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ABSTRACT 

CDC7 is an essential serine-threonine kinase that has an important role in the initiation of DNA replication. 

CDC7 phosphorylates several sites of the MCM helicase complex allowing recruitment of CDC45, among 

other factors, and stimulating origin firing. In recent years, various inhibitors of CDC7 have been developed 

as anti-cancer therapeutics. Increased understanding of the cellular response to CDC7 inhibitors is crucial 

in order to identify the additional roles of CDC7. Although the effect of short-term CDC7 inhibition has 

been broadly studied, the cellular response to prolonged CDC7 inhibition has been hardly investigated. 

Novel evidence has demonstrated the role of CDC7 in the cellular response to replication stress. Replication 

stress can be cause by endogenous or exogenous insults, which cause the slowing or stalling of replication 

forks. Using an inhibitor of CDC7, this research suggests that CDC7 activity promotes replication fork 

collapse upon prolonged fork stalling. Further, this research discloses that CDC7 inhibition does not affect 

EXO1 stability, as previously observed [1], and do not stimulates RAD51 filaments formation on the 

reversed forks. Our work in EMBO Reports also showed that CDC7 inhibition protect MRE11 dependent 

fork degradation in BRCA2 deficient cells, and suggest that CDC7 activity is required for the regulation of 

MRE11 activity [2]. The results shown in this study, together with the results shown in Rainey et al 2020 

[2], suggest that CDC7 is a key regulator of fork processing and integrity in response to replication stress . 

This study also investigated the phenotype induced by long-term treatment with two potent and specific 

CDC7 inhibitors: XL413 and TAK-931. Treatment was performed for 8 days in the breast epithelial cell 

line, MCF10A, and a block in proliferation and a reduction of S-phase cells were observed upon CDC7 

inhibition. RNA-sequencing data from cells treated for 8 days with CDC7 inhibitors, suggest that long-term 

CDC7 inhibition induces a major transcriptional change in MCF10A. However, only a portion of the 

differentially expressed gene (DEGs) observed is common between the two CDC7 inhibitors, suggesting 

that XL413 and TAK-931 do not elicit the same transcriptional response. Nevertheless, an upregulation of 

various interleukins (ILs), chemokines and cytokines, in both XL413 and TAK-931 treated samples, was 

observed, suggesting that prolonged CDC7 inhibition can lead to an inflammatory phenotype.  

Further results suggest that prolonged CDC7 inhibition induces an accumulation of cells with micronuclei 

and the localization of the Cyclic GMP-AMP Synthase (cGAS) protein, a signaling enzyme that controls 

immune-sensing of cytosolic DNA, at the micronuclei. This suggests a possible activation of the cGAS-

STING pathway upon CDC7 kinase inhibition. In addition, long-term treatment with CDC7 inhibitors 

causes the accumulation of ɓ-Galactosidase positive cells, a typical marker of senescence cells. However, 

cells were able to recover after the removal of the inhibitors, suggesting that prolonged CDC7 inhibition 

induces a senescence-like phenotype in MCF10A. The senescence phenotype is also observed in both 
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MCF7 and MDA-MB231, suggesting that the senescence-like phenotype is a general response to CDC7 

inhibition.  

Lastly, the preliminary results suggest that p53 plays a role in the phenotype observed. Loss of p53 prevent 

the senescence-like phenotype observed in MCF10A.  

The results of this studies have important potential implications in the use of CDC7 inhibitors as 

chemotherapeutics. The induction of senescence causes changes in the cellular physiology of cancer cells, 

which can be exploited to specifically target and eradicate senescence cancer cells, also called senolysis. 
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1 INTRODUCTION  

1.1 DNA REPLICATION  

DNA replication is the mechanism used by living organisms to replicate their genome, which consists of 

three steps: the initiation, the elongation and the termination. The initiation involves the activation of the 

pre-assembled pre-replicative (preRC) complex. The preRC is composed of the Origin-Recognition 

Complex (ORC), Cell Division Cycle 6 (CDC6), CDC10-dependent transcript 1m (CDT1) and the 

minichromosome maintenance (MCM) proteins MCM2-7. This complex is assembled in specific areas of 

the genome called replication origins. The replication origin firing events are cyclin and Cell Division Cycle 

7 (CDC7)-dependent. Once the complex is activated, the helicase activity of the CMG complex (including 

CDC45, MCM2-7 and the GINS complex) unwind the parental DNA duplex, allowing the replication of 

the leading and lagging strand by polymerases, Pol ὑ and Pol ŭ (Reviewed in [3]).  

In recent years, ground-breaking studies from the Diffley and Remus laboratory have fully reconstituted 

efficient eukaryotic DNA replication of naked DNA, providing important insights into the functions of 

replication proteins and the mechanisms of DNA replication [4,5].  

In the following chapters, the process of replication in eukaryotes will be explained. 

A schematic representation of DNA replication is shown in Figure 1.1. 
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Figure 1.1:Schematic representation of the DNA replication process. Components of the Pre-RC are recruited to 

the replication origins during late M and early G1 phases of the cell cycle. ORC is recruited at origins. Once at origins, 
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ORC recruits CDC6 and CDT1, which are required for the loading of the MCM2ï7 complex. The DNA-bound 

MCM2-7 is phosphorylated by CDC7. Treslin:MTBP is recruited to CDC7-phosphorylated MCM2-7. Treslin can be 

phosphorylated by both CDK and CDC7. Phopshorylated Treslin binds to TopBP, and the Trelin:MTBP1:TopBP1 

complex is recruited to CDC7-phosphorylated MCM2-7. RecQ4 is phosphorylated by CDK and is recruited to the 

MCM2-7:Treslin:MTBP:TopBP1. CDC45 and GINS are then recruited to the MCM2-7 complex, forming the CMG. 

DNA replication then start bidirectionally.  

1.1.1 Initiation  

DNA replication initiation is a two-step process consisting of origin licensing and origin firing. The 

following few chapters will outline these steps. 

1.1.1.1 Origins 

In order to be replicated, the DNA double helix must open to allow the replisome to copy each strand of 

DNA. This opening happens in specific areas of the genome called origins. Origins are defined as the 

genomic regions at which DNA replication starts. They are recognized and bound by specific proteins, 

whose binding allows the start and the progression of the DNA synthesis in a bidirectional manner.  

DNA replication origins were first identified in S. cerevisiae by their ability to confer replication capability 

to plasmids and were called Autonomous Replication Sequences (ARSs).  These elements contain the 

autonomous consensus sequence (ACSs) of 11 bp ([5/(A/T)TTTA(T/C)(A/G)TTT (A/T)-3]) [6]. ACS is 

the binding site of the Origin Recognition Complex (ORC). ORC is the main factor involved in origin 

licensing [6]. Another important characteristic of S. cerevisiae's origins is nucleosome exclusion. The ACS 

creates a nuclease-free region, which allows the binding of ORC. The nucleosome-free characteristic of 

these regions may be due to the A-T richness of these domains (Reviewed in [7]).  

In humans, recent genome-wide studies demonstrate a correlation with unmethylated CpG islands and 

promoter regions [8]. These studies confirm that most origins are characterized by origin G-rich repeated 

elements (OGREs) [8]. The guanines of these repeated elements can potentially form unusual four-stranded 

DNA structures through hydrogen bonding, called G quadruplex (G4) [8]. The critical role of G4 in 

replication initiation was confirmed by the observation that point mutations, which affect the formation of 

this structure, cause an impaired origin efficiency [9]. However, the mechanism by which G4s impact 

origins is not clear. A study from 2015 suggests that G4 allows the positioning of the nucleosomes around 

the origin, facilitating the recruitment of ORC [10]. Further studies suggest that this structure could be 

recognized by specific factors involved in the formation of functional origin [11,12]. 

Despite being widely studied, a common consensus sequence has not been discovered in human cells. This 

lack of a common consensus sequence may be due to the presence, in the human genome, of different 

classes of origins, which use different modules and are recognized by a different subset of proteins. An 



Introduction 
 

22 
 

alternative possibility is that human origins are modular and regulated by a combination of elements. 

Further studies are needed to fully understand human cell replication origins.  

In human cells, the number of replication origins available is greater than the number of origins activated 

during the S phase [13]. The different usage of replication origins permits their classification into three 

categories: constitutive, flexible and dormant. Constitutive origins are used all the time in any cell type. 

They are the minority of the eukaryotic origins. Flexible origins are potential origins that can be used 

stochastically in different cells [14]. Their existence explains the low origin usage seen in eukaryotic cells. 

Inactive, dormant origins are potential origins that are never used in the normal cell cycle but can be 

activated in stress conditions. Dormant origins are fundamental in maintaining genome integrity [15,16]. 

When forks encounter obstacles that lead to a block in replication, cells use dormant origin to facilitate the 

replication of those segments [15,16].  

Origins are also classified based on the time they are activated during DNA replication: early, mid-and late 

origins. Various mechanisms have been suggested to explain the regulation of replication timing. It has 

been shown that transcriptionally inactive heterochromatin replicates late, while transcriptionally active 

euchromatin replicates early [17]. In mammalian cells, distinct DNA replication foci were observed in the 

early, mid and late S phase, leading to the hypothesis that specific nuclear structures may determine the 

time the segment replicates within the S phase [18].  

Although much effort has been made to understand how replication timing is regulated, the mechanisms 

regulating this process are still unclear.    

1.1.1.2 Origin licensing  

Origin licensing occurs at all potential replication origins present in the genome during the G1 phase of the 

cell cycle. It includes the formation of the Pre-Replication Complex (pre-RC) through sequential and 

interdependent binding of different proteins.  

The first step includes binding the Origin Recognition Complex (ORC). ORC was first discovered in yeast 

by fractionating ARS binding proteins [19]. Following this discovery, ORC orthologues were identified in 

X. Laevis, D. melanogaster and humans [20ï22]. The ORC is a six-subunit complex that selects the sites 

for subsequent replication initiation. ORC can bind and hydrolyse ATP, which has been demonstrated to 

be essential for its function in different model organisms [19].  

ORC assembly on chromatin is then followed by the binding of an AAA+ ATPase called CDC6.  CDC6 

was first identified in S. cerevisiae in a mutant screen and was later found to have a role in replication 

initiation [23,24]. After CDC6, CDC10-dependent transcript 1 (DNA replication factor CDT1) is loaded 



Introduction 
 

23 
 

on the origin. CDT1 was initially identified in S.Pombe and has been implicated as a critical factor in pre-

RC assembly [25]. CDT1 has been shown to associate with the C terminal of CDC6 to cooperatively 

promote the association of the mini-chromosome maintenance (MCM) complex with the chromatin [26,27]. 

It is believed that CDT1 role in origin licensing is to work as a carrier and deliver the MCM complex to 

DNA-bound ORC/CDC6. Studies in yeast support this model by demonstrating that CDT1 is rapidly 

released after successful loading of the MCM complex [28].  

MCM is a hexamer composed of six subunits MCM2-7. Binding of the MCM complex to replication origins 

results in the formation of a pre-RC. Biochemical data from various studies support the hypothesis that 

MCM proteins act as a DNA helicase, whose activity is essential for unwinding the DNA (Reviewed in  

[29]) 

Origin licensing is an essential step in replication, which ensures that the genome is duplicated once during 

the cell cycle.  

A schematic representation of origin licensing is shown in Figure 1.1.  

1.1.1.3 Origin firing  

Origin firing consists of a series of events that cause the binding of protein complexes, the opening of the 

dsDNA and the start of the replication of the two strands of DNA. The licensing step generates multiple 

potential sites for the start of the replication. However, only a small portion of these origins will be activated 

during the S phase.  

The primary triggers of origin firing are two kinases: S-phase Cyclin Dependent Kinase 2 (CDK2) and Cell 

division cycle 7 (CDC7) kinase, which is also known as DBF4 Dependent Kinase (DDK) [30,31]. 

Phosphorylation by these two kinases of various components of the preRC leads to the recruitment of a 

series of proteins, which form the Pre-Initiation Complex (pre-IC). The pre-IC is defined as the protein 

complex preceding the activation of the DNA helicase (Information on the role of CDC7 in origin firing in 

section 1.4.3.1).  

The initiation of DNA replication requires the recruitment of at least nine initiation factors, including 

CDC45, GINS tetramer TopBP1 and Treslin, to form the pre-IC. These factors have been the subject of 

extensive studies in the past years. The recruitment of the complexes listed above is mediated by the 

controlled activity of CDK and CDC7. It was observed that CDK phosphorylate TopBP1-Interacting, 

Replication-Stimulating Protein (Treslin) and facilitates its association with TopBP1 [32]. The association 

of chromatin-bound MCM2-7 with the Treslin:MTBP:TopBP1 complex is increased following CDC7 

phosphorylation of MCM4 [33]. The interaction between the MCM2-7 complex and Treslin and TopBP1 

is required for the replication initiation. RecQ4, which plays an essential non-enzymatic role in the 
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formation of the CMG complex, is then recruited to the MCM3-7:Treslin:MTBP:TopBP1 and together, 

they form the pre-initiation complex (pre-IC) [34]. These events lead to the recruitment of CDC45 and 

GINS. CDC45 was first discovered in yeast, where it was shown to have a fundamental role in replication 

[35]. CDC45 is essential for the formation of the pre-IC complex at origins and was shown to be part of the 

complex responsible for the unwinding of the DNA at replication forks [36]. GINS is another crucial factor 

involved in origin firing. GINS is a complex of four small proteins: Sld5, Psf1, Psf2 and Psf3 [37]. GINS 

have been demonstrated to have an important role in the establishment, progression and coordination of 

replication fork, thanks to its ability to interact with polŬ and MCM2-7 (Reviewed in [38]). GINS, together 

with CDC45, is thought to be a cofactor for the helicase activity of MCM2-7. Together, these proteins form 

a complex called CMG, or unwindosome, that is responsible for unwinding the DNA upon origin firing 

[36].  

Once all the necessary DNA polymerases are recruited, and the CMG helicase complex is activated, the 

elongation step of DNA replication starts. The CMG helicase starts to move along each of the two leading 

strands of the nascent replication forks generating single-stranded DNA (ssDNA), which Replication 

protein A (RPA) coats. The generation of ssDNA creates sites for priming by PolŬ/Primase, which will be 

extended by Pol ŭ.  

A schematic representation of origin firing is shown in Figure 1.1.  

1.1.2 Leading and Lagging strand elongation  

Origin firing causes the activation of the CMG helicase, whose movement onto the DNA generates RPA-

coated ssDNA, which provides sites for priming for the PolŬ-primase complex. After the initial priming by 

PolŬ-primase, other polymerases, Polὑ and Polŭ, will  polymerize the DNA, allowing the replication of the 

whole genome. This step is called elongation. During elongation, the replication forks duplicate the DNA 

using a semi-conservative DNA synthesis. In this phase, the pre-IC is replaced by the replisome progression 

complexes (RPC), which contain several proteins needed for replicating the DNA. Part of the RPC is the 

CMG complex, Claspin, Timeless, Tipin, Topoisomerase I, MCM10 and components of the histone 

chaperones ( Reviewed in [3]).   

DNA synthesis proceeds in a 5ô to 3ô direction. The directionality of the replication process causes the 

formation of a leading strand that is duplicated continuously and a lagging strand that is discontinuously 

replicated. Synthesis of these two strands occurs simultaneously in the cells, posing topological problems 

to the DNA. In prokaryotic systems, a model that allows the simultaneous synthesis of the two strands has 

been proposed: the ñtromboneò model [39,40]. This model postulates that the lagging strand forms a loop 

to allow the leading and lagging strand proteins to interact and coordinate DNA synthesis [39,40]. This 
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model allows the replisome to move in one direction and synthesize both DNA strands. It has been 

suggested that a similar structure is employed by eukaryotes. In 2015, work from the Griffith laboratory 

provided the first direct evidence for the ñtromboneò model in a eukaryotic viral system, confirming the 

hypothesis of a ñtromboneò mechanism in the eukaryotic organism [41].  

The current model of DNA replication predicts that on the leading strand, PolŬ-primase synthesizes the first 

RNA/DNA primer [42].  PolŬ-primase is then switched to Polὑ with its processivity factor PCNA, a ring-

shaped homotrimeric protein that encircles the DNA and acts as a sliding clamp during DNA replication 

[43]. Polὑ, together with PCNA, performs continuous leading strand synthesis [44]. In the lagging strand, 

PolŬ-primase is involved in RNA priming and discontinuous DNA synthesis, which is terminated by Polŭ 

[44][44,45]. This process forms fragments of newly synthesized DNA, called Okazaki fragments [46]. 

Synthesis of these fragments is terminated when Polŭ meets the 5ô-end of the RNA primer of the previously 

synthesized fragment and performs strand displacement synthesis [46]. The RNA primers and the gaps 

between the Okazaki fragments are removed and filled by specialized proteins involved in the maturation 

steps of the Okazaki fragments (Reviewed in [47]).  

A schematic representation of DNA replication is shown in Figure 1.1.  

1.2 REPLICATION STRESS  
DNA replication is a tightly controlled mechanism. Alterations of the replication dynamic can cause 

genomic instability. These alterations of the replication process are called replication stress. In particular, 

replication stress is defined as the transient slowing or stalling of the replication fork in response to various 

obstacles.  

1.2.1 Causes of replication stress  

Replication stress can be initiated in several ways. The following paragraphs will attempt to summarize the 

key causes of replication stress (Reviewed in [48]).  

DNA lesions are the most common cause of replication stress. Nicks, gaps and stretches of ssDNA are 

sources and consequences of replication stress. In particular, nicks and gaps are hazardous lesions that could 

be passively turned in Double strand breaks (DSBs) when met by the replication machinery. Unrepaired 

DNA lesions are the most common source of replication stress. These lesions act as a physical barrier to 

the replication machinery progression, preventing replication activity.  

Secondary structures present in the DNA are also a cause of replication stress. Several DNA sequences, 

such as trinucleotide repeats, can form secondary structures like hairpins or DNA triplexes. These structures 

act as an obstacle that blocks the progression of the replication fork and can promote fork slippage [49]. 
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Further, the secondary structure formed in GC-rich DNA called G-quadruplex is also a source of replication 

stress. Lack of helicases, which unwind secondary structures, or chemical stabilization of the structure leads 

to an increase in DSBs formation and a reduction in fork speed [50].  

DNA replication stress can also be caused by physiological mechanisms that act on the DNA. These 

mechanisms are replication itself and transcription. The interaction of the two processes can cause a 

collision between the replisome and the transcription machinery (Reviewed in [51]). This can cause 

genomic instability, and it has been the subject of much attention after identifying regions in the genome, 

called Early-Replicating Fragile Sites (ERFSs), that are prone to DSBs formation [52]. These sites have 

been shown to be highly transcribed during the S-phase of the cell cycle. The DSBs are thought to be formed 

as a result of a collision between the replisome and the transcription complexes [52]. However, studies in 

yeast have shown that replication stress is induced before the collision. The convergence between replisome 

and transcriptome causes topological stress, which triggers the replication stress response [53].  

Lack of RNA processing components also causes replication stress. The lack of these components is thought 

to cause a reduction in the transcription rate, stimulating collision [54,55]. An additional hypothesis is that 

the nascent transcript re-hybridize with the DNA behind the transcript complex, forming an R-loop. R-

loops are three-stranded nucleic acid structures composed of RNA:DNA hybrid and a displaced ssDNA 

strand. The formation of these structures can interfere with the replication machinery and cause DNA 

damage (Reviewed in [56]). In the cells, various mechanisms are present to resolve R-loop and avoid 

collision between replisome and transcriptome. In particular, DNA-RNA helicases and RNase H are 

essential factors in the dissolution of these structures [55].  

The common fragile sites (CFSs) are other genomics regions prone to DSB and replication stress. The cause 

of the formation of DSB is still unclear. It has been suggested that these DSBs arise because of a lack of 

origins which limit the ability to rescue stalled fork (Reviewed in [57]). 

Oncogenes can also cause replication stress by altering the cell cycle and checkpoints, causing origin over, 

under-usage, or even re-usage (Reviewed in [58]). Origin firing is a regulated process: cells must have a 

certain number of active origins to correctly replicate the genome. Reduction or increase in the number of 

active origins can cause replication stress and genomic instability. In particular, overexpression of 

oncogenes, such as HRAS, MYC and Cyclin E, is an emerging source of replication stress. They increase 

origin firing, causing a depletion in the nucleotides pool and promoting collision with the transcription 

machinery.  

Replication stress can be caused by the limitation of replication factors. These factors comprise the 

components needed to complete the replication, including nucleotides, histone and replication machinery 
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[59,60]. The reduction in nucleotides can be reproduced experimentally by using the drug hydroxyurea. 

Hydroxyurea acts by inhibiting the ribonuclease reductase, causing the reduction of the dNTPs pool [61].   

1.2.2 Effect of replication stress on the replication fork  

Replication stress has various effects on the structure of the replication forks depending on the cause of the 

stress. DNA lesions that are small enough to bypass the CMG helicase complex can cause uncoupling of 

the fork. This type of lesion blocks the DNA polymerase, while the CMG helicase complex bypasses the 

DNA lesion and keeps unwinding the DNA double helix. This causes an uncoupling between the helicase 

and the polymerase activity, leading to the formation of a long stretch of single-stranded DNA (ssDNA) 

(Uncoupled Fork) [62]. An example of lesions that cause uncoupling of the fork is UV lesions or a depletion 

of the dNTPs pool. In other cases, more extensive lesions, such as Interstrand Cross Link (ICL), do not 

allow the progression of the whole replisome, causing the stalling of the fork (Stalled Fork). Replication 

forks can also cause the formation of DSB if it encounters ssDNA gaps (Replication Run-off) (Reviewed 

in [63]). 

Stalled or uncoupled forks, if not correctly restarted, can collapse. Replication collapse is defined as the 

loss of the replisome capacity [64,65]. Generally, the replication checkpoint ensures that stalled forks 

remain stable and promote their restart. Failure to stabilize stalled replication fork causes their collapse. 

The frequency of fork collapse is rare in normally dividing cells, though more common in cells lacking the 

replication stress checkpoint. Fork collapse mechanisms are still unclear and the debate on the links between 

fork collapse and replisome release continues [64,65]. Research on yeast suggests that in the absence of 

checkpoint proteins, the replisome is no longer stabilized, and its components dissociate from the stalled 

fork [66]. However, more recently, proteomics data suggests that the replisome is still intact, meaning that 

the replisome is present on the fork but is not functional [67,68]. Fork collapse can also include the 

formation of a DSB at the stalled fork, passively or actively, through the activity of endonucleases. In wild-

type mammalian cells, evidence of break formation has been observed after treatment with fork stalling 

agents [69,70]. The DSBs formation is accelerated in the absence of Ataxia telangiectasia and Rad3-related 

protein (ATR), the apical kinase involved in the replication stress response pathway (see section 1.2.3) 

[71,72]. The formation of DSBs is possible through two different mechanisms (Reviewed in [73]). One 

could be due to nucleolytic cleavage of vulnerable structures (such as ssDNA or reversed fork) that are 
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formed via restart pathways.  The second could be the presence, at stalled forks, of persistent ssDNA that 

could be targeted by endonucleases or prone to passive breakage after prolonged stalling.  

1.2.3 Replication stress response pathways  

Replication stress not only affects the fork's structure but also activates a series of kinases that act at stalled 

or uncoupled fork and help restart replication. The central apical kinase that acts as a sensor of replication 

stress is ATR.  

ATR was initially identified in yeast in 1994 during a genetic screening for S and G2 checkpoint defects 

[74]. Its human and mouse homologs were discovered to be essential for the viability of human and mouse 

cells. Mutations in ATR were discovered to cause an autosomal recessive disorder, Seckel syndrome, 

characterized by dwarfism, microcephaly and mental retardation [75]. 

A wide range of genotoxic stresses, including ultraviolet radiation (UV), DNA polymerase and 

topoisomerase inhibitors, deoxyribonucleoside triphosphate (dNTP) depletion and DNA crosslinkers, 

activates ATR (Reviewed in  [76]). These lesions can lead to the formation of ssDNAïbound Replication 

Protein A (RPA), by nucleolytic processing of various forms of damaged DNA or by helicase-polymerase 

uncoupling at stalled replication forks [62,77]. ATR activation is a multi-step process that involves the 

interaction of multiple proteins. ATR is present in the cells as a heterodimer with ATR-interacting protein 

(ATRIP)[77]. The ATR-ATRIP heterodimer cannot directly bind DNA and needs the formation of RPA 

filaments [77]. ATR is recruited at RPA-coated ssDNA, and it is partially activated by autophosphorylation 

at Thr1989 [78]. The full activation of ATR requires either DNA Topoisomerase II Binding Protein 1 

(TopBP1) or Ewing tumour-associated antigen 1 (ETAA1)[79,80].  

Once ATR is activated, it is able to phosphorylate and activate a series of substrates.  An example of ATR 

substrates are RPA and H2AX. RPA and H2AX phosphorylation is used as a marker of replication stress 

and DNA damage. H2AX is a subtype of histone H2A, which is known to be phosphorylated at Ser139 

from both ATR and ATM [81,82]. 

Recent research suggests a previously unknown role of phosphorylated H2AX (ὛH2AX) in the ATR 

pathway [81,83]. This research has shown that ὛH2AX leads to the recruitment of TopBP1 in response to 

replication stress. Under DNA replication stress, H2AX is phosphorylated by ATR and accumulates on the 

dsDNA region surrounding the stalled replication forks. The ATR-dependent phosphorylation of H2AX 

triggers the recruitment of MDC1, an adaptor protein. MDC1 facilitates recruitment and the accumulation 

of TopBP1 at stalled replication forks via direct protein-protein interaction, promoting full ATR activation 

[81,83]. MDC1, together with the 9-1-1 complex, helps in the recruitment of TopBP1 and the activation of 

the ATR-CHK1 pathway [84].  
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An additional ATR substrate is CHK1 kinase. CHK1 was first identified in 1993 as a Ser/Thr kinase that 

controls the G2/M transition in response to DNA damage in fission yeast [85]. CHK1 is the central 

transducer kinase of the ATR pathway, which phosphorylate effector proteins, enhancing the ATR 

response. CHK1 activation causes inhibition of CDK activity, slowing the cell cycle progression, inhibition 

of late origin firing and increased nucleotide availability (Reviewed in [86]).  

As previously mentioned, the ATR-CHK1 checkpoint stabilises stalled forks and ensures the rapid 

resumption of DNA synthesis through various mechanisms explained above (Reviewed in [86]). The ATR 

pathway is a fundamental pathway for cell survival, which lead to the activation of several mechanisms, 

that ensure the regulation of intracellular dNTP, the inhibition of cell cycle progression and the regulation 

of the activity of several replisome and fork-remodelling components, thus safeguarding repair and restart 

of replicative forks. In particular, ATR has been shown to phosphorylates SMARCAL1 to prevent fork 

collapse [87].  

Prolonged stalling of replication forks, as alluded to earlier, can cause fork collapse, leading to DSBs 

formation. DSBs are recognized by Ataxiaïtelangiectasia-mutated (ATM), which phosphorylates a series 

of substrates, such as CHK2. The phosphorylation of these substrates generates a signal that assists in the 

repair of the break by promoting the recruitment of a series of proteins involved in DSBs repair. In 

particular, ATM phosphorylates CHK2 on multiple sites, including T68, which is used as a marker of ATM 

activation (Reviewed in [88]).  ATM coordinates and regulates DNA repair, checkpoint activation, 

apoptosis and senescence pathway in order to repair the lesion correctly [88].  

ATM activation and recruitment at DSBs, require the binding of ATM to the C-terminus of Nijmegen 

breakage syndrome protein 1 (NBS1), a component of the MRE11-RAD50-NBS1 (MRN) complex [89]. 

This complex was shown to induce ATM kinase activity in vitro, and it is required for optimal ATM 

signaling in cells [89,90]. In the S phase of the cell cycle, ATM promotes the repair of DSBs through 

Homologous Directed Repair (HDR) pathways. Once activated, ATM regulates the repair pathway choice 

and triggers the phosphorylation of a series of substrates that initiate and sustain the DDR signaling. One 

of the first phosphorylation events triggered by DSBs is the phosphorylation of S139 in the C-terminal tail 

of histone variant H2AX (ὛH2AX) [82]. The formation of ὛH2AX, is the foundation of a chromatin base 

signaling that involves phosphorylation, ubiquitylation and other post-translational modifications.  

ATR and ATM are key regulators of the DNA Damage Response (DDR) and are fundamental for 

maintaining genome integrity in eukaryotic cells. ATR and ATM, together with DNA-dependent protein 

kinase (DNA-PK) and mammalian target of rapamycin (mTOR), are part of the class-IV phosphoinositide 

3-kinase (PI3K)-related kinase (PIKK) family. Interestingly, most ATR substrates can also be 
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phosphorylated by ATM, and the major functions of ATR and ATM in cell cycle control are overlapping 

and redundant [91]. After their activation, they upregulate the cell cycle checkpoint pathway, inducing cell 

cycle arrest and DNA repair. Despite their similarity, ATM and ATR respond to different types of DNA 

damage, DSBs for ATM and replication stress for ATR [91]. Precisely, the two kinases sense different 

DNA structures: DNA ends are sensed by ATM, while ssDNA is sensed by ATR [91]. However, to treat 

ATM and ATR as interchangeable kinases observing different inputs ignores much of the complexity in 

the DNA damage response. In particular, it is possible for one DNA damage type to be converted into 

another. The kinetics of the ATM vs ATR checkpoint responses and crosstalk between the pathways suggest 

unique and interdependent roles for these kinases. 

1.2.4 Recovering from replication stress  

There are several ways for the cell to rescue a stalled or uncoupled fork. One such way is via the activation 

of dormant origins. Dormant origins are common in the genome and comprise origins of replication that 

were not activated at the start of the S-phase. Other mechanisms that promote the replication's recovery and 

restart are called DNA-damage tolerance (DDT) mechanisms. Different DTT mechanisms are involved in 

replication restart, depending on the structure of the stressed forks and the lesion. They guarantee that 

replication continues without affecting fork elongation and the correct replication of the genome (Reviewed 

in [92]).  

Stalled replication forks are fragile structures that can lead to fork collapse after prolonged stalling. Fork 

collapse causes the formation of DSBs and genome instability. Various studies suggest that under-replicated 

genome leads to aberrant mitotic structures, leading to chromosomal aberrations and breaks during mitosis 

or the following replication [93]. As replication stress is a source of genomic instability, it is thought to be 

one of the mechanisms leading to tumorigenesis (Reviewed in [94]). Therefore, stabilization and restart of 

stalled forks and subsequent completion of DNA replication are essential for genome maintenance and 

prevention of accumulation of genomic instability.  

The restart of stalled or uncoupled replication forks can be achieved through the DDT mechanisms, which 

are also known as Post Replication Repair (PPR). These restart mechanisms allow the replication to 

continue after the lesion and will enable the lesion to be repaired after DNA replication (Reviewed in [95]).  

Base modifications can cause uncoupling between helicase activity and replication. The lagging strand is 

able to tolerate this kind of lesion because of the discontinuous nature of its replication. Whereas, for the 

leading strand, this kind of lesion constitutes a major obstacle to processing DNA synthesis. Three well-

known DTT mechanisms ensure that replication continues with minimal effect on the elongation: 

Translesion synthesis (TLS), fork repriming and Template Switching (TS). 
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One way for the replisome to deal with the damaged DNA is by leaving an unreplicated ssDNA gap that 

can be repaired after replication. The replisome can restart replication after a lesion as a result of  proteins 

capable of reprime DNA synthesis [96,97]. For example, the human primase PrimPol ensures the 

resumption of DNA synthesis after UV irradiation and under the depletion of dNTP [98]. After repriming, 

the replisome resumes DNA replication, leaving an ssDNA gap behind. This stretch of ssDNA will be filled 

by HDR mechanisms, TLS polymerases or template switching. Postreplicative repair of this gap is crucial 

to avoid DSBs and genome instability. 

TLS is one of the main DDT mechanisms present in the cell. In the TLS, the replicative polymerase is 

substituted by a special translation polymerase that can replicate over the lesion. This group of polymerases 

include polymerases of the Y family (Pol ɖ (POLH), Pol ɘ (POLI), Pol ə (POLK), REV1), one of the B-

family of polymerase (Pol ɕ) and two A-family polymerases (Pol ɗ (POLQ) and Pol ɜ (POLN)) (Reviewed 

in [99]). Each TLS polymerase has different substrate specificities for different types of DNA damage. 

Although belonging to different families, these polymerases are characterized by enlarged and flexible 

active sites that allow them to recognise modified bases. Furthermore, they lack proofreading activity, have 

a lower fidelity than replication polymerases, and can be potentially error-prone. PCNA performs a 

significant role in the recruitment of TLS polymerases. PCNA mono-ubiquitination at Lys164 promotes 

TLS, as it preferentially binds TLS polymerase ɕ, ɖ, or REV1, thus facilitating the replacement of replicative 

polymerase with TLS polymerase [100,101]. The increased affinity for ub-PCNA is mediated by the 

ubiquitin-binding domain present in all of the Y-family polymerases [100,101]. After the TLS polymerase 

replicates over the lesion, the DNA replication is further extended by the same or another TLS polymerase. 

The extension step is needed to allow the lesion to escape detection by the replicative polymerase's 3ô to 5ô 

exonuclease proofreading activity. This step is followed by the replacement of the TLS polymerase with 

the high fidelity replicative polymerase, which can resume DNA replication [102]. 

An additional DTT process is Template Switching (TS). TS is an error-free recombination process, distinct 

from the homologous recombination  (HR) mechanisms. In order to replicate over the lesion, the stalled 

nascent strand switches temporarily with the newly synthesized undamaged sister strand. Strand invasion 

promotes the pairing between the two newly synthesized strands. The resulting structure is then turned into 

a sister chromatid junction (SCJ) using the damage-free strand as a template. This pathway is thought to be 

activated by PCNA poly-ubiquitination at Lys 164 (Reviewed in [103]).  

Finally, prolonged fork stalling or failure to resume DNA synthesis leads to fork collapse and one-ended 

DSBs formation. The cells can repair these DSBs through homology-directed repair (HDR) pathway, such 

as HR or Break Induce Replication (BIR). BIR has been described in various organisms and is an efficient 

way to repair these kinds of breaks (Reviewed [104]). BIR is initiated by the invasion of a single strand into 
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a homologous DNA molecule, followed by DNA synthesis that may continue as far as the next replication 

fork [105]. The BIR synthesis is asynchronous, leading to an accumulation of ssDNA on the leading strand 

while the D-loop migrates [105]. In order to complete the repair, the lagging strand uses the leading strand 

as a template, resulting in a conservative inheritance of the newly synthesized DNA [105]. The relevance 

of BIR in repairing and restarting broken forks has recently been confirmed in human cells by studying 

replication stress induced by cyclin E overexpression. However, a significant issue with BIR is that it is 

highly error-prone, and can cause genome duplication, making it highly mutagenic [106]        . 

1.2.5 Replication Fork Reversal   

A recently discovered mechanism that assists replication restart is fork reversal. Replication Fork reversal 

is defined as the conversion of a three-way junction (normal replication fork) into a four-way junction 

(Reviewed in [107]). Remodelers and helicases allow the annealing of newly synthesized strands, forming 

a regressed fourth arm at the fork elongation point (Figure 1.2). The first instance of the reversed replication 

fork was observed in yeast, and it was hypothesized to form as a result of fork collapse [108]. More recent 

studies discovered its role as a damage bypass mechanism [109]. Fork reversal allows DNA replication to 

pause and resume without forming DSBs or chromosome breakages [109]. Nevertheless, replication fork 

regression has also been predicted to generate harmful consequences if their formation is not regulated and 

is not correctly resolved. Regressed forks can be attacked by structure-specific nucleases that recognize 

branched structures, leading to DSB formation [65]. DSBs are the most deleterious form of DNA damage 

that can cause cellular lethality if it is not repaired in time. Fork regression can generate misalignment at 

repetitive sequences, leading to expansion or loss of DNA repeats [110]. Moreover, ssDNA tail formed 

during fork regression can be used to generate recombination structures that can lead to chromosomal 

nondisjunction if unresolved [111,112]. 

 

Figure 1.2: Model of replication fork reversal formation.  Replication fork reversal is formed with the help of 

ZRANB3, PARP, RAD51 and other remodelers' activity. Fork reversal leads to the formation of a reversed fork, also 
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called four-way junction. Upon initial resection of reversed forks, RAD51 is loaded by BRCA2 on the regressed arm 

of reversed forks to limit MRE11/DNA2 -dependent nucleolytic degradation and stimulate efficient fork restart. Loss 

of BRCA2 prevents RAD51 loading on the regressed arm of reversed forks, causing uncontrolled MRE11-dependent 

degradation of reversed forks. The uncontrolled degradation of reversed forks leads to ssDNA accumulation and 

chromosomal breaks. Modified from [113]. 

The mechanism of the reversed fork is still not completely understood. Several DNA translocases and 

helicases, together with RAD51, a central recombinase factor, are involved in the reversed fork process 

(Reviewed in [114]). RAD51 can bind both ssDNA and dsDNA and is mostly known for catalyzing strand 

invasion during the repair of DSBs through HR. RAD51 forms nucleoproteins filaments on ssDNA through 

a cooperative DNA-binding mechanism. The function of RAD51 in fork reversal is independent of its main 

mediator protein, Breast Cancer Type 2 (BRCA2) [115]. EM experiments demonstrate that RAD51 

functions in fork reversal are independent of BRCA2. In BRCA2 depleted cells, replication fork 

intermediates are detected at normal levels at early time points after replication stress. However, the loss of 

RAD51 also causes a decrease in reversed replication forks independently of its fork protection ability 

[113].  RAD51, on its own, does not have remodelling activity, and it may stimulate fork reversal via other 

proteins [116]. Many other well-known translocases of the Sucrose Non-Fermentable 2 (SNF2) family of 

fork remodelers, such as SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin, 

Subfamily A Like 1 (SMARCAL1), Helicase Like Transcription Factor (HLTF), RAD51, Zinc Finger 

RANBP2-Type Containing 3 (ZRANB3), and also FA Complementation Group M (FANCM) are known 

to promote fork reversal in vitro and in vivo [117]. The remodeler activity leads to the reversed fork's 

formation by annealing the two newly synthesized strands (Figure 1.2).  

