentioning that Cdc6 ATP hydrolysis is required for MCM2-7 loading while Orc1 

ATP hydrolysis facilitates the release of the MCM2-7 complex from ORC, enabling 

the process of pre-RC formation and DNA licensing to be completed (Bowers et al., 

2004; Randell et al., 2006).  The MCM2-7 complex remains inactive until the S phase 

(Evrin et al., 2009) and is needed for the unwinding of DNA (Masai et al., 2010). 

Once the replication origins are licensed, cells must prevent re‑licensing during the S 

phase to ensure that the whole genome is replicated only once per cell cycle. This 

checkpoint is achieved through i) the interaction of Cdt1 with its inhibitor· Geminin 

or ii) via Cdt1 ubiquitylation and degradation during the S phase, which is 

accompanied by the phosphorylation of several initiation factors (Blow et al., 2008; 

Siddiqui et al., 2013).  

   Origin activation requires the formation of a pre-initiation complex (pre-IC) and 

activation of the MCM helicase complex and takes place at the G1–S phase transition. 

Compared to the pre-RC assembly at origins, that requires no cyclin-dependent kinase 

(CDK) activity, origin activation requires high levels of CDKs (Takayama et al., 

2003). Assembly of the pre-IC is triggered by DBF4-dependent kinase (DDK) and 

cyclin-dependent kinases (CDKs) (which are Ser/Thr protein kinases) at the G1–S 

phase transition, and its transformation into a functional replisome occurs in the S 

phase (Fragkos et al., 2015). DDK and CDKs phosphorylate the replication factors 
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MCM10, CDC45, ATP-dependent DNA helicase Q4 (RECQL4), treslin, GINS, DNA 

topoisomerase 2-binding protein 1 (TOPBP1) and DNA polymerase ε (Pol ε) to 

promote their recruitment onto origins. In addition to the above, DDK and CDKs 

phosphorylate specific residues within the MCM2–7 complex, leading to helicase 

activation and DNA unwinding. Helicase activation induces the loading of other 

proteins such as replication factor C (RFC), proliferating cell nuclear antigen 

(PCNA), replication protein A (RPA) and other DNA polymerases that transform the 

pre-IC into two functional replication forks that proceed in opposite directions from 

the activated origin, with the replisome at each fork. The functional helicase at the 

forks is considered to be the CMG complex which is composed of CDC45, the MCM 

hexamer and the GINS complex (Kang et al., 2014; Heller et al., 2011; Tanaka et al., 

2007; Masumoto et al., 2002; Zegerman et al., 2007; Ilves et al., 2010; Kumagai et 

al., 2010; Kumagai et al., 2011; Thu et al., 2013; Im et al., 2009). The above 

mentioned CMG complex is activated by the MCM10 and then DNA polymerase α-

primase (Pol α) primes DNA synthesis via the DNA polymerases Pol δ and Pol ε 

(Kunkel et al., 2008). According to the prevailing view, Pol ε synthesizes from the 

leading strand while Pol δ synthesizes from the lagging strand (Stillman, 2015). The 

lagging strand can be synthesized discontinuously in the form of short Okazaki 

fragments, while the leading strand is polymerized continuously. Okazaki fragments 

are joined together by DNA ligase (Devbhandari et al., 2017). Eukaryotic genome 

replication terminates when two opposing forks coming from adjacent replication 

origins meet together, leading to the ubiquitin-dependent removal of the CMG from 

chromatin (Bell et al., 2016). Noteworthy, in each replication unit only 33% of the 

origins are activated, implying that 66% remain inactivated, although they have been 

licensed. Therefore, a replisome is only formed in the activated origin. Moreover, in 

different cell types or even in the same cell population, different origins can be used 

in individual cells. In other words, a cell population includes a range of flexible 

origins. Inhibition of nearby origins within a replication unit is under the regulation of 

the checkpoint kinases ATR and ATM that activate checkpoint kinase 1 (CHK1) and 

2 (CHK2) (Fragkos et al., 2015).  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-polymerase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-polymerase-delta
https://en.wikipedia.org/wiki/DNA_ligase
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Figure 2.2: Licensing and activation of replication origins (modified figure from Fragkos et al., 2015). 

a)Licensing of replication origins is restricted to the late M/early G1 phase of the cell cycle and results from the 

sequential loading of pre-replication complex (pre-RC) proteins on all potential origins in the genome. 
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b,c)Activation of replication origins requires the recruitment of the pre-initiation complex (pre-IC) onto the DNA 

and the activation of the MCM complex is essential for the unwinding of DNA. 

 

1.3: CELL CYCLE 

   Cell division is required for an organism to be developed, to mature and to hold 

tissues. The cell cycle of a eukaryotic cell is a complicated procedure that drives the 

cell through a specific sequence of events in mitosis and the generation of two cells 

identical to the initial-parental one (daughter cells). The cell cycle can be subdivided 

in two phases: into interphase which consists of G1, S and G2 phases and into M 

(mitotic) phase which include prophase, prometaphase, metaphase, anaphase, 

telophase and cytokinesis. G1 and G2 symbolizes the time spent by a cell between the 

two landmarks· DNA synthesis and mitosis (Schafer, 1998; Vermeulen et al., 2003).  

   G1 phase is especially important for the cell fate. If the external conditions and 

extracellular signals from other cells are suitable, the cell is actively transcribed and 

prepares its self for DNA replication which occurs in the S phase. DNA synthesis is 

followed by G2 where the integrity of DNA is checked and the cell is prepared for 

mitosis. Although the traditional phases of cell cycle are the above mentioned ones, 

there are cells that enter in a subtype of G1 phase, the phase G0 in which they arrest 

their cycle. G0 phase is a resting state where the cells do not grow in size and do not 

proliferate and they can remain for days to weeks, or even years before turning again 

into proliferation depending on the cell type and on the signals the cells accept from 

their microenvironment (Schafer, 1998; Alberts et al., 2002). 

   During the mitotic phase (M phase), nuclear division (mitosis) is followed by cell 

division (cytokinesis) generating two daughter cells with the same genetic 

components as the parent cell. After the split, the two new cells enter G1 stage of 

interphase and are ready to begin their growth (Schafer, 1998; Alberts et al., 2002; 

Vermeulen et al., 2003). It is essential for the cells to replicate their DNA with 

maximum fidelity, which guarantees the maintenance of genomic stability. This is 

why the cells have developed several control mechanisms ensuring that each DNA 

segment is replicated completely and only once per cell cycle (De Pamphilis, 2006) 
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Figure1.3: The cell cycle of a typical eukaryotic cell (figure from Fletcher, 2014). Actively dividing eukaryote 

cells pass through a series of events known collectively as the cell cycle which is divided in two phases: the 

interphase and the mitotic phase (M). The interphase consists of the phase G1, the S phase in which the genetic 

material is duplicated and the G2 phase. The M phase is the last stage of the cell cycle in which mitosis partitions 

the duplicated genetic material as the cell divides (cytokinesis). In G0 phase· a subtype of G1 phase, the cells are 

not actively cycling anymore. They remain  in G0 for days, weeks, or even years before resuming proliferation. 

 1.4: CELL CYCLE REGULATION 

   All multicellular living organisms are products of repeated rounds of cell growth 

and division. This is why the genomic material of each cell must be replicated 

precisely only once per cell cycle. The cell cycle is strictly regulated and the 

eukaryotic cell has developed a network of regulatory factors, the cell cycle control 

system, in order to be ensured for the replication fidelity of the chromosomal DNA 

with no sections left unreplicated, and no sections re-replicated (Bruce et al., 2007). In 

most organisms there is a relationship of interdependence between the events of the 

cell cycle. Entry into one phase can only occur if the previous stage has been totally 

completed (Hartwell et al., 1989). In other words, the correct sequence of the events is 

a robust characteristic of the cell cycle. 

    Control of the cell cycle is necessary and many disorder leads to deregulation of the 

cellular function as for instance in cancer. Checkpoints of the cell cycle usually are 

established at the transition between the cellular phases. By definition, ‘cell cycle 

checkpoints are surveillance mechanisms that monitor the order, integrity, and fidelity 

of the major events of the cell cycle’ (Barnum et al., 2014). Three checkpoints have 

been identified· at the G1/S boundary, at the G2/M transition and at the 

metaphase/anaphase boundary of the M phase. It has been shown that the central 

molecular machines that control the progression of the cell cycle are the cyclin/cyclin-

dependent kinases (cyclin/CDKs) (Tannoch et al., 2002).  

   Cyclins are a family of several proteins·including cyclins A(1,2) , B(1,2,3), C, 

D(1,2,3), E(1,2) and F. They have been identified in higher organisms and are named 

cyclins because their concentrations are found to differ in each phase of the cell cycle. 

In addition to the above, they interact with the CDKs as complexes and activate them 

(Morgan et al., 1997; Satyanarayana et al., 2009; Lim et al., 2013). Importantly, the 
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existence of a cyclin box in cyclins facilitates the binding with the CDKs (Gopinathan 

et al., 2011).Upon dimerization, cyclins control the kinase activity of CDKs (Morgan 

et al., 1997). 

