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Abstract 
 

Osteosarcoma (OS) is an aggressive malignant bone tumour mostly present in childhood. In 

particular, the retinoblastoma tumour suppressor gene (RB1) has an essential role in the 

pathogenesis of OS. In response to growth stimuli, an altered Retinoblastoma/E2F pathway 

mediates an aberrant expression of downstream cell cycle promoters. Specifically, ectopic 

expression of cyclin E1 accelerates DNA replication timing leading to genomic instability 

and DNA replication stress. Consequently, DNA replication stress triggers an intra-S phase 

checkpoint that is dependent on Ataxia Telangiectasia and Rad3 related (ATR) kinase 

signalling. Oncogene activated DNA replication stress is a common feature of cancer cells. 

ATR inhibition selectively targets tumour cells exploiting endogenous vulnerabilities and 

increasing DNA damage to induce cancer cell death. 

 

This research project aims to investigate the oncogenic role of cyclin E1 in modulating 

sensitivity to DNA damage response inhibitors (DDRi). Here, we use the U2OS 

osteosarcoma cell line with a stably integrated TET-off inducible genes system to investigate 

the role of ectopic expression of cyclin E1 in early priming and firing of DNA replication 

origins, replication stress and genomic instability.  

 

Biomarkers for replication origin firing (pCDC6ser54), DNA replication stress (pRPAser33, 

pRPAser4/8) and DNA damage response pathways (pCHK1, pKAP1) were explored by 

western blot analysis. Whether variabilities in cell proliferation upon DDR inhibitors 

exposure were examined with resazurin-based fluorescence viability assays. Additionally, 

we extended our findings to PC-9 and A549 human lung carcinoma cell lines to explore 

DDRi activity regarding differences in cyclin E1 expression.  

 

ATR inhibition (ATRi) using AZD6738 exhibited an unexpected disparity in selectively 

decreasing viability of cells with ectopic expression of cyclin E1. In particular, ATRi 

sensitivity was characterised by an increase in biomarkers for replication stress and DNA 

damage response pathways such as pATM. This result suggests that AZD6738 could 

selectively target tumour cells, including osteosarcoma, with aberrant expression of cyclin 

E1, although further study of the relationship between cyclin E1 expression and sensitivity 

to ATRi is required. 
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CHAPTER   1  

 

1. Introduction  

 

  Osteosarcoma 

Osteosarcoma is the most common primary malignant bone tumour with the majority of 

cases arising in children and adolescents younger than 20 years of age. (Longhi et al. 2006; 

Marina 2004) The overall incidence is 5 cases per million people per year. However, among 

childhood malignancies, osteosarcoma is the eighth most common behind leukaemias, 

lymphomas, and neurological malignancies. (Choong et al. 2011) Current treatments for 

osteosarcoma are based on well-established approaches that combine multi-agent 

chemotherapy and surgery. Drugs currently included in standard chemotherapy protocols 

that have been used since 70-80s include: doxorubicin (adriamycin), cisplatin (cis-

diamminedichloroplatinum), high-dose methotrexate and/or ifosfamide and/or etoposide. 

(Ferrari et al. 2005; Hattinger et al. 2015, 2019) Despite the use of high dose of 

chemotherapeutics and deep resection of the tumour area, 30-40% of patients succumb to 

the disease mainly due to refractory and/or recurrent disease. (Baumhoer, Amary, and 

Flanagan 2019; Sajadi et al. 2004) Hence, there is a real need to improve current treatment 

strategies and to develop novel approaches for treating osteosarcoma. 

 

Different studies investigating the pathogenesis of OS reported genomic instability as a 

significant feature correlated with cytogenetic abnormalities and wide heterogeneity 

between cells within the same patient. Karyotype complexity is also related to high 

expression of  tissue invasion-related genes and lower expression of genes involved in cell 



 
13 

cycle regulation and DNA repair. (Roschke et al. 2015) Specifically, mutation or 

deregulation of retinoblastoma (RB1) and p53 genes, fundamental in regulating cell cycle 

progression, are well-known molecular changes occurring in OS. (Longhi 2001; Masuda et 

al. 1987; Scholz et al. 1992) In particular, loss of heterozygosity or deletion of the RB1 gene 

located on chromosome 13q14.2 has a prominent role in hereditary retinoblastoma tumour 

and predisposes to development of osteosarcoma. (Friend et al. 1986; Toguchida 2016; 

Zhang et al. 2015) Mutation or genetic loss of both RB1 and p53 is found in about 50% of 

osteosarcoma cases. (Heinsohn et al. 2007; Toguchida 2016) Overall, genetic studies 

revealed several other mutational drivers implicated in the genesis of OS. For instance, these 

include overexpression of MDM2 (murine double minute 2) gene that inactivates the p53 

protein, amplification of cyclin-dependent kinases 4 (CDK4) that inactivate RB1 or INK4A 

deletion. (Rickel, Fang, and Tao 2017)  Mutations associated with alteration of integrating 

factors of either one or both pRB and p53 pathways abrogate regulation of cell cycle 

transition from G1 to S-phase. (López-Guerrero et al. 2004; Rickel, Fang, and Tao 2017) In 

particular, an uncontrolled G1-S phase transition in the cell cycle leads to chromosomal 

abnormalities exposing the genome to DNA damage accumulation. (Benassi et al. 1997; 

Marina 2004)  

 

Since specific genetic changes leading to an uncontrolled G1-S phase transition are a 

common feature of osteosarcoma, novel treatment approaches, designed according to the 

biological characteristics of each individual tumour, may provide more precise therapy 

and improve current clinical results in OS. Furthermore, there is also a need to identify 

biomarkers that can be used to classify tumours and patients into those that are likely 

either to respond or not respond to targeted therapies, as well predicting individual 

susceptibility to treatment-associated toxicities. (Hattinger et al. 2019) 
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   The regulation of G1-S phase transition 

The cell cycle consists in a series of well-orchestrated events divided in discrete phases (G1, 

S, G2, M) ending with division of a cell into two daughter cells. (Fig.1.1) Each event is 

precisely regulated at designated checkpoints and at each phase transition. Each phase of the 

cell cycle has a unique profile of cyclin-dependent kinases (CDKs) whose activity regulates 

progression through the cell cycle including the critical transitions between the G1-S and 

G2-M phases. (Morgan 1992) (Fig1.1) CDKs contain two subunits, a catalytic kinase subunit 

and a regulatory cyclin subunit that is required for CDK activity. The periodicity of increased 

cyclins levels is an essential feature of normal cell cycle regulation. (Resnitzky and Reed 

1995)  

 

 

Figure 1.1: Schematic showing different cyclin/CDK partners controlling different phases 

of the cell cycle. Adapted from Morgan & Reuter, 2006. 

 

 

Retinoblastoma protein (pRB) acts as a growth-suppressive regulator of cell cycle 

progression that forms a complex with, and inactivates, E2F (a DNA-binding transcription 

factor). pRB exists in three phosphorylated forms: un-phosphorylated, mono-phosphorylated 
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or multi-phosphorylated. When levels of phosphorylation are low, pRB acts as a tumour 

suppressor by binding E2F, whereas increased levels of pRB phosphorylation lead to release 

of E2F from the complex and subsequent activation of E2F-dependent transcription. (Fischer 

and Müller 2017; Weinberg 1995) pRB phosphorylation levels are tightly regulated by 

cyclin-CDK complexes. The generally accepted order of pRB phosphorylation by cyclin-

CDKs through the cell cycle is cyclin D1/CDK4/6 in early G1 phase, cyclin E/CDK2 in late 

G1, and cyclin A/CDK2 in S phase. The differential responses to phosphorylation on pRB 

function correspond with modification of distinct sets of phosphorylation sites. (Connell-

Crowley, Harper, and Goodrich 1997) In response to growth signals cyclin D1/CDK4/6 

complex phosphorylates pRB allowing the release of E2F transcription factor thereby 

promoting gene transcription of downstream positive regulators of cell cycle progression. 