Initial resection activity leads to the formation of a stretch of ssDNA in the reversed arm of reversed forks. 

The ssDNA formed at reversed forks is protected by RAD51 and BRCA2 [113]. BRCA2 can protect this 

ssDNA by promoting the stability of the RAD51 filaments, which firmly bind the ssDNA [113]. BRCA2 

is the central RAD51 mediator, which is known to be required to repair DSBs together with Breast Cancer 

Type 1 (BRCA1). BRCA1 and BRCA2 are tumour suppressor genes that collaborate in the repair of DSBs 

(Reviewed in [118]). They present common BRCT domains that allow the binding of phospho-proteins. 

BRCA2 mediates RAD51 fork protection activity by promoting RAD51 loading on ssDNA and facilitates 

the RAD51-mediated displacement of RPA from ssDNA. BRCA2 interact with RAD51 via its BRC repeats, 

which have been subdivided into two groups that enable RAD51 loading via distinct mechanisms [119]. 

BRCA2 can also bind to RAD51 through its C-terminal TR2 domain, stabilising RAD51 nucleofilaments 

[120]. During replication fork reversal, BRCA2 stabilized RAD51 filaments on the regressed arms of 

reversed forks via the BRC and TR2 domains, preventing extensive fork resection [119,120]. This step is 

fundamental in processing reversed replication forks. The protection of the nascent replication tracks by 

BRCA2 and RAD51 ensures correct processing and restart of stalled replication forks [113]. Furthermore, 
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lack of BRCA2 in cells causes high genomic instability and accumulation of chromosomal breaks, which 

is thought to be due to uncontrolled resection (Figure 1.2).  

The formation of RAD51 filaments allows the regulated and coordinated resection of the regressed fourth 

arm by nucleases such as MRN (MRE11, RAD50 and NBS1) complex, DNA replication helicase/nuclease 

2 (DNA2), Exonuclease 1 (EXO1)  and carboxy-terminal binding protein (CtBP)-interacting protein (CtIP), 

and the restart of the fork [121] (Figure 1.2). 

A recent study showed that multiple fork protection mechanisms operate downstream of at least two 

RAD51-dependent fork remodelling pathways [122]. This research found that 53BP1 protects forks from 

DNA2-mediated degradation in a cell type-specific manner and reduces S-phase DNA damage and 

hypersensitivity to replication stress. Further, BRCA2, FA Complementation Group D2 (FANCD2), and 

Abraxas brother 1 (ABRO1) protect reversed forks generated by SMARCAL1, ZRANB3 and HLTF, while 

53BP1 protects forks remodelled by FBH1. Interestingly, BRCA2 was also found to be required for fork 

degradation in the FBH1 pathway. 

1.2.5.1 Nucleases involved in fork reversal 

Nucleases have an essential role in DNA damage repair. In DSBs, nucleases perform the resection, which 

is needed to promote repair through HR pathways. Nucleases are also crucial factors for the processing of 

stalled replication forks. They promote limited degradation of nascent DNA strands required for efficient 

fork restart. However, nucleases can also promote fork collapse and extensive degradation of stalled 

replication fork under pathological conditions. Various nucleases are involved in fork reversal. It is not 

entirely clear how these different nucleases are recruited to forks and how they collaborate in fork 

processing. Several structure-specific nucleases have been associated with fork restart upon genotoxic stress 

induction (Reviewed in [63]). Understanding the different roles and mechanisms of the nucleases involved 

has been the focus of much research in recent years. The nucleases currently known to be involved in 

replication stress are the MRN complex, DNA2, EXO1, CtIP and MUS81. The following sections will 

focus on the MRN complex and EXO1.  

1.2.5.1.1 EXO1 

EXO1 nuclease is known to have a role in protecting the cell from DNA damage and replication stress. 

EXO1 contributes to several DNA repair pathways, such as mismatch repair (MMR), TLS, Nucleotide 

excision repair (NER), DSBs repair, reversed fork processing and checkpoint activation to restart stalled 

replication forks (Reviewed in [123]). EXO1 is a part of the Rad2/XPG family of nucleases, with an active 

domain located at its N-terminal region [124]. This nuclease presents a 5ô to 3ô exonuclease activity, a 5ô 
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endonuclease activity and a 5ô to 3ô RNase H activity. Further, it preferentially processes dsDNA, DNA 

nicks, gaps and fork structures [125].  

The contribution of EXO1 to genome protection during replication is well-known. EXO1 collaborates with 

MRN complex and CtIP in the initial resection of DSBs, to promote repair through HR [126]. EXO1 has 

been shown to act downstream of the MRN complex and CtIP and contribute to extending the initial 

resection performed by MRE11 [126].  EXO1 has also been shown to have a role in processing reversed 

replication forks [127]. Depleting EXO1 in BRCA2 depleted cells rescued nascent strand degradation and 

reversed fork levels, which normally decreased in BRCA2 depleted cells treated with replication stress-

inducing drugs [127]. This phenotype was also observed with MRE11 and CtIP depletion, suggesting that, 

in the absence of BRCA2, resection could be initiated by CtIP and MRE11, followed by EXO1 with more 

extensive processing.  

1.2.5.1.2 MRN complex  

The MRN complex is essential in DSBs repair and the activation of DNA damage response. This complex 

is one of the first sensors and responders to DNA damage and organizes the DDR in response to DSBs, 

replication fork collapse and viral invasion (Reviewed in [128]). The MRN complex is a heterohexamer 

that is composed of two MRE11 subunits, two ATP-binding cassettes (ABC)-ATPase (RAD50) units, and 

two phosphopeptide-binding NBS1 subunit. This complex present the ability to hydrolyse ATP due to the 

RAD50 component, and it also presents DNA binding, exonuclease, endonuclease and DNA bridging 

activities (Reviewed in [128]). The MRN complex is able to activate the cell cycle checkpoint through its 

interaction with ATM and ATR (Reviewed in [129]). In particular, the MRN complex is essential for 

modulating ATM activity. Lack of the MRN complex cause defect in ATM activation [90].  

MRE11 endonuclease activity is required for the initial resection of DSBs, which leads to the creation of 

3ô-ssDNA overhangs for advanced repair. The initial resection of MRE11 is then continued by the 5ô to 3ô 

exonuclease activity of either EXO1 or DNA2 to form the 3ô ssDNA-overhangs needed for promoting HR-

repair of DSBs.  DNA2 activity requires the assistance of the BLM or WRN helicase to resect dsDNA. The 

MRE11-CtIP-EXO1 and MRE11-CtIP-DNA2 pathways are two distinct pathways that act redundantly to 

mediate the resection of DSBs (Reviewed in [130]). 

The same nucleases involved in DSBs repair and resection have been shown to be important in processing 

stalled replication forks and reversed forks. MRE11, like other nucleases, is also involved in reversed fork 

resection and in promoting the restart of replication forks. The regressed arm of a reversed fork presents 

similarity to a one-ended DSB. Similarly to DSBs resection, MRE11has been shown to initiate resection of 

the regressed arm [131]. This resection is promoted by CtIP and it is continued by EXO1 [131,132]. CtIP 
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requires CDK-dependent phosphorylation to stimulate MRE11 [133]. However, the mechanism through 

which it stimulates MRE11 is unclear, but it likely involves interaction with RAD50. 

MRE11 has been shown to travel with the replisome and co-localise with PCNA during an unperturbed S-

phase [134]. Its recruitment to chromatin is enhanced by exogenous replication stress [65]. The association 

of MRE11 to stalled replication forks is dependent on many different factors, such as PARP1, PTIP and 

associated methyltransferases MLL3/MLL4, the chromatin remodeler CHD4, RAD52, SAMHD1 

[113,135ï137]. Lack, or inhibition, of these proteins, causes a decrease in the association of MRE11 to 

stressed replication fork and rescues the genomic instability characteristic of BRCA1 or BRCA2 depleted 

cells [113,136,137]. The recruitment of MRE11 at the fork is thought to be mediated by RPA. Interaction 

between MRN and RPA has been observed at replication sites throughout the S phase, with an increased 

interaction at sites of stalled forks, where it mediates the S-phase checkpoint [138,139]. 

MRE11 nuclease activity is tightly controlled. Uncontrolled nuclease activity can lead to extensive 

degradation of the nascent strand, causing fork collapse and DSBs formation. This extensive resection 

phenotype has been observed in BRCA2-deficient cells treated with replication stress-inducing treatments 

[113,127]. The extensive resection, observed in BRCA2-deficient cells, is due to MRE11 activity on 

unprotected stalled forks [113,127].  

1.2.6 Replication stress and cancer  

Replication stress is a common source of genome instability. Various studies suggest the importance of 

replication stress in early tumorigenesis and that oncogenes activation cause replication stress that leads to 

increased stalled or collapsed forks (Reviewed in [58]).  

Induced replication stress, in the beginning, activates the DNA replication stress response pathway that 

leads to apoptosis and senescence of the cells through the p53 pathway. The genomic instability generated 

can lead the cells to acquire genetic or epigenetic changes that suppress the p53 activity and allow 

tumorigenesis (Reviewed in [58]). The cause of this genomic instability is the presence of genome segments 

prone to breakage [52,57]. These regions are the Common Fragile site and the Early Fragile Site (section 

1.2.1). Both the CFSs and the ERFs are susceptible to oncogene activation.  

Oncogenes can induce replication stress by affecting the cell cycle and leading to an over or under-usage 

of origins (Reviewed in [140]). An example is the overexpression of cyclin E, which has been observed in 

many cancer cells. Cyclin E is a G1/S cyclin that controls the start of the replication phase of the cell cycle. 

Overexpression of Cyclin E causes origin licensing inhibition, as it allows the cells to overcome the G1/S 

checkpoint and begin replication with fewer active origins [141,142].  
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Replication stress is a double-edged sword for cancer cells. While it promotes tumorigenesis by increasing 

genomic instability, it also deters their proliferation by destabilizing replication forks and sensitizes them 

to chemotherapy (Reviewed in [143]). This vulnerability is exploited in cancer treatment to increase 

replication stress to unsustainable levels [144]. However, new strategies are emerging, exploiting recently 

identified RS response-specificities. These include the inhibition of DNA polymerase Ŭ to increase ssDNA 

gaps, deplete RPA and induce a replication catastrophe [145]. Filamentous actin, which polymerizes in 

response to RS to promote fork repair, is a promising pathway for cancer therapy as its protective function 

is sensitive to ATR and mTOR inhibitors [146]. Moreover, it has been reported that hydroxyurea treatment 

triggered ATR-CHK1 and the p53-dependent extrusion of monolayer epithelial cells. This process could 

function as an early checkpoint to eliminate pre-cancerous cells [147]. 

1.3 REPLICATION STRESS AND INFLAMMATION  
Replication stress can induce various consequences in the cell. Recent findings also suggest that replication 

stress could induce inflammation by the release of DNA into the cytoplasm and the activation of the DNA 

sensing pathway cGAS-STING.   

In this section the topic of inflammation and the cytokines involved in this process will be introduced. This 

part will be followed by a section that focus on the role of replication stress in the induction of inflammation, 

and on the main pathway involved in this mechanism: the cGAS-STING pathway.  

1.3.1 Inflammation  

Inflammation is a response of the innate immune system that can be triggered by multiple factors, such as 

pathogens, damaged cells, toxic compounds and irradiation. Inflammation is needed to remove injuries and 

initiate the healing process. For this reason, it is considered a defense mechanism vital to health. During 

acute inflammatory responses, cellular and molecular processes minimize impending injury or infection 

and contribute to restoring tissue homeostasis and resolving acute inflammation. The inflammatory 

response leads to the activation of signaling pathways that stimulate responses that heal the affected tissues 

and cause the activation and recruitment of various immune cells, such as leukocytes, and release various 

cytokines [148]. However, uncontrolled acute inflammation can become chronic, leading to tissue damage 

or diseases. Chronic inflammation can lead to chronic diseases, including cardiovascular and bowel 

diseases, diabetes, arthritis, and cancer (Reviewed in [149]). 

Various stimuli can induce multiple inflammatory pathways, the most common inflammatory signaling 

pathways are: NF-kB, MAPK, JAK-STAT and the cGAS-STING pathways (Section 1.3.2.1). All these 

different pathways share some common mechanisms: a) cell surface receptors recognize detrimental 
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stimuli; b) inflammatory pathways are activated; c) inflammatory markers, such as cytokines, are released; 

d) inflammatory cells are recruited. 

1.3.1.1.1 Cytokines and inflammation 

Cytokines are a large family of small secreted proteins (<40kDa), which are produced by almost every cells 

for intercellular signaling and communication to regulate and influence the immune response. Cytokines, 

along with growth factors, eicosanoids, complement and peptides, are inflammation's main mediators and 

regulators. The cytokine superfamilies include: interleukins (ILs), chemokines, colony-stimulating factors 

(CSF), interferons (IFNs), the transforming growth factor (TGF) and the tumour necrosis factors (TNFs) 

[150,151]. The different superfamilies listed above do not present common genes but similar structures 

[152]. Although structurally related, the different types of cytokines present rather diverse functions. For 

example, cytokines can be pro- or anti-inflammatory, facilitating or inhibiting inflammation. In particular, 

the release of pro-inflammatory cytokines will often lead to the activation and recruitment of immune cells 

and production and the release of further cytokines [153]. The effects of the secreted cytokines depend on 

the targeted cells, making them pleiotropic [150]. However, different cytokines may be redundant and lead 

to the same effect, which may lead to a synergistic effect. It has also been shown that a certain cytokine's 

function may depend on the presence or absence of other cytokines [154]. Furthermore, specific cytokines 

have autocrine, paracrine and/or endocrine activity and through receptor binding, they trigger signaling 

cascades that can have devastating consequences for the cells (Reviewed in [155,156]). Among the many 

functions of cytokines are the control of cell proliferation and differentiation, the regulation of angiogenesis 

and immune and inflammatory responses. 

As detailed earlier, cytokines control the immune response to infection or inflammation. They regulate 

inflammation via a complex network of interactions. It has been shown that during immune and 

inflammation response, both anti- and pro-inflammatory cytokines are simultaneously released to modulate 

the inflammatory response [157]. Furthermore, excessive and uncontrolled release of pro-inflammatory 

cytokines, also known as ñcytokine stormò, can cause tissue damage, organ failure and death (Reviewed in 

[154]).  

Because of their possible harmful effect, inflammation and cytokine production and secretion are complex 

and highly regulated processes. These extracellular events are also matched by equally complex 

intracellular signalling control mechanisms, driven by the ability of cells to assemble and disassemble a 

complex array of signalling pathways as they move from inactive to dedicated roles within the inflammatory 

response site. 



Introduction 
 

39 
 

The complex cytokine response network is a series of overlapping networks, each with a degree of 

redundancy and alternate pathways. This overlap and redundancy of the cytokines cause problems in the 

identification of the key steps in the cytokine response to infection and inflammation and in targeting 

specific cytokines for therapeutic intervention. The following sections will briefly describe the various 

cytokines involved inflammation. 

1.3.1.1.1.1 Chemokines 

Chemokines are the largest family of cytokines, with 44 members that bind to one or more of 21 G-protein-

coupled receptors (Reviewed in [158]). They are a group of small proteins (8-12 kDa) characterised by 

three to four conserved cysteine residues. Chemokines were divided into groups based on having a 

chemotactic or homeostatic function, however, several dual-function chemokines have been found  [159]. 

Based on the positioning of the N-terminal cysteine residues, chemokines can be further subdivided into 

four families: CXC, CC, C, and CX3C [159ï161]. The CXC subfamily is characterized by the separation 

of the first two cysteines by a variable amino acid. In contrast, in the CC subfamily, the cysteine residues 

are adjacent [160]. The majority of the known chemokines are part of this family. The CXC chemokines 

can be further divided into two general subgroups: ELR and non-ELR, based on the presence or absence of 

the amino acid motif Glu-Leu-Arg immediately before the first cysteine [162]. The ELR-positive 

chemokines are angiogenic and act through the CXCR2 receptor [163]. This group includes CXCL1, 

CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8/IL-8.  The non-ELR chemokines, instead, are 

angiostatic and act mainly through the CXCR3B receptor  [164]. Part of the non-ELR group are: CXCL4, 

CXCL9, CXCL10, CXCL11 and CXCL17. The exception to this is CXCL12, which is angiogenic and 

exerts its effects primarily by binding to CXCR4 and CXCR7 [165]. The C subfamily lacks the first and 

third cysteines and possesses only a single cysteine residue. Part of this family is the lymphocyte-specific 

chemotactic peptide XCL1 (lymphotactin) [160]. The last subfamily, CX3C, has two N-terminal cysteine 

residues separated by three variable amino acids [161]. 

Chemokines signals are transduced through binding to members of the seven-transmembrane, G protein-

coupled receptor (GPCR), though other effector pathways are possible (Reviewed in [166]). Chemokines 

functions as chemoattractants to control the migration of cells, particularly immune cells. They also 

contribute to diverse processes such as embryogenesis, innate and adaptive immune system development 

and function, angiogenesis and cancer metastasis (Reviewed in [166,167]). Chemokines can affect T cell 

differentiation through direct interactions on the developing cell or indirectly by altering APC trafficking 

or cytokine secretion. It was observed that the chemokine receptor, CXCR3, was upregulated on CD4 + T 

cells, and this was connected with cytokine expression and differentiation of these cells to type 1 (Th1) 

cells [168].  
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The majority of chemokines are pro-inflammatory and can be released by various cells in response to 

infection. The release of these proinflammatory chemokines results in the recruitment of various immune 

cells, such as neutrophils, monocytes, macrophages and lymphocytes, to the site of infection. Different 

chemokines lead to the recruitment of a selective and specific type of immune cells. For example, CXCL8 

(IL-8), CCL2 (monocyte chemoattractant protein 1 [MCP-1]), and CCL11 (eotaxin) are major 

chemoattractant factors for neutrophil, monocyte, and eosinophil immune cells, respectively (Reviewed in 

[166]). 

1.3.1.1.1.2 Interferon  

The term interferon was coined by Isaacs & Lindenmann in 1957 to describe a substance secreted by cells 

that interferes with influenza infection [169,170]. Interferons (IFNs) are a family of cytokines that have a 

central role in innate immunity in response to viruses and other microbial pathogens. The components of 

the IFNs family present limited sequence similarity and engage distinct receptors. However, they all 

transduce signals through common intracellular pathways. The IFNs family is divided into three major 

types: types I, II and III. This classification is based on their receptor specificity.  

Type I IFNs, constitute the largest IFN class and include IFN-Ŭ and IFN-ɓ, IFN-Ů, IFN-ə, and IFN-ɤ. Type 

I IFNs signal through a heterodimeric receptor complex, IFNAR1/IFNAR2. IFN- Ŭ/ɓ is produced by nearly 

every cell, nevertheless, during an infection, specialized immune cells known as plasmacytoid dendritic 

cells produce the vast majority of IFN-Ŭ. The various type I IFNs display differential tissue expression and 

binding affinities for the IFNAR1/2 receptor complex. The IFNs subtypes give rise to a variety of outcomes 

regarding antiviral, antiproliferative, and immunomodulatory activity (Reviewed in [171]).  

The type II IFNs, IFN-ɔ, signal through IFN-ɔR1/IFN-ɔR2. The IFN-ɔ forms a homodimer and signals 

through the IFN-ɔ receptor complex (IFNGR) by interacting with two IFNGR1 subunits. The binding of 

IFN-ɔ to IFNGR1 leads to the binding two additional IFNGR2 subunits and results in receptor activation. 

Even though the IFN-ɔ production is largely restricted to immune system cells, the IFNGR1/2 proteins are 

broadly expressed, allowing different cell types to respond to IFN-ɔ. The IFN-ɔ signaling plays a major role 

in establishing cellular immunity and induces the expression of genes that primes the type I IFN response. 

Overall, IFN-ɔ plays is central to regulating immune function and bridging the innate and adaptive 

responses (Reviewed in [172]). 

The type III IFNs, which include IFN-ɚ1, -ɚ2, and -ɚ3, also known as IL-29, IL-28a and IL-28b, is a recently 

discovered group of the IFN family. The members of this family were independently described in 2003 by 

Kotenkoet al and Sheppardet al [173,174]. An additional member of this family, IFNL4, has also been 

discovered by Prokunina-Olsson et al. and Fox et al [175,176]. IFNL4 shares structural features with 
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members of the IL-10 cytokine family and binds to the same broadly distributed receptor complex IL-

28R/IL-10Rɓ. In contrast, the high-affinity type III IFN receptor subunit (IFN-ɚ receptor 1, IFNLR1) is 

uniquely used by the type III IFNs, and its expression is restricted to epithelial cells [177].  These receptors 

transduce signals through the Jak-STAT signaling pathway, similarly to the type I IFNs, and induce the 

expression of many of the same ISGs [178,179].  

The binding of type I, II and III IFNs to receptors results in the initiation of downstream signaling cascades 

that activate transcription factors and the induction of hundreds of IFN-stimulated genes that encode protein 

products with antiviral, antiproliferative or immunomodulatory properties (Reviewed in [180]). 

1.3.1.1.1.3 Tumor Necrosis Factors  

The Tumor Necrosis Factor (TNF) is the best known and most widely studied proinflammatory cytokine. 

The name was first used in 1975 by Carswell for a cytotoxic serum factor that induced tumour regression 

in mice and was also reported to be involved in the pathogenesis of malaria and sepsis [181]. Various 

immune cells express TNF, and its primary receptor, TNFR1, appears to be expressed by all cell types, 

ensuring widespread effects of this cytokine. The pleiotropic effects of TNF are amplified by the existence 

of a superfamily of TNF proteins that consist of 19 members that signal through 29 receptors. Excess TNF 

production has been associated with a number of chronic inflammatory and autoimmune diseases, such as 

rheumatoid arthritis, lupus erythematosus and inflammatory bowel disease. As such, various TNF inhibitors 

have been approved for the treatment of inflammatory bowel disease, psoriasis, and rheumatoid arthritis 

(Reviewed in [182]).  

1.3.1.1.1.4 Interleukins (ILs) 

The interleukins (ILs) are a diverse family of immune system regulators that have an important function in 

immune cell differentiation and activation. They may be either pro- or anti-inflammatory and have been 

shown to modulate growth, differentiation and activation during an immune response. Interleukins initiate 

a response by binding to high-affinity receptors on the cells' surface. The response of a particular cell to the 

ILs depends on the ligands involved: binding to specific receptors leads to the activation of a specific 

signaling cascade. The name interleukins was coined in 1979 to refer to cytokines produced by leukocytes 

that function in intercellular communication. ILs are described as originating from lymphocytes, and as a 

result, they are also referred to as lymphokines. Interleukins are produced by a wide variety of cell types. 

Some of the pro-inflammatory interleukins are: IL-1Ŭ and ɓ, IL-6 and IL-8 ( Reviewed in [183]).  

1.3.1.1.1.5 CSFs 

Colony-stimulating factors (CSFs) are associated with inflammation and are known to stimulate 

hematopoietic progenitor cell proliferation and differentiation. Part of this group are the granulocyte-

macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), and 
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granulocyte colony-stimulating factor (G-CSF). They are part of a mutually dependent proinflammatory 

cytokine network that includes IL-1 and TNF (Reviewed in [184]).  

1.3.2 How replication stress induces inflammation  

Replication stress has been shown to induce inflammation in cells. DNA damaging agents, such as 

irradiation and some agents used in radiotherapy and chemotherapy, were shown to promote the release 

and accumulation of ssDNA fragments in the cytosol and micronuclei, leading to the activation of a type I 

interferon response and of the cGAS-STING pathway (Section 1.3.2.1) [185ï187]. Furthermore, the 

chronic DNA damage response signalling activation by itself was also shown to trigger innate immune 

responses [33,34,35,36]. Replication stress has also been shown to induce the accumulation of cytosolic 

DNA, especially in TREX1-deficient cells [188,189].  

The accumulation of nuclear DNA in the cytoplasm can be induce by two events: the disruption of the 

replication fork integrity and the inactivation of DNA repair factors that protect and resume arrested 

replication forks [190,191].  For example, in SAMHD1-depleted cells, single-stranded DNA fragments are 

released from stalled forks and accumulate in the cytosol, where they activate the cGASïSTING pathway 

to induce the expression of pro-inflammatory type I interferons [135]. Similar observations were reported 

by Erdal et al. [185], demonstrating that BLM and EXO1 have a major role in the release of ssDNA from 

damaged DNA. An additional nuclease, MUS81, is also necessary for the accumulation of cytosolic DNA 

fragments in prostate cancer cells [192]. This process depends on factors involved in fork reversal and 

restart, such as PARP1 and ATR [192]. Furthermore, a study by Bruandet al. [164], focusing on BRCA1, 

showed increased levels of DNA damage in BRCA1-mutant ovarian cancers. The high levels of DNA 

damage are associated with elevated stimulation of interferon genes (STING) levels, increased STAT1 

signaling, and increased T cell infiltrates, suggesting that loss of BRCA1 could also trigger the cGAS-

STING pathway [164]. 

Additionally, upon replication stress, cells containing not fully replicated genomes or presenting DNA 

damage can reach mitosis, leading to mitotic defects and the formation of micronuclei [193,194]. Various 

studies have shown that micronuclei derived from chromosomal missegregation trigger the the DNA 

damage-induced immune response by serving as a platform [195ï197]. Exposure to genotoxic chemicals 

or inactivation of DNA repair factors that leads to replicative stress triggers micronuclei formation and 

cGAS-STING activation [198,199]. In particular, RNase H2 deficiency, ɔ-irradiation, Ras overexpression 

and BRCA2 mutation have been shown to cause micronuclei formation. Subsequent rupture of the 

micronuclei envelope allows the release DNA fragments in the cytoplasm, causing the activation of the 

cGAS-STING pathway (Reviewed in [200]).  
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To prevent aberrant DNA-driven inflammation, a group of DNases is present in cells, such as DNase I in 

the extracellular spacem and Three Prime Repair Exonuclease 1 (TREX1) or DNase III in the cytoplasm. 

This DNases are responsible for the degradation of DNA by-product before the DNA sensing pathways are 

activated (Reviewed in [201]). Various studies have shown that TREX1 inactivation causes the 

accumulation of replication fork-derived ssDNA in the cytoplasm [185]. Interestingly, the excess of ssDNA 

that accumulates in TREX1-deficient cells is bound in the cytoplasm and nucleus, by RPA and RAD51 

[202]. 

These observations indicate that stalled and reversed forks and alterations of classical resection pathways 

contribute to the release of DNA fragments in the cytoplasm when cells are exposed to genotoxic agents 

(Reviewed in [203]). Central to this process is the role of endonucleases that release DNA fragments from 

arrested forks.  

1.3.2.1 Cytoplasmic DNA-Mediated Inflammatory Response: the cGAS-STING pathway 

 

In recent years, the ability to recognize microbial pathogens through recognition of their nucleic acids has 

emerged as a fundamental feature of innate immunity in mammalian cells. Aberrant ssDNA or RNA-DNA 

hybrids are all recognized as foreign nucleic acids. One of the pathways involved in innate immunity is the 

cGAS-STING pathway, which is a central DNA-sensing mechanism in the cytoplasm of mammalian cells 

(Reviewed in [204]). The activation of this pathway during infection causes the transcriptional induction of 

type I interferons and the nuclear factor-kB (NF-kB)-dependent expression of pro-inflammatory cytokines 

[205,206] (Figure 1.3). As mentioned in section 1.3.2, this pathway is also important in response to DNA 

released in the cytoplasm in response to DNA damage or replication stress.  
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Figure 1.3: Schematic representation of the cGAS-STING pathway. The mammalian cell has evolved sensors able 

to recognize anomalous DNA present in the cytosol and to trigger innate immune responses. cGAS is one of those 

sensors. The cGAS-STING pathway is actvated in response to mitochondrial DNA, micronuclei, self-DNA, viral and 

bacterial DNA. Cytosolic DNA bind and activates cGAS, inducing the production of cGAMP. cGAMP bind to its 

Endoplasmic Reticulum (ER) adaptor STING, leading to its conformational change and transfer to the golgi. STING 

activates TBK1, IRF3 and NF-kB, inducing the transcription of genes encoding type I IFNs and proinflammatory 

cytokines.Modified from [207]. 

The DNA sensor Cyclic GMP-AMP Synthase (cGAS) is a DNA-sensing nucleotidyl transferase enzyme. 

cGAS is activated by DNA through direct binding, which causes conformational changes that induce 

enzymatic activity and production of its second messenger product cyclic GMP-AMP (cGAMP) [208ï210] 

(Figure 1.3). cGAS is activated both from foreign and self DNA. The length of the fragment of DNA is 

essential in promoting cGAS activation [211]. dsDNA longer of > 45bp can form more stable ladder-like 

complexes of cGAS dimers, leading to stronger enzymatic activity [211]. Activated cGAS converts GTP 

and ATP into 2ᾳ3ᾳ-cGAMP, which presents mixed phosphodiester linkages between the 2ᾳ-hydroxyl group 

of GMP and the 5ᾳ-phosphate of AMP, and also between the 3ᾳ-hydroxyl group of AMP and the 5ᾳ-

phosphate of GMP [208,212]. cGAS binding to DNA causes the formation of liquid-liquid phase separation 

and the formation of liquid-like droplets. These droplets increase the concentrations of the enzyme and 

enhance cGAMP production [213]. 



Introduction 
 

45 
 

The 2ô3ô-cGAMP product binds to Stimulator of interferon genes (STING), an endoplasmic reticulum 

(ER)-localized adaptor that forms dimers, tetramers and higher-order oligomers [214,215] (Figure 1.3). 

STING can also directly bind cyclic dinucleotides produced by bacteria [216]. However, the 2ᾳ3ᾳ-cGAMP 

binds STING with higher affinity compared to the bacterial cyclic dinucleotides, suggesting that STING is 

more strongly activated when the cGAS receptor is engaged [209]. Upon binding of cGAMP, STING 

undergoes a conformational change that causes a 180° rotation of the ligand-binding domain, leading to the 

formation of STING oligomers through side-by-side packing of dimeric STING molecules [208,209,217]. 

Following the cGAMP-driven conformational changes, STING transfers through the ER-Golgi 

intermediate compartment (ERGIC) to the Golgi apparatus (Figure 1.3). This process is dependent on the 

cytoplasmic coat protein complex II (COPII) and ADP-ribosylation factor (ARF) GTPases [218,219]. 

STING is also palmitoylated at the Golgi. This post-translational modification is essential for its activation 

[220].  

After STING translocation to the Golgi, STING interacts with TANK-binding kinase 1 (TBK1), an IəB 

kinase (IKK)-related kinase, which controls the activation of the transcription factor interferon regulatory 

factor 3 (IRF3) [215] (Figure 1.3). TBK1 phosphorylates the C-terminal region of STING, which serves as 

a docking sites for IRF3. IRF3 is then phosphorylated and activated by TBK1. Once activated, IRF3 

dimerizes and translocates to the nucleus, to regulate the transcription of interferon-ɓ (IFNɓ), a type I 

interferon. The secreted IFNɓ functions via autocrine and paracrine signaling and binds and activates a 

receptor complex consisting of IFNŬ receptor 1 (IFNAR1) and IFNAR2. The IFNAR1ïIFNAR2 receptor 

activates the Janus kinase (JAK)ïsignal transducer and activator of transcription (STAT) signaling pathway 

and induces the transcription of several ISGs, which produce various proteins, which prevent viral 

replication, assembly and release (Reviewed in [221])(Figure 1.3). 

The transcription factor nuclear factor-əB (NF-kB) is also activated by the cGAS-STING pathway. The 

activation of NF-kB is mediated by STING through TNF receptor-associated factor 6 (TRAF6), NF-əB 

essential modulator (NEMO), IKKɓ and TBK1 [222,223]. Activation of NF-kB causes the transcription of 

proinflammatory cytokines and chemokines. A study from 2020 shows that TBK1 and IəB kinase Ů (IKKŮ) 

act redundantly to elicit STING-induced NF-kB activation. However, TBK1 and IKKŮ activity is 

dispensable for NF-kB activation. They also show that transforming growth factor ɓ-activated kinase 1 

(TAK1) and the IKK complexes are required for NFkB activation via STING [224] (Figure 1.3).  

NF-kB was first discovered in 1986 by David Boltermoreôs group as a specific B-cell transcription factor 

[225]. The NF-kB family consists of five different DNA-binding proteins that form a variety of homodimers 

and heterodimers. These proteins are considered the key regulators of innate and adaptive immune 
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responses. They can accelerate cell proliferation, inhibit apoptosis, promote cell invastion and stimulate 

angiogenesis. The activation of NF-kB is induced by viral or bacterial infections, DNA damage and pro-

inflammatory cytokines. The activation of NF-kB depends on the degradation of its specific inhibitors, the 

inhibitor of NF-əB (IəB) proteins, following their phosphorylation by the IəB kinase (IKK) complex. There 

are two types of NF-kB signaling. The classical or canonical, which is transiently activated by pro-

inflammatory cytokines, and the alternative (noncanonical) pathways, that is activated by a small subset of 

cytokines that belong to the TNF family. The classical pathway mainly target the p50-p65 dimers (encoded 

by RELA), while the alternative pathway results in the activation of p52 (encoded from the NFKB2 gene) 

and RELB dimers. The IKK subunits involved in the two pathways also differ: KKŬïIKKɓ heterodimers 

are needed for activation of the classical pathway, whereas IKKŬïIKKŬ homodimers participate in the 

alternative pathway (Reviewed in [226,227]).  

As previously stated, the IkB proteins (IəB -Ŭ, -ɓ and ïŮ) inhibit NFkB activation. They do so by binding 

to the NF-kB dimers and keeping them in the cytoplasm. The IkB family also comprises members named 

nuclear IkB proteins, due to the presence of a nuclear localization signal. Unlike the cytoplasmic IkB, the 

nuclear IkB proteins also presents transcriptional activity (Reviewed in [228] ). They act as transcriptional 

co-activator or co-repressor of NF-kB and regulate the activity of NFkB. One member of this nuclear IkB 

family is IəBɕ, which is encoded by the NFKBIZ gene, and was discovered by Kitamura [229].  Expression 

of IəBɕ, is induced upon stimulation of Toll-like receptors (TLR) or in response to proinflammatory 

cytokines [230,231]. Induction of IəBɕ is dependent on NF-kB activation [230,232]. IəBɕ, was shown to 

preferentially bind p50/p50 and p50/065 complexes [232] and to regulate the transcriptional activity of NF-

kB by forming a stable ternary complex with the subunits of NF-əB and əB sites in the nucleus [233]. The 

details of the formation of these ternary complexes between IəBɕ, NF-əB and the DNA are not yet 

completely understood. IəBɕ, has been shown to both induce or repress gene transcription via its association 

with p50 or p52 subunit of NF-əB [234,235]. For example, IəBɕ, has been shown to induce the transcription 

of IL-6, IL-12, CCL2 and M-CSF [236,237].  Another nuclear IkB is IkBNS, econded by NFKBID. IkBNS 

has also been shown to interact with the subunit p50 of NF-kB. It was shown to be necessary for the 

generation of immunosupresive Treg cells and the termination of pro-inflammatory cytokines like IL-6, by 

interacting with the p50 subunit [238,239].  

Lastly, another transcription factor activated by the STING pathway is STAT6. STAT6 interacts with 

STING and is phosphorylated by TBK1, causing its dimerization and translocation to the nucleus, where it 

induces the expression of various cytokines, including CCL2, CCL20 and CCL26 [240].  
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The cGASïSTING pathway has been linked to other cell death pathways, such as apoptosis, pyroptosis and 

necroptosis. In humans, cytosolic DNA triggers a STING-dependent NOD-, LRR- and pyrin domain-

containing 3 (NLRP3) pathway controlling cell death [241]. The receptor-interacting serine/threonine-

protein kinase 3 (RIPK3) is activated by the DNA sensing pathway cGAS-STING and elicits necroptosis 

in bone marrow-derived macrophages [242]. The induction of necroptosis involves signaling through both 

type I interferon receptors and tumour necrosis factor receptors (TNFRs), revealing cooperation between 

these pathways regarding their ability to induce cell death [242].  

Recent evidence has also shown that cGAS is essential in promoting senescence (section 1.5) [243,244]. 