   CDKs are a family of sugar kinases with evolutionary conserved regulatory function 

in the cell cycle. Each CDK consist of an ATP-binding domain, a cyclin-binding 

domain known as a PSTAIRE helix, and a T-loop domain (Pavletich et al, 1999; Lim 

et al., 2013). Those motifs contribute in the activation of the CDK by the cyclins via 

the PSTAIRE-like cyclin-binding domain. When the cyclin binds to the PSTAIRE 

helix, a complex between CDK-cyclin is formed and the CDK is activated and ready 

to phosphorylate other substrates with regulatory action. Phosphorylation of those 

factors leads to the exit of the cell from the ongoing phase and to the transition into 

the next phase of the cell cycle. Furthermore, it has been reported that in different 

phases of the cell cycle, different complexes of CDKs-cyclins are activated (Nigg et 

al.; 1995; Lim et al., 2013). Low activity of CDKs at the end of M phase and high 

activity at the late G1/early S phase ensures that the replication origins are licensed 

and activated only once per cell cycle (De Pamphilis 2006). Importantly, changes in 

the function of the above complexes may lead to cell cycle arrest or cell apoptosis or 

even to carcinogenesis. It is worth mentioning that in most cases of human cancer, 

mutations in the genes that encode the CDKs, their regulators and their substrates 

have been identified (Johansson et al., 2008). 

   Importantly, CDKs activity can be modulated via the interaction with Cdk inhibitors 

molecules (CKIs)(ref), which block their activity, negatively controlling cell cycle 

progression. Studies conducted in metazoans have identified two categories of CKIs 

based on their structural homology, amino acid similarity and CDK specificity:· the 

INK4 and the CIP/KIP family (Hunter et al., 1994; Quesenberry, 1998). The INK4 

family which includes the p16
INK4a

, p15
INK4b

, p18
INK4c

 και p19 
INK4d

 inhibitors are 

specific for the CDK4 and CDK6 and block their connection with the cyclin-D. 

Differently, the CIP/KIP family which includes the p21
Cip1/Waf1/Sdi1

, p27
Kip1 

and 

p57
Kip2 

inhibitors has the same region of homology that facilitates their binding with 

the CDKs. In addition to the above, it has been reported that the members of the 

CIP/KIP family interact not only with the CDKs but also with the cyclins and 

interfere with the activities of cyclin D-, E-, A- and B-dependent kinase complexes 

(Polyak et al., 1994; Lee  et al., 1995; Sherr et al., 1999; Besson et al., 2008). 

   To sum-up, Cdks are considered as the engine that drives cell cycle progression 

whereas cyclins are perceived to be the mechanisms that aid the transition between 

the phases of the cell cycle. The kinase activity of Cdk/cyclin complexes is strictly 

controlled by a variety of Cdk inhibitors (CKIs), which serve as ʺbrakesʺ to stop cell 

cycle progression if the cells appear under unsuitable conditions (Lim et al., 2013) 
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1.5: SENESCENCE 

   Cellular senescence is a stress-induce state, causing cell cycle arrest to cells 

normally proliferating, (He et al., 2017).  The term was firstly reported five decades 

ago to describe that normal cells in the culture have a limited ability to proliferate 

(Hayflick et al., 1961). Cells with characteristics of senescence were identified in 

vivo, with the number of those cells increasing with age in mammals, including 

humans (Dimri et al., 1995; Krishnamurthy et al., 2004; Melk et al., 2004; Liu et al., 

2009). There are two hypotheses regarding how/why cells trigger senescence. The 

first one has to do with the perspective that senescence forms an anti-cancer or a 

tumor-suppressive mechanism. The second one suggests that cellular senescence is 

connected with ageing and, as time passes cells acquire an inability to regenerate. 

(Campisi et al., 2007). 

 

   In mammals two types of senescence have been identified. The first one is 

replicative senescence (RS) that occurs because of telomere erosion and the second 

one is stress-induced premature senescence (SIPS) (Sikora et al., 2011; Komseli et al., 

2018). SIPS does not entail telomere shortening and constitutes an acute response to a 

variety of stressful stimuli before telomere attrition shows up (Sikora et al., 2011). As 

it will be mentioned below, oncogenes cause SIPS and this response represents a 

possible anti-tumor barrier (Braig et al., 2005; Chen et al., 2005; Collado et al., 2005; 

Denchi et al., 2005; Michaloglou et al., 2005; Bartkova et al., 2006; Di Micco et al., 

2006; Komseli et al., 2018). Therefore, this type of senescence is called oncogene-

induced senescence (OIS) and according to ‘the oncogene-induced DNA damage 

model for cancer development, OIS must be bypassed for tumor progression’ (Serrano 

et al., 1997; Halazonetis et al., 2008; Komseli et al., 2018 ).  

 

   A myriad of stimuli can induce senescence: Firstly, after many cell divisions, 

human telomeres, become shorter and dysfunctional, thus triggering senescence 

(Martens et al., 2000; Hemann et al., 2001; Campisi et al., 2007). Next, DNA 

damage, especially double strand breaks (DSBs), activates p53 signaling pathway, 

which arrest the cell cycle in a transient or prolonged manner. The latter can lead to 

senescence (Di Leonardo et al., 1994; Parrinello et al., 2003). Histone modifications 

play a role in triggering and establishing senescence. More specifically, chemical 

inhibition of histone deacetylase (HDACi) limits accessibility to chromatin and also 

triggers senescence (Ogryzko et al., 1996; Munro et al., 2004). Stress induced by 

intracellular oxygen radicals or the prolonged signaling by cytokines such as 

interferon-β or TGF-β trigger senescence (Campisi et al., 2007; Campisi et al., 2014). 

Additionally, as it has been referred above, oncogenes cause senescence (oncogene-

induced senescence-OIS). An oncogenic form of RAS, which is involved in cellular 

signal transduction, and other targets of the downstream signaling pathway such as 

RAF and BRAF, as well as pro-proliferative nuclear proteins have been observed to 

transform normal cells to senescent when they are overexpressed or expressed as 
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oncogenic versions (Zhu et al., 1998; Lin et al., 1998; Dimri et al., 2000; Michaloglou 

et al., 2005; Serrano et al., 2009).  

   The senescence response causes important changes in cellular phenotype. Changes 

in cell behavior, structure and function are characteristics of the senescent phenotype. 

The common features among the senescent cells are: the flat, enlarged, and often 

multinucleated morphology, the extended growth arrest that is possible induced 

because of the increased expression of the products- p16
INK4a

 and ARF - of the 

CDKN2a locus, the secretion of anti-proliferative factors, the activation of the DNA 

damage sensing signaling pathways p38
MAPK

 and NF-kB and of course development 

of  resistance to apoptosis (Campisi et al., 2007; Salminen et al., 2012; Campisi,, 

2013; Muñoz-Espín et al., 2014; Childs et al., 2015). Although, the mechanism that is 

used for apoptosis resistance remains still unclear, there are some hypothesis that this 

happens because of changes in expression pattern of the cell, concerning proteins that 

control proliferation or apoptosis (Marcotte et al., 2004; Campisi et al., 2007). 

Furthermore, senescent cells stay metabolically active (Dörr et al., 2013). They 

secrete inflammatory mediators such as interleukins, numerous growth factors, 
chemokines and proteases, contributing to the senescence-associated secretory 

phenotype (SASP) (Coppé et al., 2008). In addition to the above, senescent cells 

present increased expression of lysosomal β-galactosidase and accululation of 

lypofuscin which are both markers for senescence and they lack of proliferation 

markers such as KI67 or PCNA (Dimri et al., 1995; Campisi et al., 2007; 

Georgakopoulou et al., 2013; Evangelou et al., 2017). Moreover, other characteristics 

of senescence are short telomeres, activation of DNA damage response (DDR) 

signaling pathways, the expression or appearance of senescence-associated 

heterochromatin foci (SAHFs), and an increase in DNA-SCARS (DNA segments with 

chromatin alterations reinforcing senescence) (Rodier et al., 2010; He et al., 2017). 

Finally, a new marker for senescence is being investigated: the loss of Lamin B1, a 

highly conserved protein that is involved in nuclear stability, chromatin structure and 

gene expression (He et al., 2017; Izdebska et al., 2018). 
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Figoure 1. 4: The senescent phenotype (modified figure from He et al., 2017). Senescent cells usually present 

flat, enlarged, and often multinucleated morphology, permanent arrest of cell proliferation, resistance to apoptotic 

signals and altered gene expression. In addition to the above, there is high  SA β-gal activity and loss of Lamin B1 

and other proliferation markers.. It has been observed an increase in SAHFs, SCARCs and in NF-kΒ signaling 

while senescent cells have short telomeres. Moreover, the senescent phenotype is accompanied by the secretion of 

inflammatory mediators (SASP). 

 

1.6: CDC6 

 CDC6 is a 60-kD protein that belongs to the AAA
+
 superfamily of ATPases 

(Neuwald et al., 1999). CDC6-related genes have been identified in Archaea 

suggesting that is highly conserved in eukaryotic to prokaryotic organisms (Barry et 

al., 2006). The human CDC6 gene is located at chromosome 17q21.3 and is regulated 

by the E2F/retinoblastoma transcription factors (Hateboer et al., 1998; Ohtani et al., 

1998; Yan et al., 1998). Mutations in Walker A/B motifs of the CDC6 protein block 

its ATPase activity (Herbig et al., 1999).  The only available crystallographic 

structure of CDC6 is of a fission yeast CDC18 homolog. It has been observed that 

there is also another interesting structural motif, the winged-helix fold domain which 

can be found in several DNA-binding proteins. Mutations in that site affect the 

function of the protein (Liu et al., 2009). In addition to the above, there are three 

different positions on the CDC6 protein that can be phosphorylated by cyclin/CDKs, 

including those containing cyclin E (Mailand et al., 2005). The loading of MCM 

complex, which enables pre-RC assembly, depends on CDC6 ATPase activity. More 

specifically, ATP hydrolysis by CDC6 facilitates the binding of the MCM ring with 

the DNA, while CDT1 is released (Bowers et al., 2004; Randell et al., 2006). 
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Figure1.5: Conserved motifs located in human CDC6 protein (figure from Borlado et al., 2007). The red 

arrows represent the three positions of serine residues which can be phosphorylated by CDKs. D-box and KEN 

present ‘protein degradation’ sites whereas Cy indicates a cyclin-binding box. The different conserved AAA+ 

boxes are represented with yellow, except Walker A, Walker B, Sensor 1 and Sensor 2 that are represented with 

green. WHD indicates the winged-helix fold domain of CDC6 protein. 