(Antonescu et al. 2000; Lundberg and Weinberg 1998; Weinberg 1995) Although the 

activity of E2F family members E2F-1, E2F-2, and E2F-3 are controlled by pRB, E2F1 in 

particular plays a major role in controlling cyclin E1 (CCNE1) expression. Cyclin E1 

interacts with high specificity with the cyclin kinase 2 (CDK2) and the resulting complex 

(cyclin E1-CDK2) acts as a master regulator of the G1-S phase cell cycle transition. (Koff 

et al. 1992; Resnitzky et al. 1994)  

 

There are two forms of cyclin E (cyclin E1 and cyclin E2) which have high sequence 

similarity and both of which are able to complex with CDK2. (Caldon and Musgrove 2010) 

However, there are crucial independencies in gene transcriptional and post-transcriptional 

regulation. Cyclin E1 and cyclin E2 are assumed to be functionally redundant. In particular, 

cyclin E1 complexed with CDK2 appears to have a predominant role in cell cycle control 

and it is found to be highly expressed in several types of cancer. (Caldon and Musgrove 

2010) Potential oncogenic effects of cyclin E2 have not been reported suggesting that cyclin 

E1 and cyclin E2 may not have equivalent roles in tumorigenesis. Interestingly, one of the 
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roles of cyclin E/CDK2 comples is to induce its own expression through a positive feedback 

loop promoting phosphorylation of pRB and the consequent increase in transcriptionally 

active E2F1 levels. The expression of E2F gene targets (cyclins, etc) gradually increases 

during G1 and must reach a critical level in order for cells to overcome the ‘restriction point’, 

a point where cells become committed to progression into S phase. (Blagosklonny, Pardee, 

and Pardee 2016; Resnitzky and Reed 1995) There have been several reports suggesting that 

expression of cyclin E1 alone is able to induce S phase entry from G1, without the 

requirement of pRB phosphorylation or the transcription of E2F-activated genes. (Dyson 

1998; Leng et al. 1997; Lukas, Hansen, et al. 1997) However, studies have also demonstrated 

that E2F overexpression can prompt S phase entry without cyclin E/CDK2 activity. 

(Degregori et al. 1995; Leone et al. 1999) Taken together, this suggests cooperative 

interaction of E2F and cyclin E/CDK2 for promoting entry into S phase. Moreover, cyclin 

E1 promotes the assembly of the pre-initiation replication complex onto the DNA. Priming 

of the origin replication complex depends on recruitment of CDC6 and CDC10‑dependent 

transcript 1 (also known as DNA replication factor CDT1) to the origin replication complex 

(ORC). ORC and CDC6 cooperates to identify DNA replication origin sequences in an ATP-

dependent manner. (Speck et al. 2005) When an ORC is situated in non-origin DNA 

sequences, CDC6 hydrolyses ATP and promotes the dissociation of both proteins from the 

DNA. In contrast, interaction with specific origin sequences inhibits ATP hydrolysis, 

stabilizing the interaction with the DNA. (Borlado and Méndez 2008) Subsequently, origin 

licensing during G1 phase culminates with the recruitment and loading of two CDT1-bound 

hexamers of MCM2-7 onto the replication origin by cyclin E in a CDK2 independent 

manner. (Caldon and Musgrove 2010; Geng et al. 2007) (Fig.1.2.) At the G1-S transition 

point, inactive MCM2–7 double hexamer (DH) recruits CDC45 and the four subunit GINS 

complex. DNA replication origin firing is mediated by multiple phosphorylation events 

carried out by DDK (DBF4-CDC7) and cyclin E/CDK2 within the MCM2–7 complex, 
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resulting in helicase activation and DNA unwinding. (Boos and Ferreira 2019; Borlado and 

Méndez 2008; Leman and Noguchi 2013; Speck et al. 2005) At this point, primase and DNA 

polymerases are loaded and the replisome machine executes DNA synthesis. (Yuan et al. 

2017) (Fig.1.2.) 

 

Figure 1.2.  DNA replication origins during 

G1 and S phase. (A) CDC6 and ORC bind to 

DNA origin sequence and promote the 

recruitment of MCM-CDT1 complexes to 

replication origins.  

(B) CDK/DDK-dependent phosphorylation of 

pre-replication complex (RC) components leads 

to CDC6 and CDT1 dissociation allowing 

replisome assembly and origin firing. 

(C) MCMs and associated proteins (GINS and 

CDC45) unwind DNA to expose template DNA. 

At this point the replisome can be assembled and 

replication initiated.  

(Modified from Leman and Noguchi, Genes, 

2013)  

  

 

 

Decline of cyclin E1 levels is tightly regulated by ubiquitin-mediated proteolysis. In the cell 

cycle, ubiquitination plays a central role in cell-cycle transitions and checkpoints by 

establishing the strict temporal control of proteins such as cyclins and cyclin-dependent 

kinase (CDK) inhibitors. The ubiquitin system requires the cooperation of three components 

that participate in a cascade of ubiquitin transfer reactions: a ubiquitin-activating enzyme 

(E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3). E3 recognises target 

proteins with high specificity and therefore has a crucial role in controlling individual target 

protein abundance.  

Several studies suggested that the complex of SCFfbw7 (SKP1/ CUL1/ F-box protein) 

complex regulates the stability of cyclin E1, promoting poly-ubiquitination and proteasomal 

degradation. The complex is formed by the F-box domain that interacts with SKP1, a 
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component of the SKP1-CUL1-F-box protein (SCF) ubiquitin ligase machinery. SKP1 binds 

one of many F-box proteins (69 in human) and also recruits CUL1 (and RBX1 with CUL1) 

to assemble a functional SCF complex. Fbw7 selectively recognises cyclin E1, and SCFfbw7 

catalyses cyclin E1 ubiquitination in vitro. (Koepp et al. 2001) Fbw7 has been shown to act 

as a tumour suppressor. (D’Angiolella, Esencay, and Pagano 2013; Hao et al. 2007) 

 

  The impact of cyclin E1 overexpression 

Loss of the cell cycle restriction point and deregulated control of G1-S phase transition are 

common features of cancer cells that can lead to  uncontrolled cell proliferation. (Kotsantis, 

Petermann, and Boulton 2018) In particular, defects in RB pathway components may 

provoke oncogene-induced aberrant proliferation. Abnormal cyclin E1 expression is able to 

destabilise the highly conserved regulation of the cell cycle progression leading to genomic 

instability and cancer malignancy. (Tort et al. 2006) Unlike cyclin D or cyclin A, cyclin E1 

remains essential for promoting G1-S phase transition in cells with an absent or defective 

RB pathway. (Ohtsubo et al. 1995) Additionally, constitutive expression of cyclin E1 

bypasses pRB-mediated cell cycle arrest. (Alevizopoulos et al. 1997; Lukas, Herzinger, et 

al. 1997) These observations demonstrate the fundamental differences between cyclin E1 

and other cyclins, strongly suggesting that cyclin E1 is a key player for S-phase entry. 

(Duronio et al. 1996) An aberrant expression of cyclin E1 protein could lead to genomic 

instability in human cancers due to its key regulatory role in G1/S phase transition and 

priming/firing origins. (Macheret and Halazonetis 2018a).   