The first indication that cGAS may be involved in senescence is the observation that loss of cGAS in murine 

embryonic fibroblasts (MEFs) causes their rapid immortalization. When primary MEFs are serially 

passaged, the majority of cells gradually senesce, and only a fraction of the cells are able to become 

immortalized. However, loss of cGAS allows MEFs cells to be immortalized quicker compared to wild-

type MEFs. These results suggest that cGAS inhibits cell proliferation [244]. cGAS has also been shown to 

be required for the expression of senescence markers, such as p16INK4a and senescence-associated ɓ-

galactosidase (SA-ɓ-Gal) during MEF immortalization [244,245]. Oxidative stress, irradiation, DNA-

damaging drugs, or oncogene activation induce cellular senescence in a cGAS-dependent manner 

[243,245]. Cells under genotoxic stresses can cause accumulation of micronuclei and recruitment of cGAS 

to micronuclei [195,197]. Additionally, the accumulation of cytosolic DNA in lung epithelial cells causes 

cGAS activation, p21 upregulation, and a cGAS-dependent senescence phenotype [246].  

cGAS is also thought to regulate cellular senescence through the senescence-associated secretory phenotype 

(SASP) and the secretion of various cytokines, to modulate senescent cells and their microenvironment 

[247]. Various senescing stimuli, such as oxidation, radiation or chemotherapeutics drugs, induce in a 

cGAS-dependent manner the secretion of various cytokines and chemokines, such as IFN-ɓ, IL-1ɓ, IL-6, 

and IL-8 [243,244]. Importantly, IL-8 and IL-6 reinforce senescence signaling through feedback to the 

secreting cells [248]. Further, cGAS induce secretion of type I IFNs, which are pro-senescence and 

antiproliferative cytokines, inducing DNA damage and increasing p53 level [249,250]. The cGAS-STING 

pathway promotes a critical paracrine signal necessary for sustaining cellular senescence.  

The type I interferon and inflammatory cytokines, induced by the cGAS-STING pathway, are crucial in the 

cell's innate immune response. However, prolonged production of these cytokines could cause tissue 

damage and immune pathology. For this reason, the cGAS-STING pathway is regulated by a wide range 

of regulatory mechanisms, that positively and negatively regulates its activity. Various negative regulators 

of the cGASïcGAMPïSTING pathway have been observed. For example, the first mechanism 
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negatively controlling the cGAS-STING pathway involves DNA enzymes that digest dsDNA. This enzyme 

digests the cytosolic DNA, thus limiting cGAS ligand availability [251]. In addition, in resting cells, cGAS 

expression levels are regulated via post-translational modification and autophagy, to restrict cGAS protein 

levels [252ï255]. The cGASïSTING pathway activation is suppressed by apoptotic caspases [256,257]. 

Nevertheless, this pathway presents also positive regulators that promote or enhance the cGAS-STING 

signaling. For example, Ras GTPase-activating protein-binding protein 1 (G3BP1) has been identified as a 

cGAS accessory protein that promotes cGAS oligomerization and DNA binding [198]. 

Recent evidence indicates that cGAS is also found in the nucleus [258]. Nuclear functions of cGAS and 

reciprocal cytoplasm-to-nucleus signaling have been described. cGAS modulates the DDR, via the 

inhibition of  HR at DSBs, through its interaction with PARP1 and obstructing the formation of the PARP1-

Timeless complex [258,259]. In this way, cGAS promotes the formation of micronuclei independently of 

its DNA sensing activity [258,259]. Furthermore, cGAS has been shown to interact with replication factors 

such as MCM2, MCM3, MCM7, RFC1 and PCNA and slow down fork progression [260]. On the other 

hand, ISG15, an interferon-stimulated gene expressed in response to the cGAS-STING pathway, was shown 

to promote the restart of replication forks via its interaction with RECQL and PCNA, which results in 

increased replication stress and chromosomal instability [261]. These findings suggest a connection 

between cytoplasmic and nuclear functions of cGAS and suggest a possible interplay between the DDR and 

the cytosolic immunity. As such, cGAS-STING is a potential important pathway in regulating many 

different cellular processes in the cells.  

1.3.3 Inflammation in cancer  

Inflammation is a double-edged sword in the context of cancer treatment. Although inflammation induced 

by irradiation and other chemotherapeutic agents contributes to tumour cell rejection, chronic inflammation 

has been established as one of the drivers of carcinogenesis and metastasis in many types of cancer 

[185,262]. This observation highlighted the importance of developing a better understanding of the links 

between replication stress and inflammation.  

Over the last couple of decades, the influence of the immune system and inflammation on cancer 

development and progression has regained enormous interest. Studies have begun to focus on biology of 

cancer cells and the tumour microenvironment (TME), which includes a network of stromal cells, such as 

fibroblasts, vascular cells and inflammatory immune cells (Figure 1.5). Inflammation, chronic 

inflammation or tumour-induced inflammation strongly impacts the composition of the TME and the 

plasticity of both tumour and stromal cells. Pro-tumorigenic inflammation promotes cancer by blocking 

antitumor immunity, which promotes the formation of a more tumour-permissive environment and by 
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exerting direct tumour-promoting signals and functions onto epithelial and cancer cells (Figure 1.5). 

However, inflammation also presents anti-tumorigenic roles. These antitumorigenic roles are usually 

exerted in response to cancerous cells (Reviewed in [263]) (Figure 1.5). 

 

Figure 1.4: Inflammation and cancer. Inflammation or oncogene activation cause the expression of pro-

inflammatory transcription factors, such as NF-kB and STAT3 in tumour cells. The expressed cytokines form a rich 

and complex network of inflammatory responses within the tumour microenvironment. Chemokines recruit 

leukocytes, including macrophages, dendritic cells, mast cells and T cells, and function within the tumour 

microenvironment to mediate the immune response. The different type of microenvironments generated by the 

secreted cytokines can promote cell survival and proliferation or immune suppression. Furthermore, other cytokines 

can also promote angiogenesis and metastasis formation. Modified from [264]. 

In recent years, immunotherapy has made considerable progress with the development of cancer 

immunotherapies, which use various approaches to redirect or hyperactivate the immune system toward 

recognising and killing cancer cells. These approaches include immunological checkpoint blockade, 

immunization with cancer vaccines or neutralization of immunosuppressive cells. However, these 

approaches are useless against tumours that escape immune system detection. In these tumours, stimulating 

inflammation could be a strategy to potentiate the action of immune checkpoint inhibitor and increase 

immune cell infiltration in the tumour. The cGAS-STING pathway is a possible target used to induce a 
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controlled inflammatory response. In vivo studies have shown that cGAS-STING ability to detect 

endogenous DNA in cancer cells is required for innate immune sensing and T cell priming against tumours 

[265]. The cGAS-STING pathway is essential for the antitumor activity of chemotherapy and DDR-targeted 

therapies, including PARP inhibitors [266,267]. In addition, the cGAS-STING pathway is often deregulated 

in cancer cells, indicating that it interferes with tumour growth [268]. 

DNA damage can cause chromosomal instability, a hallmark of cancer, but can also promote antitumor 

immunity. The cGAS-STING pathway has a critical role in determining the immunological consequences 

of DNA damage. The cross-presentation of tumour antigens by APC to CD8 T lymphocytes is fundamental 

for effective antitumor activity. The type I IFN signalling is required for the activation of APCs [269,270]. 

The cGAS-STING pathway, once activated by cytosolic DNA,  promotes the APCs activation and the cross-

presentation of tumour antigens [271]. It has been demonstrated that STING-deficient mice fail to reject 

the growth of inoculated tumour cells spontaneously after local radiation therapy or after immune 

checkpoint blockades [271,272]. Similar results were observed in cGAS-/- mice  [273,274]. Further, 

treatment with exogenous cGAMP or other STING agonists can enhance immunity and tumour regression 

[273,275,276]. The cGAMP therapy was shown to enhance the antitumor effect of ionizing irradiation, 

chemotherapy and immune checkpoint blockade [272,277]. Persistent activation of the cGAS-STING 

pathway also causes cell death, adding another layer of resistance to tumorigenesis [278,279]. The treatment 

with a potent agonist of STING (5,6-dimethylxanthenon-4-acetic acid (DMXAA)) can effectively induce 

hemorrhagic necrosis and promote tumour regression [280]. The cGAMP treatment can trigger the 

activation of the NLRP2 inflammasome [241,281]. 

The cGAS-STING pathway induced by genotoxic stresses can also have protumor functions. The 7,12-

dimethylbenz(a)anthracene (DMBA) is a strong DNA-damaging agent that activates the cGAS-STING 

pathway and induces inflammation-driven skin carcinogenesis. Unlike other cancer models, DMBA- 

treated sting-/- mice are more resistant to the growth of DMBA-induced skin cancer, suggesting that STING 

induce tumorigenesis in the DMBA model [282]. A study by Chen et al. observed that cancer cells 

metastasizing to the brain can use the cGAS-STING pathway to promote tumour progression [283]. The 

protumor effect of the cGAS-STING pathway may be linked in part to inflammatory cytokines, such as 

TNF-Ŭ, which is an important driver of inflammatory carcinogenesis (Reviewed in [284]). This evidence 

shows that an active cGAS-STING pathway can also exacerbate certain cancers.  

In summary, the cGAS-STING pathway has been shown to link DNA damage with many different 

antitumor mechanisms, such as immune surveillance, cellular senescence and cell death. Furthermore, 

evidence suggests that the cGAS-STING pathway helps enhance the effect of different cancer therapies, 

like chemotherapy, radiation therapy and immunotherapy. Thus, this pathway is an attractive 



Introduction 
 

51 
 

pharmaceutical target for cancer therapy. However, this pathway can also promote inflammation-driven 

carcinogenesis and metastasis. It will be important to develop approaches to maximize the antitumor 

mechanisms of the cGAS-STING pathway while minimizing their pro-inflammatory effects. 

1.4 CDC7 K INA SE  
CDC7 and its activating subunit were first identified in a genetic screen in budding yeast, in which it was 

observed that CDC7 mutants were causing an S-phase arrest in non-permissive conditions [285,286]. Later 

research established the key role of CDC7 in origin firing and in the replication stress response.  

Phosphorylation is one of the most important post-translational modifications in the cells. The human 

genome presents a collection of protein kinases, called kinome, which consists of 538 genes (Reviewed in 

[287]). The kinome is divided into related groups based on their sequence similarity. In particular, CDC7 

belongs to the CMGC family of kinases, which includes the mitogen-activated protein kinase (MAPKs) 

and the CDKs families (Reviewed in [288,289]). The catalytic function of a kinase is the transfer of the ɔ- 

phosphate of the ATP to a phosphor-acceptor, that is, a serine, threonine or tyrosine residue in the target 

protein.  

The following sections will focus on CDC7 kinase, regulation and functions.  

1.4.1 CDC7 structural organisation and crystal structure  

CDC7 contains conserved kinase motifs that are common to all Ser/Thr kinase and are required to facilitate 

catalysis. CDC7 presents, like all typical kinases, a catalytic loop that contains the catalytic base which 

accepts protons from the target Ser/Thr during phospho-transfer and an activation segment, which presents 

the conserved DFG and APE motifs. The lengths of the activation segments can vary significantly between 

kinases because of the presence of inserts. The DFG and APE motif normally flank the activation domain. 

Specifically, the DFG presents an essential role in kinase activity, coordinating the metal ions required for 

catalysis and stabilizing the active conformation of the kinase. The AxK motif is also present in CDC7. 

Residues present in this motif are involved in the conformational changes that lead to the activation of 

CDC7 [290,291].  

The conserved kinase motifs present in CDC7 are interrupted by kinase insert (KI) sequences (Figure 1.5). 

The position of the kinase insert is conserved across all eukaryotes: the KI-1, when present, is between I 

and II kinase motif, KI-2 is between VII and VIII, and KI3 is between X and XI [290,291] (Figure 1.5). 
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Figure 1.5: Schematic drawing of the CDC7 domains. Schematic drawing and comparison of Cdc7 from 

humans, and both budding and fission yeasts. A: Comparison of Cdc7-related subunits. Yellow, red, and 

light blue segments represent, respectively, non-conserved N- and C-terminal region, conserved kinase 

domains, and less conserved kinase insert sequences. 

Though, the amino acid sequence and length of the inserts differ between CDC7 orthologs. The presence 

of kinase insert is not a unique characteristic of CDC7, other kinases, such as MAPKs and proteins kinase 

R (PKR), also contain inserts between the kinase domain. In the PKR and MAPKs kinase, the inserts are 

essential for their kinase activity [292]. However, a large portion of the CDC7 kinase insert sequences are 

not essential for CDC7 kinase activity [290,291]. Deletion of KI-3 does not have an effect on the CDC7 

ability to phosphorylate MCM2-7 substrate in vitro [290,291]. However, the deletion of 132 residues in 

KI2 affects CDC7 kinase activity. This is believed to be caused by the location of the KI-2 between the 

conserved DFG and APE motif of CDC7 [290]. The kinase inserts 2 and 3 of CDC7 play a key role in the 

nuclear import and export of CDC7 [293,294]. KI2 presents a nuclear localization signal (NLS), which 

facilitates the kinase's nuclear import by interacting with importin-ɓ [293]. Within the NLS a nuclear 

retention (NRS) sequence is also present. The NRS is required for CDC7 chromatin binding [294]. KI-3, 

instead, presents a nuclear export sequence (NES) [294]. These observations confirm an important role of 

kinase insert in the localization of CDC7. 

CDC7 presents the characteristic bilobal architecture of kinases, with an N- and C-terminal lobe and the 

active sites in a deep cleft between them. The N lobes comprise an antiparallel ɓ-sheet of 5 strands, the ŬC 

helix, which is important for kinase activation, and two non-canonical helices [290].  Instead, the C lobe is 

mostly made up of Ŭ helices and contains the catalytic loop with the conserved RD signature (Arg176, 

Asp177) and the conserved DFG and APE motifs bordering the activation loop [290].  The KI2 contains an 

Ŭ- helix, which leans against the ŬC helix and provides contact between the N- and C- lobes of CDC7 [290].  
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Crystal structure of CDC7 DBF4 heterodimer was obtained with extreme difficulties because of the inherent 

flexibility of DBF4 and the KI of CDC7. The structure shows that DBF4 makes a bipartite interaction with 

CDC7, with motifs M and C interacting respectively with C-lobe and N-lobe. The activation of CDC7 is  

due to the repositioning of the ŬC helix towards the active site. The repositioning of the ŬC helix is induced 

by DBF4 binding. The reposition of the ŬC helix allows the formation of an essential salt bridge involving 

a Glu (Glu104) residue located within the ŬC helix and a Lys (Lys90) residue from the AxK motif. The 

formation of this interaction allows the correct positioning of a number of structural features required for 

catalysis [290]. Regulation of kinase activity via ŬC-helix is common among protein kinases, and it is often 

called as Signal Integration Motif [290,295]. Furthermore, it was recently shown that DBF4 has the 

important role of stabilizing the active conformation of CDC7. This role is mediated by the M motif of 

DBF4 that was shown to interact with the KI-2 ZF domain and pins the beginning of the kinase C lobe 

allowing it to adopt a stable conformation [295]. 

1.4.2 Regulation 

CDC7 activity is regulated in the cells in order to be maintained during the S-phase of the cell cycle, when 

the DNA is replicated. The cells present various mechanisms that control CDC7 activity. One of these 

mechanisms is through the CDC7 regulatory subunit DBF4 related protein (DRF1) and Protein DBF4 

homolog A (DBF4). Another is counteracting CDC7 phosphorylation through the removal of its 

phosphorylation. Further, CDC7 activity is regulated to prevent re-replication events.  

DRF1 and DBF4 are regulatory subunits of CDC7, which present characteristics and conserved motifs that 

allow their binding and activation of CDC7, called motif M and C. DBF4 is conserved from yeast to 

humans, while DRF1 has been observed only in vertebrates. In addition, it has been shown that DRF1 and 

DBF4 do not bind simultaneously to CDC7, suggesting that they regulate CDC7 activity for different 

functions in the cell [296,297]. 

DBF4 was identified in two-hybrid screen [298,299]. The crystal structure of DBF4 and CDC7 have shown 

that DBF4 interacts with CDC7 through three different motifs, called N, C and M (Section 1.3.1). The motif 

N of DBF4 is close to the N-terminus and contains a significant C-terminal sequence that doesnôt present 

conserved features. This motif has a role in the interaction with the replication machinery. The N-terminal 

fragment of DBF4 is required for the interaction with the loaded helicase present at the pre-RC [300]. The 

motifs M and C, instead, act together as binding, activation and chromatin tethering module.  

Yeast DBF4 protein levels oscillate through the cell cycle, with a peak in S-phase, where CDC7 present 

increased activity [301]. In contrast, the CDC7 protein level remains stable through the cell cycle [301]. 

The protein level of DBF4 is regulated by the APC/C, which targets it for degradation [302]. The APC/C 
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degradation of DBF4 is blocked during the S phase of the cell cycle when the APC/C activity is inhibited 

[302]. Human CDC7 and DBF4 exhibit similar patterns of activity and expression as their budding yeast 

counterparts. Transcription of the human DBF4 gene and levels of the protein oscillate with mRNA levels 

at their lowest at the G2/M phase of the cycle and steadily increasing towards entry into the S phase [298]. 

As expected, the human CDC7-DBF4 kinase activity strongly correlated with the expression of DBF4[298].  

DRF1, the alternative CDC7 activator, was identified in a study searching for proteins that share sequence 

homology with DBF4 [296]. The same study shows the interaction between DRF1 and CDC7 and that these 

interactions promotes activation of CDC7 in vitro [296]. DRF1 has been observed only in vertebrates, and 

its functions are not fully understood. DRF1 expression levels are very similar to DBF4, in primary human 

fibroblasts. As DBF4, DRF1 protein level peaks in the S phase and reduce after mitosis. The parallelism 

observed in the protein level of these proteins suggests that they could act redundantly in promoting CDC7 

activity in S-phase [296]. Furthermore, in Xenopus, DRF1 plays a part in the start of DNA replication in 

egg extracts and early embryogenesis, suggesting that during Xenopus development, DRF1 is equivalent 

to DBF4 [303,304]. Moreover, in egg extracts, DRF1 depletion causes a substantial inhibition of DNA 

replication and MCM4 phosphorylation [303,304]. Additionally, in Xenopus, DRF1 and CDC7 have been 

shown to regulate chromosome cohesion [305]. 

CDC7 activity in origin firing and regulating the temporal progression of the S-phase is not only modulated 

by its regulatory subunits but also by Rap- interacting factor 1 (Rif1). Rif1 was first identified in yeast as a 

telomeric chromatin component and is conserved in all Eukaryotes [306,307]. Rif1 has been shown, in other 

eukaryotes, to play a role in directing the DSBs repair and recombination pathway [308]. Recent studies in 

human and fission yeast have shown the role of Rif in the regulation of DNA replication. In fission yeast, 

depletion of the Rif gene rescues the block of replication caused by mutations in CDC7 or DBF4 [309]. In 

addition, depletion of Rif disrupts the temporal program of replication, affecting the order of origin firing 

[310,311]. The phenotype observed is due to Rif1 ability to target protein phosphatase 1 (PP1), a conserved 

Ser/Thr phosphatase, to replication origins and counteracting CDC7-dependent phosphorylation of the 

MCM complex. CDC7 itself regulates Rif1 interaction with PP1: CDC7 phosphorylates Rif1, creating a 

binding site for PP1. This regulation of CDC7 activity via Rif1-PP1 ensures timely replication across all of 

the replication origins [312]. 

1.4.3 Functions 

CDC7's primary function is in origin firing and DNA replication initiation. However, CDC7 has also been 

observed to have a role in response to replication stress, the mitotic exit, the chromosome cohesion, and it 

participates in meiosis in yeast.  
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1.4.3.1 Role in origin firing   

CDC7's main role is in promoting origin firing. The role of CDC7 in origin firing is evolutionarily 

conserved from yeast to humans (Reviewed in [313]).  

In human cells and Xenopus, CDC7 has been shown to phosphorylate MCM2 and MCM4. CDC7 

preferentially phosphorylates Ser or Thr present in an acidic context. CDC7 phosphorylation can also be 

induced by an initial phosphorylation of CDK in an adjacent site [314,315]. Similarly, to the yeast 

counterpart, the MCM4 subunit is phosphorylated in its N-terminal tail. It has also been shown that CDC7 

phosphorylates the MCM2-7 complex on the chromatin via its direct interaction with the MCM2-7 complex 

itself [31]. The phosphorylation of CDC7 on the MCM2-7 hexamers is key for promoting their 

transformation into the replicative CMG helicase complex. 

The MCM2-7 complex presents the form of a dumbbell containing two rings formed by the N-terminal and 

C-terminal domains, the latter containing the motor domain of the helicase (Reviewed in [316]). The 

MCM2-7 complex forms a double-hexameric due to the interaction between the N-terminal domains of 

each hexamer. The subunits 4, 2 and 6 of the MCM complex present a relatively unstructured extension at 

the N-terminus. These tails are the major substrates of CDC7, but they are also the target of other kinases, 

including CDK. The eukaryotic tails of MCM4 contain characteristic features that are conserved between 

different organisms. They are rich in serine and threonine and contain multiple sites that are targeted by 

CDC7. The phosphorylation of some of these sites is promoted by previous phosphorylation of neighbour 

sites by CDK. An example is the ñSSPò motif in which CDK phosphorylates the second serine, allowing 

CDC7 phosphorylation of the first [314,317]. In particular, the N-terminus of MCM4 presents an inhibitory 

activity which is relieved upon CDC7 phosphorylation. The relief of MCM4 autoinhibition by CDK 

phosphorylation  is fundamental to support DNA replication initiation [318].  

Independently of the activity of CDC7 on the MCM complex, CDC7 activity has also been shown to 

promote the formation of the Treslin:MTBP:TopBP1 complex. Both Treslin and MTBP have been shown 

to present a CDC7-dependent mobility shift. Furthermore, it was shown that CDC7 phosphorylation of 

Treslin is required to facilitate CDK-mediated phosphorylation, required for the interaction for TopBP1 

[33]. 

Recent studies have also discovered another target of CDC7 activity: Claspin. Claspin is involved in the 

normal replication process.  Lack of Clapin has been shown to lead to S-phase defect. Furthermore, CDC7 

has been shown to bind and phosphorylate Claspin on multiple sites. Evidence suggests that CDC7 

phosphorylation has the effect of unmasking the DNA binding motif and the PCNA interacting (PIP) motif 

of Claspin [319]. These data indicate that Claspin could have a role in DNA replication through the 
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recruitment of CDC7 and that Claspin's potential contribution to origin firing could be regulated by CDC7 

phosphorylation [319].  

1.4.3.2 Role in DNA damage pathways   

CDC7 has also been implicated in responses to replication stress. As explained in section 1.2, aberrant 

DNA replication causes suppression of late origin firing and stabilization of replication forks to prevent 

replication fork collapse and promote the restart of DNA replication.  

In humans and higher eukaryotes, CDC7 was shown to promote the checkpoint response. In mammalian 

CDC7 depleted cells treated with HU, a decrease in the phosphorylation of the checkpoint kinase CHK1 

was observed [320,321]. The decrease in CHK1 phosphorylation was also observed in CDC7-null mouse 

ES cells subjected to HU or UV treatment [322]. Furthermore, depletion of CDC7 causes a decrease in 

Claspin phosphorylation and localization to chromatin [320,321]. Claspin has been shown to be important 

in the regulation of CHK1 phosphorylation and subsequent activation [323]. Two studies have shown the 

role of CDC7 in promoting CK1 phosphorylation through Claspin. In the first study, using a small-molecule 

inhibitor of CDC7 kinase, they demonstrate that inhibition of CDC7 causes a delay in CHK1 

phosphorylation and attenuation of Claspin phosphorylation following HU treatment [320]. The second 

study confirmed that HU-induced CHK1 activation is impaired in human cancer cell lines by depleting the 

CDC7 level via siRNA. They also have shown that CDC7-depleted cells are more sensitive to HU treatment 

[322]. They also show that CDC7 interacts with and phosphorylates Claspin [322]. They propose that CDC7 

is required for activation of the ATRïCHK1 checkpoint pathway through the regulation of Claspin [322]. 

In human cells and Xenopus, CDC7 has been shown to be a target of the checkpoint damage pathway in 

order to prevent the replication of DNA [324]. In particular, the ATR pathway has been shown to 

downregulate the DBF4-CDC7 protein kinase activity [324]. ATR is able to prevent CDC7 activity by 

preventing the association of CDC7 with DBF4 and origin firing [324].  

Other data suggest that CDC7-DBF4 activity is not decreased during genotoxic treatment [325,326]. The 

phosphorylation of DBF4 by checkpoint kinases was thought to be an important part of the S-phase 

checkpoint [327]. Nonetheless, the same study showed that the phosphorylation of DBF4 has a small effect 

on CDC7 activity [327]. Furthermore, another study revealed that CDC7-DBF4 accumulate on chromatin 

in response to genotoxic stress. This accumulation is facilitated by the inhibition of the APC/CCdh1 

complex by the ATR-Chk1 pathway [328]. The APC/CCdh1 ubiquitin ligase is one of the major cell cycle-

regulatory machines, which became activated in mitosis. The APC/CCdh1 is normally responsible for 

DBF4 degradation. However, activation of ATR-Chk1 causes auto-degradation of Cdh1, which in turn 
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causes stabilization of CDC7-DBF4 [328]. This stabilization of CDC7-DBF4 by the ATR-Chk1 pathway 

ensures replication restart after the damage has been removed [328]. 

CDC7 stabilization under replication stress is thought to be due to CDC7 ability to select which DNA repair 

to be used prior to replication restart. In yeast, CDC7 was shown to have a role in TLS [329,330]. Recent 

studies demonstrated that the CDC7 role in TLS is conserved in humans. CDC7 phosphorylates RAD18, 

leading to its interaction with the TLS polymerase ɖ [331,332]. DBF4 is able to interact with RAD18 via 

the Zn binding motif present in DBF4, allowing the recruitment of the TLS machinery to stalled replication 

forks [328]. RAD18 has been shown to interact with RAD51C, a component of the HR pathway, and with 

FANCD2, a component of the DNA crosslink repair pathway. For this reason, it has been suggested that 

RAD18 acts as a molecular switch for DDR pathway choice.  

Questioned started to be raised on how the firing of late origins is suppressed if CDC7 remain active during 

replication stress conditions. In Xenopus, PP1-mediated de-phosphorylation of MCM 2-7 complex is 

triggered by the checkpoint kinases, counteracting CDC7 activity [333]. This result suggests that the 

checkpoint activates PP1 in order to prevent late origin firing without affecting the CDC7 activity itself. 

However, there is no evidence yet to demonstrate that depletion of PP1 prevents the inhibition of origin 

firing. 

These results highly a dual role of CDC7 in initiation and replication stress response.  

1.4.4 CDC7 role in cancer and CDC7 inhibitor  

Accumulating evidence indicates that cancer cells present defects in the DNA replication process and stress 

response. This defect in DNA replication explains why cancer cells are sensitive to drugs that inhibit the 

initial steps of DNA replication. Furthermore, CDC7 has been shown to have numerous roles in cell cycle 

progression, origin firing and DNA replication stress response. For these reasons, CDC7 has been proposed 

as an attractive target for the development of cancer therapeutics (Reviewed in [334,335]). 

In several cancers, CDC7 is overexpressed, and its expression level often correlates with patient prognosis 

[336,337]. Depletion of CDC7 via siRNAs in cancer cell lines cause cell death through damage during 

replication, followed by apoptosis or mitotic catastrophe [338,339]. However, normal cell lines are able to 

survive depletion of CDC7 without accumulation of damage and subsequent induction of apoptosis. The 

ability of the normal cell lines to survive is due to the checkpoint mechanisms regulated by p53, which is 

normally mutated in cancer cells [338,340]. Cell cycle defects induced by CDC7 depletion or inhibition 

vary greatly between p53-positive and negative cells. p53 negative cells are able to go through an aberrant 

mitosis, which causes the subsequent cell death. On the other hand, in p53-positive cells, lack of CDC7 

activity triggers the intra-S checkpoint pathway causing accumulation of cells in the S-phase but preventing 
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the cells from completing aberrant mitosis and thus protecting them from cell death. Upon reintroduction 

of CDC7 activity, normal cells will be able to restart DNA replication and correctly complete the cell cycle. 

In this way, it could be possible to selectively target cancer cells without affecting normal cells and tissue 

[335].  

In the past years, significant efforts have been expended to develop CDC7 inhibitors. A list of CDC7 

inhibitors developed in the past years is in Table 1.1. The first class of small molecules, called heteroaryl-

pyrrolopridinones, was developed in 2008 by Nerviano Medical Science [341]. Among these compounds 

was PHA-767491. PHA-767491 is an ATP- competitive inhibitor, which was shown to inhibit CDC7 

phosphorylation of MCM2 and prevent origin firing without preventing fork elongation [342]. However, 

this compound was also shown to be aspecific and to present CDK9 inhibitory activity [343]. Furthermore, 

it has also been shown to present, to a lesser extent, inhibitory activity against CDK1, CDK2, CDK5, MK2, 

PLK1 and CHK2. The pre-clinical model showed that treatment of cancer cells with PHA-7674891 leads 

to apoptotic cell death and inhibition of tumour growth. PHA-7674891 treatment has been shown to be 

effective against multiple myeloma cell lines and in primary samples from patients [344].  Furthermore, 

PHA-7674891 has shown some promise as a treatment for pancreatic adenocarcinoma and of chronic 

lymphocytic leukaemia (CLL) [345,346]. Interestingly, in quiescent CLL cells, PHA-767491 was shown 

to be promoting mitochondrial-depending apoptosis, while actively proliferating CLL cells were targeted 

through the block of DNA replication, but it was less effective in causing cell death. Therefore, this CDC7 

inhibitor had the potential to be a novel therapeutic strategy which would allow targeting both quiescent 

and actively proliferating cells. Nonetheless, despite PHA- 7674891 therapeutic potential as an anticancer 

therapy for a wide range of cancers, its high toxicity and its detrimental effect on the immune system did 

not allow the continuation of clinical trials and its use on patients. Recent work suggests that this dual 

CDC7/CDK9 inhibitor could potentially suppress T-cell activation, proliferation and effector functions, 

suggesting that CDC7 or CDK9 might have a role in T-cell receptor signaling [347]. The results obtained 

in the study indicate that PHA-7674891 treatment causes a suppression of the adaptive immune response, 

which could affect the adaptive response to tumours and infections [347].  

In 2012, a more potent and specific CDC7 inhibitor, XL413, was developed by Exelxis and was advanced 

to clinical trial [348]. However, Sasi et al, has shown that XL413 ability to inhibit CDC7 in vivo was 

defective in many cancer cell lines [349].  

More recently, new CDC7 inhibitors were identified, which present potential as an anti-cancer therapeutics. 

One was developed by Takeda and is called TAK-931 [350,351], while the second is LY3143921 [352]. 

While TAK-931 has been the subject of several studies, details studies on LY3143921 are scarce. A phase 

I clinical trial for LY3143921 is currently being carried out by Cancer Research UK, to test the activity of 
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this treatment on colorectal cancer, breast cancer, pancreatic cancer, urothelial cancer and ovarian cancer 

[352].  

TAK-931 is a novel and highly selective inhibitor of CDC7 [350,351]. TAK-931, also called Simurosertib, 

is an ATP competitive inhibitor of CDC7, which was advanced to clinical trials [353]. Two clinical trials 

are currently evaluating TAK-931 safety and activity: one on patients presenting advanced non-hematologic 

tumours, which was completed in January 2020, and the other on patients with advanced solid tumours, 

which is currently active [353ï355]. Pre-clinical studies showed that in cancer cell lines, TAK-931 induces 

S phase delay and replication stress, which lead to inhibition of proliferation. TAK-931 was also shown to 

present significant antiproliferative activity in animal models [350]. The mechanism used by TAK-931 to 

induce its antiproliferative effects is through the accumulation of mitotic aberrations, such as chromosome 

missegregation, which are induced by replication stress [350]. Prolonged TAK-931 treatment was shown 

to cause premature centrosome separation or overduplication, causing chromosome missegregation and 

subsequently blocking cancer cell proliferation [350]. This result suggests that CDC7 could be involved in 

the regulation of centrosome duplication. Moreover, TAK-931 was shown to present high antiproliferative 

activity in RAS-mutated cancer cell lines and a reduced effect on normal fibroblasts [350]. These 

observations suggest that TAK-931 could exhibit less toxicity side effects in normal tissues compared to 

conventional replication stress-inducing anti-cancer therapeutics.  

More recently, in 2021, a novel inhibitor of CDC7 was developed: AS-0141. AS-0141 is a potent and 

selective CDC7 inhibitor. The efficacy of this inhibitor as a chemotherapeutic was demonstrated using the 

colorectal xenograft model. AS-0141 exhibited strong antitumor activity [356]. 

Recently, various studies have shown the potential of CDC7 inhibitors against cancer cells. CDC7 

inhibition was shown to induce replication stress [350,357]. In particular, replication stress induced by 

CDC7 inhibition, causes an ATR response that requires ETAA1. It was also shown that CDC7 inhibitors, 

together with ATR or CHK1 inhibitors, induce strong DNA replication stress in liver cancer cells that are 

resistant to CHK1 or ATR inhibition. The synergistic effect observed could be due to the abnormalities 

observed in mitosis and subsequent mitotic catastrophe [357,358]. 

Furthermore, in 2019 a study showed that CDC7 inhibition induces senescence electively in TP53 mutant 

liver cancer cells. The senescence cells induced by CDC7 inhibition were then vulnerable to mTOR 

inhibition. The combined treatment of CDC7 inhibitor with the mTOR inhibitor, Sertraline, leads to cell 

death. Suggesting that CDC7 inhibitors could be used in combination with other inhibitors to induce cell 

death [359]. 
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In 2022, another study showed that CDC7 inhibition resulted in a significant reduction in cell viability and 

the induction of apoptosis in Ewing sarcoma cells. CDC7 inhibition reduces the rate of replication and 

premature mitotic entry. The premature mitotic entry results in mitotic abnormalities and mitotic 

catastrophe [360].  

These studies suggest that CDC7 inhibition could be a viable therapeutic strategy for the treatment of 

cancer, however, accumulating clinical and preclinical data from these studies will confirm it. 

Inhibitor  Structure Mechanism IC50 Clinical trials  
Company

/Lab 
Literature  

TAK -931 

2-[(2S)-1-

azabicyclo[2.2.2]oct-2-

yl] -6-(3-methyl-1H-

pyrazol-4-

yl)thieno[3,2-

d]pyrimidin-4(3H)-one 

hemihydrate 

ATP-

competitive 

CDC7 IC50: 
<0.3 nM 

CDK9 IC50: 

36.9 nM 

DAPK1 

IC50: 

49.8 nM 

CDK2 IC50: 

6300 nM 

Phase I: 

TAK-931-

1002  

(completed) 

TAK-931-

1003 

(completed) 

 

Phase II: 

TAK-931-

2001 (active) 

Takeda 

Pharmace

utical 

Company 

[350,351,36

1] (first 

studies on 

basic 

structure:[3

62] 

LY3143921 

Hydrate  
(3S)-3-(5-

Fluoropyrimidin-4-yl)-

3-methyl-6-(1H-

pyrazol-4-yl)-2H-

isoindol-1-one;hydrate 

 

unknown unknown 

Phase I: 

NCT0309605

4 (active) 

Cancer 

Research 

UK 

National 

Center for 

Biotechnolo

gy 

Information. 

PubChem 

Database. 

CID=13779

4949 

(picture/na

me) 

 

 

ClinicalTria

ls.gov 

dequalinium 

chloride 

 

Interruption 

of 

CDC7/DBF

4 interaction 

CDC7 IC50: 

not 

determined 

(phenotypic

al analysis) 

- 

National 

health 

research 

institutes, 

Taiwan 

National 

Taiwan 

University 

Kaohsiun

g Medical 

University

, Taiwan 

 

 

 

 

[363] 

clofoctol 

 

Interruption 

of 

CDC7/DBF

4 interaction 

CDC7 IC50: 

not 

determined 

(phenotypic

al analysis) 

- 

National 

health 

research 

institutes, 

Taiwan 

National 

Taiwan 

University 

[363] 

https://www.takedaclinicaltrials.com/browse/summary/TAK-931-1002?sub_conditions=&compound=TAK-931&country=&age=&search_terms=&protocol_id=&nct_id=&study_type=
https://www.takedaclinicaltrials.com/browse/summary/TAK-931-1002?sub_conditions=&compound=TAK-931&country=&age=&search_terms=&protocol_id=&nct_id=&study_type=
https://www.takedaclinicaltrials.com/browse/summary/TAK-931-1003?sub_conditions=&compound=TAK-931&country=&age=&search_terms=&protocol_id=&nct_id=&study_type=
https://www.takedaclinicaltrials.com/browse/summary/TAK-931-1003?sub_conditions=&compound=TAK-931&country=&age=&search_terms=&protocol_id=&nct_id=&study_type=
https://www.takedaclinicaltrials.com/browse/summary/TAK-931-2001?sub_conditions=&compound=TAK-931&country=&age=&search_terms=&protocol_id=&nct_id=&study_type=
https://www.takedaclinicaltrials.com/browse/summary/TAK-931-2001?sub_conditions=&compound=TAK-931&country=&age=&search_terms=&protocol_id=&nct_id=&study_type=
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Kaohsiun

g Medical 

University

, Taiwan 

Multiple 

peptidomimetic 

inhibitors  

- 

Mimic 

DBF4 ï 

bind to 

CDC7 

Only virtual 

screen was 

performed 

- 

University 

of 

Teheran 

[364] 

AS-0141 
 

furanone-based 

inhibitor 

 

ATP-

competitive 

CDC7 IC50: 

2.4 nM 

(1mM ATP) 

PIM1 IC50: 

34 nM 

CLK1 IC50: 

206 nM 

CLK2 IC50: 

227 nM 

GSK3Ŭ 

IC50: 251 

nM 

 

Carna 

Bioscienc

es, Inc., 

Kobe, 

Japan 

SBI 

Biotech 

Co., 

Tokyo, 

Japan 

[356,365] 

Only chemical 

designation:  

2-(2-

Aminopyrimidin -4-

yl)-4-(2,4-

dichlorophenyl)thia

zole-5-carboxamide 

 

 
Trisubstituted Thiazole 

See first column for 

name 

ATP-

competitive 

 

CDC7 IC50: 

0.00377 ɛM 

CDK2 

IC50: 1.82 

ɛM 

CK1Ŭ IC50: 

0.694 ɛM 

CK1ɔ IC50: 

0.760 ɛM 

CK1ŭ IC50: 

0.084 ɛM 

CDK9 

IC50: 0.749 

ɛM 

- 
Amgen, 

Inc. 
[366] 

azaindole  

 
 

series of 

aminooxadiazoles was 

optimized - azaindole 

26 

(Ŭ-cyclopropyl 

azaindole analogs) 

 

further research was 

announced-nothing 

found 

ATP-

competitive 

 

CDC7 IC50: 

0.0011 ɛM 

CDK2 

IC50: 0.67 

ɛM 

CDK9 

IC50: 0.46 

ɛM 

CDK1 

IC50: 6.6 

ɛM 

- 
Amgen, 

Inc. 