   Human CDC6 is destabilized in the G1 phase of the cell cycle by the action of the 

ubiquitin ligase APC
Cdh1

 and the proteasome (Méndez et al., 2000; Petersen et al., 

2000) and its levels rise again before the entry into S phase. Although studies 

suggested that it remains stable until M phase (Williams et al., 1997), recent studies 

indicate that proteasomal degradation of CDC6 in G2/M phase of cells occurs in a 

Cyclin F-dependent manner by forming an active SCF ubiquitin ligase complex- 

SCF
CyclinF 

. More specifically, CDC6 interacts directly with Cyclin F through the Cy-

motif of CDC6 and the Cyclin box domain of Cyclin F (Walter et al., 2016). In 

addition to the above, it has been reported that Cyclin F and the CDT1 inhibitor 

Geminin cooperate in maintaining genome integrity, via the suppression of the major 

licensing factors CDC6 and CDT1. Taking these together, it is proposed that Cyclin F 

prevents re-replication and maintains genome stability by targeting CDC6 for 

decomposition (Tada et al., 2001; Zhu et al., 2004; Melixetian et al., 2004; Klotz-

Noack et al., 2012; Walter et al., 2016).  

1.7: CDC6 IN HUMAN CANCER 

   It is known that deregulation of the replication licensing process promotes genomic 

instability that most of the times leads to carcinogenesis, because of unexpected DNA 

re-replication (Blow et al., 2008; Negrini et al., 2010; Halazonetis et al., 2008). Re-

replication is a type of replication stress that contributes to replication fork stalling, 

DNA damage and finally leads to genomic instability (Blow et al., 2008; Petrakis et 

al., 2016). Considering the important role of CDC6 in DNA replication, its 

deregulation is expected to have a negative impact in genome stability. Experimental 

data suggest that CDC6 presents oncogenic characteristics. In addition, ectopic 

expression of CDC6 and CDT1 causes DNA re-replication in tumor cells (Stoeber et 

al., 1998; Cook et al., 2002; Vaziri et al., 2003).  

   In most cancer types, E2F/retinoblastoma transcription factors, which control the 

CDC6 expression, are frequently deregulated. In turn, CDC6 overexpression which 

has been observed in many tumor cells such as in various brain cancers, in non-small 

cell lung carcinomas and in mantle cell lymphoma (Ohtae et al., 2001; Karakaidos et 

al., 2004; Pinyol et al., 2006; Borlado et al., 2007). Finally, CDC6 can be used as a 

marker for detecting early malignancy because of its absence in non-dividing 

differentiated and quiescent cells (Borlado et al., 2007).  
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1.8: ONCOGENIC ACTIVITY OF CDC6 

   The perception that the aberrant DNA replication leads to genomic instability is 

suggested in several studies and it is proposed that abnormal formation of pre-RC and 

recruitment onto the DNA leads to inefficient S phase, contributing to chromosomal 

rearrangements (Lengronne  et al., 2002; Tanaka et al., 2002; Sidorova et al., 2003; 

Ekholm-Reed et al., 2004). Consequently, the oncogenic activity of CDC6 may origin 

from the genomic instability that comes from the aberrant DNA replication (Borlado 

et al., 2007).  

   Precancerous cells lose control of DNA replication. This phenomenom contributes 

to re-firing of the replication origins and inefficient fork progression (Di Micco et al., 

2006). Stalled or collapsed replication forks, as it mentioned above, usually cause 

double-strand breaks (DSB). When DSBs occur, the DNA damage response (DDR) 

pathway is activated and is responsible to eliminate the genomic threat. DDR is an 

early inducible barrier in carcinogenesis and usually leads the cells into a senescence 

state (Di Micco et al., 2006; Bartkova et al., 2006). In addition to the above, DDR 

seems to activate the signaling kinases ataxia-telangiectasia mutated (ATM) and the 

effector kinase Chk2 (Gorgoulis et al., 2005; Bartkova et al., 2006; Liontos et al., 

2007). 

 

Figure 1.6: Oncogenic properties of CDC6 via replication stress (modified figure from Borlado et al., 2007). 

Early cellular response to oncogene activation is characterized by abrnornal DNA replication which finally leads to 

DSBs. The accumulation of DNA double strand breaks (DSBs) activates the DDR but also contributes to genomic 

instability. The final outcome is the transforming of the cells into a senescent state. 

   A study has revealed that deregulation of CDC6 possibly affects the expression of 

INK4/ARF locus (Gonzalez et al., 2006). The INK4/ARF locus which has been found 

deregulated in many cancers, encodes the p16
INK4a

, p15
INK4b

 and ARF genes, which 

are all tumor suppressors. The first two activate the retinoblastoma pathway and the 

last activates the p53 (Kim et al., 2006). Overexpression of CDC6 in cultured cells 

has been found to impede the expression of INK4/ARF genes by blocking the action 

of CTCF (Gonzalez et al., 2006; Sideridou et al., 2011) (see CTCF section). 

Moreover, the mechanism by which, Cdc6 represses the INK4/ARF locus, involves 

induction of histone de-acetylases and heterochromatinization of the area (Petrakis et 

al., 2012). 
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   Further evidence of the oncogenic role of Cdc6 was demonstrated by the interesting 

observation that Cdc6 overexpression in murine, premalignant epithelial cells drives 

them into a mesenchymal state  – epithelial to mesenchymal transition (EMT) 

(Liontos et al., 2007; Sideridou et al., 2011). EMT is a biological process by which 

the epithelial cells lose their epithelial characteristics and acquire migratory and 

invasive properties of mesenchymal cells (Kalluri et al., 2003; Kalluri et al., 2009). 

EMT is a characteristic of cancer and is associated with loss of E-cadherin which is a 

tumor suppressor (Hirohashi, 1998; Thiery et al., 2009). E-cadherin is encoded by the 

CDH1 gene and plays a key role in cell-cell adhesion in epithelial tissues (Pećina-

Šlaus, 2003). As CDC6 is overexpressed it binds to the E-boxes of the promoter of 

CDH1. and  removes the chromosomal insulator CTCF and the histone H2A.Z from 

the area of the promoter. This represses the expression of E-cadherin and induces 

local heterochromatization. It also stimulates the replication origins near the CDH1 

promoter (Sideridou et al., 2011). Finally, high levels of CDC6 in mouse (P1mouse 

papilloma) and human (A549 lung cancer) cells results in significant increase of 

CD24
low

/CD44
high 

antigen phenotype, which is connected with stem-like features and 

is associated with EMT and the gain of stem cell properties (Hanahan et al., 2011). 

 

Figure 1.7:  Oncogenic properties of CDC6 via transcription regulation (figure form Sideridou et al., 2011). 

CDC6 overexpression represses transcription of the genetic locus CDH1 and INK4/ARF by removing CTC, 

heterochromatinizing the promoters and activating proximal replication origins. 

   The involvement of CDC6 in transcription is not only associated with repression of 

gene expression. Recently, it has been revealed that CDC6 acts as a transcription 

initiator, as it binds to the promoter of coding regions of rRNA genes and stimulates 

rDNA transcription in the nucleolus after mitosis/G1 phase (Huang et al., 2016). 

More specifically, it is suggested that CDC6 localizes in the nucleolus thanks to its 

ATP-binding site, and is connected with B23-also known as nucleophosmin (NPM). 

B23 is connected with UBF (upstream binding factor) which binds to an upstream 

control element and the core promoter of the rRNA genes (Bell et al., 1988; Bazett-

Jones et al., 1994; Bell et al., 2002; Huang et al., 2016). CDC6 facilitates the RRN3-

mediated recruitment of Pol I onto the rDNA promoter site to start rDNA 
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transcription. Overexpression of CDC6 increases rDNA transcription, (Huang et al., 

2016). 

 

Figure 1.8:  A suggested model of CDC6 as a transcription initiator (modified figure from Huang et al., 

2016). Overexpression of CDC6 increases rDNA transcription through the process that is described above. 
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2. AIMS 

     Cell division cycle 6 (CDC6) is a fundamental molecule that contributes to the 

normal progress of the cell cycle. More specifically, it plays an essential role in the 

‘licensing’ of DNA replication as it interacts with the CDC10-dependent transcript 1 

(also known as DNA replication factor CDT1) and facilitates the recruitment of the 

mini-chromosome maintenance (MCM) helicase complex MCM2-7 into the DNA at 

the G1 phase of the cell cycle (Diffley et al., 1994; Speck et al., 2005; Chen et al., 

2007; Evrin et al., 2009).  

  Taking into consideration the importance of CDC6 in DNA replication, its 

deregulation is expected to have a negative impact in genome stability. Several 

studies support that deregulated expression of CDC6 exerts oncogenic properties and 

is associated with cancer (Ohtae et al., 2001; Karakaidos et al., 2004; Pinyol et al., 

2006; Borlado et al., 2007, Sideridou et al., 2011).  