 

Indeed, ectopic increases in cyclin E1 protein levels lead to an accelerated G1-S phase 

transition in the cell cycle (Resnitzky et al. 1994) and chromosome instability. (Spruck, Won, 

and Reed 1999) A premature G1-S phase transition drives cells into S phase without 

completing the G1-dependent gene transcription programmes leading to a deregulated 
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replication process and an increase in replication-transcription conflicts. Interference 

between replication and transcription may enhanced depletion of replication building blocks 

such as deoxynucleotide pools (dNTPs), histones or RPA protein, thereby compromising 

efficient DNA replication. (Bester et al. 2011; Resnitzky et al. 1994)  

In addition, pre-replication complex assembly and origin firing are also disrupted. (Ekholm-

Reed et al. 2004) Constitutive activation of cyclin E/CDK2 results in unscheduled pre-RC 

initiation prior to S-phase entry. Early initiation of pre-RCs, with insufficient 

deoxynucleotide pools, would lead to inefficient DNA synthesis, DNA replication stress and 

genomic instability. (Ekholm-Reed et al. 2004; Jones et al. 2013) Moreover, cyclin E1 

1overexpression intensifies the CDK2 kinase activity and induces a rise in replication origin 

firing density promoting uncoordinated replication fork progression and stalled replication 

forks. (Macheret and Halazonetis 2018a)   

 

A recent study identified a novel set of DNA replication origins mapped within the highly 

transcribed genes under conditions of cyclin E1 overexpression. Origin sequences that are 

usually suppressed during G1 and activated in S phase entry, were triggered prematurely 

delineating a new oncogene activity implicated in inducing replication stress. (Macheret and 

Halazonetis 2018b)  

 

Inefficient proteolytic processing of cyclin E1 can generate hyperactive low molecular 

weight isoforms (LMW-E) in tumours overexpressing cyclin E1. (Caruso et al. 2018) In 

particular, recent studies showed that LMW isoforms of cyclin E are hyperactive 

biochemically as their presence can increase cell transition into S-phase and can promote 

aberrant substrate phosphorylation through CDK2 interaction. Functions of LMW-E 

isoforms include hyperactivation of CDK2 in both the nucleus and in the cytoplasm, where 
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the LMW-E/CDK complex interacts with a novel sets of substrates not usually regulated by 

nuclear cyclin E/CDK2 complex. (Caruso et al. 2018; Delk, Hunt, and Keyomarsi 2009) 

LMW-E isoforms cannot be inhibited by p21/ p27 and are less likely to be degraded by the 

ubiquitin-proteasomal system. The proteolytic processing of cyclin E1 isoforms appears to 

occur exclusively in tumour cells and appears to be independent from the ubiquitination-

proteasome pathway. Cleavage of cyclin E1 to LMW-E isoforms is considered more likely 

to be generated via amino terminus cleavage of the full-length cyclin E1 by serine protease 

or calcium dependent protease activity. (Porter et al. 2001)  

 

Overall, accurate replication of the genome is essential to preserve genomic stability and 

cyclin E1 appears to have a critical role in regulating cell cycle progression. Unbalanced 

levels of cyclin E1 induce replication stress and DNA damage not only deregulating the 

timing of cell cycle progression but also by disrupting the regulation of DNA replication 

processes leading to genomic instability. (Fragkos et al. 2015) Consequently, DNA damage 

response signalling may be activated to provide a natural barrier to delay or prevent 

tumorigenesis and genetic instability. (Bartkova et al. 2006; Gaillard, García-Muse, and 

Aguilera 2015) In particular, it has been shown that oncogene-induced replication stress 

triggers activation of DNA damage response pathways that drive cells into senescence. (Di 

Micco et al. 2006) 

 

  The DNA damage response (DDR) 

Thousands of DNA damage events occur each day in our cells. (Lindahl 1993) In 

consequence, cells have evolved a co-ordinated set of signalling responses – the DNA 

damage response (DDR) – in order to preserve genomic integrity. (Ciccia and Elledge 2011; 

Jackson and Bartek 2009) DNA damage can be caused by exogenous exposure to radiation 

or genotoxic agents. Additionally, DNA damage can be caused by endogenous factors such 
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as dNTP misincorporation during DNA replication, base depurination or deamination due to 

hydrolysis or interaction with reactive products of cellular metabolism such as reactive 

oxygen species (ROS) or formaldehyde. (Klungland et al, 1999) When DNA lesions remain 

unrepaired or aberrantly repaired, deleterious mutations can affect cell viability leading to 

senescence, cell death or mutations that may culminate in cancer development. (De Bont and 

van Larebeke 2004; Hoeijmakers 2019)  

 

The DNA damage response (DDR) comprises a complex network of signalling pathways 

that are specialized to detect DNA alterations, signal their presence and facilitate their repair 

to ensure genomic stability and cell viability. (Ciccia and Elledge 2011; Jackson and Bartek 

2009; Weber and Ryan 2015a) In particular, DNA damage signalling will determine whether 

cells will undergo senescence, transient growth arrest or apoptosis through cell cycle 

checkpoint activation. (Ciccia and Elledge 2011; Jackson and Bartek 2009)  

 

Two key DDR signalling components are the protein kinases ATR and ATM. (Blackford 

and Jackson 2017; Ciccia and Elledge 2011; Lempiäinen and Halazonetis 2009) Both 

proteins are members of the phosphatidylinositol 3-kinase- related kinase (PIKK) family of 

serine/threonine protein kinases, which also includes DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs/PRKDC). (Lempiäinen and Halazonetis 2009) The N-terminal 

region of PIKK family proteins appears to be important for mediating interactions with 

substrates and adapter proteins. (Fernandes et al. 2005) For instance, in ATR, the N-terminus 

contains the binding site for ATRIP, which mediates the localisation of ATR to sites of 

replication stress. (Cortez et al. 2001; Zou and Elledge 2003) The ATR-ATRIP complex is 

recruited by binding RPA at sites of single stranded DNA structures (ssDNA), which may 

arise e.g. at resected DNA double strands breaks (DSBs) or at stalled DNA replication forks. 

On the other hand, ATM activates the DDR in presence of DNA DSBs which may arise e.g. 
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following the collapse of stalled replication forks. Several studies have suggested that DDR 

pathways may limit cancer development in its early stages operating as a barrier for 

proliferation of aberrant cells (Bartkova et al. 2006; Gorgoulis et al. 2005) and specifically 

through the activation of the tumour suppressor protein p53. (Halazonetis, Gorgoulis, and 

Bartek 2008) Indeed, two of the most widely studied ATR/ATM targets are the protein 

kinases CHK1 and CHK2 respectively (together with ATR and ATM) restrict cyclin-

dependent kinase (CDK) activity by various mechanisms, some of which are mediated by 

activation of the p53 transcription factor to induce cell cycle arrest and apoptosis. In 

particular, CHK2, a key downstream target of ATM (Matsuoka, Huang, and Elledge 1998) 

and mediator of ATM signalling, can interact directly with p53 and phosphorylate it on 

serine 20. (Chehab et al. 1999, 2000) 

In conclusion, cancer cells lacking in G1-S cell cycle-checkpoints due to deficiencies in the 

pRB-E2F pathway and/or oncogene amplification such as cyclin E1 are characterized by 

high levels of replication stress and chromosomal instability. (Bartkova et al. 2006; Jones et 

al. 2013; Di Micco et al. 2006; Tort et al. 2006) However, DDR signalling induced by 

oncogene activation may also act to restrain cell proliferation driving cancer cells to 

senescence and provide an obstacle to cancer development. (Di Micco et al. 2006)   

 

  The role of ATR in response to DNA damage 

The ATR signalling pathway is activated in response to DNA damage including DNA single 

strands breaks, DNA base adducts and DNA replication stress. (Ciccia and Elledge 2011; 

Cimprich and Cortez 2008b) In particular, ATR signalling pathway activation occurs when 

single-stranded regions occur on DNA. Replication protein A (RPA) coats ssDNA that has 

a 5’ double stranded DNA primer junction. RPA-coated DNA then recruits the ATRIP which 

is in a complex with ATR, thereby localising ATR to regions of ssDNA. (Costanzo et al. 