[367,368] 

11: original 

paper 

10: 

modificatio

n resulting 

in azaindole 
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XL413 

(BMS-863233) 

 

ATP-

competitive 

CDC7 IC50: 

3.4 nM 

CK2 IC50: 

215 nM 

PIM1 IC50: 

42 nM 

Phase I/II:  

NCT0083889

0 (terminated) 

NCT0088678

2 (terminated) 

Exelixis, 

Bristol 

Myers 

Squibb 

[369] 

Series of 

Aminopyrimidinon

e Cdc7 Kinase 

Inhibitors  
 

ATP-

competitive 

Ki less than 

1 nM 

 

No further 

data 

- 

Abbott 

Laboratori

es 

[370] 

PHA-767491 

 

ATP-

competitive 

CDC7 IC50: 

10 nM 

CDK9 

IC50: 34 

nM 

GSK3-ɓ 

IC50: 220 

nM 

CDK2 

IC50: 240 

nM 

CDK1 

IC50: 250 

nM 

 

Phase I: 

NCT0101632

7 (terminated) 

 

 

Nerviano 

Medical 

Sciences 

[342] 

NMS-1116354  
ATP-

competitive 
 

Phase I: 

NCT0101632

7 (terminated) 

NCT0109205

2 

(terminated) 

Nerviano 

Medical 

Sciences 

[371] 

Table 1.1: Table of CDC7 inhibitors. 

1.5 SENESCENCE  
Cellular senescence is a process that regulates cell fate and is a hallmark of ageing [372]. Senescence was 

first observed in 1961 by Hayflick. Hayflick demonstrated that serial passaging of normal human diploid 

fibroblast cell strains ceases to divide in vitro after a fixed number (40-60) of population doublings 

(Hayflick limit) [372]. 

Senescence can be triggered in response to various endogenous and exogenous stimuli, like telomere 

shortening, oncogenic activation, genotoxic stress, inflammation, irradiation, chemotherapeutic agents or 

nutrient deprivation (Reviewed in [373]). The intensity and type of the stress cause different cells type to 

respond by inducing cell death or senescence.  

In 2016 an extensive study by Petrova et al. identified more than 50 small chemical compounds that induce 

premature senescence and senescence-like states [374]. Numerous studies have shown that treatment with 
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various chemotherapeutics, anticancer agents or ionizing radiation cause ñtherapy-induced senescence 

(TIS)ò in tumour cells [245,374,375]. 

Senescence is associated with multiple cellular, and molecular changes and causes phenotypic alterations, 

including a stable and usually irreversible proliferation arrest, which is unresponsive to mitotic stimuli. The 

proliferation arrest phenotype was also observed in response to another biological process called quiescence. 

The difference between senescence and quiescence is that the former occurs in the G1 and G2 phases of the 

cell cycle, while the latter happens in G0 [376]. Additionally, quiescence cells can resume proliferation in 

response to appropriate signals, such as growth factors or mitogenic signals, while senescence cells cannot 

recover cell proliferation [377]. Although the cell cycle arrest induced in cellular senescence is believed to 

be irreversible, studies have shown that under certain circumstances, senescence cells can re-enter the cell 

cycle or be reprogrammed into pluripotent stem cells [378ï380].  

Senescence cells present many different characteristics, for example, alteration of metabolic activity and 

resistance to apoptosis [381,382] (Figure 1.6). In contrast to apoptotic cells, which, once dead, are removed 

by engulfment by another cell, senescence cells remain metabolically active despite being in an arrested 

state (Reviewed in [383]). Senescence cells present a dramatic change in gene expression, chromatin 

remodelling and persistent activation of the DDR [384,385] (Figure 1.6). An additional characteristic of 

senescence cells is the increase in lysosomal activity, macromolecular damage and the development of a 

senescence-associated secretory phenotype (SASP) (Reviewed in [386]) (Figure 1.6). In addition, 

senescence cells develop morphological and structural changes, leading to an enlarged and flattened 

morphology with enlarged vacuoles, nuclear enlargement and alteration of the plasma membrane 

(Reviewed in [383]) (Figure 1.6).  
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Figure 1.6: Senescence inducers and characteristics of senescent cells. Normal cells can be induced to undergo 

senescence by exposure to a variety of intrinsic and extrinsic signals, such as DNA damage, telomere dysfunction, 

increased oxidative stress, and oncogene expression. Senescence can also be induced naturally during the development 

and differentiation of adult cells. Senescence cells are characterized by the following features: an increase in metabolic 

activity, development of the secretory phenotype (SASP), increased lysosomal activity (SA- ßGal), and an increase in 

cell size. Moreover, senescence cells undergo drastic changes in chromatin organization (SAHF), develop sites of 

persistent DNA damage and undergo stark gene expression changes, such as repression of cell cycle genes and lamin 

B1 and upregulation of SASP-associated and anti-apoptotic genes.  

1.5.1 Pathways inducing senescence 

Multiples pathways have been shown to induce senescence in cells. For example, during growth arrest, the 

mechanistic target of Rapamycin (mTOR) protein, which senses nutrients, remains active and induces cell 

senescence [387]. Studies have shown that mTOR regulates the choice between senescence and quiescence. 

Cells undergoing cell cycle arrest with persistent activation of mTOR undertake senescence, while cells in 

which mTOR is inhibited undergo quiescence [388].  

The cell cycle arrest observed in senescence cells is usually mediated by the activation of either one or both 

of the p53/p21 and p16/pRB tumour suppressor pathways [389] (Figure 1.6). These pathways involve 
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various upstream regulators and downstream effectors and present broad crosstalk and interlinks [390]. 

These pathways maintain the senescence state by inducing extensive changes in gene expression via p53 

and pRB, which are key transcriptional regulators (Figure 1.6). In particular, p21 acts downstream of p53, 

while p16 acts upstream of pRB. Both p21 and p16 are cyclin-dependent kinase inhibitors (CDKIs) and act 

as negative regulators of cell cycle progression (Figure 1.6). These genes are critical components of the 

p53/p21 and p16/pRB pathways and have been shown that overexpression of any of these genes causes 

senescence induction [391]. 

 

Figure 1.7: Pathways inducing senescence. Senescence is induced via two pathways:p53 or P16INK4A pathways. 

Various internal and external factors trigger the DNA-damage response (DDR) pathway, which in turn activates the 

p53 and/or the p16INK4A pathways. In the p16INK4A pathway, p16INK4A inactivates Cdk4/6, resulting in the accumulation 

of phosphorylated pRb, which stops the regulation of E2F transcription factor and drives cell cycle arrest or 

senescence. These stressors also trigger DNA damage and transactivate p53 and p21CIP1. Moreover, p21CIP1 protein 

levels may lead to the inhibition of Cdk4/6 activity, which contribute to the G1 arrest or senescence. Modified from 

[392] 

The RB family of pocket proteins is one of the main targets of cyclin-CDK complexes. Their most 

recognised function is the binding and inactivation of the E2F complexes causing repression of the 



Introduction 
 

66 
 

transcription of E2F target genes (Reviewed in [393]). The members of this family are RB1 (pRB), RBL1 

(p107) and RBL2 (p130) [393]. In particular, pRB, when dephosphorylated, binds to E2F, forming an E2F-

RB complex and suppressing the transcription of genes required for cell cycle progression [394]. 

Transcriptional repression is enhanced through the recruitment of factors such as histone deacetylases 

(HDACs) and the histone methyltransferase SUV39HI. At the start of the S-phase of the cell cycle, RB is 

hyperphosphorylated by cyclin E-CDK2, causing the release of E2F and the transcription of S-phase genes 

and cell cycle progression [395]. 

The INK4/ARF locus encodes p16INK4A and p14ARF, encoded by the CDK2A gene, and p15INK4B, encoded 

by the CDKN2B gene (Reviewed in [396]). The p21WAF1/CIP1, p15INK4B, and p16INK4A are CDK inhibitors, 

which inhibit CDK4 and 6, thus affecting cell cycle progression. Furthermore, the p14ARF protein allows 

crosstalk between the p53 and the pRB pathways by regulating p53 stability. p14ARF was shown to bind and 

inhibit MDM2, a protein responsible for p53 proteasome-degradation [397,398]. Moreover, the p16INK4A 

protein prevents phosphorylation of RB, by directly binding to CDK4/6 and promoting the expression of 

E2F target genes [399]. Loss or mutation of p16INK4A has been frequently connected to several human 

cancers, suggesting that inactivation of p16 causes the bypass of senescence and promotes cancer 

development [397]. Further, replicative senescence is also linked to derepression of the CDKN2A locus. 

CDKN2A becomes derepressed, causing a high level of expression upon ageing [400]. 

The p53/p21WAF1/CIP1 is usually activated in response to DNA damage, which can be caused by endogenous 

or exogenous stress. The activation of the DDR causes chronic activation of p53, which can cause induction 

of cellular senescence. Studies have shown that the inactivation of p53-mediated signaling can disrupt 

senescence development [401].  

p53 plays a key role in the development of cellular senescence through different mechanisms. p53 is 

considered the guardian of the genome and has a central role in response to cellular stress. The p53 protein 

consists of several functional domains. In particular, at the amino terminus are two tandem activation 

domains (TADs) [402,403]. These TADs domains are required for p53, in order to target gene induction in 

response to DNA damage [404]. The p53 binding motif was discovered in the early 1990s and consisted of 

two half-site sequences, each binding to one p53 dimer and separated by a spacer of variable length 

[405,406]. Following DNA damage, p53 was observed to tetramerizes and activate gene expression [407]. 

The genes induced by p53 are involved in multiple biological functions: DDR, cell cycle arrest (CDKN1A, 

also called p21), apoptosis (PUMA and BAX), metabolism (TP53-induced glycolysis and apoptotic 

regulator (TIGAR)) and post-translational regulators of p53 (MDM2 and p53-induced phosphatase 1) [408]. 
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Activation of p53 is dependent on various post-translational modifications such as phosphorylation, 

methylation, acetylation, sumoylation, ubiquitination and neddylation (Reviewed in [409]). ATM induces 

phosphorylation of p53 on Ser 15, causing p53 stabilization. This phosphorylation is induced by replicative 

senescence and DNA damage-induced senescence [410]. p53 is regulated at multiple levels by different 

factors. For example, MDM2, an E3 ubiquitin ligase, regulates the level of p53 in conjunction with MDM4. 

Additionally, the interaction of p53 with FOXO4 during senescence has a crucial role in regulating p53 

transcriptional activity and localization [411].  

A target of p53 is p21WAF1/CIP1, a 21 KDa protein encoded by the CDKN1A gene. p21WAF1/CIP1 was the first 

identified transcriptional target of p53 [412]. The p21WAF1/CIP1 protein is a member, together with p27 and 

p57, of the Cip/Kip family of CDKIs. The p21WAF1/CIP1 protein interacts with cyclins and inhibits the kinase 

activity of cyclin-CDK complexes [413]. The inhibition of cyclin-CDK complexes inhibits phosphorylation 

of the RB family proteins and subsequent association with E2Fs and leads to cell cycle arrest [414]. Further, 

p21WAF1/CIP1 presents a conflicting dual role in cell cycle progression depending on its level of expression: 

a high level of  p21WAF1/CIP1 inhibits the kinase activity of cyclin D/CDK4,6 complexes and causes a block 

of cell cycle progression, while low levels of p21WAF1/CIP1 promotes cyclinD/CDK4,6 complexes formation 

and activation resulting in cell cycle progression [415].  

p21WAF1/CIP1 interacts and inactivates various cyclin/CDK complexes, and thus, it induces cell cycle arrest 

at any stage of the cell cycle, whereas the INK4 family of CDKIs specifically bind and inactivate CDK4 

and CDK6, inducing a cell cycle arrest only during G0/G1 phase. Moreover, the induction of p21WAF1/CIP1 

is fundamental for the initiation of senescence-mediated growth arrest by different stimuli [416,417]. The 

critical role of p21WAF1/CIP1 upregulation in senescence has been demonstrated by the observation that mice 

lacking p21WAF1/CIP1 showed defects in embryonic senescence and other developmental defects. 

Nevertheless, the expression of p21WAF1/CIP1 is not maintained in senescent cells as it is only required for 

senescence induction, while p16INK4A is required for the maintenance of the senescent state [418]. 

p21WAF1/CIP1 is also regulated at the post-translational level. p21WAF1/CIP1 is stabilized by WISp39, an Hsp90 

binding tetratricopeptide repeat protein that prevents p21 proteasome-mediated degradation. In contrast, 

p21WAF1/CIP1 phosphorylation can modulate its binding partners or change its subcellular localization, which 

can alter its function by blocking its ability to act as CDKI [419]. Nuclear p21WAF1/CIP1 blocks cell cycle 

progression. However, upon phosphorylation, p21 gets transported to the cytoplasm, where it acts as an 

anti-apoptotic protein [420].  
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1.5.2 Senescent Associated Secretory Phenotype (SASP) 

Senescent cells can affect the surrounding microenvironment and communicate with neighbouring cells by 

secreting a mixture of factors, which can affect the behaviour of non-senescent cells. The hypersecretory 

phenotype of senescent cells is called Senescence Associated Secretory Phenotype (SASP) or Senescence-

Messaging Secretome (SMS) (Reviewed in [247,386]). The SASPs is one of the key hallmarks of 

senescence. 

The components of SASP include soluble signaling factors, such as pro-inflammatory cytokines, 

chemokines, growth modulators, angiogenic factors, proteases, extracellular matrix components and matrix 

metalloproteinases (MMPs) (Reviewed in [247,386]). Many pro-inflammatory factors, whose transcription 

is induced by NF-kB, are crucial components of SASP. The most conserved and strongly expressed 

cytokines are IL-6 and IL-8.  

The SASP phenotype observed in senescent cells plays an important role in mediating several of the 

pathophysiological effects of senescent cells. The SASP phenotype causes both beneficial and deleterious 

effects [421]. The SASP composition and strength vary considerably, depending on the inducer of 

senescence, duration of senescence, environment and cell type [422,423].  

Key components of the SASP are IGFBP3, IGFBP4 and IGFBP7, which are involved in mediating 

senescence via paracrine signaling [424,425]. IGFBP3 is able to induce senescence by regulating the 

plasminogen activator inhibitor-1 (PAI-1) system [426]. PAI-1 is a downstream target of p53 and is 

involved in inducing replicative senescence via the PI(3)K-PKB-GSK3ɓ-cyclin D1 pathway [427].  

SASP is triggered by multiple different nuclear and cytoplasmic factors such as DNA damage, cytoplasmic 

chromatin fragments (CCFs), transposable elements, and toll-like receptors (TLR). Furthermore, SASPs 

are dynamically and temporally regulated at multiple levels, such as chromatin modification, transcription, 

secretion, mRNA stability and translation. The development and regulation of SASPs is induced by 

different pathways such as p38MAPK, JAK2/STAT3, inflammasome, mTOR, phosphoinositide-3-kinase 

(PI3K) pathway, HSP90, non-coding RNAs, GATA4/p62-mediated autophagy, macroH2A1 and ATM 

[428,429].  

Most of the pathways that induce and regulate SASPs, converge on the activation of two transcription 

factors, NF-əB and CEBPɓ. NF-əB and CEBPɓ are enriched in the senescent cells' chromatin fractions 

[430,431]. NF-əB and CEBPɓ cooperatively control the transcription of key regulators of the inflammatory 

SASP proteins such as IL-1A, IL-6, and IL-8. These cytokines positively regulate NF-əB and CEBPɓ 

activity in an autocrine feed-forward manner to enhance SASP signaling [431,432]. Cells that develop 

SASP can also transmit the senescence phenotype to surrounding cells via a complex secretory program 
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orchestrated by the inflammasome, a multiprotein complex comprising caspase 1 and several adapter 

molecules [429,433]. Therefore, different components of SASP can reinforce the senescent state by 

amplifying or transmitting SASP via autocrine or paracrine signaling pathways [424,434]. Moreover, 

knockdown of different SASP genes prevents senescence, thereby highlighting the key role played by 

autocrine signaling mechanisms in regulating SASPs and the senescent state [424,434]. 

1.5.3 Senescence and cancer 

Senescence is a crucial mechanism of tumour suppression. Several key oncogenes, including cyclin E, and 

E2F3 expression, are linked to senescence induction and may have a tumour suppressive role [435ï437]. 

The tumour suppressive role of senescence may be via the inhibition of proliferation of malignant cells or 

by stimulating immune surveillance. Studies have demonstrated a high level of senescence in premalignant 

lesions and lower levels in invasive diseases, proposing a role for senescence in blocking malignant 

progression. Furthermore, mutations in key oncogenes often trigger senescence to eliminate premalignant 

cells before they acquire further mutations and become invasive [438]. Mechanisms to evade senescence 

are key features of malignant progression [439]. Loss of one of the key senescent effectors, such as 

p16INKA4 or p53, could be the mechanism through which failure to induce senescence occurs (Reviewed in 

[439]). This causes the oncogene to stimulate the progression of the tumour.  

Senescent cells may induce an anti-tumour immune response, also called ñsenescence surveillanceò, 

mediated by the cytokines within SASP. In particular, SASP can signal the immune system and modulate 

the tissue microenvironment. In liver cancer models, senescent liver cells attract via SASP a variety of 

immune cells, such as NK lymphocytes and neutrophils, to clear tumour cells [440]. Senescence can 

promote immune surveillance to suppress malignancy via SASP. 

On the other hand, there is evidence that stromal cell senescence may have a tumour-promoting effect 

because of the proangiogenic influence of some components of the SASP or the impact of senescence 

fibroblasts on adjacent tumour cells [441,442]. Vasculature endothelium growth factor (VEGF) can 

promote endothelium cell migration and tumour angiogenesis, while IL-6 and IL-8 can induce invasiveness 

of epithelium cells [422,441].  SASP factors can also influence the invasion of tumour cells and promote 

endothelial-to-mesenchymal transition (EMT) in tumour cells, leading to the appearance of metastatic 

features in vitro [443]. There is evidence that ñimmune senescenceò is associated with the ageing of the 

immune system and may contribute to the failure of immune surveillance and cancer development [444]. 

Therefore, SASP can mediate both positive and negative effects of senescence on cancer. 

Recently various studies have suggested to induce senescent in cancer cells in order to selectively target 

and eradicate senescence cancer cells. The process of inducing senescence in cells is called senolysis. 
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Senescence can be induced in tumours in various ways. Oncogenes activation or loss of tumour suppressor 

genes has been shown to induce senescence [445,446]. Chemotherapies and radiotherapies can also trigger 

a senescent cell state in human cancer cells [447]. Inhibition of CDKs has also been suggested as a potential 

way to induce senescence in cancer cells [448]. CDK inhibitors are currently being investigated for use in 

senescence-inducing cancer therapy. Senescent cells present changes in cellular physiology. For example, 

one of the hallmark of senescence is a change in chromatin structure and in gene expression, which can 

affect the regulation of fundamental processes like apoptosis. This cause the acquisition of new 

vulnerabilities specific to the senescence cells that can be targeted by drugs that could act by senolytic 

agents (Reviewed in [449]).  
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2  AIMS  

 

CDC7 has a very well-known role in DNA replication and origin firing. However, various studies disclosed 

that CDC7 has a potential role at replication forks in response to replication stress. CDC7 has been shown 

to be stabilized at forks during replication stress and to have a role in translation synthesis. Furthermore, 

CDC7 phosphorylates Claspin and promotes the activation of the replication stress pathway. To investigate 

the role of CDC7 in response to replication stress, the CDC7-dependent events occurring at stalled 

replication forks were characterized. Firstly, the effect of CDC7 inhibition CDC7 on DSBs formation upon 

prolonged fork stalling was also investigated. A possible role for CDC7 in regulating nucleases was 

hypothesized, for this reason, the role of CDC7 inhibition on the protein levels and activity of two nucleases, 

EXO1 and MRE11, was investigated. CDC7 inhibitors have been developed as potential cancer therapeutic, 

a full understanding of the different functions of CDC7 in the cells would help in better understanding the 

effect of this inhibitor on the cells. This knowledge can be used to better target patient that would benefit 

from the treatment.  

 

The effect of short-term CDC7 inhibition has been widely studied, however, the effect of long-term CDC7 

inhibition is unknown. It has been observed that length of treatment with inhibitors or chemotherapeutics 

can have different effect on the cells fate. To investigate the effect of long-term inhibition on cell fate, the 

effects induced by long-term CDC7 inhibition on the cell cycle and proliferation were characterized. To 

further determine the terminal phenotype induced by long-term CDC7 inhibition, the transcriptional 

changes occurring in cells after long-term treatment with CDC7 inhibitors were examined. As previously 

mentioned CDC7 inhibitors have been developed as chemotherapeutics. Cancer treatment in patient is 

performed over a long-term period with repeated treatment. Although these are not exactly the condition 

used in the experiments performed, the results obtained could still be fundamental in the clinical setting. 

The results obtained would give a better understanding of the possible effect of long-term CDC7 inhibition 

in patient during chemotherapeutic treatments.  
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3 MATERIAL S AND METHODS 

3.1 MATERIAL S  

3.1.1 Cell lines        

Table 3.1: List of cell lines. 

Cell line Origin  Source  Identifier  

MCF10A Mammary gland, 

non cancerogenic 

 ATCC  Cat# CRL-

10317 

MCF10A EditR 

(Constitutive 

Cas9 expression) 

  Previously described (Rainey et al., 2017) N/A 

MCF10A-AS-

CDC7 (Analog 

Sensitive CDC7, 

MCF10A cell 

line) 

  Previously described (Rainey et al., 2017) 
 

 N/A 

MCF10A p53-/- 

cl 4 

 Created using CRISPR-Cas9 technology by 

Ailsin Quinlan 

N/A 

MCF7  Mammary gland, 

Adenocarcinoma 

ATCC Cat# HTB-

22 

MDA-MB231 Mammary gland, 

Adenocarcinoma 

ATCC Cat# HTB-

26 

U2OS  Bone, 

Osteosarcoma 

ATCC  Cat# HTB-

96 

THP1  Monocyte, Acute 

monocytic leukemia 

Provided by Prof. Ryan Aideen laboratory   N/A 

3.1.2 Media         

Table 3.2: List of  media. 

Media Source  Identifier  

Dulbeccoôs Modified Eagle Medium (DMEM) Sigma-Aldrich Cat# D6429 

Roswell Park Memorial Institute  Medium (RPMI) Sigma-Aldrich Cat#R2405 

Eagle's Minimum Essential Medium (EMEM) Sigma-Aldrich Cat#M2279 
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3.1.3 Chemicals and reagents  

Table 3.3: List of common reagents. 

Compounds/Reagents Source Reference number  

3-(N-Morpholino)-Propanesulfonic Acid 

(MOPS) Buffer 

Sigma-Aldrich Cat# M1254-100G 

3,3ǋ,5,5ǋ-Tetramethylbenzidine (TMB) Fisher Scientific Cat# T0440-100ML 

30% Acrylamide/Bis-acrylamide, 37.5:1 Sigma-Aldrich Cat# A3699-

5X100ML 

3MB-PP1 (Bulky PP1 analog) Cayman Chemical Company Cat# 17860 

4ô,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI)  

Sigma-Aldrich Cat# D9542 

5-Ethynyl-2-deoxyuridine (EdU)  Berry & associates Cat# PY 7562 

6-Carboxyfluorescein-TEG azide  Berry & associates Cat# FF 6110  

Acetic acid  Sigma-Aldrich Cat# 695092-2.5L 

Agarose Sigma-Aldrich Cat# A9539-500G 

Ammonium acetate  Sigma-Aldrich Cat# a1542-250G 

Ammonium persulfate (APS) Sigma-Aldrich A3678-100G 

Animal-Free Recombinant Human EGF PEPROTECH Cat# AF-100-15-1MG 

ATP disodium salt hydrate Sigma-Aldrich Cat# A26209-1G 

Benzonase® Nuclease, Purity >90% Merck Millipore Cat# 70746-3 

Bovine serum albumin (BSA) Sigma-Aldrich Cat# A2153-50G 

Bradford reagent Sigma-Aldrich Cat# B6916-500ML 

Bromophenol blue  Sigma-Aldrich Cat# B8026-5G 

Cholera toxin Sigma-Aldrich Cat# c8052-2MG 

CometAssay LMAgarose  Trevigen Cat# 4250-050-02 

CometAssay Lysis Solution  R&D system Cat# 4250-050-01 

Copper-II -sulphate  Sigma-Aldrich Cat# C1297 

DTT Molecular biology grade Lennox Cat# CA2948.0010 

Ethanol  Lennox Cat# cc32221 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# E4884-500G  

Etoposide Sigma-Aldrich E1383-25MG 

Fast Green  FCF Cat# F7252 

Fetal Bovine Serum (FBS) Sigma-Aldrich Cat# F7524-500ML 

Fisher BioreagentsÊ Phosphatase Inhibitor 

Cocktail I  

Fisher Scientific Cat# 12821650 

Fisher BioreagentsÊ Protease Inhibitor 

Cocktail III  

Fisher Scientific Cat# 12831640 

Formaldehyde  Sigma-Aldrich Cat# 252549-500ML 

Formamide  Sigma-Aldrich Cat# D4551-250ML 
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Glycerol Sigma-Aldrich Cat# G5516-500ML 

Glycine  Sigma-Aldrich Cat# 8898-1kg 

Horse serum Biosciences Cat# 16050122 

Hydrochloric acid 37% Sigma-Aldrich Cat# 258148-2.5L-m 

Hydrocortisone Sigma-Aldrich Cat# H0396-100MG 

Hydroxyurea (HU)  Sigma-Aldrich Cat# H8627 

InstantBlueÊ (Comassie Stain) Abcam Cat# ISB1L 

Insulin solution human Sigma-Aldrich Cat# I9278-5ML 

jetPRIME® Polyplus transfection  Polyplus Cat# 114-15 

jetPRIME® transfection reagent VWR Cat# pplu 114-15 

LunaÊ Cell Counting Slides Logos biosystems Cat# L12001 

Magnesium chloride  Sigma-Aldrich Cat# 13152-1KG 

Methanol Sigma-Aldrich Cat# cc34860 

Mirin  MedChemExpress Cat# HY-19959 

N-Ethylmaleimide  (NEM) Sigma-Aldrich Cat# E3876-5G 

Nitrocellulose 0.2um GE Healthcare Cat# 10600001 

Nuclease-Free Water Sigma-Aldrich Cat# W4502-1L 

PageRulerÊ Plus Prestained Protein Ladder Fisher Scientific Cat# SM1812 

Para-formaldehyde  Sigma-Aldrich Cat# 158127 

Penicillin-Streptomycin Sigma-Aldrich Cat# P4458-100ML 

PHA-767491  TOCRIS Bioscience Cat# 3140 

Phorbol 12-myristate 13-acetate (PMA)  Provided by Prof. Ryan Aideen 

laboratory 

na 

Phosphate Buffer Saline (PBS ) Sigma-Aldrich Cat# P4417-100TAB 

PIPES  Sigma-Aldrich Cat# P6757-100G 

Poly-D-lysine (PLL) Sigma Cat# P6407 

Ponceau S Sigma-Aldrich Cat# P3504-10G 

Resazurin sodium salt Sigma-Aldrich Cat# R7017 

RNAlaterÊ Stabilization Solution Thermo Fisher Cat# AM7021 

Roscovitine  Sigma-Aldrich Cat# R7772 

Saponin Sigma-Aldrich Cat# 47036-50G-F  

Skim Milk Powder Sigma-Aldrich Cat# 70166-500G 

SlowFadeÊ Gold Antifade Mountant  Thermo Fisher Cat# S36937 

Sodium chloride Sigma-Aldrich Cat# S7653-5KG 

Sodium deoxycholate Sigma-Aldrich Cat# D6750-25G 

Sodium dodecyl sulfate Sigma-Aldrich Cat# L3771-500G 

Sodium Hydroxide pellets Sigma-Aldrich Cat# 1064621000 

Sodium orthovanadate Sigma-Aldrich Cat# S6508 10 g 

Sodium-L-ascorbate  Sigma-Aldrich Cat# A4034-100G 
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Sucrose  Sigma-Aldrich Cat# S5016-1KG 

SYBRÊ Gold  Thermo Fisher Cat# 10358492 

SYBRÊ Safe DNA Gel Stain Biosciences Cat# S33102 

TAK-931 (CDC7 inhibitor) Chemietek Cat# CT-TAK931 

TEMED  Sigma-Aldrich Cat# T9281-50ML 

Transcript RNA Markers 0.2-10 kb Fisher Scientific Cat# AM7150 

Trichloroacetic acid (TCA) Sigma-Aldrich Cat# T0699 

TritonÊ X-100 Sigma-Aldrich Cat# T8787-250ML 

Trizma® base Sigma-Aldrich Cat# T6066-5KG 

Trypsin-EDTA solution 10x Sigma-Aldrich Cat# T4174-100ML 

TWEEN® 20 for electrophoresis Sigma-Aldrich Cat# P5927-500ML 

UltraPureÊ Low Melting Point (LMP) 

agarose 

Invitrogen Cat# 16520-050 S 

XL413  Synthesized in-house   

 

3.1.4 Kits  

Table 3.4: List of kits 

Name  Source  Reference number  

QIAshredderÊ Qiagen Cat#79656 

RNeasy® Plus Micro Kit Qiagen  Cat#74034 

PierceTM BCA Protein Assay Kit  Thermo Fisher Scientific  Cat#23225 

Senescence Cells Histochemical Staining Kit  Sigma  Cat#CS0030 

Agilent RNA 600 Nano Kit  Agilent Technologies  Cat#5067-1511 

Cytokine array R&D system  Cat# ARY022B 

3.1.1 Solutions and buffers 

Table 3.5: List of common buffers, their components and usage 

Name Recipe Notes  

Click reaction mix  10 µM 6-Carboxyfluorescein-TEG azide, 10mM Sodium-

L-ascorbate, 2mM Copper-II -sulphate 

in PBS  

For labeling of S phase 

cells for flow cytometry 

PBS 10 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCl in 

dH2O 

Wash buffer IF-FACS 

PBS-T PBS, 0.5% (v/v) Tween 20 Wash buffer FACS 

PBS-TX 0.4% PBS, 0.4% (v/v) Triton X-100 Cell permeabilisation 

FACS 
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PBS-TX 0.1% PBS, 0.1% (v/v) Triton X-100 Cell permeabilisation IF 

Phosphate buffer 75 mM Sodium Phosphate Dibasic and 25 mM 

Heptahydrate Sodium Phosphate Monobasic Monohydrate 

in dH2O, adjust solution to desired pH using HCl or 

NaOH 

Used in PBS recipe 

5x Laemmli sample 

buffer  

60 mM Tris-HCl pH 6.8, 2% (w/v) SDS (w/v), 10% (v/v)  

glycerol, 5% (v/v) 2-Mercaptoethanol, 0.01% (w/v) 

Bromophenol blue  in dH2O 

Sample preparation for 

SDS-PAGE 

TBST 10x  200 mM Tris pH 7.5, 1.5M NaCl, 0.5% (v/v) Tween 20. 

Dilute to 1X TBST before use  

Wash IB 

Ponceau S stain 0.1% (w/v) Ponceau S, 5% (v/v) acetic acid in dH2O Reversible staining of 

nitrocellulose membrane  

RIPA buffer  150 mM NaCl, 1% (v/v) NP-40, 0.5% (w/v) sodium 

deoxycholate, 0.1% (w/v) SDS, 50 mM Tris-HCl pH 8, 

Prot/Phos inhibitors (1:100) 

Protein extraction 

CSK buffer  10mM PIPES pH 6.8, 100 mM NaCl, 1.5 mM MgCl2, 

300 mM sucrose, 0.5% (v/v) Triton X-100, 1 mM ATP, 

1 mM DTT, Prot/Phos inhibitors (1:100), 2 mM NEM, 

1 mM Sodium Orthovanadate in dH2O 

Protein extraction- 

Protein fractionation  

TCA 1  20% (v/v) TCA in dH2O Protein extraction 

TCA 2  5% (v/v) TCA in dH2O Protein extraction 

Running buffer  25 mM Tris, 0.1% (w/v) SDS, 190 mM glycine in dH2O SDS gel running buffer  

Transfer buffer 25 mM Tris, 190 mM glycine, 20% (v/v) methanol in 

dH2O 

Transfer buffer  

5x RNA loading dye 50% (v/v) Glycerol, 10mM EDTA, 0.25% (w/v) 

Bromophenol blue in dH2O 

Loading dye for 

denaturing gel 

50x TAE 2 M Tris, 5.7% (v/v)Acetic Acid, 0.05 M EDTA in dH2O 

Dilute to 1x TAE before use 

Electrophoresis buffer to 

run agarose gels 

10x MOPS 199.74 mM MOPS, 10 mM EDTA pH 8.0, in dH2O. 

Adjust pH to 7 with NaOH. Sterilize the solution by 

filtration through 0.45 µm Millipore filter. Store solution 

at room temperature, protected from light. 

Dilute to 1x MOPS before use  

Electrophoresis buffer to 

run denaturing gel 
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TrisïHCl pH 8.8 1 M Tris in dH2O 

Use HCl to adjust pH 

SDS gel preparation  

TrisïHCl pH 6.8 1 M Tris in dH2O 

Use HCl to adjust pH 

SDS gel preparation 

Stripping buffer  0.4 M NaOH in dH2O Stripping nitrocellulose  

Saponin buffer  0.05% (w/v) Saponin, 150 mM BCA, 1 mM NaN3 in 

dH2O 

Permeabilization FACS 

Blocking buffer 

(IF/FACS) 

1% (w/v) BCA in PBS  Blocking IF/FACS 

Blocking buffer (WB) 5% (w/v) Milk in TBST 1x Blocking WB 

10x Neutral 

electrophoresis buffer  

1 M Tris base, 3 M Sodium acetate in dH2O 

Use acetic acid to adjust pH 

Electrophoresis buffer 

for comet assay  

DNA Precipitation 

Solution  

1 M Ammonium acetate in 95% (v/v) EtOH Solution for DNA 

precipitation on the 

slides 

Fast Green staining 

solution 

0.0002% (w/v) Fast green in 1% (v/v) Acetic acid/dH2O Staining with Fast Green  

Revert total protein 

stain buffer 

0.1 M NaOH, 30% (v/v) MetOH in dH2O Remove fast green 

staining  

16% (w/v) PFA  16 g of PFA in 100 ml PBS and heat at 56°C overnight, 

store at 4°C. 

Dilute master stockfor required % of PFA  

Fixing IF and FACS 

3.1.2 siRNAs 

Table 3.6: List of siRNA oligonucleotides and their name indicating the target mRNA 

Oligo Name Sequence (5'-3') Source 

siNegative AGUACUGCUUACGAUACGG Sigma-Aldrich 

siBRCA2 UUGACUGAGGCUUGCUCAGUU Sigma-Aldrich 

 siEXO1  N/A SI02665145; Qiagen 

3.1.3 Antibodies 

Table 3.7: List of antibodies 

Antibodies  Source Reference number  Dilution  

EXO1   Bethyl  Cat#A302-640A 1:1000 
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H2A  Abcam  Cat#ab18255 1:1000 

BRCA2  Bethyl  Cat#A303-434A 1:2000 

MCM2 pS40/41  In house previously described 

(Rainey et al., 2017) 

 1:3000 

RPA32 pS4/8   Bethyl Cat#A300-24JA 1:1000 

H2AX pS139  Cell signalling Cat#9718 1:1000 (IB); 

1:300 (IF) 

1:500 (FACS) 

RPA2  Calbiochem Cat#NA19L 1:1000 

MCM2 rabbit 

polyclonal  

In house antibody previously 

described (Rainey et al., 2017) 

N/A 1:3000 

RAD51  Calbiochem Cat# PC130 1:1000 

STING (D2P2F)  Cell signaling technology Cat# 13647 Rabbit mAb 

Phospho-STING 

(Ser366) (E9A9K)  

Cell signaling technology Cat# 50907 Rabbit mAb 

cGAS D1D3G  Cell signaling technology Cat# 15102 Rabbit mAb 

TBK1/NAK (D1B4)  Cell signaling technology Cat# 3504 Rabbit mAb 

Phospho-TBK1/NAK 

(Ser172) (D52C2) XP®  

Cell signaling technology Cat# 5483 Rabbit mAb 

IRF-3 (D6I4C) XP®  Cell signaling technology Cat# 11904 Rabbit mAb 

Phospho-IRF-3 (Ser396) 

(D6O1M)  

Cell signaling technology Cat# 29047 Rabbit mAb 

800CW Goat anti-rabbit  Li -COR Biosciences Cat#926-32211 1:10000 

800CW Goat anti-

mouse 

Li -COR Biosciences Cat#926-32210 1:10000 

Goat a-rabbit Alexa 

Fluor 488 

Thermo Fisher Cat# A11008 1:10000 (IF) 

 

Donkey a-rabbit Alexa 

Fluor 488 

Thermo Fisher Cat# A21206 1:250 (FACS 

and IF) 

3.1.4 Software and algorithms        

Table 3.8: List of software and algorithms used. 