   CDC6 overexpression is connected with abnormal DNA replication which finally 

leads to double strand breaks (DSBs). The accumulation of DNA DSBs activates the 

DNA damage response pathways but also contributes to genomic instability. The final 

outcome is the transformation of the cells into a senescent state (Di Micco et al., 

2006; Bartkova et al., 2006). In addition, overexpression of CDC6 in tissue cultured 

cells has been found to impede the expression of the INK4/ARF locus, which encodes 

three important tumor suppressors, by blocking the action of CTCF (Gonzalez et al., 

2006). It is worth mentioning that CDC6 overexpression in murine, premalignant 

epithelial cells drives them into a mesenchymal state  – epithelial to mesenchymal 

transition (EMT) (Liontos et al., 2007; Sideridou et al., 2011) which is followed by 

repression of CDH1 locus, which encodes E-cadherin (Hirohashi, 1998; Thiery et al., 

2009). However, the involvement of CDC6 in transcription is not only associated with 

repression of gene expression. Recent studies indicate that overexpression of Cdc6 

increases rDNA transcription, probably due to increased cancer cell needs for protein 

synthesis (Huang et al., 2016). 

 

   Cellular senescence is a stressed-induce state, where proliferating normally cycling 

cells are driven to arrest their cell cycle (He et al., 2017). Senescence is believed to 

constitute an anti-cancer or a tumor-suppressive mechanism. It is also said that 

cellular senescence is connected with ageing and the inability of cells to regenerate as 

the time passes in vivo (Campisi et al., 2007). In mammals two types of senescence 

have been identified. The first one is replicative senescence and the second one is 

stress-induced premature senescence (SIPS) (Sikora et al., 2011; Komseli et al., 

2018). SIPS constitutes an acute response to a variety of stressful stimuli before 

telomere attrition shows up (Sikora et al., 2011). While oncogenes expression is 

associated with induced proliferative signals triggering uncontrolled cell 

multiplication, they also cause SIPS, a response aiming to counteract the proliferative 

effects and thus represents a possible anti-tumor barrier (Braig et al., 2005; Chen et 

al., 2005; Collado et al., 2005; Denchi et al., 2005; Michaloglou et al., 2005; 
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Bartkova et al., 2006; Di Micco et al., 2006; Komseli et al., 2018). This type of 

senescence is called oncogene-induced senescence (OIS) and according to ‘the 

oncogene-induced DNA damage model for cancer development, OIS must be 

bypassed for tumor progression’ (Serrano et al., 1997; Halazonetis et al., 2008; 

Komseli et al., 2018).  

 

   In this thesis, an epithelial cellular model in which over-expression of the 

replication licensing factor CDC6 is achieved in an inducible manner via a 

doxycycline-inducible promoter is studied. More specifically, immortalized human 

bronchial epithelial cells (HBECs) (hTERT/CDK4) (Ramirez et al., 2004) are used. 

Most of the cancers are of epithelial origin and the above cell system simulates ‘the 

whole spectrum of epithelial carcinogenesis from the non-malignant stage to 

oncogene-mediated activation of the anti-tumor barrier of senescence, followed by the 

complete transformation of epithelial cells into a mesenchymal state (Komseli et al., 

2018). Importantly, in this thesis the part of carcinogenesis that we focus on is the 

cellular and molecular mechanisms controlling the anti-tumor of barrier-senescence. 

Therefore, the aim of this thesis is to better understand the exact role of CDC6 in 

cancer initiation and development. A number of experiments have been designed in 

order to understand what exactly happens during the cell cycle upon CDC6 

overexpression. We first set to determine whether HBEC cells could be synchronized 

in the cell cycle to facilitate our study. We confirmed by phase contrast microscopy 

and Flow Cytometry that simple deprivation of supplements was sufficient to 

reversibly block a large majority of the treated cells in G0/G1 phase. These 

experimental conditions also enabled us to define a framework for addressing the 

second aim of this study: monitoring accurately the changes driven by CDC6 

induction and the consequences on cell cycle dynamics. A third aim implied the study 

of CDC6 induction consequences at the chromatin structure and gene expression 

levels. As mentioned above, CDC6 overexpression blocks the action of CTCF- an 

important insulator that affects 3D chromatin structure and gene expression profile 

(Lobanenkov et al., 1990; Klenova et al., 1993; Filippova et al., 1996; Ohlsson et al., 

2001). We therefore performed Chip-seq experiments to gain insights in the changes 

in genome-wide binding of CTCF between HBEC OFF-control and HBEC 3D Tet-

ON cells. Finally, we analyzed ATAC-seq data generated in the lab in order to also 

understand the changes in open chromatin regions and the direct effect on gene 

expression. 

 

    To sum up, this thesis helps to clarify the mechanism driving HBEC cells entry into 

senescence and reveals how CDC6 overexpression can drive changes in chromatin 

and can affect both transcription and cell cycling. 
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 3. MATERIAS & METHODS 

3.1: Cell Culture and HBEC CDC6 Tet-ON system  

 

Immortalized Human Bronchial Epithelial Cells (HBECs) were used in this thesis. 

Immortalization had already been done with combined expression of hTERT and 

ectopic mutant cyclin-dependent kinase 4 (CDK4) in order to overcome the problem 

of p16
INK4A

-induced premature growth arrest and to keep the epithelial phenotype 

(Ramirez et al., 2004; Evangelou et al., 2013; Komseli et al., 2018). 

The Lenti-X™ Tet-On® 3G Inducible Expression System (Clontech Laboratories) 

was used by Komseli et al. to establish a CDC6 inducible-expression cellular model in 

immortalized Human Bronchial Epithelial Cells through doxycycline induction 

(1μg/ml). HBEC CDC6 Tet-ON overexpress CDC6 (Komseli et al., 2018). 

Immortalized HBECs and HBEC CDC6 Tet-ON cells were maintained in 

Keratinocyte Serum-Free Medium (#17005–075, Invitrogen) supplemented with 

5 ng/ml hEGF, 50 μg/ml Bovine Pituitary Extract (#17005–075, Invitrogen), 50ug/ml 

Gentamycin (#22185.02,Serva) and Amphotericin-B (#15290026, Gibco) at 37 °C 

and 5% CO2 (Ramirez et al., 2004; Stewart et al., 2012; Komseli et al., 2018). 

 

3.2: Cell Passage 

The medium is removed and the cells are washed with 5ml PBS 1X. An appropriate 

volume of Trypsin-EDTA (Thermo Scientific) is added depending on the surface to 

be treated. Usually, we use 3ml for a T175, 2ml for a T75, 1ml for a T25 and 300μl 

for a well of a 6-well plate. Cells are incubated for 5min at 37°C (5% CO2). Trypsin 

neutralizer solution (0,5% FBS in PBS) is added in the same volume as trypsin in 

order to inactivate it. Cells are collected by centrifugation at 1700 rpm for 7 min at 

20°C. The pellet is resuspended in 4-5ml Keratinocyte Serum-Free Medium (#17005–

075, Invitrogen) and cells are distributed in plates or flasks as required for the specific 

experiment (usually in dilution 1:2). 

3.3: Freezing cells 

The same protocol that is used for splitting cells but here the pellet is resuspend in 

freezing medium (Keratinocyte Serum-Free Medium 10% DMSO). 1,5-1,8 ml of that 

is transferred in cryovials and they are placed at 4°C for 15 min, at -20°C for 20 min 

and then at -80°C. The cry0vials must be transferred in liquid nitrogen for further 

storage. 

3.4: Thawing Frozen Cells 

The cells are thawed rapidly, less than 1 min in a 37°C water bath.  The cells of the 

cryovial are transferred in a 15 ml falcon. 7 ml PBS 1X is added and the cells are 
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centrifuged at 1700rpm for 5min at 20°C. The pellet is resuspended in 4-5ml 

Keratinocyte Serum-Free Medium (#17005–075, Invitrogen) and is transferred in a 

plate or a flask. 

3.5: Counting Cells with the use of Hematocytometer Neubauer 

The initial steps are the same with the protocol of Cell Passage. After the 

centrifugation, the supernatant is removed and the pellets are resuspended in 5ml 

medium. 10μl of the supernatant are transferred to a new tube, mixed gently with 10 

μl of 0,4% Trypan Blue (#T8154, Sigma) which is a dye for detecting dead cells 

(Crowley et al., 2016). 20 μl of the solution are applied to the hemocytometer 

(BlauBrand) and unstained cells (live cells do not take up Trypan Blue) are counted in 

one set of 16 squares. The hemocytometer is moved to the next set of 16 corner 

squares and cells must be counted in all 4 sets of 16 corners. The average cell count 

from each of the sets of 16 corner square is multiplied by 10,000 (10
4
) and by 2 to 

correct for the 1:2 dilution from the Trypan Blue addition. The final value is the 

number of viable cells/mL in the original cell suspension. 

3.6: Total protein extraction and western blot analysis 

 

Total protein extracts are obtained by homogenization in trypsin-EDTA (Thermo 

Scientific) and trypsin neutralizer (0,5% Fetal Bovine Serum-FBS in PBS 1X). The 

homogenate was centrifuged at 1700 rpm at 20 °C for 7 min. The pellet is 

resuspended in 10μl PBS 1X and 10μl Loading Buffer with DDT and the samples are 

stored in -20°C.  Subsequently, the samples are incubated in 95°C for 15min. The 

samples are loaded on acrylamide/bis-acrylamide gels which consist of 2 different 

gels  the 5% stacking gel which contributes to the entry of the proteins in the 

separating gel and the 12% separating gel where the proteins are separated based on 

their molecular weight.  