2003; Fanning, Klimovich, and Nager 2006; Zou, Liu, and Elledge 2003) ATR signalling 
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activation depends on the co-localisation of ATRIP-ATR with the Rad9-Rad1-Hus1 (9-1-1) 

complex. Specifically, RPA recruits the RAD17/RFC-5 clamp loader complex that enables 

the loading of 9-1-1 complex onto the DNA. (Ellison and Stillman 2003; Zou, Liu, and 

Elledge 2003) Subsequently, the 9-1-1 complex mediates the recruitment of the main ATR 

activation protein: the DNA topoisomerase 2-binding protein (TOPBP1). (Delacroix et al. 

2007; Lee, Kumagai, and Dunphy 2007) TOPBP1 loading depends on a recognition site 

mediated by a C-terminal phosphorylated tail in RAD9. (Lee, Kumagai, and Dunphy 

2007) TOPBP1 is a molecular bridge that mediates the interaction between the 

independently recruited 9–1–1 and ATRIP–ATR complexes, leading to checkpoint 

activation. (Yang and Zou 2006) 

 

 

Figure 1.3: ATR is activated at sites of ssDNA. Black lines represent DNA. In this example, a 

DNA lesion (red) inhibits leading strand DNA synthesis and helicase activity continues to unwind 

double stranded DNA at the replication fork, creating long strands of ssDNA. ssDNA regions are 

coated by RPA (yellow) which can recruit ATRIP:ATR complexes (light purple:dark purple). RPA 

also recruits the RAD17/RFC2-5 clamp loader complex (blue and light green) that enables loading 
of the RAD17-RAD1-HUS1 (9-1-1) ring complex (dark green) onto the DNA. This complex 

subsequently recruits TOPBP1 (grey) which stimulates ATR activity. Claspin, recruited by RAD17, 

recruits CHK1, which is phosphorylated by ATR on two serine residues: ser345 and ser317. Once 
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activated, CHK1 dissociates and signals downstream responses. Directions of DNA replication are 

indicated. Modified from Wagner & Kaufmann, 2010. 

 

 

Once the active ATRIP-ATR complex is assembled onto ssDNA e.g. at a stalled replication 

fork, it can phosphorylate downstream substrates to coordinate cell cycle arrest and 

stabilization of the stalled replication forks. The main downstream effector of ATR is 

thought to be CHK1 kinase activity. Claspin, an adaptor protein, is recruited by RAD17 and 

it is phosphorylated and activated by ATR. Claspin promotes the interaction between ATR 

and CHK1 proteins to facilitate CHK1 phosphorylation. (S. Liu et al. 2006) CHK1 is 

phosphorylated by ATR at serine 317 and 345 and can also be autophosphorylated at serine 

296. Once phosphorylated, CHK1 is released from chromatin and phosphorylates CDC25 

phosphatases. (Bartek, Lukas, and Lukas 2004) (Fig.1.4) CDC25 protein phosphatases 

regulate cell cycle transitions by dephosphorylating and activating CDK1 and CDK2 thereby 

promoting cyclin E/CDK2 and cyclin A/CDK2 dependent replication origin firing and cyclin 

B/CDK1 dependent G2-M phase progression. (Maya-Mendoza et al. 2007) (Fig.1.4) 

Phosphorylation of CDC25A or CDC25C by activated CHK1 leads to CDC25A ubiquitin-

dependent proteolysis or 14-3-3 dependent nuclear export, respectively, (Boutros, Dozier, 

and Ducommun 2006; Jiang et al. 2003; Peng et al. 1997) thereby inhibiting both CDK1 and 

CDK2 activity (phosphorylated forms of CDK1 and CDK2 are inactive) leads to both 

inhibition of DNA synthesis (S phase arrest) and G2-M cell cycle progression (G2 phase 

arrest). (Fig.1.4) CDK1 and CDK2 are phosphorylated (inactivated) by WEE1. WEE1 kinase 

is activated by ATR-CHK1 signalling which further reinforces the effects of decreased 

CDC25 phosphatase activity on cell cycle arrest. (Boutros, Dozier, and Ducommun 2006) 
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Figure 1.4: ATR-induced cell cycle arrest is mediated via CHK1 activity. 

Modified from Wagner & Kaufmann, 2010.  

 

  Targeting the DDR for cancer therapy 

ATR is an attractive anticancer target as it plays a key role in regulating the response to DNA 

replication stress, which is a common feature of cancer cells. (López-contreras and 

Fernandez-capetillo 2013) In particular, pharmacological inhibition of the DNA damage 

response could enhance cytotoxicity of standard chemotherapeutics and may provide an 

exciting opportunity to target cancer cells by exploiting genetic differences that exist 

between normal and tumour cells. (Hattinger et al. 2019) There is also the possibility that 

combinational therapies might have the potential to decrease pharmacological doses of 

standard chemotherapeutics that consequently would be less toxic for normal cells. (Weber 

and Ryan 2015b) 

 

Some studies support the hypothesis that pharmacological inhibition of ATR might have 

consequences also in normal cells as ATR activity is required in all proliferating cells during 

S-phase to guarantee correct DNA replication and maintenance of genomic stability. Indeed, 

S and G2 phase
progression
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it has been reported that depletion of ATR can lead to defects in tissue homeostasis, 

(Ruzankina et al. 2007) and can induce substantial replication stress causing severe side 

effects due to toxicity in highly proliferative normal tissues. (Murga et al. 2009) 

However, research studies have shown that ATR inhibition can be selectively cytotoxic for 

cancer cells and it might represent a novel anticancer therapeutic approach. For instance, it 

has been shown that depletion of functional ATR increases genomic instability causing 

synthetic lethality in cancer cells characterised by oncogene-induced replication stress such 

as oncogenic RAS or MYC-driven tumorigenesis. (Gilad et al. 2010; Murga et al. 2016; 

Schoppy et al. 2012) Notably, inhibition of ATR signalling (reduced to 10% of normal 

levels) was sufficient to induce synthetic lethality in oncogenic RAS-driven tumours, while 

only marginally affecting normal bone marrow and intestinal homeostasis. (Schoppy et al. 

2012) These findings suggested that partial ATR inhibition may be sufficient to sustain 

viability of highly proliferative human tissues and that complete inhibition of ATR kinase 

activity may not be required to produce selective toxicity in cancer cells.  

 

It is also possible that genetic modifications in genes encoding enzymes involved in DNA 

damage repair pathways might also influence response to therapy for osteosarcoma, 

including ATR inhibition. (Hattinger et al. 2019) For instance,  there is evidence indicating 

that gene polymorphisms, in ERCC (excision repair cross complementation group genes) or 

in nucleotide excision repair pathway may influence the prognosis for osteosarcoma patients. 

(Li et al. 2018; Zhao et al. 2013) Cancer cells with less efficient DNA repair pathways such 

as mutations in ATM or PRKDC are more likely to rely on ATR activity for survival due to 

their high burden of replication stress. (Kantidze et al. 2018) Further investigation of 

germline and somatic genetic changes is required to identify novel molecular biomarkers 

that could delineate which patients and tumours would show the greatest susceptibility to 

DDR-target agents. (Hattinger et al. 2019)  
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  Development of ATR inhibitors in clinic   

Several strategies have been used to inhibit ATR signalling in the preclinical setting. 

However, some show nonspecific inhibitory activity and will also inhibit ATM or other 

kinases. For example, caffeine sensitises tumour cells to ionizing radiation and genotoxic 

agents by inhibiting both ATR and ATM. (Powell et al. 1995; Sarkaria et al. 1999) Recent 

studies have also identified that Schisandrin B, isolated from the fruit of Schisandra 

Chinensis, appears to have specificity for ATR, although it affects also ATM at higher 

concentrations. It has also been found that Schisandrin B can increase sensitivity of non-

small cell lung cancer (NSCLC) cells to UV radiation by abolishing the S and G2/M 

checkpoints and inhibiting CHK1 phosphorylation. However, it is only effective at high 

concentrations (30 μM) where it also inhibits ATM activity. (Nishida et al. 2009) Most 

recently NU6027, NVP-BEZ235, TORIN  2 and ETP-46464 were reported to be potent ATR 

inhibitors that sensitized tumour cells to a variety of genotoxic chemotherapeutics. (Q. Liu 

et al. 2011; Peasland et al. 2011; Toledo et al. 2016; Weber and Ryan 2015a) However, they 

can also inhibit CDK2, PKI3, mTOR and ATM.  