Name  Source Note 
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FIJI-ImageJ ImageJ Image J [450] https://imagej.nih.gov/ij/ 

 

FlowJo software vX.0.7 FlowJO  https://www.flowjo.com 

Image Studio Li-COR  Biosciences https://www.licor.com 

GraphPad PRISM 8.4.2 

for windows 

GraphPad https://www.graphpad.com 

 

R studio 4.2.1 R studio https://www.rstudio.com/ 

 

Galaxy 21.09- November 

2021 

[451] https://usegalaxy.eu/ 

 

Reactome release 77- 

June 2022 

[452] https://reactome.org/ 

 

DiVenn 2.0 [453] https://divenn.tch.harvard.edu/ 

 

Multiple List Comparator Molbiotools https://molbiotools.com/listcompare.php 

 

Kyoto Encyclopedia of 

Genes and Genomes 

(KEGG) release 98- April 

2022 
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3.2 METHODS 

3.2.1 Cell culture methods 

3.2.1.1 Maintenance of cells  

All cells were maintained at 37oC with 5% CO2 in a humidified atmosphere. U2OS (ATCC) cells were 

cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/ml penicillin and 50 

µg/ml Streptomycin. MCF10A (ATCC) and derivative cell lines were cultured in DMEM supplemented 

with 5% (v/v) Horse serum, 100 ng/ml cholera toxin, 10 µg/ml insulin, 20 ng/ml epidermal growth factor 

(EGF)(Peprotech), 500 ng/ml hydrocortisone, 50 U/ml penicillin and 50 µg/ml streptomycin. MCF10A 

cells expressing analogue sensitive CDC7 (MCF10A AS-CDC7) were generated as previously described 

[340]. MCF7 were cultured in EMEM, supplemented with 0.01 mg/ml human recombinant insulin, 10% 

(v/v) FBS, 2mM L-glutamine, 1mM sodium pyruvate and 1500mg/l sodium bicarbonate. MDA-MB231 

were cultured in DMEM glutamax supplemented with 10% (v/v) FBS. THP1 cells were cultured in RPMI 

Medium qith 10% FBS and 0.05mM 2-mercaptoethanol 
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3.2.2 Determination of cell number and viability 

Cell density was determined using a Countess Automated Cell Counter (Thermo Fisher Scientific,) and 

Luna-II (Logos Biosystems) according to manufacturerôs instructions. In brief, 10 ÕL of a trypsinised 

single-cell suspension was mixed with 10 µL of 0.4% (w/v) Trypan blue solution, and 10 µL of this mixture 

was loaded onto a Countess or Luna Chamber Slide. Cells number and viability were evaluated by Trypan 

blue exclusion.  

To monitor cell proliferation, cells were counted in technical triplicates for each condition, at 1 , 4 and 8 

days after treatment. The fold change in cell number was calculated as follow: ratio between the cell number 

at day x (1,4 or 8) and the number of cell plated. 

3.2.3 Cryopreservation and resuscitation  

Cells were counted and re-suspended in freezing medium (DMEM with 10% (v/v) DMSO) at a density 

between 1-2x106 cells/ml. Cells were frozen in 1 ml aliquots in cryogenic vials. Tubes were stored at -80°C 

for 24 hours and then transferred to liquid nitrogen for long-term storage. 

THP1 cells were counted and re-suspended in freezing FBS (FBS with 10% (v/v) DMSO) at a density 

between 1-2x106 cells/ml. Cells were frozen in 1 ml aliquots in cryogenic vials. Tubes were stored at -80°C 

for up to 24 hours and then transferred to liquid nitrogen for long-term storage. 

To resuscitate cells, the vials were rapidly thawed in a 37°C water bath. The thawed cells are washed with 

5 ml of DMEM and centrifuged at 2000 rpm for 5 minutes. The cells were re-suspended in fresh DMEM 

and transferred to a T25 flask. 

3.2.4 siRNA transfections 

Cells were seeded (100,000 cells/well) in 6 well plates and, after 24 hours, were transfected with siRNA 

oligonucleotides at a final concentration of 75 nM or 100nM using jetPRIME® transfection reagent, 

according to the manufacturer's instructions (Polyplus-transfection). The media was replaced with fresh 

media after 5 hours. Cells were analysed 48 or 72 hours after transfection. siRNA sequencesare listed in 

Table 3.6.  

3.2.4.1 Alamar Blue Assay  

The dose-response curves and the IC50 values were determined using the Alamar Blue Assay. MCF10A 

EditR cells were seeded at 2,500 cells per well of a 96 well plate, with media that already contained 50 ml 

of a serially diluted inhibitor. The effect of each inhibitor was tested at nine different concentrations in 

technical triplicates using a 2-fold dilution series to achieve a final concentration of 0.3125 to 80 µM for 

XL413 and 0.0195 to 5 µM for TAK-931. The resazurin reduction assays were performed 72 hours after 

drug treatment by addition of 0.56 mM resazurin sodium salt in PBS to a final concentration of 93 mM. 
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Plates were incubated for 12 hours at 37°C with 5% CO2 and absorbance was determined using a Victor 

3V 1420 multilabel counter plate reader with 530 nm excitation and 595 nm emission. The 

absorbanceeadings were normalized to untreated controls and plotted against the Log10 inhibitor 

concentration using GraphPad Prism, the half-maximal inhibitor concentration values (IC50) were 

calculated using nonlinear regression (curve fit) and log(inhibitor) versus normalized response-variable 

slope equation. 

3.2.4.2 Chemicals 

In general, a 30 minutes pre-treatment with kinases inhibitors was used before further treatments and 

DMSO was used as vehicle control. For further information see Table 3.3. 

3.2.4.3 Long term CDC7 treatment  

Eight days treatment with CDC7 inhibitor was performed as follow: MCF10A were plated on 60mm 

plate.Cells that were treated with DMSO were seeded at 40.000 cells per plate, while cells that were treated 

with XL413 or TAK-931 were plated at 400.000 cell per plate. After 24 hours cells were treated with the 

selected concentration of XL413 and TAK-931. Four days after treatment, the cells would have almost 

reached confluency. The cells were then replated in 60 mm plates at the same seeding density described 

before and treated for a further 4 days, for a total of 8 days of treatment. Height day after treatment cells 

were collected for further analysis, such as RNA extraction, protein extraction or flow cytometry analysis. 

Similar protocol was performed for TP53-/- cl4, MDA-MB231 and MCF7 cell lines.  

3.2.4.1 Condition media  

I performed condition media experiment on THP1 cells, to understand the effect of the secreted cytokine 

on the differentiation of THP1 cells to macrophage. I treated MCF10A cells for 8 days with DMSO, XL413 

or TAK-931 as explained in 3.2.4.3. The media from 8 days treated cells was collected and filtered using 

an amicon 10kDa filter. The concentrated protein was resuspended in an appropriate volume of RPMI. The 

condition media was then added to the THP1 cells. THP1 differentiation to macrophage was monitored 

over 4 days, using a bright field inverted microscope. 

3.2.4.2 Neutral Comet Assay  

Cells were seeded at 350,000 cells/well in 60 mm plates and incubated for 24 hours. Following treatments, 

cells were harvested, counted and diluted to 1x105 cells/ml with low melting agarose (LMA, Trevigen) and 

spread across poly-D-lysine coated slides. Slides with LMA-embedded cells were incubated with lysis 

solution (Trevigen) overnight (16 hours) at 4 oC followed by electrophoresis at 4 oC for 1 hour with an 

applied voltage of 1V/cm. DNA was stained with SYBRÊ Gold (1:10,000 in 10 mM Tris pH 7.5, 1 mM 

EDTA) for 10 minutes at room temperature in the dark. Fluorescence images (1024x1024 pixels) were 

captured with a DeltaVisionCore wide field Microscope (GE Healthcare, Image solution) using a 10X 
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UplanFL N, N/A 0.30. Excitation and emission for FITC were 475 nm and 523 nm respectively. Images 

were processed in ImageJ-Fiji and analysed using CometScore Software (version 2.0.0.38) to measure 

Comet tail moments and percentage of DNA in the tail. 

3.2.5 RNA extraction and analysis 

3.2.5.1 RNA purification  

MCF10A EditR cells were plated in 60mm plates as explained in section 3.2.4.3. MCF10A Editr were 

harvested 8 days after treatment with CDC7 inhibitors. The cell pellet was stored at -80°C in RNAlater (5 

volumes of RNAlater in PBS). RNA was purified from MCF10A EditR cells, using the QIAshredder and 

the RNeasy Plus Micro Kit (Qiagen), as per manufacturer instructions. The purity and quantity of the RNA 

were assessed using the Nanodrop Spectrophotometer (Thermo Fisher Scientific, Leicestershire, UK). The 

purified RNA was stored at -80°C. 

3.2.5.2 Denaturating agarose gel  

RNA degradation was assessed by running a RNA denaturing gel. A 1.5% agarose gel containing 2.2 M 

formaldehydein 1 X MOPS was prepared. The gel was casted in a chemical fume hood and was left to set 

for at least 1 hour at room temperature. The RNA samples were denaturated , by mixing RNA (up to 20 µg) 

(2 µL), 10x MOPS (2 µL), Formaldehyde (4 µL) and Formamide (10 µL). The mix was then incubated for 

10 minutes at 85°C, followed by 10 minutes on ice and centrifugation at max speed for 5 seconds. The 10x 

formaldehyde gel-loading buffer was added to each sample to a final concentration of 1x formaldehyde gel-

loading buffer. The 2.2 M formaldehyde agarose gel was installed in a Mini Horizontal Gel Unit at 4°C. 

The empty gel was run for 5 minutes at 5V/cm in 1x MOPS buffer. The samples were then loaded and were 

run at 5V/cm for 4-5 hours at 4°C. After electrophoresis, the gel was then washed on a rocking platform 

shaker twice in 1x TAE buffer for 5 minutes and stained with SYBRÊ Gold (1:1000) in 1x TAE. Gels 

were analysed using a D-Digit Gel scanner (LI-COR Biosciences), and the images were captured with the 

D-Digit Gel scanner. 

3.2.5.3 Bioanalyzer 

The integrity of the RNA was analysed using the Agilent 2100 Bioanalyzer. Following the manufacturer 

instructions of the Agilent RNA 600 Nano Kit, the Gel-Dye mix was prepared and loadedon the RNA chip. 

Five µl of the green-capped RNA 6000 Nano marker (green) were loaded into the well marked with the 

ladder symbol and each of the 12 sample wells. To minimize secondary structure, the samples were heat 

denatured (70°C, 2 minutes) and 1 µl of each sample was loaded on the chip. The chip was vortexed and 

after 1 hour inserted in the Agilent 2100 Bioanalyzer, to analyse the samples. 
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3.2.6 Protein methods  

3.2.6.1 Total protein extraction  

Whole cell extracts were prepared by lysing cells in 1x Laemmli buffer, by adding the 1x Laemmli buffer 

on cell pellet followed by boiling for 1 minute at 95°C and centrifugation at 3000 rpm for 1 minute.  

Cell lysates were also prepared using RIPA buffer supplemented with protease and phosphatase inhibitor 

cocktail Cells were lysed in ice for for 10 min, followed by sonication 3 times x 30 seconds. Samples were 

heat denatured at 95°C for 3 min in 1X Laemmli buffer and centrifugation at 3000 rpm for 1 minute. 

Alternatively, TCA extraction was performed, by resuspending a cell pellet in 1 volume of 20% TCA, 

vortex to mix and then 2 volumes of 5% TCA were added. After centrifugation at 3000 rpm for 10 

minutes,the supernatant was discarded and the pellet was resuspended in 1x Laemmli buffer. pH was 

neutralised by adding small drops of 1M Tris Base and observing the change in colour of the sample from 

red to blue. This step was then followed by boiling for 1 minute at 95°C and centrifugation at 3000 rpm for 

1 minute.  

3.2.6.2 Cell fractionation 

Cell fractionations were performed by lysing cells in CSK buffer supplemented with protease and 

phosphatase inhibitor cocktails for 10 minutes at 4oC prior to centrifugation for 4 minutes at 3,200 rpm. 

The supernatant (CSK soluble extract) was removed, while the insoluble pellet was washed with CSK 

buffer, centrifuged and resuspended in 1x Laemmli buffer (CSK insoluble extract). The bradford assay was 

performed for the soluble fraction. Following heat denaturation (95oC for 3 minutes) in 1x Laemmli buffer, 

cell extracts were resolved by SDS-PAGE and subjected to western blot analysis.  

3.2.6.3 Protein quantification  

3.2.6.3.1 Bradford Protein Assay 

To determine protein concentration in samples, the Bradford assay was used. Bovine serum albumin (BSA) 

with the appropriate lysis buffer was used to prepare a standard curve.The appropriate lysis buffer was also 

used as a blank and for the preparation of the standard. Briefly, 1 µl of lysate was mixedin 0.3 ml of Bradford 

solution obtained from Sigma-Aldrich in a 96-well plate and the absorbance at 595 nm was measured via 

spectrophotometer. The samples, standard and blank were performed in triplicates. The protein 

concentration was calculated using the BSA standard curve, in which absorbance was plotted against 

varying concentrations of the BSA protein. 

3.2.6.3.2 BCA Protein Assay 

For protein samples containing a high concentration of detergents, the BCA protein kit was used to 

determine protein concentration. Following the manufacturersô instructions, the BCA Protein assay was 

performed in a 96-well plate. A series of BSA protein dilutions were made using the appropriate lysis 
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solution to create a standard curve. The appropriate lysis buffer solution was used as a blank. Concisely, 10 

µl of each sample, standard and blank sample were diluted in 200 µl BCA working reagent (50:1 solution 

A:solution B). The samples, standard and blank were performed in duplicates. The plate was incubated for 

30 minutes at 37°C and after cooling down the absorbance was measured at 562 nm via spectrophotometer. 

Using the BSA standard curve the protein concentration in each sample was calculated. 

3.2.6.4 SDS-PAGE gels 

The Mini-Protean® Cell System Bio-Rad was used for standard gels. Standard gels were run in 1 x running 

buffer. Standard gels were run at 60 V till the samples reached the separating gel after which the gel was 

run at 100 V in (see table 3.9), for about 60-90 minutes. Standard SDS-PAGE gels were prepared according 

to Table 3.9.  

 6% gel 7.5% gel 10% gel 12% gel 

 

 

Resolving 

Gel Mix 

375 mM Tris-HCl 

pH 8.8 

375 mM Tris-HCl 

pH 8.8 

375 mM Tris-HCl 

pH 8.8 

375 mM Tris-

HCl pH 8.8 

6% Bis-acrylamide 7.5% Bis-

acrylamide 

10% Bis-

acrylamide 

12% Bis-

acrylamide 

0.1% SDS 0.1% SDS 0.1% SDS 0.1% SDS 

0.05% APS 0.05% APS 0.05% APS 0.05% APS 

0.05% TEMED 0.05% TEMED 0.05% TEMED 0.05% TEMED 

 

 

Stacking 

Gel Mix 

125 mM Tris-HCl pH 6.8 

4% acrylamide/bis 

0.1% SDS 

0.05% APS 

0.1% TEMED 

Table 3.9 SDS-gel preparation 

3.2.6.5 Immunoblotting  

Proteins were separated by SDS-PAGE and then transferred onto nitrocellulose membrane using a wet 

transfer system for 2 hours at 250 mA in 1x transfer buffer at room temperature. For analysis of proteins of 

high molecular weight (Ó 250 kDa), an overnight transfer at 35 V at 4ÁC was performed for 16 hours. 

Nitrocellulose membranes were stained in Fast Geen (Section 3.5) and and then blocked in blockin buffer 

for 1 hour followed by incubation with primary antibodies diluted in 5% (w/v)  milk/TBST or 1% (w/v)  

BSA/TBST at the recommended dilution (see Table 3.7) overnight at 4°C on a rolling mixer. The following 

day, the membrane was washed three times in TBST while agitating for 10 minutes. After rinsing, the 
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membrane was incubated for an hour at room temperature with secondary antibody (LI-COR). The signals 

were acquired using the Odyssey infrared imaging system. The software use for scanning and analysis of 

membrane was performed with Image Studio Li-COR. 

3.2.6.6 Total protein stain 

A total protein stain was performed on nitrocellulose membranes to assess transfer efficiency and 

consistency in loading. After completion of the transfer, the membrane was washed in ddH2O for 5 minutes. 

The mebrane was incubated  in Fast Green staining,  rocking for 5 minutes. The membrane was washed in 

ddH2O and imaged using the Odyssey Infrared Imaging System and Image Studio software (LI-COR 

Biosciences, NE, USA). After visualization, the fast green staining was removed by incubating the 

membrane with the Revert total protein stain buffer, rocking for 5 minutes. The membrane was, then, 

washed with ddH2O and it was possible to proceed with the immunoblotting.  

In some instances, staining with Ponceau S. solution was used to assess loading consistency and transfer 

efficiency. The solution was removed by washing in PBS, before immunoblotting.  

3.2.6.7 Cytokine arrays  

MCF10A EditR were treated for 8 days with XL413 or TAK-931. The cell culture media was collected 

after 8 days of treatment by centrifuging the supernatant for 5 minutes at 2000 rpm, aliquoted, and stored 

at -20°C or -80°C. Following the manufacturer's instructions, the membrane was blocked using the Array 

Buffer 6 and incubated for 1 hour on a rocking platform shaker. Then, the samples were prepared by diluting 

the desired quantity to a final volume of 1.5 ml with Array Buffer 6. The membranes were incubated with 

the diluted samples overnight at 4°C on a rocking platform. The membranes were then washed and 

incubated with the Detection Antibody Cocktail for 1 hour at room temperature on a rocking platform. 

Following this, the membranes were incubated with secondary antibody anti-Streptavidin-800 from (LI-

COR) for 1 hour at room temperature on a rocking platform shaker. After this step, the membranes were 

washed and the signals were acquired using the Odyssey infrared imaging system. The analysis of 

membrane was performed with Image Studio Li-COR. 

3.2.6.8 Enzyme-linked immunosorbent assay (ELISA) 

96-well plates (Maxisorp plates, Nunc) were coated with 20 ɛg/ml capture antibody IL-8 or CXCL1 

overnight at room temperature. The plates were blocked with 1% BSA in PBS at room temperature. Media 

collected after 1, 4 and 8 days of treatment with XL413 and TAK-931 was thawed on ice.: 100 ɛL of each 

sample was added in technical duplicates to the prepared 96-well plates and incubated for 2 hours at room 

temperature. Capture antibodies were diluted in 1% (w/v) BSA in PBS to the plates for 2 hours at room 

temperature, then washed 3 times and followed by the addition of anti-Streptavidine-HRP conjugate at a 

1:40 dilution at room temperature for 20 minutes. The plates were developed with peroxidase substrate 
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3,3ǋ,5,5ǋ-Tetramethylbenzidine (TMB) (Thermo Fisher Scientific) for 30 minutes and the reaction was 

stopped using 2N sulfuric acid. Immediately after stopping the reaction, the absorbance was read at 405nm 

and 450 nm on an ELx808 UltraMicroplate Reader (Bio-Tek Instruments, Inc.). In addition to the samples 

of interest, blank wells with untreated media and standard wells with recombinant IL-8 or CXCL1 were 

includedThe linear regression for the standard curves (within the linear range) was computed and the ng/ml 

for each sample was extrapolated.  

3.2.7 Flow cytometry 

3.2.7.1 Cell cycle analysis  

For þow cytometric analysis of the cell cycle distribution, cells were treated as required followed by 

incubation with EdU (10 µM) for 30 minutes before being harvested and fixed in 70% (v/v) EtOH/PBS. 

For EdU/DAPI analysis cells were washed with PBS and incorporated EdU was labelled by CLICK reaction 

(10 ɛM 6-Carboxyfluorescein-TEG azide, 10 mM Sodium-L-ascorbate, 2 mM Copper-II -Sulphate) for 30 

minutes protected from light. Cells were washed (1% (w/v) BSA, 5% (v/v) Tween-20 in PBS) and DNA 

stained with DAPI in blocking buffer. Data were acquired on a BD FACS Canto II and analysed by 

deconvolution gating using FlowJo software. The gating was applied to determine the percentage of cells 

with sub-G1 DNA content (subG1), G1 cells (G1), replicating early S phase cells (Early S / EdU+), 

replicating late S phase cells (Late S / EdU+), cells with S phase DNA content but not replicating (2n< & 

<4n / EdU-), and cells either in G2 or mitosis (G2/M) (Figure 3.1). The same protocol was performed for 

MCF7, MDA-MB231, U2OS and TP53-/- cl4 cells. The FSC and SSC of cells treated for 8 days were 

exported and analysed to investigate changes in cell size and complexity.  

 

Figure 3.1: Gating strategy for cell cycle analysis. 

3.2.7.2 Release EdU staining  

For þow cytometric analysis of the recovery from 8 days treatment with CDC7 inhibitors, the cells were 

incubated with EdU (0.1 µM) over 4 days. Cells were harvested and counted on days 1, 2, 3, and 4 after 

release and fixed in 70% (v/v) EtOH in PBS. For EdU/DAPI analysis cells were washed with PBS and 

incorporated-EdU was labelled by CLICK reaction (10 ɛM 6-Carboxyfluorescein-TEG azide, 10mM 
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Sodium-L-ascorbate, 2mM Copper-II -Sulphate) for 30 minutes protected from light. Cells were washed 

(1% (w/v) BSA, 5% (v/v)Tween-20 in PBS) and DNA stained with DAPI in 1% (w/v) BSA/PBS. Data 

were acquired from cells on a BD FACS Canto II and analysed by deconvolution gating using FlowJo 

software. The gating was applied to determine the percentage of EdU positive and EdU negaitive cells 

(Figure 3.2).  

 

Figure 3.2:Gating strategy for EdU analysis. 

3.2.7.3 ɔH2AX flow cytometry analysis  

For þow cytometric analysis of ɔH2AX intensity, cells were treated as required followed by harvesting and 

extraction of soluble proteins by permeabilisation with 0.2% Triton X-100 for 10 minutes on ice. Following 

centrifugation (450 g, 5 minutes at 4°C) cells were washed with PBS and fixed (1% (w/v)PFA/PBS) at 

room temperature for 10 minutes and then incubated with blocking buffer. Cells were sequentially 

incubated with primary (Histone H2A.X pSer139 1:500) and secondary (Alexa Fluor 488) antibodies 

diluted in blocking buffer containing 0.05% (w/v) saponin/PBS for 30 minutes at room temperature in the 

dark. Cells were washed with PBS and DNA stained with DAPI in blocking buffer. Data were acquired on 

a BD FACS Canto II and analysed by deconvolution gating using FlowJo software. The ɔH2AX intensity 

of the analysed cells was exported using FlowJo software.  

3.2.8 Microscopy 

3.2.8.1 Bright field microcopy 

To evaluate MCF10A change in morphology of cells treated for 8 days with XL413 or TAK-931 were 

imaged using a bright field inverted microscope and an air 20X objective. 

3.2.8.2 Immunofluorescence miscroscopy  

U2OS, MCF10A and MCF10A AS-CDC7 cells were seeded at 15,000 cells/well on a coverslip ïcoated 

with Poly-D-lysine and left to recover for 24 hours. Cells were treated as required followed by three washes 

with PBS, fixation with 4% (w/v) PFA/PBS for 15 minutes and permeabilisation with PBS-TX 0.1% twice 

for 10 minutes at room temperature. Cells were blocked with blocking buffer for 1 hour at room temperature 

or 37°C and then incubated with primary antibodies (yH2AX 1:250, RAD51 1:1000, cGAS 1:250, pIRF3 
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1:250) diluted in blocking buffer for 1 hour at 37°C. The coverslips were washed three times with PBS 

followed by incubation with secondary antibodies (Goat a-rabbit Alexa Fluor 488 -FITC) diluted in 

blocking buffer for 45 minutes or 1 hour at room temperature. Cells were washed three times with PBS. 

The coverslips were then washed in ddH2O and air-dried. Once dry, the coverslips were mounted using 

slow fade with DAPI (0.5 µg/ml) to stain nuclei. 

The fluorescence images (1024*1024 pixels) for RAD51 and yH2AX immunofluorescence were captured 

with Operetta wide field Microscope (GE Healthcare, Image solution) using an air 60X UplanFL N, N/A 

1.30 objective. Excitations for DAPI and FITC were 390 nm and 475 nm, respectively, and emissions were 

435 nm and 523 nm respectively.  

For cGAS immunofluorescence, the fluorescence images (1024*1024 pixels) were captured with Olympus 

MT20-IX51 using an air 60X UplanFL N, N/A 1.30 objective. Excitations for DAPI and FITC were 390 

nm and 475nm respectively, and emissions were 435 nm and 523 nm respectively. The number of cells 

with cGAS positive micronuclei (micronuclei in which cGAS is colocalized), the number of cells with 

micronuclei and the toal number of cells were counted to calculate the percentage of cellswith micronuclei 

and the percentage of cells with cGAS positive micronuclei. 

For pIRF3 immunofluorescence pre-extraction with TBS-TX (TBS supplemented with 0.1% (v/v) Triton 

X-100) was performed for 5 minutes, followed by fixing with -20°C methanol and incubated at -20°C for 

at least 1 h. The following steps were performed as described above, however, instead of  PBS and PBST, 

TBS and TBS-TX was used. Additionally, blocking was performed for 2 hours. Images were processed 

using ImageJ/Fiji   Quantification of pIRF3 foci was performed using ImageJ/Fiji software using the foci 

counter/colocalization counter macro from Konstant University (https://www.biologie.uni-

konstanz.de/bioimaging-centre/service/image-analysis/bic-macro-toolkit/foci-counter/).  

3.2.8.3 High throughput imaging and analysis  

Slides were imaged using a High Content Operetta system (PerkinElmer, London, UK) and a 60X objective 

lens. Depending on cell density, between 60 and 150 fields of view were imaged per slide. Exposure times 

remained constant between slides of the same experiment. The analysis of the pictures was performed 

simultaneously with imaging using the Harmony 3.1.1 software online analysis function. At least 150 cells 

were imaged and the following analysis sequence was used: identify nuclei based DAPI intensity > exclude 

border cells > exclude doublet cells > detect foci based on signal to background ratio > output foci/nucleus 

counts> foci/nucleus intensity. The foci intensity is measure by the Harmony 3.1.1 software, and it is called 

corrected spot intensity. The corrected spot intensity is the mean spot/foci intensity minus the spot 

background intensity, which is the mean intensity of the spot border. The spot/ foci area correspond to the 

area of the spot measured in pixel units.   

https://www.biologie.uni-konstanz.de/bioimaging-centre/service/image-analysis/bic-macro-toolkit/foci-counter/
https://www.biologie.uni-konstanz.de/bioimaging-centre/service/image-analysis/bic-macro-toolkit/foci-counter/
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3.2.8.4 Senescence cells histochemical staining kit  

MCF10A cells were treated as required for eight days. After treatment the senescence staining was 

performed following the kit instruction. The cells were washed 1 time with PBS. The cells were incubated 

with 300 µl of 1x fixation buffer for 7 minutes at room temperature. The staining mixure was then prepared: 

1ml staining solution 10x, 125 µl of Reagent B and 125 µl of Reagent C, 250 µl of X-gal solution in 10 ml 

of dH2O. The staining mixture was then filtered using a 0.2 µm filter to prevent formation of aggregates. 

The cells were rinsed 3 times with 500 µl of PBS. The staining mixture was then added to the cells. Cells 

were incubated at 37°C without CO2 overnight. Images of the cells were taken using a bright field inverted 

microscope (Olympus CKX31) using an air 10X objective. The blue-stained cells and the total number of 

cells were counted to calculate the percentage of cells expressing ɓ-galactosidase. The same protocol was 

performed for MCF7, MDA-MB231, U2OS and TP53-/- cl4 cells. 

3.2.9 Bioinformatics analysis  

Bioinformatics analysis of the RNA-sequencing data was performed using the Galaxy server 

(https://usegalaxy.eu/). Quality control of the sequencing data obtained from Novagene was 

performed using fastQC (Galaxy Version 0.72, https://www.bioinformatics.babraham.ac.uk/projects/fastq

c/) and MultiQC (Galaxy Version 1.7) to compile the quality control data from the different samples. RNA 

STAR (Galaxy Version 2.7.8a) [454], which is an ultrafast universal RNA-seq aligner, was then used to 

map the reads to the human reference genome. The number of reads per annotated gene were counted, using 

the featureCounts and performed the Differential Gene Expression (DGE) analysis with DESeq2 [455]. 

FPKM counts were calculated from the raw read count for each gene using FPKM Count (Galaxy Version 

2.6.4.1). Z scores were also calculated using Galaxy using the normalized count dataset from the DESeq2 

analysis and using the Table Compute (Galaxy Version 1.2.4), which is used to manipulate and compute 

expressions upon tabular data and matrices. In particular, the Z score is calculated as follows: Zi,j for a gene 

Ὥ in a sample Ὦ given the normalized count Xi,j is computed as ὤȟ
ȟ

 with the mean ὢ and Ὓ the 

standard deviation of the normalized counts for the gene Ὥ over all samples. Gene Ontology (GO) and 

KEGG pathways analysis of RNA-Seq was performed using goseq (Galaxy Version 0.2.2, [456]). The 

KEGG pathways database is a collection of pathway maps representing current knowledge of molecular 

interaction, reaction and relation networks. Furthermore, it was possible to visualize the genes and the 

pathways generated by goseq, by using Pathview (Galaxy Version 1.24.0, [457]), which allows pathway-

based data integration and visualization and add extra information about the expression of the genes in the 

analysed dataset. REACTOME analysis was performed using the reactome server, using the XL413 and 

TAK-931 DEGs dataset. 

https://usegalaxy.eu/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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3.2.10 Statistical analysis  

Statistical analysis was performed using GraphPad Prism V8 software on a minimum of three biologically 

independent experiments. Data are presented using either standard error of the mean (S.E.M.) or SD as 

indicated in the figure legends. The statistical significance was assessed using a two-way ANOVAwith 

ñpost-hocò Bonferroni test or t-test.  
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4 RESULTS 

4.1 ROLE OF CDC7 IN REPLICATION STRESS RESPONSE  

Part of the results presented in this section are published in an article in EMBO Reports [2]. A copy of the 

article can be found at the end of this thesis. 

4.1.1 CDC7 inhibition induces reduction of markers of replication stress and DSBs  

Various studies show that CDC7 kinase has a role in DNA replication initiation and checkpoint signaling 

[320,322,458].   

To understand the effect of CDC7 inhibition in the replication stress response, U20S and MCF10A cells 

were treated for 30 minutes with 10 ɛM XL413, a specific CDC7 inhibitor, followed by treatment with 

4mM hydroxyurea (HU) for 24 hours. The levels of H2AX phosphorylation, a marker of the replication 

stress response and DSBs, were assessed via western blot.  

HU treatment induced phosphorylation of H2AX in both cell lines. The HU induced phosphorylation of 

H2AX was reduced upon CDC7 inhibition. Additionally, assessment of MCM2 phosphorylation at serines 

40 and 41, which are CDC7-dependent sites and correlate with CDC7 activity [340], was conducted. A 

reduction in the level of phosphorylated MCM2 was observed upon treatment with XL413, confirming 

inhibition of CDC7 (Figure 4.1 A, B).  

These results suggest that when CDC7 is inhibited, fewer DNA DSBs are generated and/or stalled forks are 

differentially processed, or CDC7 inhibition affects the replication stress response.  

 

Figure 4.1: Inhibition of CDC7 with XL413 in MCF10A and U2OS suppresses H2AX phosphorylation levels in 

HU.U2OS cells, and MCF10A cells were treated with 10 ɛM XL413 for 30 minutes before treatment with 4 mM 

hydroxyurea (HU). Whole-cell extracts were analyzed by Western blotting with the indicated antibodies in MCF10A 

(A) and U2OS cells (B). Total protein stain (TPS) as loading control. Data are representative of at least two 

independent experiments. 
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The western blot is a qualitative technique that does not allow the quantification of change in the levels of 

phosphorylated H2AX. To quantify the reduction in ɔH2AX observed via western blot a flow cytometry 

and immunofluorescence microscopy experiments were performed. 

As previously described, MCF10A cells were treated with HU in the presence or absence of XL413. The 

levels of H2AX phosphorylation were then quantitatively assessed by flow cytometry.  

Upon induction of replication stress with HU (Figure 4.2 A, B and C), the mean ɔH2AX intensity of the 

cells increases. In the cells treated with XL413, no increase in ɔH2AX intensity was observed. The 

combined treatment of XL413 and HU causes a reduction in the ɔH2AX intensity of the cells (Figure 4.2 

A, B and C).  

 

Figure 4.2: Inhibition of CDC7 with XL413 in MCF10A suppresses H2AX phosphorylatioin HU. MCF10A cells 

were treated with 10 ɛM XL413 to inhibit CDC7 for 30 minutes before 4 mM hydroxyurea (HU) treatment for 24 

hours. ὛH2AX intensity was analyzed via flow cytometry. B) Dot blot of the ὛH2AX intensity. Data are presented as 

the mean (red line) with 5000 cells per condition.   
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An immunofluorescence staining of ɔH2AX of MCF10A cells treated with HU was performed in the 

presence of XL413. The foci numbers and foci intensity observed upon HU treatment were then quantified. 

In line with previous studies [459], HU treatment induces an accumulation of ɔH2AX foci and the formation 

of a pan-nuclear ɔH2AX staining. In addition, the foci presented a high intensity of the ɔH2AX signal. Cells 

treated with XL413, and HU experienced a 28% reduction in the mean ɔH2AX foci intensity with no 

corresponding decrease in foci numbers compare to HU (Figure 4.3 A, B and C).  The foci area was 

assessed, and a 21% reduction in the foci area was observed in the CDC7 inhibited sample relative to HU 

treated cells (Figure 4.3 D). Limited foci formation was observed in DMSO and XL413 treated samples, 

and the few foci that were observed presented a low intensity (Figure 4.3 A, B and C). These results suggest 

that CDC7 inhibition either prevents fork collapse and formation of DSBs at stalled replication forks or it 

reduces the replication stress checkpoint signaling. 
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Figure 4.3: Reduction in  ɔH2AX foci intensity in response to XL4143 treatment. MCF10A cells were treated 

with 10 ɛM XL413 to inhibit CDC7 for 30 minutes before 4 mM hydroxyurea (HU) for 24 hours. A)Representative 

images from immunofluorescence staining of ὛH2AX. Punctate nuclear patterns or pan nuclear staining. The nucleus 

has been counterstained with DAPI (blue) while FITC signals (green) represent the H2AX foci. The number and 

intensity of foci were analyzed. Scale bar = 20 µM; B) Dot blot of the number of foci. C) Dot blot of foci intensity; 

D) Dot blot of ὛH2AX foci area in MCF10A. Data are presented as the mean (red line) with 100 cells or 900 or more 

foci per condition.  

To confirm that the suppression of H2AX phosphorylation observed in response to HU was specifically 

due to CDC7 inhibition, an analogue-sensitive CDC7 cell line was used. The AS-CDC7 cell lines were 

created in Santocanale laboratory by Dr Michael Rainey by changing the gatekeeper residue of the CDC7 
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kinase and creating a larger ATP binding pocket [340]. This enlargement allows the entry of a specific ATP 

competitive inhibitor called 3MB-PP1 [340] (Figure 4.4 A). The AS-CDC7 cells were treated with 10 ɛM 

of 3MB-PP1 inhibitor for 30 minutes, followed by 4 mM HU treatment for 24 hours.  

Treatment of AS-CDC7 with 3MB-PP1 induces reduced levels of phosphorylated H2AX in HU treated 

cells to a similar extent as the reduction observed upon XL413 treatment in the isogenic MCF10A cells 

(Figure 4.4 B).  

 

Figure 4.4: Inhibition of CDC7 in AS -CDC7 suppresses H2AX phosphorylation. MCF10A AS-CDC7 cells were 

treated with 10 ɛM 3MB-PP1 to inhibit CDC7 for 30 mins before 4 mM hydroxyurea (HU) treatment to induce 

replication block. A) Schematic representation of MCF10A AS-CDC7 cell generation. B) Whole-cell extracts were 

analyzed and were analyzed by western blot. Total protein stain(TPS) as loading control.  Data are representative of 

at least two independent experiments. 

To quantify the change in the levels of phosphorylated H2AX and to investigate whether an effect similar 

to the one observed in MCF10A was present, flow cytometry and immunofluorescence microscopy 

experiments were performed to examine ɔH2AX intensity and foci formation in AS-CDC7 cells. 3MB-PP1 

treatment induces a reduction of ɔH2AX intensity, by flow cytometry, to a similar extent as previously 

observed with XL413 treatment in the isogenic MCF10A cells (Figure 4.5 A, B). 
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Figure 4.5: Inhibition of CDC7 with 3MB -PP1 in AS-CDC7 suppresses ὛH2AX intensity in HU.  AS-CDC7 cells 

were treated with 10 ɛM 3MB-PP1 inhibit CDC7 for 30 minutes before 4 mM hydroxyurea (HU) induced replication 

block. Flow cytometry analysis of ὛH2AX. A) Flow cytometry analysis of phosphorylated H2AX; B) Dot blot of the 

ὛH2AX intensity. Data are representative of at least two independent experiments. The red line corresponds 

to the mean. 