Ingredients 10ml stacking gel (5%) 10ml separating gel (12%) 

H2O 7.225ml 4.3ml 

40% acrylamide 1.275ml 3ml 

1M Tris (PH 6.8) 1.25 - 

1.5M Tris (PH 8.8) - 2.5ml 

10% SDS 0.1ml 0.1ml 

10% APS (Ammonium 

persulfate) 

0.1ml 0.1ml 

TEMED 0.01ml 0.004ml 

Table 3.1: The ingredients of stacking and separating gels 

The next step is the transfer of the proteins from the acrylamide gel to the PVDF 

membrane (Millipore, Cat No. IPFL00010). Methanol transfer buffer (200 ml 
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methanol, 700ml ddH20, 100 ml 10X Running Buffer) is used because the protein of 

interest has molecular weight ˂ 120 kDa. The transfer is held for 1,5h at 4°C at 130V.  

The membrane is incubated with blocking buffer (PBS 1X: Licor, 1:1 (Odyssey 

Blocking Buffer, Cat No. 927-40000) for 1h in order to be covered all possible non-

specific sites. Subsequently, the membrane is incubated with the primary antibody 

diluted in PBS 1x: Licor: 0.1% Tween 20 overnight (o/n) at 4°C. 4 washes with PBS 

1X:Tween 20 0.1%, 5 min, RT each, are conducted and then the membrane is 

incubated with the secondary antibody (1:10000) diluted in the same buffer as the 

primary for 1 h, RT. 4 washes with PBS 1X:Tween 20 0.1%, 5 min, RT and one more 

with PBS 1X for 5 min are conducted. Then the membrane is transferred to the 

Odyssey CLX Imaging System for the visualization of the signal of the immunoblot. 

Primary antibodies are used at the following dilutions: CDC6 (#9964, Santa Cruz) 

1:500, actin (#1615, Santa Cruz) 1:2000. Goat Anti-mouse (#926-32210, LiCor 

Biosciences) and donkey anti-goat (#926-68074, LiCor Biosciences) secondary 

antibodies diluted at 1:1000 are used. 

 

3.7: ChIP-seq assay 

ChIP assay is performed in HBEC OFF and HBEC CDC6 3 days Tet-ON cells grown 

in 150 mm plates and induced with doxycycline for 2 days. Cells are cross-linked 

with 1% formaldehyde for 12 min at 4°C. Cross-linking is stopped by the addition of 

glycine to a final concentration of 125 mM for 6-7 min at 4°C on a rocking platform. 

Cross-linked cells are washed twice with ice cold PBS 1X, collected by scraping in 

PBS 1X, 1mM EDTA, 0.5mM EGTA, 1mM PMSF buffer and centrifuged at 

2100 rpm for 10 min at 4°C. Pellets are resuspended again in the same buffer and 

centrifuged at 2800 rpm for 10 min at 4°C. Supernatant is removed and pellets are 

stored at -20°C. Approximately 2 × 10
6
 cells which have been counted with the use of 

hemocytometer (BlauBrand) are resuspended in 1,5 ml Chro-lysis buffer (50mM 

Hepes-KOH pH 8.0, 1mM EDTA, 0.5mM EGTA, 140mM NaCl, 10% glycerol, 0.5% 

IGEPAL, 0.25% Triton X-100, 1mM PMSF, protease inhibitors) incubated for 10 min 

at 4°C on a rotator and centrifuged at 2800 rpm for 10 min at 4°C. Pellets are 

resuspended in 1,5 ml Wash Buffer (10mM Tris-HCl, pH 8.0, 1mM EDTA, 0.5 mM 

EGTA, 200mM NaCl, 1mM PMSF, 10mM NaPy, protease inhibitors) incubated for 

10 min at 4°C on a rotator and centrifuged at 2800 rpm for 10 min at 4°C. Pellets are 

resuspended in 700ml RIPA buffer (10mM Tris-HCl pH 8.0, 1mM EDTA, 0.5mM 

EGTA, 140mM NaCl, 1% Triton X-100, 0.1% Na-Deoxycholate, 0.1% SDS, 1mM 

PMSF, 10mM NaPy, protease inhibitors) and incubated for 10 min at 4°C. Cells are 

sonicated with the Bioruptor Sonicator (Diagenode) for 27,5 min (12,5 min x 3) using 

ice. The Bioruptor Sonicator is active (ON) for 30 sec and then inactive (OFF) for 30 

sec. Subsequently, the samples are centrifuged at 10000 rpm for 10 min at 4°C. The 

supernatant is stored as a soluble chromatin fraction (INPUT). 
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Immunoprecipitation is performed at 4°C overnight (o / n) incubating equal amounts 

of Chromatin Input per experimental condition with the desired antibody. CTCF 

(#70303, abcam) is used in my thesis. 16h later chromatin-antibody complexes are 

selected via the use of magnetic beads coated with protein A (Dynabeads Protein A  

for Immunoprecipitation, Thermo Scientific). Incubation of beads with antibody-

chromatin complexes is performed at 4 ° C for 3h with rotation. Beads are washed 

twice with 300μl RIPA buffer, 3 times with 300 μl of RIPA solution containing 0.3 M 

NaCl, one time with 400 μl LiCl buffer (10mM Tris-HCl PH 8.0, 1mM EDTA, 

0.5Mm EGTA, 0.25M LiCl, 0.5% Triton X-100, 0.5% Sodium Deoxycolate, 1mM 

PMSF, 10mM NaPy) and twice with 500 μl of TE solution (10 mM Tris, 1 mM 

EDTA). Afterwards, DNA-protein complexes are selected in 0.1Μ NaHCO3, 1% SDS 

(2 cycles of incubation 20 min each at 65°C). Supernatant is collected and placed in 

65°C overnight (o/n) –reverse cross-linking. Incubation with proteinase K 0.1 μg/μl 

for 1 h at 55°C is performed and DNA purification is performed using Agentcourt 

AMPURE XP beads (Beckman Coulter Life Sciences, Cat No. A63881). The DNA 

was stored at -20°C. It is worth mentioning that final ChIP DNA is quantified on a 

Qubit 2.0 Fluorometer (dsDNA HS Assay Kit, Thermo Scientific) and ChIP 

specificity is examined by qPCR analyses performed with 10–100 pg of ChIP and 

Input DNA in duplicate reactions with qPCRBIO SyGreen mix (PCR Biosystems) on 

Roche Light Cycler 96 instrument. If ChIPs showed enrichment in expected genomic 

regions, ChIP and Input DNA were then subjected to library preparation for high-

throughput sequencing. 

 

3.8: Illumina sequencing and library generation 

 

Library generation was performed by Tasos Liakos as described before, with minor 

modifications. (Lavigne et al.,2015). Libraries are assayed on a BioAnalyzer (High 

Sensitivity DNA kit, Agilent) and next-generation sequencing is performed at 

Genecore-EMBL, using the Illumina HiSeq 2000 for single end reads. 

 

3.9: Reads alignment and normalisation 

 

Reads alignment and normalization were performed by Dimitris Konstantopoulos 

(DK) as described before (Lavigne et al., 2017). 

3.10: Flow cytometry 

 

Cells are harvested with trypsinization and centrifuged at 1700 rpm for 7 min at 20°C. 

The pellets are resuspended in 800μl ice-cold PBS and centrifuged at 1700 rpm for 3 

min at 4°C. Supernatant is discarded and pellets are resuspeded in 100μl PBS-0,1% 

glucose and 1ml 70% cold ethanol with the use of vortex. Afterwards, the samples are 

stored in -20°C. The next day the samples are centrifuged at 1700 rpm for 5 min at 

4°C. The pellets are resuspended in 1ml ice cold PBS and centrifuged at 1700 rpm for 
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20 min at 4°C. The supernatant is removed and the cells are stained with 50 µg/ml 

propidium iodide in the presence of 100µg/ml RNase A. The samples are placed on a 

rocking platform for 30-40 min covered with aluminum foil and DNA content was 

assessed on a flow cytometer (FACS Canto II of Becton Dickinson (BD).  

3.11: Senescence/GL13 staining 

 

Cells developed in small round cover glasses (13mm ) (VWR)  are washed 3 times 

with PBS 1X, fixed with Paraformaldehyde (PFA) 4% (#P6148-500G, Sigma-

Aldrich) and washed again 3 times with PBS 1X. Cover glasses should be hydrated 

and PBS 1X is added for that purpose. They are stock at 4°C. GL13 staining is 

performed in as described before (Evangelou et al., 2013). GL13 compound is 

commercially available as SenTraGor™ from Arriani Pharmaceuticals (Cat no: 

AR8850040). 

3.12: Starving assay 

After passage, cells are plated in 6-well plates and keratinocyte with supplements-

growth factors is added. Whenever the cells have the appropriate confluence, less than 

60%, the cells are washed with PBS 1X and keratinocyte without supplements-growth 

factors is added for 48 and 72 h.  

3.13: Phase Contrast Microscopy 

Through the whole thesis, cells are microscopically observed in the phase contrast 

optical microscope (Leica DMI 3000 B). Images are taken using the above 

microscope which is connected to the camera (Infinity1-3C, Luminara). 