 

The first potent and selective ATR inhibitor was disclosed by Vertex Pharmaceuticals in an 

high-throughput screen assay. (Prevo et al. 2012; Reaper et al. 2011) VE-821 is an ATP-

competitive inhibitor of ATR kinase and exhibits low cross-reactivity to related PIKK family 

proteins such as ATM and DNA-PK. (Reaper et al. 2011). VE-821 inhibits ATR, reduces 

pCHK1 phosphorylation at Ser345 and showed synergetic effects when used in combination 

with genotoxic agents (gemcitabine, camptothecin and etoposide) as well as with ionising 

radiation (IR) and cross-linking agents (cisplatin and carboplatin). (Reaper et al. 2011) 

Additionally, it has also been reported that the combination of VE-821 and cisplatin 

sensitises ATM deficient cells. Importantly, this cytotoxic synergy with cisplatin has been 

observed in cancer cell lines but not in non-tumour cell lines which showed a transient and 
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reversible growth arrest. VE-821 has also been shown to increase sensitivity to radiotherapy 

in hypoxic cancer cells that have undergone replication arrest in S-phase. This result is of 

potential clinical significance as hypoxic cells are known to be more resistant to 

radiotherapy. (Pires et al. 2012; Prevo et al. 2012)  

 

An analogue of VE821, VE-822 also developed by Vertex exhibited a greater potency and 

selectivity in inhibiting ATR as well as improved bioavailability, solubility and 

pharmacokinetic properties. (Charrier et al. 2011) It has also been shown to display cytotoxic 

synergy to radiation and gemcitabine in human pancreatic cancer cells, while maintaining 

low toxicity levels in non-tumour cells. (Fokas et al. 2012) Notably, VE-822 potentiates the 

effect of cisplatin in NSCLC cells in vitro and in human tumour xenografts. (Hall et al. 2014) 

Moreover, given its potency and selectivity, VE-822 was the first ATR specific inhibitor to 

enter in clinical trials to evaluate safety, pharmacokinetic and tolerability in combination 

with radiotherapy or chemotherapy. (ClinicalTrials.gov: NCT02157792, EUDRACT: 2012-

003126-25) 

 

Another ATR inhibitor currently in clinical trials studies is AZD6738, developed by 

AstraZeneca. AZD6738 is an analogue of AZ20, a potent and selective ATR inhibitor which 

showed tumour growth inhibition in LoVo human colorectal cancer tumour xenografts in 

vivo at well-tolerated doses. AZ20 was the first reported ATR inhibitor with the required 

potency, selectivity, and properties to explore ATR pharmacology in vivo. (Foote et al. 2013; 

Jacq et al. 2012) AZD6738 has significantly improved solubility, bioavailability and 

pharmacokinetic properties compared with AZ20 that make it suitable for oral dosing. 

(Charrier et al. 2011; Vendetti et al. 2015) AZD6738 is an ATP competitive ATR kinase 

inhibitor that selectively induces tumour cell death through inducing S-phase accumulation, 

impairment cell cycle progression and increasing DNA damage/replication stress. In 
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particular, it blocks the phosphorylation of the ATR downstream target CHK1, and increases 

ATM-dependent phosphorylation of ATM, CHK2 in H2AX in vitro. Furthermore, 

AZD6738 produces synthetic lethal effects in ATM deficient tumours. (Guichard et al 2013; 

Jones et al 2013) The synthetic lethality interaction between ATR and ATM signalling 

pathways might be due to the overlapping and cooperating roles of these pathways in 

regulating cell cycle progression with DNA repair. In addition, non-small lung cancer cells 

deficient in both ATM and p53 showed high sensitivity to ATR inhibition in vitro, 

suggesting that functioning-p53-protein might be important in this setting. (Anika M. Weber 

et al 2013) Indeed, AZD6738 enhanced the cytotoxic effect of cisplatin and gemcitabine in 

NSCLC cells with functioning ATM kinase activity, and synergised with cisplatin in ATM 

deficient NSCLC cells. Interestingly, daily administration of AZD6738 for 14 consecutive 

days is well tolerated in mice and enhances the therapeutic efficacy of cisplatin in tumour 

xenograft models. (Vendetti et al, 2015). In addition,  the radiosensitising properties of 

AZD6738 in multiple cancer cell lines were independent of both p53 and BRCA2 status. In 

particular, AZD6738 combined with ionising radiation promotes an aberrant mitosis 

resulting in acentric chromosome fragment-containing dysfunctional micronuclei, indicating 

mitotic catastrophe. (Dillon et al. 2017)  

 

AZD6738 clinical trials are still in early stage. However, after the recruitment of two 

patients, it was possible to investigate multiple ascending dose study to assess 

pharmacokinetic in CLL, PLL, and B cell lymphoma patients. (ClinicalTrials.gov: 

NCT01955668)  A phase I clinical trial is investigating the safety of AZD6738 alone and in 

combination with radiotherapy in patients with solid tumours (NCT02223923; EUDRACT: 

2013-003994-84 and 2014-002233-66) and another trial is evaluating the combination of 

AZD6738 with carboplatin, olaparib, or durvalumab, a monoclonal antibody against PD-L1. 

(NCT02264678) 
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A range of DDR modulators targeting ATR (AZD6738), CHK1 (CCT245737) and CHK1/2 

(AZD7762) were of specific interest in this project and were also extended to include other 

classes of DDR modulators (such as ATMi, DNA-PKi, WEE1i). The DDRi used in this 

research project are shown in Table 1.1. 
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Table 1.1: DDR inhibitors, their targets and their chemical structure  

Target Compound Chemical Structure 

ATM KU-55933 

 

ATR 

AZD6837 

 

VE821 

 

VE822 

 

CHK1 

 
CCT-245737 

 

CHK1/2 

 
AZD7762 

 

DNA-PK 

 

NU7441 

 

 

NEDDYLATION 

 
MLN-4924 

 

PARP AZD2281 

 

WEE1 MK-1775 
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  Aim of this study 

We hypothesised that cyclin E1 overexpression could be an essential molecular feature 

determining sensitivity to DNA damage response modulators in osteosarcoma and other 

cancers.  

AIM1: to establish the impact of cyclin E1 overexpression on sensitivity to DDR inhibitors 

in osteosarcoma cells. 

AIM2: to examine the relationship between cyclin E1 expression and sensitivity to ATR 

inhibition in lung cancer cell lines. 
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CHAPTER  2  

 

2. Material and Methods 

 Mammalian Cell Culture  

 

 Maintenance of cell lines 

The cell lines used in this research study are listed in Table 2.1.  U2OS human osteosarcoma 

cell line (U2OS-Cyclin E cell line; from T. Halazonetis, University of Geneva, Switzerland) 

were maintained in Advanced Dulbecco’s  Modified Eagle Medium (DMEM)/F12 (Life 

Technologies, Carlsbad, CA, USA) supplemented with 5% foetal bovine serum (FBS; 

Sigma-Aldrich; St. Louis, MO, USA), 2mM GlutaMAXTM  (Life Technologies), and 50 U 

penicillin / 50 µg/mL streptomycin (Life Technologies). The medium was supplemented 

with G418 400 µg/ml (Sigma, Cat. No. A1720), puromycin 1 µg /ml (Sigma, Cat. No. 