An increase in ɔH2AX foci number and intensity and pan-nuclear staining were observed in HU treated 

cells via immunofluorescence microscopy. 3MB-PP1 treatment causes a 30% reduction of the mean H2AX 

foci intensity, similarly to what was previously observed with XL413 treatment in the isogenic MCF10A 

cells (Figure 4.6 A, C). The number of ɔH2AX foci is increased upon HU treatment, though, when 

combined with 3MB-PP1, a slight reduction in foci is observed (Figure 4.6 B). Analysis of the foci area 

indicated that the inhibition of CDC7 inhibition induces an 11% reduction in the foci area compared to HU 

treated cells (Figure 4.6 D). These results suggest that treatment with 3MB-PP1 in the AS-CDC7 cell line 

recapitulates the effect observed with XL413 treatment in the isogenic MCF10A cell line, suggesting that 

the reduction in ɔH2AX is dependent on CDC7 kinase activity. 
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Figure 4.6: Inhibition of CDC7 with 3MB -PP1 in AS-CDC7 suppresses ὛH2AX foci intensity in HU.  AS-CDC7 

cells were treated with 10 ɛM 3MB-PP1 inhibit CDC7 for 30 minutes before 4 mM hydroxyurea (HU) induced 

replication block. A) Representative images from immunofluorescence staining of ὛH2AX. Punctate nuclear patterns 

or pan nuclear staining. The nucleus has been counterstained with DAPI (blue) while FITC signals (green) represent 

the H2AX foci. Scale bar = 20 µM. The number and intensity of foci were analyzed. B) Dot blot of the number of 

foci; C) Dot blot of foci intensity. D) Dot blot of ὛH2AX foci area in AS-CDC7. Data are presented as the mean (red 

line) with 100 cells or 900 or more foci per condition.  

In summary, CDC7 inhibition caused a reduction of ὛH2AX and a decrease in ὛH2AX foci intensity in 

HU-treated cells.  H2AX phosphorylation occurs upon replication stress and DSBs formation. The 
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reduction in the level of phosphorylated H2AX observed upon CDC7 inhibition could be due to a reduction 

in the replication stress checkpoint signaling or to a reduction in DSBs accumulation due to fork collapse 

and DSBs accumulation upon prolonged fork stalling.  

4.1.2 CDC7 inhibition reduces DSBs accumulation  

To investigate if CDC7 inhibition causes a reduction in DSBs accumulation upon prolonged replication 

stress condition, a neutral comet assay in MCF10A cells was conducted. The comet assay was performed 

after exposure of cells to 4 mM HU for 24 hours with and without 10 ɛM XL413. The tail moment and the 

percentage of DNA in the tail were measured. The tail moment is proportional to the number of DNA DSBs 

present in the cells, and the percentage of DNA present in the tail is an indication of the amount of damage 

present in the cells. An increase of 10-fold was observed in the tail moment in MCF10A treated for 24 

hours with XL413 (Figure 4.7). Yet, no corresponding increase in the percentage of DNA in the tail is 

observed upon CDC7 inhibition (Figure 4.7).  In addition, HU treatment induces a strong increase in the 

tail moment and in the percentage of DNA in the tail, which is reduced upon CDC7 inhibition. The 

combined treatment of HU and XL413 induces a ~50% reduction in both tail moment and percentage of 

DNA in the tail. This result suggests that CDC7 inhibition prevents fork collapse and DSBs accumulation 

induced by HU. 
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Figure 4.7: Inhibition of CDC7 with XL413 in MCF10A suppresses DSBs formation in HU. A) Representative 

images of the comets are shown. Scale bar = 127 ɛm. B) Neutral comet-tail moments detected in MCF10A cell line 

treated with CDC7 inhibitor XL413 for 30 mins followed by 4 mM hydroxyurea (HU) treatment for 24 h. Data are 

presented as the mean with ~ 300 comets per condition. The means are indicated with red lines, and their values are 

shown above the plots.  C) Percentage of DNA in the tail, which is an indication of the amount of damage present in 

the samples. Data are presented as the mean with ~ 300comets per condition.  In the dot plots, comets for each 

condition were analyzed. The means are indicated with a red line. 

To confirm that the reduction of DSBs observed upon XL413 treatment is specific to CDC7 inhibition, AS-

CDC7 cells were treated for 30 minutes with 3MB-PP1, followed by 24 hours with HU. Both tail moment 

and the percentage of DNA in the tail were reduced in AS-CDC7 upon CDC7 inhibition (Figure 4.8 A, B). 

The results obtained in the AS-CDC7 cell line were similar to those observed in MCF10A cells treated with 

XL413, where combined treatment of 3MB-PP1 and HU causes a ~50% reduction in both tail moment and 

percentage of DNA in the tail. These results indicate that treatment with 3MB-PP1 in the AS-CDC7 cell 

line recapitulates the effect observed with XL413 treatment, suggesting that the reduction in DSBs observed 

is CDC7ïdependent. 

 

Figure 4.8: Inhibition of CDC7 with 3MB -PP1 in AS-CDC7 suppresses DSBs formation in HU.  Neutral comet-

tail moments were detected in AS-CDC7 MCF10A  cell line treated with CDC7 inhibitor 3MB-PP1 for 30 mins 

followed by 4 mM hydroxyurea (HU) treatment for 24h. A) Representative images of comets are shown. Scale bar = 
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100 ɛm. B) Neutral comet-tail moments detected in AS-CDC7 MCF10A cell line treated with CDC7 inhibitor 3MB-

PP1 for 30 mins followed by 4 mM hydroxyurea (HU) treatment for 24h.  Data are presented as the mean with ~ 400 

comets per each condition. The means are indicated with red lines, and their values are shown above the plots. C) 

Percentage of DNA in the tail, which indicates the amount of damage present in the samples. 400 comets for each 

condition were analyzed. The means are indicated with a red line. Data are from two independent experiments. 

To investigate whether the reduction in DSBs accumulation observed upon CDC7 inhibition is a general 

response to CDC7 inhibition in replication stress condition, a comet assay was performed after exposure of 

cells to 4 mM HU for 24 hours with and without 10 ɛM XL413 in U2OS cells. HU cause an increase in the 

tail moment and the percentage of DNA in the tail (Figure 4.9 A, B). CDC7 inhibition reduces the tail 

moment by 68% and the percentage of DNA in the tail by 35% (Figure4.9 A, B). This result suggests that 

the reduction of DSBs observed upon CDC7 inhibition in replication stress condition is a general response 

to CDC7 inhibition. 

 

Figure 4.9: Inhibition of CDC7 with XL413 in U2OS suppresses DSBs formation in HU. A) Representative 

images of the comets are shown. Scale bar = 100 ɛm. B) Neutral comet-tail moments detected in U2OS cell line 

treated with CDC7 inhibitor XL413 for 30 mins followed by 4 mM hydroxyurea (HU) treatment for 24h.  Data are 

presented as the mean with~ 800 comets for each condition were analyzed. The means are indicated with a red line, 

and their values are shown above the plot. C) Dot plot of the percentage of DNA in the tail, which indicates the amount 

of damage present in the samples. In the dot plots, 800 comets for each condition were analyzed. The means are 

indicated with a red line. Data are representative of two independent experiments. 
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In summary, CDC7 inhibition causes a reduction in DSBs accumulation. These observations suggest that 

CDC7 activity is required for replication fork collapse and DSBs formation upon sustained fork arrest. 

4.1.3 CDC7 does not affect  EXO1 stability  

Fork collapse and DSBs formation, upon replication stress, are caused by the lack of protection from attack 

by multiple active nucleases, such as EXO1 and MRE11. EXO1 protein levels were shown to be reduced 

upon treatment with the CDC7 inhibitor PHA-767491 [1]. PHA-767491 is a promiscuous inhibitor of 

CDC7, which also inhibits CDK9. For this reason, PHA-767491 is considered a dual inhibitor of CDC7 

and CDK9 [460].  

To evaluate the specificity of the EXO1 antibody used, siRNA transfection was performed over 24, 48 and 

72 hours to reduce EXO1 protein levels, followed by western blot. Two bands were observed for EXO1 

protein (Figure 4.10). The transfection with siEXO1 reduced the levels of the two bands of EXO1 (Figure 

4.10).  These results suggest that the antibody used is specific for EXO1 and that the two bands observed 

are the EXO1 protein.    

 

Figure 4.10: Confirmation of EXO1 antibody specificity. U2OS cells were transfected with siRNA targeting EXO1 

(SiEXO1) or siCT (siControl). I transfected U20S with siEXO1 for 24, 48 and 72 hours. Whole-cell extraction was 

performed in RIPA buffer, followed by western blot. Total protein stain (TPS) as loading control. 

To investigate whether the potential reduction in EXO1 protein levels was a CDC7-specific effect or an 

off-target effect of the promiscuous inhibitor PHA-767491, the stability of EXO1 protein was investigated 

via western blot. U2OS cells were treated for 30 minutes with 10 µM XL413 or 10 µM PHA-767491, 

followed by 4 mM HU treatment for 5 and 24 hours. Reduction of EXO1 protein was observed in PHA-

767491 treated cells, yet XL413 treatment did not affect EXO1 protein levels (Figure 4.11). The inhibition 

of CDC7 by XL413 and PHA-767491 was assessed via the reduction in the levels of phosphorylated 

MCM2. The results observed suggest that the reduction in EXO1 observed upon CDC7 inhibition with 

PHA-767491 is due to an off-target effect of this more promiscuous inhibitor.  
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Figure 4.11: XL413 does not decrease EXO1 levels in U2OS. U2OS cells were treated with 4 mM HU in the 

presence or absence of 10 ɛM XL413 or 5 ɛM PHA-767491 for the indicated times. Whole-cell extracts were then 

analysed by western blotting with the indicated antibodies and total protein stain (TPS) as a loading control. Data are 

representative of at least two independent experiments. 

XL413 is a more specific inhibitor of CDC7, nevertheless, it could also present off-target activity. To 

investigate whether the effect observed using XL413 is CDC7 specific, the AS-CDC7 cell line was used. 

The AS-CDC7 allows specific inhibition of CDC7. EXO1 protein levels were evaluated in MCF10A, and 

AS-CDC7 treated for 30 minutes with either 10 µM XL413 or 10 µM 3MB-PP1, followed by HU treatment 

for 8 hours. No decrease in EXO1 levels was observed in XL413 or 3MB-PP1 treated samples (Figure 4.12 

B). Reduction of the level of MCM2 phosphorylation was observed in XL413 and 3MB-PP1 treated 

samples, indicating inhibition of CDC7. These results suggest that the reduction in EXO1 level is not CDC7 

specific but due to the more promiscuous inhibitor PHA-767491. 
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In summary, the results suggest that inhibition of CDC7 does not affect EXO1 stability.  

4.1.4 MRE11 inhibition with 12.5 µM Mirin does not induce a reduction in H2AX 

phosphorylation 

CDC7 does not have a role in EXO1 stability. However, MRE11 may also have a role in reducing fork 

collapse. As such, MRE11ôs potential role in reducing fork collapse and DSBs accumulation observed in 

response to CDC7 inhibition was examined. This was done using an inhibitor of MRE11, Mirin [461].  

In the literature, Mirin treatment was shown to induce a G2/M block in TOSA4 cells [461]. The G2/M 

block observed could affect the level of phosphorylated H2AX by reducing the number of S-phase cells. If 

a reduction in phosphorylated H2AX was observed, it would not be possible to uncouple the effect of mirin 

on the cell cycle and the one on DSBs accumulation.  

For this reason, to evaluate the effect of Mirin treatment in U2OS cells and to find a concentration that 

would not trigger the G2/M block observed in Dupre et al., the cell cycle analysis of increasing 

concentrations of Mirin was performed. I treated U2OS cells with increasing concentrations of Mirin: 6.5 

µM, 12.5 µM, 25 and 50 µM for 24 hours. Before harvesting, cells were labelled with EdU for 30 minutes 

and stained with DAPI. An increasing accumulation of cells in G2/M was observed with increasing 

Figure 4.12: Inhibition of CDC7 with XL413 or 3MB -PP1 does not decrease EXO1 levels in MCF10A and AS-

CDC7. MCF10A and AS-CDC7 cells were treated with 10 ɛM XL413 or 10 ɛM 3MB-PP1 to inhibit CDC7 for 30 

mins before 4 mM hydroxyurea (HU) for 8 hours induced replication block. Whole-cell extracts were prepared with 

Laemlli buffer and analyzed by western blotting with the indicated antibodies. Ŭ-tubulin was used as a loading control. 
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concentrations of Mirin. Treatment with 50µM Mirin causes a pronounced accumulation of cells in G2/M  

and a reduction of cells in the S phase  (Figures 4.13 A and B).   

 

Figure 4.13: Mirin treatment affects the cell cycle of U2OS cells. U2OS cells were treated with increasing 

concentrations of the MRE111 inhibitor Mirin. A) Cell cycle distribution of U2OS cells was measured by flow 

cytometry labelled with EdU and DAPI. B) The distribution of cells in the cell cycle is shown. Data are represented 

as mean for each condition.  

A concentration of Mirin that did not significantly affect the cell cycle was selected: 12.5 µM Mirin (Figure 

4.13).  

If MRE11 is responsible for the reduction in DSBs, inhibition of MRE11 would induce a reduction in the 

level of phosphorylated H2AX, similarly to what was observed with CDC7 inhibition. U2OS were treated 

with 12.5 µM Mirin, 10 µM XL413 or combined treatment with XL413 and Mirin for 30 minutes, followed 

by 5 or 24 hours 4mM HU and assessed the levels of H2AX and RPA phosphorylation, which are markers 

of the replication stress response via Western blot. The reduction of HU-induced phosphorylated RPA2 and 

H2AX was observed in XL413 treated samples in the insoluble fraction. Conversely, Mirin treatment does 

not reduce either phosphorylated RPA or H2AX, and combination treatment of Mirin and XL413 leads to 
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a partial reduction of the two markers (Figure 4.14). The result obtained in these experimental conditions 

suggests that MRE11 might not be a prominent factor in the reduction in DSBs observed in response to 

CDC7 inhibition. 

 

Figure 4.14: Treatment with 12.5 µM Mirin does not suppresses H2AX phosphorylation levels in HU. U2OS 

cells were treated with 10 ɛM XL413 or 12.5 ɛM Mirin to inhibit CDC7 or MRE11 before treatment for 0, 5 and 24 

hours with 4 mM hydroxyurea (HU), which induced replication block. Chromatin fractionation and western blot were 

performed. Total protein stain(TPS) as loading control. The black arrows indicate the protein name and the 

corresponding band. Data are representative of at least two independent experiments. 

As previously mentioned, the western blot is a qualitative technique that does not allow the quantification 

of the levels of phosphorylated H2AX. To quantify the change in the levels of phosphorylated H2AX, the 

ɔH2AX intensity and foci formation upon MRE11 inhibition were examined via immunofluorescence 

microscopy. 

U2OS cells were treated with 12.5 µM Mirin, 10 µM XL413 or combined XL413 and Mirin treatment for 

30 minutes, followed by 24 hours of HU treatment and immunofluorescence staining of  ɔH2AX was then 

performed (Figure 4.15).  
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Figure 4.15: Mirin treatment causes a reduction in ὛH2AX foci intensity. U2OS cells were with 10 µM 

XL413,12.5 µM Mirin or combined treatment of Mirin and XL413, followed by 4 mM HU and incubated for 24 hours. 

Representative images from immunofluorescence staining of ὛH2AX. Punctate nuclear patterns or pan nuclear 

staining. The nucleus has been counterstained with DAPI (blue) while FITC signals (green) represent the H2AX foci. 

Scale bar = 20 µM. 
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The foci numbers and foci intensity observed upon HU treatment were quantified. Upon HU treatment, a ~ 

3-fold increase in the mean ɔH2AX foci number and intensity was observed. The combined treatment of 

HU and XL413 caused a decrease in the mean ɔH2AX foci intensity, to levels of intensity observed in the 

DMSO treatment. This reduction in ɔH2AX foci intensity was not matched to a reduction in foci numbers 

(Figures 3.15 and 3.16 A, B, C and D). The number of foci observed in HU and XL413 treatment is 

equivalent to the one observed in the HU treatment. These results reproduce the ones previously observed 

for MCF10A and AS-CDC7 (Figures 4.2 and 4.6). Though the treatment with Mirin induces a reduction in 

foci intensity and number, the result is not statistically significant (Figure 4.16 A, B and C). The 

combination treatment of XL413 and Mirin produces a statistically significant reduction in foci intensity. 

The reduction is similar to that observed in the XL413 treatment. However, the corresponding reduction in 

foci number was not statistically significant. Given the similarity in the outcome of the combination 

treatment relative to XL413 treatment, the statistically significant reductions in foci intensity may be due 

to the effect of XL413 treatment, rather than Mirin. In addition, a low dose of Mirin was used, which could 

explain the lack of reduction in foci intensity observed in the Mirin treatment. 
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Figure 4.16: Mirin treatment causes a reduction in ὛH2AX foci intensity. The number and intensity of ὛH2AX 

foci were analyzed. A) ὛH2AX foci intensity from one independent experimental replica. The red line indicates the 

mean. B) Mean fluorescence intensity of ὛH2AX foci from 3 independent experiments is expressed as a ratio relative 

to the XL413-treated condition. Red and blue lines show the means ± SEMs. Statistical analysis: ANOVA analysis 

(ns: non-significative, * pValueÒ 0.05, ** pValue Ò 0.01).  C) ὛH2AX foci number from one independent experimental 

replica. The red line indicates the mean; D) Mean fluorescence intensity of ὛH2AX foci from 3 independent 
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experiments is expressed as a ratio relative to the XL413-treated condition. Red and blue lines show the means ± 

SEMs. Statistical analysis: ANOVA analysis (ns: non-significative, * pValue Ò 0.05, ** pValue Ò 0.01). 

In summary, the H2AX level analysed via western blot and immunofluorescence did not show any 

significant reduction resulting from mirin treatment. Lack of significance may be a result of the relatively 

low dosage of Mirin used.  

4.1.5 CDC7 inhibition does not affect RAD51 foci formation  

Previous studies have shown that HU-arrested replication forks undergo reversal [107]. The regressed arms 

of these reversed forks are coated with RAD51 filaments in a BRCA2-dependent manner. Upon BRCA2 

deficiency, the regressed arms of reversed forks are subjected to aberrant nucleolytic attack and MRE11-

dependent degradation and fork collapse [113,117,127]. CDC7 inhibition causes a reduction in DSBs upon 

prolonged HU-induced replication stress. Additionally, our work in EMBO reports shows that CDC7 

inhibition protects reversed forks from nucleolytic attack in BRCA2 depleted cells [2]. CDC7 inhibition 

could protect reversed forks from nucleolytic degradation by regulating RAD51 loading on the regressed 

arm of reversed forks.  

Before investigating the effect of CDC7 inhibition on RAD51 loading on reversed forks, knockdown of 

BRCA2 and CDC7 inhibition were confirmed by monitoring BRCA2 and phosphorylation of MCM2 via 

western blot (Figure 4.17). U2OS cells were transfected with BRCA2-targeting siRNAs for 48h. The cells 

were then treated for 30 minutes with XL413, followed by HU treatment for 24 hours. BRCA2 targeting-

siRNA reduces the level of BRCA2, while treatment with XL413 causes a reduction of the levels of MCM2 

phosphorylation. These results suggest efficient knockdown of BRCA2 and efficient inhibition of CDC7. 

 

Figure 4.17: BRCA2 knockdown confirmation. U2OS were transfected with siCT or siBRCA2 for 48 hours, 

followed by treatment for 30m with CDC7 inhibitor XL413 and with HU for 24 hours. Whole-cell extraction was 
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performed in RIPA buffer and analyzed by western blotting with the indicated antibodies. Total protein stain (TPS) 

as loading control. The black arrows indicate the protein name and the corresponding band. 

To monitor if  CDC7 affect RAD51 loading on the reversed fork, RAD51 foci formation in HU-treated 

BRCA2 depleted cells was analysed using immunofluorescence microscopy. A siRNA transfection with 75 

nM BRCA2 targeting-siRNA was performed for 48h. The cells were then treated for 30 minutes with 

XL413, followed by HU treatment for 24 hours. As shown in figure 4.18, while HU-treated cells accumulate 

RAD51 foci, BRCA2-depleted cells treated with HU present a reduction of RAD51 foci, which is not 

rescued by CDC7 inhibition.  
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Figure 4.18: XL413 treatment does not rescue RAD51 focal recruitment in HU in BRCA2 depleted. U2OS cells 

were transfected with either non-targeting siRNA (siControl) or with BRCA2 targeting siRNA. After 48 hours, cells 

were treated with 10 µM XL413, 4 mM HU or both and incubated for a further 24 hours. Representative images from 

immunofluorescence staining of RAd51. Punctate nuclear patterns or pan nuclear staining. The nucleus has been 

counterstained with DAPI (blue) while FITC signals (green) represent the RAD51 foci. DNA was stained with DAPI. 

Scale bar = 20 µM. 
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The RAD51 number of foci, observed via immunofluorescence microscopy (Figure 3.18), was quantified 

using the high throughput microscope operetta (Figure 4.19). Quantification of the RAD51 foci shows that 

CDC7 inhibition causes a 6-fold increase in the average RAD51 foci number. Furthermore, HU treatment 

also causes a 14- fold increase in RAD51 foci, which is unchanged by the XL413 treatment. Moreover, 

BRCA2 knockdown causes a 78% reduction of the average RAD51 foci formation in response to HU 

treatment. The reduction observed is due to the depletion of BRCA2, which did not allow the deposition 

and stabilization of RAD51 filaments [113]. These results indicate that XL413 treatment did not promote 

RAD51 foci formation, suggesting that RAD51 filaments formation is not rescued by CDC7 inhibition in 

a BRCA2 depleted background.  The accumulation of RAD51 foci observed upon CDC7 inhibition could 

be explained with the observation that XL413 treatment causes replication stress. 
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Figure 4.19: XL413 treatment does not rescue RAD51 foci formation in HU in BRCA2 depleted cells. U2OS 

cells were transfected with either non-targeting siRNA (siControl) or BRCA2 targeting siRNA. After 48 hours, cells 

were treated with 10 µM XL413, 4 mM HU or both and incubated for 24 hours. Immunofluorescence microscopy 

with anti-RAD51 antibodies was performed, and the number of RAD51 foci was quantified. Dot blot of Rad51 foci 

number in siControl and siBRCA2 in the different treatments. Data are represented as the mean (red line) with ~ 400 

cells.  

In summary, the results suggest that, in these conditions, arrested forks are not protected by enforcing 

RAD51 filament formation. Furthermore, these results, together with the observation that MRE11 activity 

is required to limit fork progression and to cause degradation of reversed forks in BRCA2-depleted cells 

[2], suggest a role for CDC7 in fork resection via regulating nucleases. 

The results shown in this chapter establish that CDC7 activity is needed for induction of fork collapse and 

DSBs formation upon prolonged fork stalling. Fork collapse and DSBs formation are caused by the lack of 
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protection from the attack of several active nucleases, such as EXO1 and MRE11. It was shown that CDC7 

does not affect EXO1 stability. The results shown in this study were inconclusive on the role of  MRE11 in 

the reduction in DSBs formation observed upon CDC7 inhibition. This could be due to the low dosage of 

Mirin used. In the study published by our research group in EMBO reports, in which a concentration of 50 

µM Mirin  was used, it was shown that MRE11 has a role in reducing DSBs formation observed upon CDC7 

inhibition [2]. Furthermore, it also showed that CDC7 directly regulates MRE11 activity and promotes 

degradation of reversed fork in a BRCA2 depleted background [2]. In particular, CDC7 could control 

MRE11 activity by regulating its phosphorylation status [2]. 

4.2 DISCUSSION AND FUTURE PERSPECTIVES 

The presence of obstacles to replication fork progression can pose multiple threats to the integrity of the 

genome. To protect the integrity of the genome, DNA replication is highly regulated. Further, the number 

and the timing of origin firing and the speed of replication forks are highly controlled. The regulation of 

these processes works alongside several safeguard mechanisms that protect fork integrity and repair DNA 

lesions that form at the replication fork.  

CDC7, together with CDKs, have essential roles in controlling origin activation. CDKs not only regulate 

origin licensing and firing but also have a role in the replication stress response by controlling the activity 

of enzymes, such as CtIP, EXO1 and the MRN complex (Reviewed in [462]). Part of the results presented 

in this thesis are published in an article in EMBO Reports [2]. The work presented here, together with the 

additional results shown in the published article demonstrates that CDC7 kinase, similarly to the CDKs, 

has a dual role in origin firing and the replication stress response.  

During replication stress, ATR is activated and causes phosphorylation of H2AX [81,83] (Figure 4.20). 

Due to prolonged stress, replication forks can collapse and form DSBs. DSBs accumulation causes 

activation of ATM kinase, which further phosphorylated H2AX (Figure 4.20). To elucidate the role of 

CDC7 in fork stability, accumulation of H2AX phosphorylation and DSBs were assessed. CDC7 was 

demonstrated to play a role in replication fork stability and promotes replication fork collapse and DSBs 

upon prolonged replication fork stalling.  The suppression of DSBs was validated in two cell lines, U2OS 

and MCF10A cells and also using a chemical genetic method, the AS-CDC7 MCF10A cell line. CDC7 may 

promote DSBs formation, under prolonged fork stalling, as an alternative way to stimulate the completion 

of DNA replication. The formed DSBs are repaired via homologous recombination. Once repaired, 

replication can continue, preventing incomplete genome duplication.   
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The reduction in phosphorylated H2AX, and in DSBs observed upon CDC7 inhibition suggests that CDC7 

is responsible for the stability of the forks. However, this result may be also explained by the role of CDC7 

in origin firing. CDC7 inhibition would induce a reduce number of origins to fire, leading to a reduced 

number of forks available to stall. In our work published in 2020, the role of CDC7 in origin firing was 

separated from its role in replication stress, by inducing fork stalling in the presence of CDC7 inhibition 

for 24 hours, which was then removed for 2 hours [2]. The induction of replication stress would cause forks 

to stall and would prevent new origin firing via the ATR-ATRIP checkpoint. If CDC7 inhibition were 

removed, there would be an increase in fork instability and replication stress signaling. Indeed, removal of 

CDC7 inhibition causes an increase in replication stress signaling, indicated by an increase in ὛH2AX [2]. 

These observations uncouple the role of CDC7 in fork initiation from its role in the replication stress 

response and confirm the role of CDC7 in fork stabilization.   

The model that transpires from the observations described above is as follows. Upon replication stress 

induction, there is formation of stalled replication fork and phosphorylation of H2AX. Due to prolonged 

fork stalling, fork collapse and one-ended breaks form, leading to further phosphorylation of H2AX. 

However, CDC7 inhibition prevents fork collapse and further phosphorylation of H2AX, leading to a 

reduced accumulation of DSBs and a reduced ὛH2AX intensity (Figure 4.20).  
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Figure 4.20: Model of the effect of CDC7 inhibition in the replication stress response pathway. HU treatment 

induces replication stress. Replication stress induced by HU causes fork stalling or formation of uncoupled forks. The 

formation of uncoupled forks causes formation of ssDNA, which is bound by RPA. The HU-induced replication stress 

causes recruitment and activation of ATR at uncoupled forks, leading to an initial phosphorylation of H2AX. 

Prolonged stalling of replication fork can lead to fork collapse and the formation of single-ended DSBs. The formation 

of DSBs causes ATM recruitment and further phosphorylation of H2AX. CDC7 inhibition prevents fork collapse and 

DSBs formation. 

This initial observation, together with the knowledge that in yeast CDC7 promotes activation of the 

nuclease Mus81 by phosphorylating its interacting partner Mms4 [463], suggests that human CDC7 could 

also regulate nucleases.  

In 2018 Sasi et al. [1], suggested that CDC7 could regulate the stability of the nuclease EXO1 to promote 

resection of nascent DNA at stalled replication forks and thereby promoting fork restart. However, Sasi et 

al. [1] used the promiscuous inhibitor PHA-767491, which has been shown to be a dual inhibitor of CDC7 

and CDK9. To confirm these results, the more specific inhibitor of CDC7, XL413 was used. No effect on 

EXO1 protein level was observed with the use of XL413. These results were also confirmed using the AS-

CDC7 MCF10A cell line. These observations contradict Sasi et al. [1] conclusion that CDC7 activity affects 

EXO1 protein levels, therefore suggesting that the effect observed on EXO1 protein stability may be due 

to the inhibition of CDK9 by PHA-767491. The observation that CDC7 does not affect EXO1 stability, 

suggests that CDC7 inhibition influences the replication stress response in a different way. Other nucleases 

have been shown to be required for fork processing and restart of stalled forks. One of the nucleases is 
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MRE11. MRE11 is required for the initial resection step of reversed forks. The initial resection is then 

extended by EXO1. MRE11 activity forms 3ô ssDNA overhangs that are loaded with RAD51 filaments by 

BRCA2, and protecting the strands from excessive MRE11-dependent degradation [113,464].  To 

investigate the role of MRE11 in CDC7 dependent fork processing, an inhibitor of MRE11 was used, Mirin. 

The concentration of 50 µM Mirin affects the cell cycle in both U2OS and MCF10A, similarly to what was 

previously observed in 2008 by Dupre et al. [461]. The Dupre et al. [461] study suggests that, due to the 

role of the MRN complex in the maintenance of genome stability during the S-phase, Mirin triggers a DNA 

damage checkpoint in G2, causing the observed accumulation of cells in G2/M [461]. Due to concerns that 

the effect on the cell cycle could affect the results of additional experiments, a lower concentration of Mirin 

was used. However, the results obtained with this lower concentration were unclear and suggested that 

MRE1 might or might not play a role in the reduction of ὛH2AX observed upon CDC7 inhibition. This 

observation may be because the selected concentration, although not causing an effect on the cell cycle, 

was unable to fully inhibit MRE11. This is validated by the experiment presented in our work [2], in which 

a concentration of 50 µM Mirin was used and a reduction of ὛH2AX was observed upon Mirin treatment.  

The uncontrolled activity of MRE11 is extremely harmful to the cells, causing DSBs accumulation and 

genomic instability. Multiple mechanisms are present in the cells to control and restrict MRE11 activity 

[128]. One way to limit MRE11 activity is through RAD51- and BRCA2-dependent protection of the 

regressed arm of the reversed forks formed at stalled forks. RAD51 binds to the regressed fourth arm of the 

reversed forks, while BRCA2 stabilises RAD51 filaments. However, in the absence of BRCA2, RAD51 

filaments cannot be stabilised, and MRE11 is able to perform uncontrolled resection. Nevertheless, results 

presented in our article, showed that CDC7 inhibition protects forks from resection in a depleted BRCA2 

background [2]. CDC7 could regulate MRE11 activity by promoting formation of RAD51 filaments on the 

regressed arm of the reversed fork or by preventing reversed fork formation. CDC7 did not affect RAD51 

focal recruitment in a BRCA2-depleted background and formation of reversed forks.  Further experiments 

presented in Rainey et al. confirm the role of MRE11, together with CDC7, in the pathological degradation 

of unprotected reversed forks and in fork restart [2]. These results suggest that CDC7 regulates directly or 

indirectly MRE11 activity at unprotected reversed forks. 

As previously mentioned, part of the results presented in this thesis were published in an article in EMBO 

Reports. Further results that uncover the role of CDC7 in regulating MRE11 activity were presented in the 

article [2] and are summarized below.  

The observations described above suggest that CDC7 may directly or indirectly regulate and modulate 

MRE11 activity. To directly regulates MRE11 nuclease activity, CDC7 and MRE11 are both required to 
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be present at stalled replication forks. To determine that CDC7 and MRE11 are present at stalled replication 

forks, Dm-ChP was performed. The Dm-ChP technique allows the proteins present at both active and stalled 

replication forks to be determined. CDC7 and MRE11 were both detected at active forks and were shown 

to be retained during replication stress. Their presence at stalled replication forks suggests that these 

proteins have a role in processing events occurring directly at stalled replication forks. This result also 

suggests that CDC7 and MRE11 could potentially interact and that CDC7 may directly regulate MRE11[2]. 

CDC7 inhibition was also shown to affects MRE11 localization at replication forks. MRE11 localization 

was assessed by immunofluorescence and co-localization of MRE11 with PCNA, a protein known to be 

present at replicative forks, is reduce upon CDC7 inhibition under replication stress condition.  

CDC7 is a known kinase shown to regulate nuclease activity in yeast via phosphorylation of a nuclease 

interacting partner [463]. An interesting hypothesis is that CDC7 could directly regulate MRE11, by 

phosphorylation. It was observed that MRE11 presented an electrophoretic mobility shift in response to 

replication stress, which was attenuated by CDC7 inhibition. This suggests the potential phosphorylation 

of MRE11. This hypothesis was confirmed using a phosphatase assay, which established that the observed 

mobility shift was indeed due to phosphorylation and that it could be attenuated by CDC7 inhibition. These 

important findings suggest that CDC7 activity is responsible for MRE11 modification in response to 

replication stress and that this could be the mechanism through which CDC7 regulates MRE11 in response 

to replication stress. However, it is not completely understood whether CDC7 was directly or indirectly 

inducing the observed phosphorylation of MRE11 [2]. Additional studies are needed to fully understand 

how CDC7 regulates MRE11 activity.  

The role of CDC7 in promoting fork restart was also evaluated. Fork restart after replication stress was 

assessed by fiber assay showing that CDC7 inhibition increase the fraction of forks that6 were unable to 

restart. Similarly MRE11 inhibition cause a reduction in fork restart. The results obtained suggest that 

CDC7 and MRE11 collaborates to promote fork restart.    

The model that transpires from the results discussed is a model in which CDC7 acts at stalled forks where 

it coordinates MRE11-dependent fork processing and promote fork restart. However, upon prolonged fork 

stalling, CDC7 promotes fork degradation and contribute to the formation of chromosome breakages.  

Replication stress has an important role in early tumorigenesis. It has been shown that oncogene activation 

causes replication stress that leads to increased stalled or collapsed forks. Chemotherapeutics that induce 

replication stress are commonly used to enhance the level of stress to cause DNA damage and cell death. 

However, for the development of cancer therapy, it is important to fully understand the exact mechanisms 
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that are triggered upon replication stress. This study shows the importance of CDC7 in the correct 

processing of stalled forks and in fork stability. These results have important implications for the use of 

CDC7 inhibitors in a clinical setting. CDC7 inhibition alone has been shown to reduce cell proliferation 

and to induce replication stress and to mitotic aberration [350,360]. In particular, the use of CDC7 inhibitor 

in Ewing sarcoma cells causes mitotic catastrophe and, in turn, cell death.  The inhibition of CDC7 in this 

cell line causes replication stress. However, the low level of checkpoint activation allows the progression 

of the cells to mitosis. The presence of under-replicated DNA causes accumulation of mitotic aberration 

and mitotic catastrophe, thus causing cell death [360]. It is also crucial to consider the effect of CDC7 

inhibitors in combined treatment with S-phase genotoxic agents, which cause fork stalling and whose 

efficiency is dependent on the accumulation of DNA damage (Reviewed in [465]). These considerations 

are crucial in BRCA2-deficient tumours. In BRCA2-deficient tumours, combined treatment of CDC7 

inhibitors and S-phase genotoxic agents would protect reversed forks from the uncontrolled resection of 

MRE11, preventing DSBs accumulation and DNA damage accumulation and, in turn, the induction of cell 

death. This suggests that CDC7 inhibitors in BRCA2-deficient patients would protect tumorigenic cells 

from dying.  
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4.3 EFFECT OF LONG-TERM CDC7 INHIBITION  

In 2020 our research group published a CRISPR-Cas9 screening to identify genes that, when lost, can cause 

resistance to XL413 treatment [357]. The screening was performed by treating MCF10A for 16 days with 

XL413. Treatment with 20 µM XL413 for 16 days was shown to suppress proliferation in MCF10A. 

Nonetheless, the cause of this reduction in proliferation was unclear. The effect of short-term CDC7 

inhibition has been extensively examined, yet, the impact of long-term inhibition of CDC7 has not been 

studied. CDC7 inhibitors have been developed as potential chemotherapeutics. For this reason, it is 

fundamental to understand the effect of long-term CDC7 inhibition. 

4.3.1 Long-term CDC7 inhibition induces arrest in proliferation and a reduction of S-phase 

cells  

To investigate the effect of long-term XL413 treatment on proliferation and cell cycle, a preliminary 

experiment in which MCF10A cells were treated with 20 µM XL413 for 16 days was performed. The cell 

proliferation was monitored by counting at 4, 8, 12 and 16 days (Figure 4.21). 

 

Figure 4.21: Inhibition of CDC7 with XL413 induces a block in cell proliferation. Effect of XL413 treatment on 

cell proliferation in MCF10A cell line. MCF10A cells were treated for 16 days with 20 µM XL413. Cell proliferation 

was monitored by counting cells with a haemocytometer cell counter at 4, 8, 12 and 16 days after treatment. 

Treatment with 20 µM XL413 caused a robust reduction in cell proliferation, as shown in figure 4.21.  

The reduction in proliferation observed could be due to a cell cycle arrest. For this reason, variation in the 

cell cycle was monitored by treating MCF10A cells with 20 µM XL413 for 16 days and harvesting at 1, 8, 

12 and 16 days after treatment (Figure 4.21). One-day treatment with XL413 caused an accumulation of 

cells in the late S phase of the cell cycle, as previously observed [340,357]. Conversely, prolonged XL413 

treatment caused a gradual reduction of early-S phase cells and an accumulation of cells in G1 and G2/M. 

Eight-day treatment with XL413 induced a 10% increase in the subG1 population. This was increased to 
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~18% following treatment for 12 and 16 days (Figure 4.22 A, B and C). In addition, a 47%,  71% and 41% 

decrease of EdU positive cells was observed in XL413 treated cells at 8, 12 and 16 days after treatment 

(Figure 4.22 C). 