3.14: USCS Genome Browser on Human (GRCh37/hg19) 

The UCSC Human Genome Browser hosted by UC Santa Cruz, presents a variety of 

annotation datasets which are called tracks and they are presented graphically. Tracks 

of interest can be loaded in the browser. In this thesis, member of Fousteri Lab have 

loaded tracks about the accessibility of chromatin in HBEC OFF and HBEC 3d ON 

cells (ATAC-seq data) and the CTCF binding in the above two conditions (CHIP-seq 

data).  

3.15: Bioinformatic analysis 

 

The data analysis of the CHIP-seq experiment was conducted by Dimitris 

Konstantopoulos (DK). K-means clustering analysis (N=5 clusters) is used in order to 

see if there are different binding patterns of CTCF in the two examined conditions 

(OFF- HBEC 3D ON). 

The primary data analysis of RNA-seq which has been obtained from Komseli et al., 

2018, and of ATAC-seq which has been conducted by Tasos Liakos, has been 
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performed by DK. We performed correlation analyses and identified common genes 

between the genes that are up/down-regulated and differentially accessible in HBEC 

3d ON compared to HBEC OFF (gain or loss of differentially accessible regions-

DARs) by using Venny 2.0 (http://bioinfogp.cnb.csic.es/tools/venny/index2.0.2.html). 

In addition, list of genes obtained from the meta-analysis of the RNA-seq analysis 

from Komseli et al., 2018 performed by DK  has been used in order to identify cluster 

of genes that are over-represented (enriched) in a previously published gene sets 

characterizing specific biological processes, looking for interesting signatures using 

Gene set enrichment analysis (GSEA) tools. Last but not least, cis-regulatory element 

annotation system (CEAS) has been used for finding out where the DARs are located 

across the genome. 
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4. RESULTS 

4.1: The cellular system HBEC as a non-malignant human epithelial cancer 

model to study CDC6-induced senescence. 

 

      Human Bronchial Epithelial Cells (HBECs) are used as a tool in order to model 

the epithelial origin of cancer and its evolution. The immortalized HBECs can 

maintain their epithelial characteristics via the expression of mutant cyclin-dependent 

kinase 4 (CDK4) and hTERT (Ramirez et al., 2004; Evangelou et al., 2013; Komseli 

et al., 2018). This model takes advantage of the genetic manipulations which were 

carried out by Dr  Komseli in Prof. Gorgoulis lab in order to develop a doxycycline 

inducible system that over-expresses CDC6 (Komseli et al., 2018). In order to 

confirm that the system is operational in my hands, I verified the efficiency of CDC6 

induction by western blot and confirmed that upon dox treatment, the cells 

overexpress CDC6 at 3d and 6d post-induction (data not shown). 

4.2: HBECs restore their proliferative ability after starving. 

   After passage, cells are plated in a 6-well-plate with Keratinocyte Serum-Free 

Medium with supplements. When the cells reach ≈50-60% confluence we record their 

initial state by phase contrast microscopy (Fig. 4.1, 0h). In four out of the 6 wells-

Keratinocyte Serum-Free Medium without the supplements is added (red frame for 

a,b,c,d wells, Fig. 4.1). We monitored in a time-course the phenotypic changes 

observed upon starving (-S), release from starving (+S) and incuction of cdc6 (+dox) , 

as such: 48h after starving we verified that the cells survived in supplement-free 

medium and noticed that the growth was impaired in comparison to non-starved cells 

(arrows denote the areas where cells are missing, compare at 48h a-d with e-f, fig 4.1) 

. We assessed whether cells could be released from starving and multiply again by 

adding medium with supplements in well c at 48 h (Fig 4.1). At 72h we observed that 

for this well, cells started to multiply again as opposed to the wells a,b and, d, which 

were still maintained in starving medium. We then tested the effect of dox addition in 

well a (cdc6 induction at 72h) after adding supplements in wells a and d at the same 

time point. We checked after 1 and 3 days the effect of this treatment. At 96h and 

144h we discover that the cells simultaneously induced by dox and supplements failed 

to recover their ability to proliferate as opposed to the cells that were supplied with 

supplements only (compare a and d at 96h and 144h, Fig 4.1). Interestingly, the cells 

that remained starved for as long as 144h (well b, Fig 4.1) did not multiply and 

survived the stress. 

    Therefore, this experiment allows us to conclude that the cells can survive the stress 

caused by prolonged starvation. Our results demonstrate how cells behave during 

starving and release treatment. Next, it would be interesting to test whether the cells 

that are subjected to these conditions are synchronized in G0/G1 phase of the cell 

cycle during starving. We set to study this phenomenon further by Flow Cytometry 
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(see below), as such experiment should also enable us to confirm the important role of 

CDC6 (when over-expressed) that appears to affect the proliferation rate and change 

how the cells resume their cell cycle during starvation-release. 
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Figure 4.1: The starving experiment. A 6-well-plate is represented. The +S represents the keratinocyte with the 

supplements hEGF and BPE whereas the -S represents the keratinocyte without supplements. Black color 

represents the initial state of the cells in the well whereas red color represents the final. 0h represents the cells 

exactly before the experiment is conducted. In the four wells which are surrounded by the red frame (a,b,c,d 

wells), medium without supplements is added. 48h later in the well c, complete medium is added (orange frame) 

and 24h later  in  wells a and d, complete medim is added (orange frame) whereas doxycycline is added only in the 

well a.. The arrows in a,b,c,d wells show the areas where cells are missing compared to control cells in wells e and 

f. Different scale has been used in +96h compared to the onther time points. The blue frame represents a zoomed 

area of each well. 

4.3: CDC6 overexpression leads to acceleration in the G1/S transition of the cell 

cycle. 

   After passage, cells are plated in two 6-well-plates (A and B) with Keratinocyte 

Serum-Free Medium with supplements. When the cells reach ≈50-60% confluence, 

induction of CDC6 expression is triggered by doxycycline addition in A3 and A6 
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wells. Cells of A3 well are harvested 2h later, whereas cells in A6 and A2 (cells with 

complete medium only-control) wells are harvested 4h after the dox induction in A6. 

Keratinocyte Serum-Free Medium without the supplements is added in A1 and A4 

wells and in the B 6-well plate. After 72h of starving, complete medium is added in 

B3 and B6 wells, whereas doxycycline is added only in B3 well. After 8, the cells are 

harvested. The same process is followed and the cells are harvested after 14h, 15h, 

16h and 24h after release of the cells into complete medium and dox induction. 

Furthermore, doxycycline is induced in A1 well and 3h later, cells of A1 and A4 wells 

are harvested, too. Flow Cytometry is followed. For the whole process, see the 

chapter Materials and Methods. The purpose of this experiment is to examine if 

starving cells can be synchronized in the G0/G1 phase and to study the impact of 

CDC6 over-expression via doxycycline induction on the cell cycle.  

   The not starved cells with and without doxycyxline have normal cell cycle. The 

pattern that is presented by the cells with doxycycline is approximately the same with 

the pattern of the not starved cells without doxycycline (Fig 4.2). In this case, we 

assume that CDC6-over-expression caused by dox induction, which lasts only for 4h, 

does not affect the cell cycle. The not released cells (for ever starved cells) with and 

without dox are synchronized in the C0/G1 (Fig 4.2). The cells arrest their cycle due 

to the depletion of growth factors.  Nor in this case, CDC6 over-expression seems to 

affect the cell cycle. 

   The cells which have been starved and then released for specific time points into 

complete medium present some important differences in the pattern of the cell cycle 

in the two examined conditions (with and without dox addition).The most interesting 

part of the results is that in the five cases of release where dox is added,  there is a 

shift in the start of the S phase. We clearly noticed a delay in the entry of the S phase 

(on the left side of the S phase, Fig 4.2) and we call it short fragment of replicated 

DNA (blue arrows represent the short fragment of replicated DNA, Fig. 4.2). We 

assume that the short fragment of replicated DNA occurs because the replication is 

halted and the cell cannot undergo efficient replication. The dox induced cells maybe 

have replicated small parts of DNA and they cannot replicate the larger ones, which 

are detected more on the right side of the histogram of this type of Flow Cytometry 

plot. This is compatible with the idea of replication-transcription conflict. In addition 

to the above, re-replication of DNA is possible to happen in the +dox induced cells 

probably due to the re-firing of ORCs because of CDC6 over-expression. However re-

replication of the same short fragments could occur without the whole genome to be 

possibly replicated due to impeding by transcription-replication blocks and possible 

formation of double strand breaks. Furthermore, it is important to mention that in the 

most cases of the +dox induced cells, the cells that are in G2/M phase of the cell cycle 

are less than the non-inducted cells. This is probably happens due to the insufficient 

DNA replication. 

   Taking everything together, we reveal that CDC6 over-expression plays an essential 

role in the progress of the cell cycle and it drives the cells more quickly in the S phase 
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but is responsible for  making short fragments of DNA that we cannot detect in the 

pattern of the cell cycle of the non-inducted with dox cells –control cells.   

    

 

Figure 4.2: The FACS data. This figure reveals what happens in the cell cycle with and without doxycycline 

(CDC6 over-expression) induction in each experimental condition. The arrows represent the short fragment of 

replicated DNA (see text above). 

 

 

Table 4.1: The percentages (%) of the cells that are in GI/G0, S and G2/M phase of the cell cycle, according 

to Flow Cytometry analysis. 

 

4.4: Insights into the differentially expressed (DE) genes of the HBECs through 

the Gene Set Enrichment Analysis (GSEA) analysis. 