P8833) and tetracycline 2 µg /ml (Sigma, Cat. No. T7660) for the selection and maintenance 

of vector-containing cells. U2OS Cyclin E cell line was tested for the absence of 

mycoplasma contamination. PC9 and A549 cell lines were maintained in Advanced 

Dulbecco’s  Modified Eagle Medium (DMEM)/F12 (Life Technologies, Carlsbad, CA, 

USA) supplemented with 5% foetal bovine serum (FBS; Sigma-Aldrich; St. Louis, MO, 

USA), 2mM GlutaMAXTM  (Life Technologies), and 50 U penicillin / 50 µg/mL 

streptomycin (Life Technologies). The cells were cultured in 25, 75 and 175 cm2 tissue 

culture flasks (Corning Incorporated; Corning, NY, USA) and incubated in a standard 

humidified incubator at 37˚C and 5% CO2. The cells were passaged at 70-80% confluency. 

Passaging the cells involved aspiration of medium, washing with sterile PBS prewarmed to 

37°C in water bath, trypsinisation with Trypsin/EDTA (Life Technologies) following 

incubation at 37°C for 5 min. Successively, prewarmed culture medium was added to 
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inactivate trypsin and the final solution mixed to form a single cell suspension. The cells 

were then split in 1:10 dilution. 

 

Table 2.1: Cell lines used in this study 

Cell Line Disease Obtained from 

U2OS Osteosarcoma 
Kindly provided by Prof. 

Madalena Tarsounas, University 

of Oxford (UK) 

U2OS Cyclin E Osteosarcoma 
Kindly provided by Prof. Thanos 

Halazonetis, Geneva University 

(Switzerland) 

PC9 Non-small cell lung carcinoma 
Kindly provided by Dr Kazuto 

Nishio, Kinki University, Osaka, 

Japan 

A549 
Non-small cell lung adenocarcinoma 

ATCC 

 

 Cell counting and seeding   

Cell density and viability were measured using the Countess® automated cell counter (Life 

Technologies). A 1:1 mixture of a cell suspension and 0.4% trypan blue solution (Life 

Technologies) was added to a Countess® cell counting chamber slide and inserted into the 

Countess® automated cell counter for standard counting. The desired number of cells were 

then seeded in culture media prior to any experiments. The U2OS Cyclin E cell line has a 

stably integrated TET-Off inducible system, which requires removal of tetracycline from the 

culture medium to allow gene transcription of the oncogene of interest (CCNE1). Three days 

before each experiment, U2OS Cyclin E cells were collected from the T175-culture flask 

and centrifuged at 561 g for 5 min, washed with sterile PBS followed by centrifugation at 

561 g for 5 min. The final pellet was then seeded in culture media prepared by using with 

Advanced Dulbecco’s  Modified Eagle Medium (DMEM)/F12 (Life Technologies, 

Carlsbad, CA, USA) supplemented with 5% TET System approved foetal bovine serum 
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(FBS; Takara, Cat No 631106), 2mM GlutaMAXTM  (Life Technologies), and 50 U 

penicillin / 50 µg/mL streptomycin (Life Technologies), supplemented with G418 400 µg/ml 

(Sigma, Cat. No. A1720), puromycin 1 µg/ml (Sigma, Cat. No. P8833). This media was used 

to induce CCNE1 expression condition for experiments. 

 

  Cryostorage and thawing of cells  

For long term storage, cells were grown to 70-80% confluency, treated with Trypsin/EDTA 

(Life Technologies) as described above. The cells collected in culture medium were 

centrifuged (250 g for 5 min) and the pellet was re-suspended with culture medium 

containing 10% (v/v) DMSO. 1 ml aliquots were stored in cryogenic tubes within in an 

isopropanol Mr. Frosty™ Freezing Container (Thermo Scientific) at - 80°C and thereafter 

transferred to liquid nitrogen storage vessel for long term storage.    

To recover cells from the liquid nitrogen storage, the cells were rapidly thawed in a 37°C 

water bath with gentle agitation, the contents of the vial was diluted in 10 ml prewarmed 

culture medium. After centrifugation (250 g for 5 min), the pellet was resuspended in 7 ml 

prewarmed culture medium and the cell suspension was transferred to a 75 cm2 flask. After 

24 h, depending on the confluency of cells, the medium was changed or cells were 

transferred into a T175-culture flask and incubated at 37°C to reach 70% cell confluency.  

 

 Drug Treatments  

Stock solutions of KU55933 (TOCRIS Bioscience; Bristol, UK), and MLN-4924, (AdooQ® 

Bioscience; Irvine, CA, USA), AZD2281, AZD6738, AZD7762, (AstraZeneca; 

Macclesfield, UK), MK1775, NU7441, VE-821, VE-822 (Selleck Chemicals; Houston, TX, 

USA), were prepared in 100% DMSO at a concentration of 10 mM.  All stock solutions were 
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aliquoted and stored at -20°C until use, and dilutions of the drugs for cells treatment were 

prepared using complete culture medium. 

 

   Cell Proliferation Assay with Resazurin  

Resazurin-based cell viability assays were used to measure cell growth and to assess the 

effect of DNA damage response inhibitors and chemotherapeutic drugs on cell proliferation 

and viability. Cells were seeded in 180 µl culture medium in triplicate in 96-well plates 

(Costar, flat bottom; Corning Incorporated) at a density of 1000 cells/well and incubated 

overnight to allow re-attachment. After 24 hours, drugs and 0.01% DMSO (vehicle control) 

were added in 180 µl complete culture medium at the required concentration and cells 

incubated for a further 5 days. On the fifth day of treatment, 18 µl resazurin solution (0.125 

mg/mL in dH2O; Sigma-Aldrich) per 180 µl media was added to each well, including media-

only (blank) wells and the plates were incubated at 37°C for 2 h. 

Only metabolically active cells are able to reduce resazurin to highly fluorescent resorufin. 

The fluorescence signal is directly proportional to the number of viable cells. Fluorescence 

intensity was detected by using POLARstar Omega plate reader (BMG Labtech GmbH; 

Ortenberg, Germany) with excitation at 544 nm, emission at 590 nm, and at a gain of 1000. 

The average of the values of the triplicate blank wells was subtracted from all other wells 

and the resulting data normalized to the average of the vehicle-treated wells.  

 

   PicoGreen Cell Proliferation Assay  

The PicoGreen assay is a sensitive and specific assay for quantifying changes in double-

stranded DNA (dsDNA) content. The PicoGreen cell proliferation assay was used to measure 

cell growth (determined by increased dsDNA content) over a period of 8 days. Cells were 

seeded in 180 μL complete culture medium in triplicate in 96-well plates (Costar, flat 

bottom; Corning Incorporated) at a density of 1000 cells/well and incubated overnight to 
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allow re-attachment. After 24 h, the medium in the first column (day 1) was aspirated and 

100 μL of DNA lysis buffer (Table 2.2) was added per well. Every 24 h for eight days, the 

medium was aspirated in the appropriate column and 100 μL of DNA lysis buffer was added 

to each well. After DNA lysis buffer was added to the final wells, Quant-iT PicoGreen 

dsDNA reagent (Life Technologies) was diluted 1:200 in sterile PBS (Lonza; Basel, 

Switzerland). 100 μL of the resulting PicoGreen solution was then added to each well, and 

the plates were incubated for 20 min. Fluorescence intensity was measured with a 

POLARstar Omega plate reader (BMG Labtech GmbH, Ex 480 nm, Em 520 nm, gain 

10000). The average of the values of the triplicate blank wells (no cells) was subtracted from 

all other wells. 

 

Table 2.2: DNA lysis buffer composition. 