 

Figure 4.22: Inhibition of CDC7 with XL413 causes a reduction of S-phase cells. Effect of long-term treatment 

with XL413 on the cell cycle. MCF10A were treated with XL413 for 8 days. EdU was added for the last 30 mins. A) 

DNA synthesis and DNA content were assessed by flow cytometry. B) Distribution of cells in the cell cycle. C) 

Distribution of the percentage of EdU positive cells. 

These results suggest that short-term and long-term CDC7 inhibition causes two different effects on the cell 

cycle.- which are? It also suggests that long-term CDC7 inhibition suppresses entrance in the S-phase and 

a G1 block and a delay in G2/M. The combination of the G1 and G2/M block and the reduction in S-phase 

cells could lead to a reduced amount of cells actively replicating and progressing through the cell cycle. In 

turn, this would cause a reduction in proliferation as the one observed with long-term CDC7 inhibition.  
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4.3.2 Identification of a concentration of TAK-931 equipotent to 20 µM XL413 

To understand whether the effect observed was specific to XL413 or a general response to CDC7 inhibition, 

the novel CDC7 inhibitor, TAK-931, was used [350,361]. To evaluate the effect of CDC7 inhibition, the 

concentrations of TAK-931 and XL413 used must be comparable and inhibit CDC7 to a similar extent. For 

this reason, a concentration of TAK-931 equipotent to 20 µM XL413 was identified. 

To determine a concentration of TAK-931 that has a similar proliferative effect of 20 µM XL413, a 

proliferation assay was performed using increasing concentrations of TAK-931 and XL413, comparing the 

potency of the two drugs (Figures 4.23 A and B). The results of the experiment are shown in Figure 4.23. 

The IC50 of XL413 is 28.3 µM, while the IC50 of TAK-931 is 1.617 µM. This result shows that TAK-931 

is approximately 17 times more potent than XL413. Furthermore, this result provides an indication of the 

range of concentration that could be equipotent to 20 µM XL413.- which is?  

 

Figure 4.23: TAK -931 is 17 times more potent than XL413. MCF10A cells were treated with TAK-931 [0.0195 to 

5 ɛM] or XL413 [0.3  to 40 ɛM]  for 72 hours, followed by Alamar blue assay. Growth inhibition curves and IC50 

values are shown for XL413 and TAK-931 treatment. 

The effect of short-term XL413 treatment on the cell cycle has been previously shown [340,357]. To verify 

that short-term treatment with TAK-931 presents a similar cell cycle effect to short-term XL413 treatment 

in MCF10A cells and to identify a concentration of TAK-931 that is equipotent to 20 µM XL413, alterations 

in the cell cycle induced by TAK-931 were evaluated via flow cytometry.  

MCF10A were treated with increasing concentrations of TAK-931 and with 20 µM XL413 and samples 

were harvested 24 hours after treatment for cell cycle analysis (Figure 4.24). The cell cycle profile showed 

that treatment with 20 µM XL413 caused an accumulation of cells in the late S phase of the cell cycle. The 

accumulation of cells in the late S-phase became more and more pronounced with increasing concentrations 

of TAK-931. In particular, the concentration of TAK-931 of 0.6 µM induces a similar cell cycle profile of 

20 µM XL413. This result indicates that short-term treatment with XL413 and TAK-931 causes a late S-
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phase accumulation in MCF10A cells and suggests that the 0.6 µM of TAK-931 is equipotent to 20 µM 

XL413. 

Figure 4.24: The concentration of 0.6 µM TAK -931 induces a similar cell cycle effect to 20 ɛM XL413.MCF10A 

cells were treated with 20 ɛM XL413 or increasing concentration of TAK-931 [0.0195 to 5 ɛM] for 24 hours. EdU 

was added for the last 30 min. A) DNA synthesis and DNA content were assessed by flow cytometry. B) Distribution 

of cells in the cell cycle. 

Although short-term treatment with XL413 and TAK-931 induces comparable cell cycle alteration, it is 

undetermined if long-term treatment with the two inhibitors induces a similar effect in the proliferation and 

cell cycle of MCF10A cells.  To assess that the long-term treatment with the selected concentration of 0.6 

µM TAK-931 displayed a similar phenotype to 20 µM XL413, MCF10A were treated with 0.6 and 0.8 µM 

TAK-931 and 20 µM XL413 and monitored the cell growth and cell cycle at 3 and 6 days after treatment 

(Figure 4.25).  
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Figure 4.25: Long-term treatment with 0.6 ɛM TAK-931 induces the same effect on the cell cycle and 

proliferation as treatment with 20 ɛM XL413.MCF10A cells were treated for 6 days with 20 µM XL413 or 0.6 or 

0.8 µM TAK-931. A) Growth curves for DMSO, XL413 and TAK-931 treated cell lines are represented as fold 

increase from starting cell count. Points, mean of three independent experiments; bars, SEM. B) EdU was added for 

the last 30 min before harvesting. The DNA synthesis and DNA content were assessed by flow cytometry. Three 

independent experiments were conducted, and one representative experiment's results are shown. C) Distribution of 

cells in the cell cycle. Data are represented as mean ± SEMs from 3 independent experiments. 

While DMSO did not affect the growth of MCF10A, 20 µM XL413 treatment induced a strong reduction 

in proliferation at 3 and 6 days after treatment. Treatment with both 0.6 and 0.8 µM TAK-931 causes a 

reduction in cell proliferation similar to 20 µM XL413 (Figure 4.25 A). The cell cycle profile of cells treated 

with CDC7 inhibitors was monitored at 3 and 6 days after treatment (Figure 4.25 B and C). Treatment for 

3 days with XL413 and TAK-931 induced a similar accumulation of cells in the late-S phase. Treatment 

for 6 days with both XL413 and TAK-931 caused a 50% reduction of cells in the early S phase of the cell 

cycle. The concentrations of 0.6 and 0.8 µM TAK-931 presented a similar decrease of early S-phase cells 

compared to 20 µM XL413 (Figure 4.25 C). These results suggest that the previously selected concentration 

of 0.6 µM TAK-931 is suitable for further experiments.  
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4.3.3 Long-term CDC7 inhibition causes  growth arrest without eliciting cell death, and a 

reduction of cells in the S phase of the cell cycle 

To verify that the effects on the cell cycle and proliferation observed after long-term treatment with XL413 

were also observed in TAK-931 treated samples, MCF10A were treated for 8 days with either 0.6 µM TAK-

931 or 20 µM XL413. Cell proliferation, viability and cell cycle were monitored by harvesting and counting 

cells at 1, 4 and 8 days after treatment. MCF10A cells treated with TAK-931 and XL413 for 8 days present 

a strong reduction in proliferation (Figure 4.26 A). The reduction in cell growth induced by CDC7 inhibition 

was observed starting from 24 hours after treatment, and it became more marked at 4 and 8 days after 

treatment. Interestingly, this reduction in proliferation was not associated with a reduction in cell viability 

(Figure 4.26 B). XL413 and TAK-931 treatment did not induce cell death at 1 and 4 days after treatment 

(Figure 4.26 B). Eight days of treatment with TAK-931 caused no effect on the percentage of cell viability 

compared to DMSO treated samples. A 15% reduction in the percentage of viability is observed upon 

XL413 treatment (Figure 4.26 B). 

This result suggests that CDC7 inhibition induces a strong reduction in proliferation without eliciting cell 

death in the MCF10A cell line. 

 

Figure 4.26: Long-term CDC7 inhibition induces proliferation arrest without eliciting cell death. MCF10A cells 

were treated for 8 days with 20 ɛM XL413 or 0.6 ɛM TAK-931. A) Proliferation curves of MCF10A EditR, which 
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are represented as fold increase from starting cell count. Points, mean of three independent experiments; defined as 

fold increase from starting cell count. Data are from 3 independent experiments of each sample ± SEM. B) Percentage 

of viable cells in the different treatment groups. Data are from 3 independent experiments± SEM.  

The reduction in proliferation observed could be due to a cell cycle arrest, as previously observed in chapter 

4.3.1. To investigate whether long-term treatment with TAK-931 induces a similar effect on the cell cycle, 

MCF10A cells were treated with TAK-931 or XL413 for 8 days, and cell cycle analysis was performed via 

flow cytometry. 

Twenty-four hours of treatment with the CDC7 inhibitors causes an accumulation of cells in the late S phase 

of the cell cycle, as previously observed [340]. Four days after treatment with XL413 and TAK-931, a mild 

accumulation of cells in the late-S phase and an accumulation of cells in G2/M were observed. It was 

possible to observe that DMSO-treated cells present a substantial accumulation of cells in G1, which could 

indicate that the cells reached confluency when collected. Eight days of treatment with XL413 caused a 

50% reduction of cells in the early S phase, and TAK-931 caused a 25% reduction of early S phase cells. 

XL413 treatment also induced a 1.5-fold accumulation of cells in G2/M (Figure 4.27 A, B). While TAK931 

treatment caused a 2 fold accumulation of cells in the late S-phase, which was less robust than the phenotype 

observed at the 24 hoursô time point (Figures 4.27 A and B).  In addition, an increase in the number of sub-

G1 cells was observed upon XL413 and TAK-931 treatment. The variation in the percentage of EdU 

positive cells over the 8 days of treatment was quantified. XL413 and TAK-931 treatment induced no effect 

at 1 and 4 days. However, a 50% reduction in the number of EdU positive cells was observed after 8 days 

of treatment with XL413 (Figure 4.27 C). Similarly, 8 days of treatment with TAK-931 induce a 30% 

reduction in the number of EdU positive cells.  

These results suggest that CDC7 inhibition prevents cells from entering the S-phase of the cell cycle and 

causes cells to arrest in G1 and a delay in G2/M, which could indicate that cells are delaying their entrance 

in mitosis.  

 



Results 
 

126 
 

 

Figure 4.27: Long-term CDC7 inhibition causes a reduction in the percentage of Early-S phase and Edu positive 

cells. Cell cycle analysis of MCF10A treated for 8 days with CDC7 inhibitors: 20 ɛM XL413 or 0.6 ɛM TAK-931. 

Samples were collected at 1, 4 and 8 days after treatment. EdU was added for the last 30 min before harvesting. A) 

DNA synthesis and DNA content were assessed by flow cytometry. The cell cycle profile of one representative 

experiment is shown. B) The distribution of cells in the cell cycle is shown. Data are represented as mean ± SEMs for 

each condition. The data are from 3 independent experiments. C) Percentage of Edu positive cells is represented as 

mean ± SEMs for each condition. The data are from 3 independent experiments. 
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In summary, these results suggest that long-term treatment with XL413 and TAK-931 suppresses cells from 

entering the S-phase of the cell cycle. Thus, causing a reduction in cell proliferation.  

4.3.4 Treatment with CDC7 inhibitors leads to major transcriptional changes   

To further characterize the phenotype induced by CDC7 inhibition and to assist in providing an explanation 

for the proliferative phenotype observed, the effect of long-term CDC7 inhibition on the transcriptome was 

investigated. To understand the impact of CDC7 inhibition on transcription, an RNA-sequencing of samples 

treated with CDC7 inhibitors (XL413 and TAK-931) was performed.  

MCF10A cells were treated for 8 days with either 0.6 µM TAK-931 or 20 µM XL413 over 8 days. Samples 

were collected at 8 days, and RNA extraction followed by RNA-sequencing was performed, to analyze the 

change in transcription induced by CDC7 inhibition.  

The quality of the extracted RNA was evaluated by measuring the concentration and the A260/280 and  

A260/230 absorbance ratio at the Nanodrop. The RNA samples were run on a denaturing gel to confirm the 

integrity of the extracted RNA (Table 4.1 and figure 4.28). The Nanodrop readings confirm that the RNA 

extraction was successful, with a good RNA concentration. The 260/280 absorbance ratio is around ~1.9-

2, suggesting a good purity level of the extracted RNA. Additionally, the 260/230 ratio indicates the 

presence of unwanted organic compounds such as Trizol and phenol. The observation of higher values 

could suggest contamination of the compounds mentioned above. The analyzed samples present a low 

260/230 ratio, which is acceptable for RNA-sequencing analysis. Furthermore, the RNA samples run on 

the denaturing gel showed two strong bands, corresponding to the 18s and 28s ribosomal RNAs, and 

suggested that the extracted RNA was of good quality (Figure 4.28).  

 

Figure 4.28: Evaluation of the RNA integrity. A)Denaturing agarose gel electrophoresis of total RNA isolated 

from the 9 different samples. Visualization of three intact RNA bands for 28 S RNA, 18 S RNA and 5 S RNA. 



Results 
 

128 
 

Ladder:0.2-10 kb. B) Electropherogram summary of Agilent 2100 Bioanalyzer for the 9 samples of RNA selected 

for further RNA-seq analysis. They show the typical eukaryotic profiles with two peaks of ribosomal RNA (18s and 

28s), which confirms that good-quality RNA has been extracted. ñ8Dò correspond to sample treated for 8 day with 

DMSO, ñ8Xò correspond to sample treated for 8 days with Xl413 and ñ8Tò correspond to 8 days TAK-931 treated 

samples. ñAò correspond to samples of the first replica , ñBò sample of the second replica and ñCò sample of the 

third replica.   

The RNA samples were also analyzed using the Bioanalyzer, and the RIN number was calculated to ensure 

the integrity of the extracted RNA (Figure 4.28). The results of the Bioanalyzer show two sharp peaks 

corresponding to the 18s and 28s of the ribosomal RNAs. The profile observed in the analysed samples 

corresponds to the typical profiles observed for whole RNA extraction, suggesting no degradation was 

observed. The bioanalyzer allows the calculation of the RNA Integrity Number (RIN). To sequence the 

extracted RNA, the RIN number must be equal to or more than 6.8. The calculated RIN number, shown in 

table 1, suggested that the RNA extracted was of good quality and could be used for RNA-sequencing. 

Samples Concentration (ng/µl) OD 260/280 OD 260/230 RIN 

8DA 239.2 2.01 1.38 9.8 

8XA 251.3 2.01 1.58 9.8 

8TA 213.2 2.02 1.07 9.4 

8DB 338.8 2.01 1.56 9.6 

8XB 203.7 1.99 1.47 9.5 

8TB 306.5 2.01 1.68 9 

8DC 458.7 1.97 1.74 10 

8XC 333.6 1.98 1.72 9.6 

8TC 271.3 1.96 1.79 10 

Table 4.1: Evaluation of RNA concentration, quality and integrity.NanoDrop spectrophotometer results from 

the RNA extraction of the different samples: total RNA concentration, absorbance ratios (A260/280 and  A260/230), 

and RNA Integrity Number (RIN) for each RNA extraction sample. 

Novogene performed the RNA sequencing of the extracted RNA. The bioinformatics analysis of the RNA-

sequencing results was performed using the bioinformatics tool Galaxy.  Before performing the differential 

expression analysis, the quality of the RNA-Sequencing performed was examined.  

High throughput sequencers can produce hundreds of millions of sequences in a single run. Before 

analysing this sequencing data to draw biological conclusions, it is necessary to always perform quality 

control checks to ensure that the raw data are of good quality.  

The per sequence quality score was examined to determine the overall quality of the RNA-sequencing 

(Figure 4.29 A). The sequenced RNA has a Phred score greater than 30, which suggests that the sequenced 
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RNA is of good quality. Furthermore, the base content of the sequencing was investigated. In a normal 

library, no or little difference should be observed between the different bases of a sequencing run. The lines 

in this plot should run parallel with each other. The sequenced RNA samples displayed lines that ran parallel 

with each other, suggesting that there was no biased sequence composition in the RNA-sequencing library 

(Figure 4.29 C, D, E). The GC content distribution was also examined. In a normal random library, you 

would expect to observe a roughly normal distribution of GC content where the central peak corresponds 

to the overall GC content of the underlying genome. An unusually shaped distribution could indicate a 

contaminated library or a biased subset. A normally shaped distribution of GC content was observed in the 

RNA-sequencing library, suggesting that the library does not present any contamination or biased (Figure 

4.29 B). 

 

Figure 4.29: RNA-Sequencing quality. A) Per sequence quality score report, blot the mean sequence quality. The 

number of reads with average quality scores. Shows if a subset of reads has poor quality. The X-axis show reads count 

and the y-axis the mean sequence quality (Phred score). The blot is divided into 3 colours to indicate the quality of 

the reads: Green > 28 Phred score (Good), Yellow > 20 Phred (Medium level) and red< 20 Phred (Bad). The different 
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lines correspond to the different samples. B) The average GC content of reads. Y-axis is th% of GC, and on the x-

axis, the reads count. The different lines correspond to the different samples. C,D,E)  The proportion of each base 

position for each of the four normal DNA bases has been called. C, D, E, F) The proportion of each base position for 

each of the four normal DNA bases has been called. They-axis is the position (bp), and on the x, the % of reads. In 

the different colours, the percentage of different bases: Red % of thymidine (T), Blue % of cytosine (C ), Green % of 

adenine (A) and Grey % of guanine (G). A representative example for each treatment is shown.   

Once RNA-sequencing quality was confirmed (Figure 4.29), the reads were mapped, counted and the 

differential analysis of the datasets was completed.  

The differential expression analysis of genes (DEGs) was performed in samples treated with CDC7 

inhibitors compared to the DMSO treated samples using DESeq2 to identify differentially expressed genes. 

The DESeq2 analysis provides a summary of the results that is used to evaluate the quality of the 

experiment. To explore the similarity of the analysed samples, the sample level quality control was 

performed using the Principal Component Analysis (PCA) and the hierarchical clustering methods. This 

sample level quality control allows to see whether the biological replicates cluster together and observe 

whether the experimental condition used represents the majority source of variation in the data and to 

identify any sample outliers. The Principal Component Analysis (PCA) is a technique used to emphasize 

variation. The PCA is used to reduce the dimensions of a dataset and allow the description of datasets and 

their variance with a reduced number of variables. Samples with similar variations will be plotted close 

together. This can be observed in the dataset analyzed (Figures 4.30 A and B). It is possible to observe that 

biological replicates have a similar PC2 score. In particular, XL413 and TAK-931 replicate clusters 

together. Two DMSO samples cluster tightly together. On the other hand, one sample presents some 

variation from the other two replicates. Nevertheless, the PC2 variance score is ~ 10% which is considered 

an acceptable variation between replicates. Looking at the PC1, we can observe that DMSO replicates have 

a similar PC1 score and cluster together. XL413 and TAK-931 replicate also present similar PC1 scores 

and cluster together. It is also possible to see that the score variance between DMSO and XL413 is 89%, 

while the score variance between DMSO and TAK-931 is 83%. This indicates that there is a big variance 

between DMSO and XL413/TAK-931 datasets. The hierarchical clustering is another complementary 

method for identifying strong patterns in a dataset. The heatmap displays the correlation of gene expression 

for all pairwise combinations of samples in the dataset. A heatmap of this distance matrix provides an 

overview of similarities and dissimilarities between samples. The hierarchical tree indicates which samples 

are more similar based on the normalized gene expression values. The colour blocks indicate the 

substructure in the data. As expected, the replicates cluster together as a block for each treatment group 

(Figure 4.30 C and D). While the replicates of different treatments cluster on the opposite sides. Together 

these results establish that the datasets are of good quality and the differential analysis performed is reliable. 
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Figure 4.30: Differential expression (DeSeq2) analysis quality. A and B) Principal Component Analysis-(PCA) 

plot, which shows the samples in the 2D plane spanned by their first two principal components. On the X-axis, we 

have the PC2 variance (Variance between replicates), and on the x-axis, the PC1 variance (Variance between 

treatments). In pink is the DMSO sample, while in blue the XL413 or TAK-931 samples. C and D) Heatmap of sample-

to-sample distances using the variance stabilizing transformed values. The colour represents the distance between the 

samples. Dark blue means shorter distance (closer samples given the normalized counts). ñ8Dò correspond to sample 

treated for 8 days with DMSO, ñ8Xò correspond to sample treated for 8 days with Xl413 and ñ8Tò correspond to 8 

days TAK-931 treated samples. ñAò correspond to samples of the first replica, ñBò sample of the second replica and 

ñCò sample of the third replica.   

The XL413 treatment caused the differential expression of 1523 genes (Figure 4.31 A), while the TAK-931 

treatment caused the differential expression of 675 genes (Figure 4.31 A).  The results of the differential 

expression analysis suggest that CDC7 inhibition causes a significant change in the transcriptome. 

Figures 4.31 B and C present upregulated (Red) and downregulated (Blue) genes, while in grey are the non-

significant genes. TAK-931 has 498 statistically upregulated genes and 177 statistically down-regulated 

genes, while XL413 have 960 statistically significant upregulated and downregulated 583 genes. The level 

of upregulation or downregulation is measured using the Log2FC, which is a measure describing the change 

in the expression level of a gene. Negative values of Log2FC indicate downregulated genes, while positive 

values of Log2FC indicate upregulated genes. Interestingly, the level of upregulation is broader in XL413 
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treated samples than in TAK-931. XL413 treated samples present genes with a log2FC of ~ 5 and ~ -4. 

While, TAK-931 treated samples present a lower level of upregulation or downregulation, with a log2FC 

of ~-3 and 4. These results indicate that CDC7 inhibition induces a major transcriptional change in 

MCF10A cells.  

 

Figure 4.31: CDC7 inhibition induces major alteration in transcription.  A) Number of differentially expressed 

genes (DEGs, pValue> 0.05 and log2FC Ó 1 or log2FC Ò-1) compared to DMSO in XL413 and TAK-931 treated 

samples. B and C) Volcano plot showing the genes that are significantly upregulated (red) or downregulated (blue) 

and the non-significant (Not Sig) genes (grey) in TAK931 or XL413 treated samples (-1Ò log2-fold-change threshold 

Ó1, Benjamini-Hochberg corrected p-value threshold = 0.05). The log2FC indicates the mean expression level for 

each gene. The top 25 genes for TAK931 or XL413 treated samples are labelled. 

To identify the general transcriptional response to CDC7 inhibition, the dataset of the DEGs observed in 

TAK-931, and XL413 treatment were compared. A Venn diagram with the obtained results is shown in 

figure 4.32. As previously observed, TAK931 treatment induces a lower number of differentially expressed 
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genes than XL413. Furthermore, only a partial overlapping of the DEGs between TAK931 and XL413 was 

observed (Figure 4.32): only 336 differentially expressed genes were in common, 235 were upregulated, 

and 91 were downregulated in both samples. These results suggest that the two inhibitors induce a different 

transcriptional response. Nevertheless, 336 differentially expressed genes were observed to be in common, 

suggesting that the change in the level of expression detected in these genes could be CDC7 specific.  

 

Figure 4.32: XL413 and TAK -931 do not induce identical transcriptional changes. Venn diagram of the 

differentially expressed genes for TAK931 and XL413 samples. Each dot corresponds to a gene. In red are upregulated 

genes (Up) and in blue are downregulated genes (Down). In yellow are the genes that are upregulated in one of the 

samples but not in the other or vice versa (U/D).  

In summary, CDC7 inhibition induces a major change in transcription in MCF10A cells. Yet, the XL413 

and TAK-931 treatments do not induce exactly the same transcriptional response.  

4.3.5 CDC7 inhibition impacts the expression of genes involved in inflammatory pathways  

To investigate if there are specific pathways or biological processes that are impacted by long-term CDC7 

inhibition, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome 

analysis on the DEGs observed in XL413 and TAK-931 treated cells were performed.   

The GO analysis allows to determine if there is a large amount of differentially expressed genes for a 

particular category, in that case, the category is enriched, and the associated pValue is called "over-

represented", while if there are fewer DE genes for a particular category, then this category is called 

"depleted" and "under-represented".  
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The GO analysis disclosed various biological processes, cellular locations and molecular functions, which 

were enriched upon XL413 or TAK-931 treatment (Figure 4.33 A and B). XL413 treatment affects 297 

significant over-represented GO terms, such as defence response, extracellular space, biological adhesion, 

cell adhesion, umoral response and cytokine activity. While, TAK-931 treatment affects 580 significant 

over-represented GO terms, such as biological adhesion, response to stimulus, inflammatory response, cell 

periphery, and signaling receptor activator activity. Interestingly, shared GO terms between TAK-931 and 

XL413 treatment were found. In particular, the two treatments present 179 GO terms in common (Figure 

4.33 C). The strongly (with a highly significant pValue) over-represented GO term in common between 

XL413 and TAK-931 are: cytokine activity, defense response, response to cytokines, cell-cell adhesion, 

cytokine-mediated signaling pathway.  
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Figure 4.33: Gene ontology terms enriched by CDC7 inhibition. Scatter plot of Go terms enrichment statistics for 

TAK931 and XL413 treated sample (A). The top 30 GO terms are shown. The GO term shown is part of different 

categories CC, MF and BP. Gene ratio is the ratio of the differentially expressed gene number to the total gene number 

in a certain GP term. Pad is the corrected p-value. The colour and size of the dots represent the range of the p-value 

and the number of differently expressed genes mapped to the indicated pathways, respectively (A and B). C) Venn 

diagram of the significative GO term of XL413 and TAK-931. 

The GO analysis also provides under-represented GO terms. The under-represented GO terms are 

considered of importance if they are "strongly" under-represented (with a highly significant pValue). The 

substantial under-representation of such GO terms could mean that the normal functioning of that biological 

process is necessary for the given condition. No strongly under-represented pathways were observed in 

XL413, though TAK-931 displayed 16 strongly under-represented GO terms (Table 4.2), such as RNA 

binding, heterocyclic compound binding, organic cyclic compound binding, cellular nitrogen compound 
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metabolic process and RNA metabolic process. These results suggest that the normal function of RNA 

metabolic processes, RNA binding and other pathways are required for the survival of the cells in response 

to TAK-931 treatment.  

Category Term Ontology Number of 

DEGs 

% DEGs pAdjust  

GO:0043229 Intracellular organelle CC 1038 10.98529 0 

GO:0043231 Intracellular membrane-

bounded organelle 

CC 955 10.93553 0 

GO:0005634 Nucleus CC 614 10.26413 0 

GO:0003676 Nucleic acid binding MF 264 8.375635 0 

GO:0003723 RNA binding MF 107 7.114362 0 

GO:1901363 Heterocyclic compound binding MF 448 9.773124 0 

GO:0097159 Organic cyclic compound 

binding 

MF 458 9.881338 0 

GO:0034641 Cellular nitrogen compound 

metabolic process 

BP 507 10.13595 3.30E-06 

GO:0031981 Nuclear lumen CC 376 9.784023 7.60E-06 

GO:0043226 Organelle CC 1167 11.45128 1.19E-05 

GO:0005622 Intracellular anatomical 

structure 

CC 1259 11.59514 1.24E-05 

GO:0006139 Nucleobase-containing 

compound metabolic process 

BP 447 10.09485 2.10E-05 

GO:0046483 Heterocycle metabolic process BP 459 10.12574 2.10E-05 

GO:0006725 Cellular aromatic compound 

metabolic process 

BP 462 10.15162 2.45E-05 

GO:0090304 Nucleic acid metabolic process BP 403 9.997519 3.78E-05 

GO:0016070 RNA metabolic process BP 355 9.844703 5.31E-05 
Table 4.2: Underrepresented GO terms for TAK-931 treatment. Table of underrepresented GO terms for TAK931 

DEGs. The first row corresponds to the GO category, an identification number for a certain GO category. In the 

second, we have the GO term, and in the third, the gene ontology, CC is Cellular Component, MF is Molecular 

Function, and BP is Biological Process. In the last 3 rows, we have the statistics, with the number of DEGs found that 

are part of the category, the percentage of DEGs and the pAdj is the corrected p-value. 

The results provided by the GO analysis suggest that CDC7 inhibition affects cytokines and cytokine-

mediated signaling pathway. However, the GO terms are very broad and general, making it difficult to 

determine particular pathways that could be affected by treatment with CDC7 inhibitors, for this reason, I 

performed a KEGG analysis, which consents the identification of pathways or diseases that are impacted 

by our treatments (Figure 4.34).  
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Figure 4.34: KEGG terms enriched by CDC7 inhibition. Scatter plot of KEGG term enrichment statistics for 

TAK931 and XL413 treated sample. The top 15 KEGG terms are shown. Gene ratio is the ratio of the differentially 

expressed gene number to the total gene number in a certain pathway. pAdj is the corrected p-value. The colour and 

size of the dots represent the range of the p-value and the number of differently expressed genes mapped to the 

indicated pathways, respectively (A and B). C) Venn diagram of the significative KEGG term of XL413 and TAK-

931. 

The KEGG analysis revealed that CDC7 inhibition causes enrichment of various pathways and diseases. 

TAK-931 treatment affected the NOD-like receptor signaling pathway, apoptosis, p53 signaling pathway 

and malaria, while XL413 treatment affected ribosome biogenesis, phagosome, antigen processing and 

presentation of type I diabetes mellitus and asthma. Still, they also present common pathways (6), such as 

cytokine-cytokine receptor interaction and cell adhesion molecules (Figure 4.34). Other common KEGG 

terms between XL413 and TAK-931 are allograft rejection, graft-versus-host disease, rheumatoid arthritis 

and type I diabetes mellitus. Interestingly, these diseases all involve an immune/inflammatory response of 

the organism. The KEGG terms for TAK-931 and XL413 can be found in table 4.3. 
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KEGG term  TAK -931 

pValue 

TAK -931 % 

genes 

XL413 

pValue 

XL413 % 

genes 

Allograft rejection 0.030933532 54.54545455 0.000401531 86.66666667 

Cell adhesion molecules 0.000561712 36.36363636 0.014006798 46.05263158 

Cytokine-cytokine receptor 

interaction 

4.85E-05 32.47863248 0.02573797 39.53488372 

Graft-versus-host disease 0.000871426 64.28571429 0.002482725 72.22222222 

Rheumatoid arthritis 0.007660912 32.72727273 0.036090406 43.07692308 

Type I diabetes mellitus 0.030933532 44.44444444 0.002482725 68.18181818 
Table 4.3: Common KEGG terms between TAK-931 and XL413 treatment. Table of common KEGG terms 

between TAK-931 and XL413. In the first row, we have the KEGG term. The first two rows are the statistics for 

TAK-931 treated samples (pValue and percentage of DEGs found that are part of the KEGG term), while the last 

two rows are the statistics for the XL413 treated samples (pValue and percentage of DEGs found that are part of the 

KEGG term). 

The KEGG terms are broad and also include diseases. To more precisely determine the pathways affected 

by CDC7 inhibition, the REACTOME analysis, which provides more detailed entries, was performed.  

The REACTOME analysis is shown in figure 4.35. The analysis indicated that certain pathways were 

specific to XL413 or TAK-931 treatment. TAK-931 affects the interaction between L1 and Ankyrins, 

formation of the cornified envelope, senescence-associated secretory phenotype (SASP), interleukin-4 and 

-13 signaling, and interleukin-10 signaling (Figure 4.35 A). On the other hand, XL413 affects various 

pathways, such as the translocation of ZAP-70 to Immunological synapse, phosphorylation of CD3 and 

TCR zeta chains, PD-1 signaling, collagen degradation and chain trimerization and crosslink of collagen 

fibrils (Figure 4.35 B). 
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Figure 4.35: Reactome term enriched by CDC7 inhibition. Scatter plot of Reactome pathways enrichment statistics 

for TAK931 and XL413 treated sample (A). The top 15 Reactome pathways are shown. Gene ratio is the ratio of the 
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differentially expressed gene number to the total gene number in a certain pathway. Padj is the corrected p-value. The 

dots' colour and size represent the range of the p-value and the number of differently expressed genes mapped to the 

indicated pathways, respectively. (B) Venn Diagram of the significative Reactome pathways of XL413 and TAK-931.  

XL413 and TAK-931 treated samples presented 27 common pathways (Figure 4.35 C): interferon pathway 

(interferon alfa/beta and gamma), ER phagosome pathway, Endosomal/Vacuolar pathway, Cleavage of the 

damaged purine and pyrimidine, Antigen processing- Cross presentation and Antigen presentation: folding, 

assembly and peptide loading of class I MHC (Figure 4.35 C and Table 4.4.).  

Pathways  TAK -931 XL413 

DEGs 

found 

DEGs 

ratio 

pValue DEGs 

found 

DEGs 

ratio 

pValue 

ER-Phagosome pathway 37 0.0056

38839 

1.11E-16 69 0.0121

22486 

2.86E-07 

Endosomal/Vacuolar pathway 38 0.0056

38839 

1.11E-16 60 0.0057

45918 

1.11E-16 

Interferon alpha/beta signaling 51 0.0127

90538 

8.15E-11 91 0.0130

33424 

2.61E-13 

Interferon gamma signaling 49 0.0171

91583 

2.28E-07 107 0.0175

18044 

8.66E-15 

Antigen Presentation: Folding, assembly and 

peptide loading of class I MHC 

35 0.0070

14166 

3.23E-07 62 0.0072

17434 

2.09E-10 

Antigen processing-Cross presentation 40 0.0134

09435 

2.40E-06 74 0.0136

64074 

7.35E-08 

Assembly of collagen fibrils and other 

multimeric structures 

12 0.0046

07344 

4.18E-04 23 0.0046

94836 

7.80E-06 

RNA Polymerase I Promoter Opening 8 0.0023

38055 

4.82E-04 11 0.0023

82454 

0.001788

941 

Post-translational protein phosphorylation 14 0.0074

9553 

7.45E-04 20 0.0076

37867 

0.007641

81 

Recognition and association of DNA 

glycosylase with site containing an affected 

purine 

8 0.0026

81887 

7.84E-04 11 0.0027

32815 

0.003172

291 

Cleavage of the damaged purine 8 0.0030

94485 

0.001407

812 

11 0.0031

53248 

0.006227

978 
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Depurination 8 0.0031

63251 

0.002093

537 

11 0.0032

2332 

0.009756

547 

PRC2 methylates histones and DNA 8 0.0030

25719 

0.002093

537 

12 0.0030

83176 

0.003698

121 

Cleavage of the damaged pyrimidine 8 0.0035

07083 

0.003018

041 

12 0.0035

73681 

0.005880

466 

Deposition of new CENPA-containing 

nucleosomes at the centromere 

8 0.0037

13382 

0.004232

878 

10 0.0037

83897 

0.046379

173 

Nucleosome assembly 8 0.0037

13382 

0.004232

878 

10 0.0037

83897 

0.046379

173 

Defective pyroptosis 8 0.0035

75849 

0.005231

179 

12 0.0036

43753 

0.011660

805 

DNA methylation 8 0.0024

75588 

0.007756

683 

12 0.0025

22598 

0.018833

606 

HDACs deacetylate histones 9 0.0043

32279 

0.007965

799 

15 0.0044

14547 

0.007524

578 

Reversible hydration of carbon dioxide 4 0.0011

69028 

0.008608

681 

5 0.0011

91227 

0.028663

43 

Elastic fibre formation 8 0.0031

63251 

0.010182

484 

15 0.0032

2332 

0.002015

824 

RNA Polymerase I Promoter Escape 8 0.0044

01045 

0.011104

095 

13 0.0044

84619 

0.013328

385 

Molecules associated with elastic fibres 6 0.0026

13121 

0.011797

093 

11 0.0026

62743 

0.002639

044 

Laminin interactions 5 0.0021

31756 

0.019948

084 

8 0.0021

72237 

0.018843

829 

Interferon Signaling 62 0.0270

93935 

0.023755

848 

133 0.0276

08437 

0.001736

809 

Neutrophil degranulation 31 0.0330

07839 

0.044020

965 

61 0.0336

34644 

0.033001

951 

Table 4.4: REACTOME terms that were found to be in common between TAK-931 and XL413 treatment. In 

the first row, we have the Reactome term. The first two rows are the statistics for TAK-931 treated samples (pValue 

and percentage of DEGs found that are part of the Reactome term), while the last two rows are the statistics for the 

XL413 treated samples (pValue and percentage of DEGs found that are part of the Reactome term) 
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The REACTOME analysis suggests that different pathways are affected by the two inhibitors. Nevertheless, 

common pathways affected by both treatments can be found. Many of the common pathways observed are 

related to cytokines and inflammation.   

In summary, the GO, KEGG and REACTOME analysis indicate that the two inhibitors do not exactly 

induce the same cellular response. Nevertheless, common pathways were also found. Many common 

pathways observed upon CDC7 inhibitions are inflammatory pathways or diseases, such as cytokines 

(Interleukins, Interferon), NOD-like receptor signaling pathways and PD-1 signaling. 

4.3.6 Prolonged CDC7 inhibition cause upregulation and secretion of various cytokines 

To investigate whether CDC7 inhibition affects inflammation pathways, the expression level of various 

genes related to different inflammatory pathways was examined. Multiple cytokines, chemokines and 

interleukins are upregulated upon treatment with XL413 and TAK-931. In particular, CXCL1, IL8 

(CXCL8), CCL20, CXCL3, CXCL2, TNFSF10 and CSF1 are upregulated in both XL413, and TAK-931 

treated samples. Other cytokines are observed to be upregulated specifically upon TAK-931 or XL413 

treatment. TAK-931 treatment caused upregulation of IL6, IL1Ŭ, IL1ɓ, and IL33, while XL413 treatment 

caused upregulation of IL15 and CCL5 (Figure 4.36). 
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Figure 4.36:CDC7 inhibition induces upregulation of cytokines genes. Heatmap representing colour-coded 

averaged expression levels (Z score) of selected chemokines, Interleukins (ILs) and cytokines in the different 

treatments. Each column in the heatmap is an individual sample: DMSO (line 1), TAK931 (line 3) and XL413 (line 

2). A Z-score of -2 corresponds to a low level of expression, while a Z-score of 2 corresponds to a high level of 

expression. 