 

   We obtained and further analyzed the RNA-seq results from Komseli et al. 2018, 

that established a list of differentially expressed (DE) genes upon induction of CDC6 

(3d ON vs OFF) in HBEC cells. In order to gain insights into the function of the DE 

genes, we performed a Gene Set Enrichment Analysis (GSEA) analysis. We first 

sorted DE genes by FC (normalized ratio of reads detected by RNA-seq between 3d 

ON and OFF conditions)-rank metric score from the most up-regulated to the most 

down-regulated. We ran the test for all the gene sets of GSEA database and 

summarize our main findings. One of the most interesting observation that derived 

from our results was the very significant positive correlation (p-val=0.0, NES= 3.3, 

ES=0.6) of the examined genes with genes that are found up-regulated in KRAS-

dependent Lung-Breast cancer (a, Fig 4.3). In other words, most of the up-regulated 

genes in our case are also found to be up-regulated in Lung cancer tissues in 

comparison to normal samples. Some of those genes are the BBOX1, the GAS1, the 

CD36 and 32 more (data not shown).This result indicates that common genes are 

activated in our cell system and in cells undergoing KRAS-dependent transformation. 
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Therefore, CDC6 expression is sufficient to trigger, at least indirectly, the activation 

of key genes that participate in establishing cancer cells. 

   Furthermore, we noticed that the examined DE genes are significantly negative 

correlated with the set of genes that are found up-regulated during the Cell Cycle of 

normal samples (p-val=0.0, NES= -2.6, ES=-5.8 (b, figure 4.6). That means that there 

is a list of common genes that are down-regulated in the HBECs 3d ON and at the 

same time they are found up-regulated during the cell cycle of normal cells. Some of 

the most important genes are the CDK1 and the CDC25C from a list of 14 common 

genes in total (data not shown). This result suggests that CDC6 over-production 

affects the expression of several genes associated with the cell cycle and not to forget 

that the HBECs 3d ON according to Komseli et al., 2008 are senescent cells meaning 

that they may have arrested their cycle. 

  

 

Figure 4.3: Enrichment plot of the DE of HBECs (3d ON/OFF) and the KRAS-dependent genes up-

regulated in Lung cancer (a) and the down-regulated genes during the Cell Cycle (b). 

 

4.5: Insights into the senescent state of the HBECs induced by CDC6 over-

expression. 

 

   Lipofuscin is a marker of senescence which accumulates in the cells during the 

senescence process (Georgakopoulou  et al., 2013; Galanos et al., 2016; Liakou et al., 

2016;  Petrakis  et al., 2016; Evangelou et al., 2016). Our lab synthesized GL13, a 

Sudan Black B (SSB) analogue which is connected with biotin, an easy detectable 

molecule by several immunohistochemical techniques (Evangelou et al., 2016). GL13 

is used for the detection of lipofuscin in the senescent cells and when 3,3'-

Diaminobenzidine (DAB) is added to the sample according to the protocol described 
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in Material and Methods, the senescent cells are colored in brown whereas the normal 

cells are not (Evangelou et al., 2016). In this study, HBEC cells induced with 

doxycycline for 6 days (dox is added per 2 days) and HBEC OFF cells (control) are 

stained for GL13.  

   We also recorded the phenotype before and after the cells are fixed with 4% PFA. 

PBS 1X washes are followed and then the staining as it mentioned above. After the 

staining, we show that the control cells are 100% confluent, which contrasts the status 

of HBEC 6d ON cells. In addition, the phenotype of 6d on cells comes in accordance 

with the theory of the senescent cells about the size, shape and structure. Debris are 

noticed in the two group of cells but are much increased in HBEC 6d ON, probably 

due to CDC6 overexpression and potential cell death. Concerning the GL13 staining, 

in 6d ON cells ‘brown’ cells – senescent cells are detectable (red arrows) whereas in 

OFF cells there are not such cells- see figure below. 

 

 

Figure 4.4: GL13 staining. The brown cells that are depicted in the figure are the senescent cells (red arrows). 

 

4.6: CTCF binding is lost when CDC6 is over-expressed. 

    Chromatin immunoprecipitation (ChIP) followed by high-throughput sequencing 

(ChIP-Seq) is a new tool for studying chromatin binding states across the genome (Xu 

et al., 2014). More specifically, ChIP assay is performed in HBEC OFF and HBEC 

CDC6 3 days ON cells in order to reveal the binding sites of CTCF across the genome 

and to find out the possible different binding patterns between these two different 

conditions (control vsCDC6 over-expression).  

   30.473 protein coding genes taken from the RefSeq database are studied at first 

level. Transcription start sites (TSS) and 2kb from both sides of TSS are studied 

extensively. K-means clustering (N=5) is conducted in order to detect probable 

differences in the binding sites of CTCF when CDC6 is over-expressed and when it is 

not. The below heat map presents 5 clusters where more intense CTCF binding is 

depicted with yellow color. Each horizontal line represents a gene fromTSS to 2kb 

from both sides of TSS. In the first three clusters the signal and the pattern of binding 

is similar in both conditions. However, in the fourth cluster where 7112 genes are 
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shown, the signal of CTCF binding is really strong in the HBEC OFF cells whereas in 

the HBEC CDC6 3 days ON cells the signal is significantly decreased. In other words, 

the signal of CTCF binding seems to be lost when there is a CDC6 over-expression 

for 3 days. In addition to the above, CTCF binding is restricted around TSS as it 

seems from the heat map. In the fifth cluster, CTCF is inactive in both conditions 

because there is no signal of CTCF binding.  

 

Figure 4.5: The binding sites of CTCF.  Each horizontal line presents a TSS and 2kb from both sides of TSS. In 

the fourth cluster (red frame) a decrease in CTCF binding is observed in HBEC 3d on cells compared to the HBEC 

OFF (the control). In the other four clusters that are represented in the heatmap the CTCF binding pattern is similar 

in both conditions. 

   In the following figure, the average profile for 2858 coding genes of the third and 

7112 genes of the fourth cluster of the above heat map is depicted. Importantly, the 

two samples (HBEC OFF and HBEC 3d on) have been normalized for the same 

number of reads sequenced. Strikingly, we confirm quantitatively that there is an 

important drop in CTCF binding in HBEC 3d ON cells compared to control cells for 

the 4
th

 cluster. Blue color is used for the control cells whereas pink for the HBEC 3d 

ON cells. This result suggests that the overexpression of CDC6 destabilizes the 

binding of CTCF to these loci and this may impact on the relative gene expression 

levels. 
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Figure 4.6: The average plot of CTCF binding on TSS and on 2kb from both sides of TSS of the 3rd and the 

4th clusters of the heat map. It is clear that there is a drop of CTCF binding on TSS in the HBEC 3d ON cells. 

 

4.7: DARs are annotated at important gene regulatory regions in HBECs 3d ON. 

   ATAC-seq data and RNA-seq data were analyzed to understand which genes are 

differentially regulated and differentially accessible in HBECs 3d ON compared to 

HBECs OFF (gain or loss of differentially accessible regions-DARs vs Up and Down 

regulation of the corresponding gene). The location of DARS in the genome can be 

annotated by the use of CEAS software. 

   We found that DARs that show gain of open chromatin sites (DAR
+
) in HBECs 3d 

ON compared to controls, are mostly located throughout the genome with 49,1% in 

introns and 38,5% in distal intergenic sites (>10 kb from a gene). Interestingly 4, 4% 

of DARs
+
 are annotated to promoters and 8% are located directly downstream of 

genes (Fig. 4.7). These regions are known to represent good candidate loci for gene 

regulation. Similarly, as for the loss of accessible regions (DAR
-
) in HBECs 3d ON 

versus HBECs OFF, we find 54.5% of DARs at distal intergenic sites and 34, 7% in 

introns. 5% of DARs are located in promoters and 4, 9% downstream of promoters 

(Fig. 4.7). 
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Figure 4.7: DARs annotation in the genome using CEASs software and representation of them using Venny. 

. 

    

 4.8: An overall estimation of the results presented in this thesis using the UCSC 

Human Genome Browser (GRCh37/hg19). 

   We queried if the genes for which we find DARs also showed significant changes in 

gene expression by comparing gene lists in Venny and we show two examples of 

interesting cases. 

   In the first case, we show IP6K3 locus, for which we find that the gene is up-

regulated in HBECs 3d ON (green bar, figure 4.8) as compared to control condition 

(HBEC OFF). According the ATAC-seq data, there are two DAR
+
 ( black boxes on 

the “ATAC ON gain” track) which mark a gain of accessibility in HBECs 3d ON 

compared to HBECs OFF (Note that the peaks height is different for the highlighted 

loci). We correlate the gain of ATAC-seq signal in HBECs 3d ON, (red frame, figure 

4.8) to the possible recruitment of activating transcription factors and to the 

significant up-regulation of this gene as demonstrated by the presence of a green bar 

in the “Polyzos_ON_3d_Up” track. Importantly these DARs
+
 are located near the 

promoter of the gene as expected from our CEAS results categorizing the locations of 

the analyzed DARs (figure 4.8). This type of figure also represents a good 

recapitulation of all the next generation sequencing (NGS) experiments presented in 

this thesis. Indeed, we observed that there is a drop of CTCF binding in HBECs 3d 

ON at a locus located nearby the IP6K3 gene, meaning that the TADs structure of this 
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locus may have been disturbed. We hypothesize that the enhancer and the promoter of 

the neighbor genes are differently associated after CDC6 induction and there is 

change in the expression and in the accessible chromatin profile. 