Component Amount Final Concentration 

0.5 M EDTA. pH 8.0 a 2.5 mL 25 mM 

Triton X-100 b 50 μL 0.1% 

dH2O 47.45 mL 47.45 mL  

 a AccuGENE, Lonza 

 b VWR International; Randor, PA, USA 

 

  Protein Detection by Western Blotting 

2.8.1. Preparation of cell extracts, gel electrophoresis and transfer 

Cells (5 x 105) were seeded in 100 cm2 tissue culture dish (Corning Incorporated; Corning, 

NY, USA) incubated to reach 70% confluency. Media together with any floating cells was 

collected in a falcon tube. Attached cells were washed with sterile pre-warmed 1xPBS 

(Sigma-Aldrich) and treated with Trypsin/EDTA (Life Technologies) as described 

previously in Table 2.2. Culture medium was added to inactivate the trypsin activity and 
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detached cells were collected and added into the Falcon tube together with the media/floating 

cells. After centrifugation (5 mins at 561 g), the resulting pellet was resuspended in 1ml 

1xPBS (Sigma-Aldrich) and transferred into microcentrifuge tubes (Sigma-Aldrich) and 

centrifuged again for 5 mins at 693 g. To lyse the cells, the cell pellet was treated with 40-

100 μl lysis buffer (Table 2.3) supplemented with 1 mM sodium orthovanadate (Na3VO4; 

Sigma-Aldrich) and cOmplete™ protease inhibitor cocktail (Roche; Basel, Switzerland) and 

left on ice for 10 mins. Merck Novagen Benzonase Nuclease (Fisher Scientific 10349963) 

was added to the cell lysates (0.5 -1 l nuclease for every 50-100 l of lysate), then samples 

were vortexed and left them on ice for 5 min before 15 min centrifugation at 4C. The tubes 

were taken gently from the centrifuge and placed on ice, the supernatant of each samples 

was transferred in fresh microcentrifuge tubes, and the pellets were discarded. 

 Protein concentrations were determined by using the Bradford protein assay, a colorimetric 

protein assay based on absorbance of the dye Coomassie Brilliant Blue G-250. The dye 

interacts with carboxyl groups in proteins by forming a non-covalent complex by Van der 

Waals force and electrostatic interactions. The reaction is dependent on the amino acid 

composition of the measured proteins. Bovine serum albumin (BSA) was used as a protein 

standard. The Bradford assay was performed in accordance with the manufacturer’s 

instructions (BioRad, UK). A standard curve was constructed using BSA (Sigma) with 

concentrations ranging from 0 to 1 mg/ml. Absorbance readings were taken at 595 nm 

(POLARstar Omega plate reader BMG Labtech GmbH), and all standards and samples were 

measured in duplicate. Microsoft Excel 2013 and GraphPad Prism® 7 (GraphPad Software, 

Inc.; La Jolla, CA, USA) was used for computing the unknown samples concentrations and 

designed the standard curve.  

Protein samples were diluted in distilled water in order to have equal protein concentrations 

in each sample. 4x Laemmli sample loading buffer (Sigma-Aldrich) was added and samples 
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were incubated at 95˚C for 5 mins in a dry heating block (AccuBlock™ Digital Dry Bath; 

Labnet International, Inc.; Edison, NJ, USA). 10-50 μg protein per lane was loaded onto a 

precast 4-20% gradient Mini-PROTEAN® TGX™ gel (BioRad; Hercules, CA, USA) 

alongside a Precision Plus ProteinTM KaleidoscopeTM Prestained Protein Standards 

(#1610375). The gel was run at 150 V for 60 min with Tris/Glycine/SDS running buffer 

(BioRad). Proteins were then transferred to nitrocellulose membranes (0.45 μm pore size 

Trans-Blot®; BioRad) in cold 1x Tris/Glycine buffer (BioRad) with 20% methanol (v/v; 

Sigma-Aldrich) at 100 V for 60 min with an ice pack cooler and magnetic stirrer. 

 

Table 2.3: Lysis buffer stock components for western blot cell extract collection. Lysis 

buffer stock solution was aliquoted and stored at 4 ˚C. 

Component Amount Final Concentration 

1 M Tris-HCl, pH 7.614 a 1.25 mL 50 mM 

NaCl b 200 mg 

137 mM 

 

(v/v) glycerol b 2.5 mL 

10% 

 

(v/v) Igepal c 25 μL 0.1% 

10% (v/v) SDS d 250 μL 0.1% 

2% sodium fluoride (NaF) c 2.626 mL 50 mM 

dH2O 16.1 mL  

a Promega; Madison, WI, USA 

b VWR 

c Sigma-Aldrich 

d AppliChem GmbH; Darmstadt, Germany 
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2.8.2. Immunoblotting and Protein Detection using LI-COR 

Nitrocellulose membranes were stained by using Ponceau S solution (Sigma-Aldrich), 

carefully cut where appropriate, washed twice with PBS-T or TBS-T (Table 2.4) for 5 min 

then incubated in blocking buffer (1:1 solution of PBS or TBS and Odyssey® Blocking 

Buffer LI-COR) for 1 h at room temperature on a roller (Stuart® roller mixer SRT9D; Bibby 

Scientific; Staffordshire, UK). Diluted primary antibodies (Table 2.5) were added and the 

membranes incubated overnight at 4C. After 24 h, membranes were washed (3 x 5 min) in 

PBS-T or TBS-T and incubated with the appropriate fluorophore conjugated secondary 

antibody (Table 2.6) diluted in 1:1 solution of PBS-T or TBS-T and Odyssey® Blocking 

Buffer for 60 min at room temperature. Membranes were then washed (3 x 5 min) in PBS-T 

or TBS-T, then once with PBS for 3 min. Proteins detection was by infrared scanning 

densitometry (Odyssey Infrared Detection System, LI-COR Biosciences) at 680 nm and 800 

nm. Membranes were stored in 1x PBS at 4 ˚C or dried and stored at RT. Cyclophilin B 

(PPIB) was used as a loading control and (in cases where quantification was needed) for 

comparison of protein levels, where band intensities were normalised to loading control 

(PPIB) levels. 

 

Table 2.4: Buffers and solutions used in immunoblotting. 

Buffer Composition 

1x phosphate buffered saline (PBS) 5x PBS tablets a dissolved in 1 L dH2O 

PBS-T 1x PBS, 0.1% (v/v) Tween-20 a 

1x Tris-buffered saline (TBS) 

1x pack OmniPur® TBS 20x Ready Pack  

Powder b dissolved in 20 L dH2O 

TBS-T 1x TBS, 0.1% (v/v) Tween-20 

a Sigma-Aldrich 

b Calbiochem; Darmstadt, Germany 
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Table 2.5: Primary antibodies used for immunoblotting analysis 

Specification (Name) 

Species/ 

clonality 

Dilution 

Manufacturer, catalogue 

number 

Total CDC6 Rabbit mAb 1:1,000 (PBS) Cell Signalling, #3387 

phospho-CDC6 Ser54 Rabbit mAb 1:2,000 (PBS) Abcam, #ab75809 

Cyclin A2 Mouse mAb 1:1,000 (PBS) Abcam. #ab16726 

Cyclin E1 Mouse mAb 1:1000 (PBS) Cell Signalling, #4129S 

Cyclin F  Rabbit pAb 1:5000 (PBS) 

Bethyl Laboratories, 

#A303-406A 

phospho-histone-H3 Ser10 Rabbit pAb 1:2,000 (PBS) Merck Millipore, #06-570 

CHK1 Mouse mAb 1:1,000 (PBS) Santa Cruz, #SC-8408 

phospho-CHK1 Ser317 Rabbit pAb 1:1000 (TBS) Cell signalling, #2344 

Phospho-CHK1 Ser345 Rabbit pAb 1: 500 (PBS) Cell Signalling, #2341 

PPIB (Cyclophilin B) Rabbit pAb 1:2,000 (PBS) Abcam, #ab16045 

Retinoblastoma (pRB) Mouse mAb 0.5 mg/ml BD PharmingenTM, #554136 

KAP1 Rabbit pAb 1:10,000 (PBS) 

Bethyl Laboratories, 

#A300-274A 

Phospho-KAP1 Ser824 Rabbit pAb 1:2,000 (PBS) 

Bethyl Laboratories,  

#A300-767A 

total RPA32 Mouse mAb 1:500 (PBS) Abcam, #ab2175 

phospho-RPA32 Ser4/Ser8 Rabbit pAb 1:2,000 (PBS) 

Bethyl Laboratories, 

#A300-245A 

phospho-RPA32 Ser33 Rabbit pAb 1:2,000 (PBS) 

Bethyl Laboratories, 

#A300-246A 
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Table 2.6: Secondary antibodies used for two-colour detection with infrared fluorescence. 