CDC7 inhibition induced the upregulation of genes of the Tumor Necrosis Factor pathway and the 

Interferon pathway (Figure 4.37).  In particular, TNFSF10, also called TRAIL, was upregulated in cells 

treated with CDC7 inhibitors. TRAIL has been shown to induce apoptosis by binding to several members 

of the TNF receptor superfamily [466], while the TNF gene encodes a multifunctional proinflammatory 

cytokine that belongs to the tumour necrosis factor (TNF) superfamily, which is involved in the regulation 

of a wide spectrum of biological processes, including cell proliferation, differentiation, and apoptosis [182].  

Components of the Interferon pathway, such as IFIT2, IFIT3 and IFI27, that are involved in the interferon 

response to viruses, are upregulated upon CDC7 inhibition [467].  
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Figure 4.37: CDC7 inhibition induces upregulation of TNF and Interferon pathway genes. Heatmap representing 

colour-coded averaged expression levels (Z score) of TNF and interferon genes in the different treatments. Each 

column in the heatmap is an individual sample: DMSO (line 1), TAK931 (line 3) and XL413 (line 2). A Z-score of -

2 corresponds to a low level of expression, while a Z-score of 2 corresponds to a high level of expression. 

 The upregulation of the transcription factors CIITA and of subunits of the NF-kB transcription factor, such 

as NFKBID, NFKBIZ and NFKB2, was also observed (Figure 4.38). CIITA is a transcription factor that 

regulates the transcription of MHC class II genes, while the NFKB2 gene encodes a subunit of the 

transcription factor complex NFkB [226,227]. NFKBIZ has been shown to be able to both positively and 

negatively regulate NFkB-mediated transcription and induce the transcription of LCN2 and IL6 genes 

[228]. While, NFKBID has been predicted to enable NFkB binding activity and regulate the expression of 

various cytokines through the regulation of NFKB activity [228].  
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Figure 4.38: CDC7 inhibition induces upregulation of transcriptor factors genes. Heatmap representing colour-

coded averaged expression levels (Z score) of selected transcription factors in the different treatments. Each column 

in the heatmap is an individual sample: DMSO (line 1), TAK931 (line 2) and XL413 (line 3). A Z-score of -2 

corresponds to a low level of expression, while a Z-score of 2 corresponds to a high level of expression. 

These results demonstrates that the inhibition of CDC7 could induce an inflammatory response in MCF10A 

cells.  

To confirm that the observed increased expression of the various cytokines genes corresponds to an increase 

in the secretion of these cytokines, the secretion of different cytokines on media collected from 8-day TAK-

931 and DMSO treated cells was evaluated (Figure 4.39).  

TAK-931 treatment induced the secretion of various cytokines, which were previously observed to be 

upregulated, such as CXCL8, IL1Ŭ, CCL20 and CXCL1 (Figure 3.39 A and B).  
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Figure 4.39: Long-term TAK -931 treatment induces secretion of various cytokines. Cytokine and chemokine 

levels in media of MCF10A cells treated with DMSO and TAK-931 for 8 days. (A) Cytokine and chemokine protein 

array blots of media of MCF10A cells with DMSO and TAK-931. Cytokines and chemokines in MCF10A media were 

detected using the Human Cytokine Array Assay kit (R&D Systems) following the manufacturer's protocol. Media 

from DMSO or TAK-931 treated samples were used for each cytokine array blot. (B and C) The quantification of 

cytokine and chemokine levels of DMSO and TAK-931 treated cells were measured by the cytokine protein array 

analyses. Each cytokine or chemokine spot on the blots in (A) was quantitated using the LICOR imaging system, and 

the results are presented graphically. The amount of each cytokine or chemokine in TAK-931 treated cells was relative 

to the mean of the intensity of corresponding DMSO spots. Each cytokine or chemokine has duplicate detection spots. 

The graph depicts the fold change of each cytokine or chemokine (mean) compared to the DMSO.  

Other cytokines were secreted in TAK-931 treated samples (Figure 4.39 C). MIC-1, also called GD15, was 

observed to be marginally upregulated in TAK-931 treated cells (Log2FC 0.8). MIC-1 is a cytokine part of 

the TGF-beta superfamily and is an inhibitor of macrophage activation [468]. The Granulocyte-colony 

stimulating factor (G-CSF) gene CSF3 is also upregulated upon TAK-931 treatment (Log2FC ~1.2). This 

gene encodes a member of the IL6 superfamily of cytokines that promote the growth of immune cells [469]. 

Another secreted protein whose gene expression was slightly upregulated was VGF (Log2FC 0.5), which 

is a factor that can stimulate the formation of blood vessels [470]. TGFɓ is another secreted protein that 

was marginally upregulated upon TAK-931 (Log2FC ~ 0.6). TGFɓ is a transforming growth factor 
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that activates a signaling pathway for cell proliferation, differentiation and development [471]. On the other 

hand, despite being secreted, no upregulation of CD147, MIF or CD14 gene was observed in TAK-931 

treated cells. Minor or no secretion was observed for other cytokines, such as IL-10, IL-33  and CSF1, upon 

treatment with TAK-931. These results suggest that TAK-931 treatment induces secretion of various 

cytokines, suggesting that TAK-931 induces an inflammatory phenotype in MCF10A cells.  

To confirm that the secretion observed in the TAK-931 treated cells is a general response to CDC7 

inhibition, I investigated secretion of CXCL1 and IL-8 in XL413 treated cells, which were observed to be 

highly upregulated both in XL413 and TAK-931 treated cells. Furthermore, to investigate the kinetics of 

cytokine secretion induced by CDC7 inhibition, media was collected at 1, 4 and 8 days after treatment with 

XL413 and TAK-931, followed by ELISA assay for IL-8 (CXCL8) and CXCL1 (Figure 4.40).  

TAK-931 and XL413 treatment induce secretion of both CXCL1 and IL-8. Interestingly, both CXCL1 and 

IL-8 present a peak of secretion after 4 days of treatment with TAK-931 and XL413. At 8 days, secretion 

of IL-8 and CXCL1 is still detected in TAK-931 treated samples. XL413 treatment induces a minor 

secretion increase compared to TAK-931 treated samples, and no secretion of CXCL1 or IL-8 was observed 

after 8 days of treatment (Figure 4.40 A and B).  
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Figure 4.40: Long-term CDC7 inhibition induces secretion of CXCL1 and IL-8. The protein level of secreted IL-

8 (A and B) and CXCL1 (C and D) in the supernatant of cultured MCF10A treated with XL413 (A and C) and TAK-

931 (B and D) for the indicated time was analysed via ELISA assay. Data are expressed as means ± SE (n = 3). t-test 

was performed (pValueÒ 0.05 *; Ò 0.05 ***; pValue Ó0.05 ns: non-significant).  

These results suggest that CDC7 inhibition causes an inflammatory response in MCF10A cells.  

In an organism, the secretion of cytokines can lead to the recruitment and activation of immune cells. To 

understand the effect of the secreted cytokines on immune cells, an experiment was performed on THP1 

cells, which is a monocyte cell line that, upon proper treatment, can differentiate in macrophages. A 

condition media experiment was performed on THP1 cells as follow. The media from THP1 was replaced 

with media from MCF10A cells treated for 8 days with the CDC7 inhibitors. The media from 8-day treated 

cells were collected, and the proteins present in the media were concentrated using a filter column of 10 

kDa. The concentrated proteins were resuspended in RPMI media and added to THP1 cells. Differentiation 

of THP1 to macrophage was induced, as a positive control, with phorbol myristate acetate  (PMA) 

treatment, and it is characterized by an enlargement of the cells and adherence of the cells to the surface of 

the plates (Figure 3.41) [472]. THP1 cells supplemented with condition media from XL413 and TAK-931 
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were round and small and did not attach to the surface of the plate, suggesting that condition media from 

XL413 and TAK-931treated cells does not induce differentiation (Figure 4.41).  

 

Figure 4.41: Long-term CDC7 inhibition does not induce differentiation of THP1 cells. THP1 cells were treated 

with PMA to induce differentiation or with condition media from MCF10A cells treated for 8 days with XL413 and 

TAK-931. Representative pictures of THP1 cells in the different conditions are shown. Scale bar = 50 µM. 

This result suggests that the secreted cytokines might not induce activation of immune cells in vivo. In 

addition, the timecourse experiment (Figure 4.40) revealed that the higher amount of secreted cytokines 

was observed at 4 days and not at 8 days. The results observed could be due to the low amount of cytokine 

present in the media at the 8 days timepoint.  

In summary, CDC7 inhibition induces an inflammatory response in MCF10A. However, the secreted 

cytokine might not induce the activation of immune cells in vivo.   
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4.3.7 Long-term CDC7 inhibition causes accumulation of micronuclei and cGAS-STING 

pathway activation  

The pathways that could cause upregulation and secretion of the cytokines, observed upon CDC7 inhibition, 

were investigated. Recently, it has been shown that replication stress can induce the release of DNA in the 

cytoplasm and the activation of the cGAS-STING pathway [135,189,214,215]. Because CDC7 inhibition 

has been shown to induce replication stress and micronuclei formation [350,357], the activation of the 

cGAS-STING pathway and subsequent cytokine upregulation and secretion was investigated.  

MCF10A cells were treated for 8 days with 20µM XL413 or 0.6µM TAK-931, and micronuclei formation 

and cGAS localization were assessed using immunofluorescence microscopy. The results are shown in 

figure 4.42. 

Inhibition of CDC7 caused accumulation of micronuclei in the cells. After treatment with CDC7 inhibitors, 

approximately ~ 20% of the cells present micronuclei. The cGAS staining indicated localization of cGAS 

at micronuclei. cGAS was colocalised with ~ 10% of the micronuclei, which means that 50% of the cells 

with micronuclei presented cGAS-positive micronuclei.  
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Figure 4.42: Micronuclei formation and cGAS localization at micronuclei are observed upon CDC7 inhibition. 

MCF10A cells were with 20 µM XL413 or 0.6 µM TAK-931 for 8 days, and micronuclei formation and cGAS 

colocalization were analyzed via immunofluorescence microscopy. A)Representative images from 

immunofluorescence staining of cGAS. The nucleus has been counterstained with DAPI (blue) while FITC signals 

(green) represent cGAS. The white arrow shows representative cGAS foci (green spot) co-localized with micronuclei 

(blue).Scale bar = 50 µM; B) Quantification of micronuclei and of cGAS positive micronuclei (n=150 cells per 

condition). Counting of cGAS positive and negative micronuclei was performed manually by counting the micronuclei 

that colocalize with cGAS staining (Green) and the ones that did not.  
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These results suggest that CDC7 inhibition induces the formation of micronuclei and activation of the 

cGAS-STING pathway.  

cGAS activation causes the production of cGAMP, which binds and activates STING. STING activation 

causes phosphorylation of various downstream targets, such as TBK1 and IRF3 [189,214,215,473ï475]. 

To determine whether CDC7 inhibition induces the activation of the cGAS-STING pathway, a preliminary 

experiment was performed to investigate the accumulation of phosphorylated IRF3 foci in the nucleus of 

cells treated for 8 days with XL413 and TAK-931 (Figure 4.43).  

 

Figure 4.43: Long-term CDC7 inhibition induces the formation of pIRF3 foci. MCF10A cells were with 20 µM 

XL413 or 0.6 µM TAK-931 for 8 days, and pIRF3 foci formation was analysed via immunofluorescence microscopy. 

A)Representative images from immunofluorescence staining of pIRF3. Punctate nuclear patterns or pan nuclear 

staining. The nucleus has been counterstained with DAPI (blue) while FITC signals (green) represent the pIRF3 foci. 

Red arrows show representative ñsmallò pIRF3 foci, while the white arrows show representative ñbigò pIRF3 foci. 

Scale bar = 50 µM. 

XL413 and TAK-931 treatment cause an accumulation of phosphorylated IRF3 (Ser 396) foci in the 

nucleus. In particular, CDC7 inhibition causes the formation of larger and more intense foci in the nucleus 

compared to the DMSO treatment (Figures 4.43 and 4.44).  

The number of foci in each cell's nucleus and the number of the larger and more intense foci observed upon 

CDC7 inhibition were quantified. The number of phosphorylated IRF3 foci in the nucleus is increased by 
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3-fold in XL413 treatment and by 2 times in the TAK-931 treatment (Figure 4.44 A). In addition, a 6-fold 

increase in the number of the large and more intense pIRF3 foci is also observed upon CDC7 inhibition 

(Figure 4.44 B). XL413 treatment induces a greater increase in pIRF3 foci compared to TAK-931 treatment.  

These results suggest that CDC7 inhibition induces activation and recruitment of pIRF3 in the nucleus, 

where it can induce transcription of its target genes.  

 

Figure 4.44: Long-term CDC7 inhibition induces accumulation of pIRF3 foci. Quantification of phosphorylated 

IRF3 foci in the nucleus of MCF10A treated for 8 days with XL413 or TAK-931 (n=150 cells per condition). A) 

Number of pIRF3 foci observed in the different treatments. Data are represented as the mean (red line) with ~ cells.  

(n=1); B) Number of large pIRF3 foci observed in the different treatments. Data are represented as the mean (red line) 

with ~ cells. 

In summary, these results suggest that CDC7 inhibition causes activation of the cGAS-STING pathway. 

4.3.1 Long-term CDC7 inhibition induces a senescence-like phenotype in the MCF10A cell 

line  

Cytokine secretion, as well as growth arrest, are common characteristics of senescent cells. The previous 

results suggest that CDC7 inhibition could induce senescence in MC10A cells.  

Senescence cells present upregulation of various cytokines. Using the RNA-Seq data, the upregulation of 

genes involved in senescence in TAK-931 (Table 4.5) and XL413 (Table 4.6) treated cells was investigated. 

Gene log2(FC) P-adj 

IL1B 3.677234 3.92E-53 

IL1A 2.718495 6.93E-33 
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CCL20 1.69723 2.54E-17 

AREG 1.487409 5.25E-15 

CXCL3 2.503871 7.51E-14 

CDKN1A 1.315861 8.52E-11 

MDM2 1.384457 3.43E-10 

PGF 1.576782 9.92E-10 

GRN 1.403476 3.66E-08 

MMP14 1.038384 2.74E-06 

IGFBP7 1.080494 3.80E-06 

CXCL1 2.010966 9.20E-06 

NFKB2 1.043575 9.35E-06 

CSF1 1.348477 5.78E-05 

CXCL2 1.757616 9.64E-05 

ITGA2 1.117242 0.000121 

CXCL8 1.746976 0.000178 

ICAM1 1.173045 0.000224 

IL6 1.720873 0.000226 

TNF 1.60091 0.000482 

BMP2 1.073766 0.000816 

IGFBP2 1.477869 0.000921 

NRG1 1.007352 0.004052 

MMP3 1.223249 0.019131 

SOD2 1.128875 0.033226 

Table 4.5: TAK -931 treatment induces upregulation of genes involved in senescence. Table of upregulated 

senescence genes for TAK931 treatment. The first row corresponds to the gene name. In the second, we have the 

Log2FC, which indicates the mean expression level for each gene and in the third the pAdj, which is the corrected p-

value. 

Gene log2(FC) P-adj 

IL32 3.348242 2.07E-31 

EGF 2.991713 1.21E-10 

CCL5 2.94989 5.24E-08 

CXCL10 2.729828 6.64E-08 

TNF 2.643729 5.66E-08 

SOD2 2.37455 1.40E-05 
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CXCL1 2.223761 4.58E-05 

CCL20 2.108424 7.33E-23 

CCL2 2.036211 0.000638 

CXCL3 2.0124 2.12E-06 

CSF1 1.743242 1.17E-07 

IQGAP2 1.687269 1.18E-07 

IL15 1.598034 8.08E-06 

JUN 1.591686 1.30E-07 

C3 1.475036 0.019982 

NFKBIA 1.433812 3.06E-13 

ICAM1 1.407626 2.97E-05 

STAT5A 1.391526 1.01E-05 

NFE2L1 1.381613 6.18E-07 

FOXO4 1.31351 0.000275 

GRN 1.30577 4.69E-06 

NFKB2 1.281807 1.54E-07 

APOE 1.270636 0.035677 

CXCL2 1.249074 0.038155 

CXCL8 1.209688 0.048474 

NGFR 1.172338 0.014205 

HBP1 1.083558 0.000255 

GSTA4 1.07577 0.000147 

BMP2 1.056035 0.003117 

CTF1 1.031321 0.022614 

TOP2A 1.02627 4.64E-05 

Table 4.6: XL413 treatment induces upregulation of genes involved in senescence. Table of upregulated 

senescence genes for TAK931 treatment. The first row corresponds to the gene name. In the second, we have the 

Log2FC, which indicates the mean expression level for each gene and in the third the pAdj, which is the corrected p-

value. 

The results obtained show that in both XL413 and TAK-931 treated cells upregulation of genes involved 

in senescence is observed. In particular, TAK-931 treatment induce upregulation of 25 genes, while XL413 

treatment of 31 genes. Interestingly the two inhibitors also present 12 common upregulated genes: CXCL3, 

CXCL1, CXCL2, CXCL8, CCL20, TNF, GRN, CSF1, ICAM1, SOD2, BMP2, NFKB2. CXCL3, CXCL1, 

CXCL2, CXCL8, CCL20, TNF, CSF1 are various cytokines, whose upregulation and secretion was also 
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shown in section 4.3.6. These cytokines are part of the SASP and their upregulation is regulated by NF-kB. 

One of the subunits of NF-kB, NFKB2. Is also observed to be upregulated upon CDC7 inhibition (Section 

4.3.6). GRN is also another secreted protein, that is a key regulator of lysosomal function, which regulates 

protein trafficking and the activity of lysosomal enzymes [476,477]. Other genes were also observed to be 

upregulated, ICAM1 and BMP2. ICAM-1 is characteristically overexpressed in senescent cells and aged 

tissues [478]. BMP2 was also shown to be upregulated in senescence. BMP2 is a secreted factor that, 

together with Smad1, play an important role in Ras-induced senescence via epigenomic alteration [479]. 

Another upregulated gene is SOD2. SOD2 is the first line of anti-oxidant defense from radical oxygen 

species (ROS), located at the mitochondrial matrix. In human senescent fibroblasts an increased in ROS 

concentration has been demonstrated (Reviewed in [480]). This increase in ROS lead to an adaptive 

upregulation of the SOD2 mRNA and protein levels (Reviewed in [480]). These results show that XL413 

and TAK-931 treatment induce upregulation of genes known to be upregulated and that have a role in the 

senescence phenotype.  

Senescence was shown to induce morphological changes in the cells [373]. For this reason, the cell 

morphology of MCF10A treated for 8 days in XL413 and TAK-931 was examined. Long-term treatment 

with XL413 and TAK-931 caused a change in cell morphology. The change in cell morphology could be 

observed via bright-field microscopy and via an increase in FSC and SSC (Figures 4.45 A, B and C). The 

FSC intensity is proportional to the diameter of the cell, while the SSC provides information about the 

internal complexity (i.e. granularity) of a cell. CDC7 inhibition cause cells to assume a spindle-like shape 

similar to fibroblast, with the formation of long processes (Figure 4.45 A). TAK-931 treatment causes a 

~1.4 fold increase in cell size, measured using the FSC. While XL413 treatment did not cause an increase 

in cell size. TAK-931 and XL413 treatments induced clustering of cells in small groups and an ~1.5-fold 

increase in the internal cell complexity, measures using the SSC, as shown in Figures 4.45 A and C.  
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Figure 4.45: Long-term CDC7 inhibition causes morphological changes in MCF10A. MCF10A were treated for 

8 days with 20 ɛM XL413 or 0.6 ɛM TAK-931. A) Bright-field microscopic representative images of MCF10A cells 

in the different treatments. Scale bar: 50 ɛm. B) Mean of FSC from 4 independent experiments is expressed as a ratio 

relative to the XL413-treated condition. Red and blue lines show the means ± SEMs. Statistical analysis: ANOVA 

analysis (ns: non-significative, * pValueÒ 0.05, ** pValue Ò 0.01).C) Mean of SSC from 4 independent experiments 

is expressed as a ratio relative to the XL413-treated condition. Red and blue lines show the means ± SEMs. Statistical 

analysis: ANOVA analysis (ns: non-significative, * pValueÒ 0.05, ** pValue Ò 0.01. 

This result suggests that long-term CDC7 inhibition could induce senescence in MCF10A cells. However, 

the morphological alterations observed could be an indication of other pathways, for example endothelial-

mesenchymal transition.   

To confirm that long-term CDC7 inhibition induces senescence in MCF10A cells, the ɓ-Galactosidase 

assay, which is considered the gold standard test to identify senescent cells, was used.  

MCF10A cells were treated for 8 days with XL413 and TAK-931 and performed ɓ-galactosidase (ɓ-Gal) 

assay. The ɓ-galactosidase (ɓ-Gal) assay detects the ɓ-Gal activity in senescent cells. Treatment with 

XL413 or TAK-931 caused an increase of ɓ-Gal positive cells compared to the DMSO treatment (Figure 

4.46 A). Quantification of ɓ-Gal positive cells (Figure 4.46 B) indicate that ~ 60% of the cells are positive 
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for ɓ-Gal staining in TAK931 and XL413 treated samples. This result demonstrates that CDC7 inhibition 

induces senescence in MCF10A cells. 

 

Figure 4.46: CDC7 inhibition induces accumulation of ɓ-gal positive cells. The quantification of SA-ɓ-Gal 

activity in MCF10A stained cells. MCF10A cells were treated for 8 days with 20 µM XL413 or 0.6 µM TAK-931 

for 8 days. A) Representative images of cytochemical SA-ɓ-Gal staining in MCF10A. B) Percentage of SA-ɓ-Gal 

positive cells as an indication of SA-ɓ-gal activity was quantified in n = 150 cells per condition. Data presented as 

mean and standard error, and the asterisks denote statistical significance (**** p < 0.0001, ns: non-significant) by 

ANOVA test. 

Various pathways can be involved in the induction of senescence. In particular, the p53-p21 pathway has 

been shown to induce senescence in response to DNA damage [245,376] (Section 1.5). The accumulation 

of micronuclei observed upon CDC7 inhibition and the knowledge that CDC7 inhibition induces replication 

stress, suggest that the senescence phenotype observed could be induced via the p53-p21 pathway. This 

pathway induces senescence by upregulating the transcription factor p53, which targets and induces 

upregulation of p21. Furthermore, senescence cells display a reduction in phosphorylated Rb.  

To investigate whether the p53 and p21 are involved in the phenotype observed, MCF10A cells were treated 

with XL413 and TAK-931 for 8 days and the level of p53, p21 and pRB, was analysed via western blot 

(Figure 4.47). Eight-day treatment with CDC7 inhibitors caused a reduction in the levels of pRb, which is 

accompanied by an increase in the protein level of p21 and p53. The increase in p53 and p21 protein levels 
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were observed starting from 1 day after treatment, and they gradually increase with increasing time of 

treatment. The increase in p53 and p21 protein levels were more robust in TAK-931 treated samples 

compared to the XL413 treatment. Interestingly, XL413 induced a stronger increase in p53 protein level at 

4 days compared to 8 days of treatment. A reduction in MCM2 phosphorylation was also observed upon 

treatment with XL413 and TAK-931, confirming the inhibition of CDC7. These results suggest that the 

senescence phenotype observed upon CDC7 inhibition is induced by the p53- p21 pathway.  

 

Figure 4.47: CDC7 inhibition induces an increase in p53 and p21 protein levels. MCF10A cells were treated for 

8 days with XL413 or TAK-931. Whole-cell extraction was performed with the TCA extraction method and analyzed 

by western blot with the indicated antibodies. Total protein stain (TPS) as loading control. Data are representative of 

at least two independent experiments. 

Part of the senescence phenotype is the inability of cells to re-enter the cell cycle once they enter the 

senescence state. In the literature, MCF10A were shown to be able to recover from the senescence state 

induced by aphidicolin treatment, suggesting that MCF10A enter a senescence-like state [380]. To 

understand whether MCF10A cells can recover from the 8-day treatment with CDC7 inhibitors, after 

treatment for 8 days with XL413 or TAK-931, cell cycles of cells from which the treatment was removed 

were monitored at 1 and 4 days after the release (Figure 4.48). Part of the cells were kept in the treatment 

with CDC7 inhibitors as a control. Although few cells were observed in S phase 24 hours after release, 4 

days after the release, an increased amount of cells in the S-phase of the cell cycle was detected, which 

suggests the cells re-enter the cell cycle after release from CDC7 inhibition. (Figure 4.48). MCF10A cells 

were also kept in the treatment with CDC7 inhibitors as a control. Cells that were kept in treatment with 
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XL413 and TAK-931 present an accumulation of cells in SubG1 and a reduction of early-S phase cells. The 

XL413 treated cells present a reduction of early and late S-phase cells, while TAK-931 treated cells show 

an accumulation of cells in the late S-phase of the cell cycle. These results suggest that MCF10A can 

recover after prolonged arrest induced by CDC7 inhibition, implying that CDC7 inhibition induces a 

senescence-like state in MCF10A cells.  

 

Figure 4.48: MCF10A are able to recover after 8 days of treatment with CDC7 inhibitors. Cell cycle analysis of 

MCF10A released after treatment for 8 days with 20 ɛM XL413 or 0.6 ɛM TAK-931. Samples were collected at 1, 4 

and 8 days after release from CDC7 inhibitions. EdU was added for the last 30 min before harvesting. A) DNA 

synthesis and DNA content were assessed by flow cytometry. The cell cycle profile of one representative experiment 

is shown. B) The distribution of cells in the cell cycle is shown. Data are represented as mean ± SEMs for each 

condition. The data are from 3 independent experiments.   

The experiment described above (Figure 4.48), does not provide information on whether the whole 

population of cells re-enter the cell cycle or only a fraction of the cells recover after the treatment. For this 

reason, cells were treated for 4 days with 0.1 µM EdU and EdU incorporation was monitored by performing 

flow cytometry analysis on days 1, 2, 3 and 4 after the release from the CDC7 inhibition (Figure 4.49). Part 

of the cells were kept in the treatment with CDC7 inhibitors as a control. A gradual increase in the 
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percentage of EdU positive cells was observed after the release of cells from the 8 days treatment with 

CDC7 inhibitors. An almost complete recovery is obtained 4 days after release from the long-term treatment 

with CDC7 inhibitors. Yet, cells released from XL413 recover slightly better than TAK-931 treated ones. 

Continuous treatment with CDC7 inhibitors for 4 days results in 50% EdU negative cells. These results 

indicates that the whole population of cells re-enter the cell cycle after being released from the growth arrest 

induced by CDC7 inhibition and suggest that CDC7 inhibition induces a transient state of growth arrest, 

which presents the typical hallmark of senescence. In addition, CDC7 inhibition causes a cell cycle arrest 

in ~50% of the cells. 

 

Figure 4.49: The majority of the cells population recover from 8 days of treatment with CDC7 inhibitors. 

MCF10A cells were released after treatment for 8 days with 20 ɛM XL413 or 0.6 ɛM TAK-931 were labelled for 4 

days with 0.1 ɛM EdU. Samples were collected at 1,2, 3 and 4 days after release from the treatment. The analysis of 

DMSO XL413 or TAK-931treated cells or from cells released from the XL413 or TAK-931 treatment weres 

performed via flow cytometry. The percentage of Edu positive and Edu negative cells were blotted. Data represented 

as mean ± SEM. 

In summary, these results suggest that long-term CDC7 inhibition induces in MCF10A a senescence-like 

phenotype. The senescence phenotype observed is induced by the p53-p21 pathway, nonetheless, they can 

recover and start replicating again after release from the long-term treatment.  

4.3.2 The senescence-like phenotype observed is p53 dependent 

Because of the critical role of p53 in growth arrest and senescence, the role of  p53 in the senescence-like 

phenotype observed in MCF10A cells was investigated. TP53-knock out MCF10A cell line, which was 

created by Aisling Quinlan, using CRISPR-Cas9 technology, was used. The TP53-knock clone 4 presents 

a homozygous 5 bp deletion in the TP53 gene.  
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Preliminary experiments were performed using WT-TP53 and TP53-/-clone 4 MCF10A cells. The cells were 

treated for 8 days with 0.6 µM TAK-931 or 20 µM XL413, and the cell cycle was monitored by harvesting 

cells at 1, 4 and 8 days after treatment.  

The cell cycle analysis indicates that TP53-/- cells displayed after 1 day of treatment a strong late S-

accumulation observed in WT-TP53 MCF10A (Figure 4.50). Treatment with CDC7 inhibitors for 4 days 

caused a reduction of S-phase cells in both XL413 and TAK-931 treated in WT-TP53 cells. TP53-/- cells 

display a substantial accumulation of cells in the late S phase. Eight-day treatment with XL413 and TAK-

931 of WT-TP53 MCF10A caused a reduction in S-phase cells in XL413 treated, while TAK-931 displays 

a strong late S-phase accumulation that wasnôt previously observed. On the other hand, 8-day treatment 

with XL413 or TAK-931 of TP53-/- cells caused an accumulation of cells in the subG1, G1 and G2/M 

phases and a loss of S-phase cells. These results suggest that loss of p53 might induce cell death upon long-

term CDC7 inhibition.   



Results 
 

163 
 

 

Figure 4.50: Long-term treatment of TP53 -/- causes loss of S phase cells and accumulation of cells in subG1. 

Cell cycle analysis of MCF10A treated for 8 days with 20 ɛM XL413 or 0.6 ɛM TAK-931. Samples were collected 

at 1, 4 and 8 days after treatment. EdU was added for the last 30 min before harvesting. A) DNA synthesis and DNA 
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content were assessed by flow cytometry. B) The distribution of cells in the cell cycle is shown. Data are represented 

as the mean of each condition. C) Percentage of Edu positive cells is represented as the mean for each condition. 

Loss of p53 has been associated with impaired senescence [481]. To understand if loss of p53 could prevent 

the induction of a senescence-like phenotype observed upon CDC7 inhibition, a ɓ-galactosidase (ɓ-Gal) 

assay was performed on cells treated for 8 days with the two CDC7 inhibitors. XL413 and TAK-931 

treatment induce an accumulation of ɓ-Gal positive cells in WT-TP53 MCF10A. On the contrary, lack of 

the ɓ-Gal staining was observed in TP53-knock out cells (Figure 4.51 A and B). These results suggest that 

p53 is responsible for the senescence-like phenotype observed in MCF10A upon CDC7 inhibition.   

 

Figure 4.51: Loss of p53 prevents the formation of ɓ-Gal positive cells.The quantification of SA-ɓ-Gal activity in 

MCF10A stained cells. MCF10A cells were treated for 8 days with 20 µM XL413 or 0.6 µM TAK-931 for 8 days. A) 

Representative images of cytochemical SA-ɓ-Gal staining in MCF10A and MCF10A p53-/-. B) The percentage of SA-

ɓ-Gal positive cells as an indication of SA-ɓ-gal activity was quantified in n = 150 cells per condition. The data are 

presented as the mean.  
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The previous observations suggest that loss of p53 could prevent upregulation of p21 and, in turn, 

senescence. Samples were collected at 1, 4 and 8 days after treatment with XL413 or TAK-931 and the 

protein level of p53 p21 and pRb were examined via western blot (Figure 4.52). 

In WT-TP53 MCF10A, as previously observed, a reduction of the level of pRB and an increase of the p53 

levels were observed upon CDC7 inhibition. The increase in p53 and p21 protein levels is more marked 

upon TAK-931 treatment. Treatment of TP53-knock out cells with XL413 and TAK-931 did not cause a 

reduction in the levels of pRB protein. No p53 or p21 protein was observed in TP53-/- cells. Reduction in 

phosphorylated MCM2 is present in both TP53 WT and knock-out cells upon treatment with XL413 or 

TAK-931, confirming CDC7 inhibition.  These results confirm the lack of the p53 protein in the TP53-/- cell 

line. They also suggest that the loss of p53 prevents the expression of p21, as previously observed in the 

literature [482,483], possibly preventing the senescence-like phenotype observed in WT cells.  

 

Figure 4.52: Loss of p53 prevents p21 accumulation. MCF10A cells were treated for 8 days with XL413 or TAK-

931. Whole-cell extraction was performed with the TCA extraction method and analyzed by western blot with the 

indicated antibodies. Total protein stain (TPS) as loading control.  

Part of the senescence phenotype is the secretion of various cytokines (SASP). To investigate whether the 

loss of p53 prevents the cytokines secretion observed upon CDC7 inhibition, a preliminary ELISA assay 

was performed on media collected at 1,4 and 8 days after treatment with XL413 or TAK-931.  Treatment 

with CDC7 inhibitors induced in WT-TP53, the secretion of IL-8 at 4 and 8 days, with a peak at the 4-day' 

time point (Figure 4.53). The TP53-/-cells treated with TAK-931 also showed secretion of IL-8 at 4 days. 

No IL-8 secretion was observed in XL413 treated cells. In addition, IL-8 secretion is not maintained at the 
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8-day time point in TP53-/-cells (Figure 4.53). This result suggests that the loss of p53 affects IL-8 secretion 

in cells treated with CDC7 inhibition. 

 

Figure 4.53: Loss of p53 causes reduced CDC7 induced-secretion of IL-8. The protein level of IL8  in the 

supernatant of cultured TP53-/- cl. 4 and TP53 WT treated with XL413 10 µM and TAK-931 0.3 µM for the indicated 

time.  

In summary, preliminary results suggest that transcription factor p53 has a key role in the senescence-like 

phenotype observed upon CDC7 inhibition. These preliminary results suggest that loss of p53 prevents the 

induction of the senescence-like phenotype observed in MCF10A by affecting cytokine secretion. 

Furthermore, TP53-/- cells treated with CDC7 inhibitors present a strong accumulation of subG1 cells, 

suggesting that loss of p53 causes cell death upon treatment with CDC7 inhibitors. 

4.3.3 The senescence-like phenotype observed is a general response to CDC7 inhibition   

CDC7 inhibition induces in the MCF10A cell line a senescence-like phenotype. Long-term CDC7 

inhibition causes a reduction in proliferation, a strong reduction of early S phase cells, accumulation of ɓ-

Gal positive cells and secretion of various cytokines. CDC7 inhibitors have been developed as potential 

chemotherapeutics. For this reason, it is important to understand whether the observed response to CDC7 

inhibition is specific to MCF10A or a general response.  

To investigate whether the senescence phenotype observed upon CDC7 inhibition is specific to MCF10A 

or a general response to treatment with the CDC7 inhibitors, MCF7, MDA-MB231 and U20S cells were 

treated with XL413 and TAK-931 for 8 days. The cell cycle, proliferation, and accumulation of ɓ-gal 

positive cells were monitored at 24 and 8 days after treatment. Furthermore, MDA-MB231, MCF7 and 

U2OS have been shown to be able to undergo the canonical senescence phenotype [484,485].  
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To investigate if long-term CDC7 inhibition causes a reduction in proliferation in MCF7, I treated MCF7 

cells with XL413 and TAK-931 for 8 days and studied the effect of CDC7 inhibitors on cell proliferation. 

The concentration of CDC7 inhibitors used for MCF7 was reduced to 10 µM XL413, and 0.3 µM TAK-

931 since lethality was observed upon treatment for 4 days with 20 µM XL413 and 0.6 µM TAK-931. 

Treatment with the CDC7 inhibitors XL413 and TAK-931 induced a strong reduction in cell growth in 

MCF7, similarly to what was observed in the MCF10A cell line (Figure 4.54). Furthermore, CDC7 

inhibition causes a ~10% reduction in the percentage of viability at 1, 4 or 8 days after treatment. These 

results suggest that CDC7 inhibition causes a reduction in proliferation in MCF7, which is comparable to 

the one observed in MCF10A. 

 

Figure 4.54: CDC7 inhibition induce arrest in proliferation without eliciting cell death in MCF7.  MCF7 cells 

were treated for 8 days with 20 ɛM XL413 or 0.6 ɛM TAK-931. A) Growth curves were obtained for each population 

by haemocytometer cell counting. Results are expressed as mean fold increase of cell counts. B) Viability was obtained 

for each population by haemocytometer cell counting and trypan blue staining. The percentage of viable cells in 

different treatment groups is shown. Data are represented as mean. The dots represent values from two independent 

experiments. 

To investigate whether CDC7 inhibition induces a similar cell cycle effect in MCF7, MCF7 cells were 

MCF7 were treated 10 µM XL413 and 0.3 µM TAK-931 for 8 days and the effect on the cell cycle was 
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monitored via flow cytometry. Twenty-four hours treatment with CDC7 inhibitor induced an accumulation 

of cells in the Late-S phase. In contrast, at the 8-day time point, a ~60% reduction of early-S phase cells 

was observed upon treatment with CDC7 inhibitors (Figures 4.55 A and B). Furthermore, XL413, and 

TAK-931 treatment induced an increase in EdU negative and subG1 cells. CDC7 inhibitors were also 

shown to induce a ~40% reduction in the percentage of Edu positive cells after 8-day treatment.  

 

Figure 4.55: CDC7 inhibition causes a reduction of early-S-phase cells in MCF7. Cell cycle analysis of MCF7 

treated for 8 days with CDC7 inhibitors: 10 ɛM XL413 or 0.3 ɛM TAK-931. Samples were collected at 1, 4 and 8 

days after treatment. EdU was added for the last 30 min before harvesting. A) DNA synthesis and DNA content were 

assessed by flow cytometry. The cell cycle profile of one representative experiment is shown. B) The distribution of 

cells in the cell cycle is shown. Data are represented as the mean for each condition. The dots represent values from 

two independent experiments. C) Percentage of Edu positive cells is represented as mean for each condition. The dots 

represent values from two independent experiments. 


