   Similarly, in the figure 4.9, the SQRDL gene locus is presented. This gene is down-

regulated in the HBECs 3d ON compared to control cells (red bar) and 

corroboratively, we find that the HBEC OFF state is more accessible than the HBEC 

3d ON (black frame) state (black bar above the ATAC-seq data). The loss of 

accessibility could be linked to the loss of binding of transcription activators, and the 

location of the DAR
-
 is again close to the gene promoter as predicted by our CEAS 

analysis. Finally, the binding of CTCF drops in HBEC 3d ON cells in contrast with 

the control cells, suggesting a correlation between TAD border location and cis-

regulation of gene expression.  

 

Figure 4.8: A chromosomal region of 75.960 bp is redicted. ATAC-seq, Chip-seq and CEAS data are 

presented. The gene IP6K3 is up-regulated in HBECs 3d ON. 

 

Figure 4.9: A chromosomal region of 75.960 bp is redicted. ATAC-seq, Chip-seq and CEAS data are 

presented. The gene SQRDL is down-regulated in HBECs 3d ON. 

 



 

44 
 

5. DISCUSSION 

   Cancer has been around since humanity began. It is a word given to a variety of 

diseases involving aberrant cellular growth that can potentially spread and threaten 

other tissues. It is the result of a long time process that typically happens when the 

cells of the human body cannot cooperate with other cells in harmony. Mutations 

accumulate in cells and transform them to cancerous. The fact that most cancers are of 

epithelial origin and the lack of cancerous epithelial models triggered our interest. The 

need of better understanding cancer initiation and development made us use an 

inducible cell system that over-expresses the replication licensing factor CDC6 which 

has been deregulated in several cancer types at the earliest stages of their development 

(Karakaidos et al., 2004; Liontos et al., 2007). 

   In this study a unique cellular tool to study carcinogenesis has been used. 

Immortalized Human bronchial epithelial cells (HBECs) with the ectopic expression 

of human telomerase (hTERT) ( in order to prevent the replicative senescence (RS) 

that occurs because of telomere erosion) and of CDK4 (in order to overcome the 

problem of cell cycle arrest due to activation of the signaling pathway p16
INK4 

) have 

been used as a non-malignant model to study mostly the precancerous phase of 

epithelial tumorigenesis (Ramirez et al., 2004; Evangelou et al., 2013; Komseli et al., 

2018).  

   Oncogene-induced senescence (OIS) is a type of stress-induced premature 

senescence (SIPS) that has been examined in this thesis and according to theory; it 

acts as an anti-tumor barrier and must be bypassed for tumor progression (Serrano et 

al., 1997; Braig et al., 2005; Chen et al., 2005; Collado et al., 2005; Denchi et al., 

2005; Michaloglou et al., 2005; Bartkova et al., 2006; Di Micco et al., 2006; 

Halazonetis et al., 2008; Komseli et al., 2018). 

 

   CDC6 is selected not only because of its important role as a replication licensing 

factor but also due to its deregulation in a variety of cancers. These observations 

triggered the interest of our lab for this molecule’s role in preventing cancer initiation 

(Karakaidos et al., 2004; Liontos et al., 2007). Indeed, when CDC6 is over-expressed, 

it can cause re-replication and genomic instability (Bartkova et al., 2006; Liontos et 

al., 2007; Sideridou et al., 2011; Galanos et al., 2016; Komseli et al., 2018). It can act 

as an oncogene but also as an expression regulator as it negatively controls the 

transcription of INK4/ARF which codes three important tumor suppressors by 

blocking the action of CTCF and it also represses the CDH1 locus which encodes E-

cadherin (Hirohashi, 1998; Gonzalez et al., 2006; Thiery et al., 2009). Last but not 

least, CDC6 over-expression has been connected with the increase of rDNA 

transcription, probably due to increased cancer cell needs for protein synthesis (Huang 

et al., 2016). 
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   Indeed, in this thesis, we confirm that overexpression of CDC6 in a short period of 

time leads to senescence which is maintained for a prolonged period (precancerous 

phase). The cells are examined microscopically and changes in cell behavior and 

structure are observed in senescent cells. They become flat, enlarged, and often 

acquire multinucleated morphology. They cannot proliferate in the rate that control 

cells do, probably because of the extended growth arrest that characterize them. 

Interestingly, debris of cells are observed in the culture of HBEC 6d ON cells 

compared to HBEC OFF. This effect could be due to cell death although this 

hypothesis points against the claims that senescence brings resistance to apoptosis 

(Campisi et al., 2007; Salminen et al., 2012; Campisi,, 2013; Muñoz-Espín et al., 

2014; Childs et al., 2015). Further experiments should be conducted to decipher if the 

cells that become senescent are only a proportion of the induced cells and if the rest of 

the cells that fail to senesce may favor the path of programmed cell death. Whether 

this path is apoptosis or is it necrosis, could be investigated as it is knowm that 

activation of Caspase-3 leads to apoptosis and it can be used as an important marker 

in order to clarify what really happens in the cell (Elmore, 2007). 

 

   GL13 is a biotin-connected Sudan Black B (SBB) analogue that detects lipofuscin 

which is present in senescent cells and is invented by our lab (Georgakopoulou  et al., 

2013; Galanos et al., 2016; Liakou et al., 2016;  Petrakis  et al., 2016; Evangelou et 

al., 2016). After the Gl13 staining, the cytoplasm of the senescent cells is presented 

with brown color compared to the cytoplasm of control cells which is white 

(Evangelou et al., 2016). HBEC OFF and HBEC 6d ON cells are used for the 

staining. It is known from previous work of our lab, that senescence fully appears 

(100% GL13
+ 

cells) 6 days after the first doxycycline induction in the HBEC cellular 

system (Komseli et al., 2018). However, our data have shown that not 100% of the 

cells were detected as GL13
+
. This could have happened because of the cellular 

system HBEC tet ON that used at the time of the experiments, was not optimal. Along 

this line of thinking, we discovered recently that the cells cannot homogeneously 

express CDC6 throughout the entire cell population upon doxycycline addition (data 

not show). 

 

   We successfully conducted a starving-release experiment for the first time using the 

HBEC system. One would have thought that, that kind of cells which are really 

sensitive, difficult to handle and to maintain in culture, should not survive the lack of 

supplements in the first hours after adding the starving medium (without the 

supplements-growth factors). To our surprise, we observed that cells can survive the 

starvation. In fact they can even proliferate to some extent until the growth factors 

that they have already up-taken run out. Of course as the time passes, the cells that are 

maintained in the starving medium cannot proliferate anymore. Furthermore, it is 

known that this type of handling causes stress to the cells but it is revealed from our 

data that when complete medium is added again, the cells can fully restore their 

proliferation. Most importantly, when complete medium is added again in the 
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presence of doxycycline, they cannot proliferate at the maximum rate, which is 

observed for the cells where only complete medium was added.  

 

   One of our major interests is to find out if the role of CDC6 as a transcription 

regulator affects only the expression of INK4/ARF, CDH1 and rDNA genes or CDC6 

controls a global transcription program (Hirohashi, 1998; Gonzalez et al., 2006; 

Thiery et al., 2009; Sideridou et al., 2011; Huang et al., 2016). If so, does the 

mechanism involves the removal of CTCF as it happens in the case of INK4 / ARF 

and CDH1 loci or does not? Our first preliminary experiment in order to clarify this, 

is the CHIP-seq experiment for the CTCF which is conducted in HBEC OFF and 

HBEC 3D ON cells. More specifically, 30.473 protein coding genes taken from the 

RefSeq database have been examined at first level. We focus our study on the 

transcription start sites (TSS) and on 2kb from both sides of TSS. K-means clustering 

(N=5) is performed and although the binding of CTCF in both conditions seems to be 

about the same, there is one cluster (4
th

 cluster-7112 examined genes) that shows that 

the signal of CTCF is weak in the HBEC CDC6 3 days ON cells compared to HBEC 

OFF. Our data come in an agreement with the theory. When there is a CDC6 over-

expression the binding of CTCF is lost exactly as it happens in the INK4 / ARF and 

CDH1 loci. However, further experiments should be performed in combination with 

CHIP-seq for the CDC6 and with ATAC-seq in both conditions (control and CDC6 

overexpression) in order to study the accessibility of the chromatin and to deepen our 

knowledge about this particular multifactorial protein called CDC6. 

   The Flow Cytometry experiment reveled that CDC6 over-expression (via dox 

induction) does indeed have an impact on the progress of the cell cycle. CDC6 when 

is over-produced, is the driving force that leads cells into the S phase more quickly 

than the cells that express CDC6 in normal levels. Although, CDC6 facilitates the 

entry to S phase, it seems to make short fragments of DNA and the replication cannot 

be completed as it should be. The control cells-non dox inducted, do not present this 

shift in the start of their S phase. The above data agree with the theory of replication-

transcription conflict due to the re-firing of the ORCs because of aberrant CDC6 

production.    

   GSEA analysis has shown that there is a positive or a negative correlation of the 

genes found in HBECs 3d ON cells with the genes examined from the GSEA database 

each time. Regarding the ATAC-analysis, it has been shown that there are 

differentially accessible regions between the control and the cells that overexpress 

CDC6, meaning that the two group of cells present different expression profiles. 

   To sum up, CDC6 is an essential factor in a cell’s life and its deregulation often 

leads to cancer. The experiments described above are preliminary and in the future we 

aim to deepen our knowledge about this multifactorial molecule. How CDC6 

overexpression influences the cell cycle, what happens to the chromatin structure and 

how CTCF is affected by the CDC6 over-production and which molecular pathways 
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are activated during the CDC6-induced senescence are some of the questions we are 

going to answer. 
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