Specification (Name) Species/ clonality Dilution 

Manufacturer,  

catalogue number 

IRDye® 800CW  goat polyclonal  1:5,000  LI-COR, #926-32211 

IRDye® 680RD  goat polyclonal  1:5,000  LI-COR, #926-68070 

 

 

  Cell Synchronisation 

Cell synchronisation experiments were carried out by using the selective CDK1 inhibitor, 

RO3306 that reversibly arrests proliferating human cells at the G2/M phase border and 

provides a means to enrich cells in G2/M phase. Cells (5 x 105) were seeded in 10-cm-culture 

dishes and incubated overnight to allow attachment. After 24 h, the cells were treated with 

10 µM CDK1 inhibitor RO-3306 (Selleck chemical) and incubated for 16-24 h to allow cell 

cycle enrichment in G2 phase. After washing with pre-warmed PBS (37°C) to remove the 

CDK1 inhibitor, cells were then incubated in pre-warmed medium and collected at different 

time points. Collection of the cells was carried out after trypsin addition (as described in 

Chapter 2.2). Each cell suspension was transferred into a sterile centrifuge tube and spin 

down (250 x g, 4 min at RT) and the pellet was then resuspended in 1 ml PBS centrifuged 

again (250 x g, 4 min at RT). The supernatant was removed, and cell pellets were stored at -

20°C until protein extraction and western blot analysis. 

 

 Flow Cytometry  

To analyse DNA content by flow cytometry, cells were first seeded in 10 cm-culture dishes 

and grown until approximately 65% confluency. Cells were treated with 10 µM RO3306 

(Selleck chemical) and incubated for 16-24 h to allow cell cycle synchronisation in G2 phase. 

Cells seeded in 10 cm-culture dishes at same cell density without RO-3306 were used as 
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controls for cell cycle synchronisation. After 24 h, media containing any floating/detached 

cells was retained and attached cells collected by using trypsin (Chapter 2.2). Both floating 

and attached cells were combined and pelleted by centrifugation (225 x g, 5 min). The 

supernatant was discarded and the cell pellets were fixed by dropwise addition of 1.5 mL 

ice-cold 70% ethanol (Sigma-Aldrich) while vortexing. Samples were then left for 30 min 

on ice before being stored at -20 °C for later analysis. For analysis, samples were washed 

with 2 mL 1xPBS and resuspended in PBS to rehydrate cells for 2 mins. Cells were then 

centrifuged (225 g for 5 min) and resuspended in 1xPBS. Propidium iodide (PI; Calbiochem) 

was added to a final concentration of 20 μg/mL. (Fig.2.1) Propidium iodide stains DNA 

stoichiometrically so that the intensity of the fluorescence signal is directly proportional to 

the amount of dsDNA contained in the cells. Propidium iodide fluorescence (dsDNA content 

of each cell) was measured using a BD FACSCalibur Flow Cytometer (BD Biosciences; San 

Jose, CA, USA) and BD CellQuest Pro Software. FlowJoTM FACS analysis software (BD, 

Becton, Dickinson and Company, USA) was utilised to determine the proportion of cells in 

G1, S or G2/M cell cycle phases. (Fig.2.1) 
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Figure 2.1. Cell Synchronisation Analysis with FACS – Flow Cytometry. RO3306 treatment 

leads to G2-phase accumulation in U2OS Cyclin E, PC-9 and A549 cell lines. U2OS Cyclin E with 

normal levels (NE,+TET) and with cyclin E1 overexpression (OE,-TET), PC-9 and A549 cells were 

treated with RO3306 for 24 h before harvesting and cell cycle distribution analysis were carried out 

by propidium iodide staining and flow cytometry analysis.  

 
 

 

0

100

G1/G0

S

G2

A549       A549
RO336

29.47

15.45

58.55

86.85

5.35
7.65

U2OS-CE U2OS-CE

 NE               NE
RO3306

PC-9      PC-9
RO336

U2OS-CE U2OS-CE

 OE               OE
RO3306

24.36

17.98

57.1

79.34

8.22

12.06

20.16

11.31

69.9

76.2

11.71

11.98

53
3.92
4.21

86.82

6.15
6.60

27.20

17.32

55.2

0

100

G1/G0

S

G2

A549       A549
RO336

29.47

15.45

58.55

86.85

5.35
7.65

U2OS-CE U2OS-CE

 NE               NE
RO3306

PC-9      PC-9
RO336

U2OS-CE U2OS-CE

 OE               OE
RO3306

24.36

17.98

57.1

79.34

8.22

12.06

20.16

11.31

69.9

76.2

11.71

11.98

53
3.92
4.21

86.82

6.15
6.60

27.20

17.32

55.2

0

100

G1/G0

S

G2

A549       A549
RO336

29.47

15.45

58.55

86.85

5.35
7.65

U2OS-CE U2OS-CE

 NE               NE
RO3306

PC-9      PC-9
RO336

U2OS-CE U2OS-CE

 OE               OE
RO3306

24.36

17.98

57.1

79.34

8.22

12.06

20.16

11.31

69.9

76.2

11.71

11.98

53
3.92
4.21

86.82

6.15
6.60

27.20

17.32

55.2

0

100

G1/G0

S

G2

A549       A549
RO336

29.47

15.45

58.55

86.85

5.35
7.65

U2OS-CE U2OS-CE

 NE               NE
RO3306

PC-9      PC-9
RO336

U2OS-CE U2OS-CE

 OE               OE
RO3306

24.36

17.98

57.1

79.34

8.22

12.06

20.16

11.31

69.9

76.2

11.71

11.98

53
3.92
4.21

86.82

6.15
6.60

27.20

17.32

55.2

0

100

G1/G0

S

G2

A549       A549
RO336

29.47

15.45

58.55

86.85

5.35
7.65

U2OS-CE U2OS-CE

 NE               NE
RO3306

PC-9      PC-9
RO336

U2OS-CE U2OS-CE

 OE               OE
RO3306

24.36

17.98

57.1

79.34

8.22

12.06

20.16

11.31

69.9

76.2

11.71

11.98

53
3.92
4.21

86.82

6.15
6.60

27.20

17.32

55.2

0

100

G1/G0

S

G2

A549       A549
RO336

29.47

15.45

58.55

86.85

5.35
7.65

U2OS-CE U2OS-CE

 NE               NE
RO3306

PC-9      PC-9
RO336

U2OS-CE U2OS-CE

 OE               OE
RO3306

24.36

17.98

57.1

79.34

8.22

12.06

20.16

11.31

69.9

76.2

11.71

11.98

53
3.92
4.21

86.82

6.15
6.60

27.20

17.32

55.2



 
45 

 Data Analysis and Statistics 

Microsoft Excel 2013 and GraphPad Prism® 7 (GraphPad Software, Inc.; La Jolla, CA, 

USA) was used for all statistical analyses, and all values are expressed as the mean ± 

standard error of the mean (SEM) of at least three independent experiments unless otherwise 

stated. GraphPad Prism® 7 (GraphPad Software, Inc.; La Jolla, CA, USA) was used for 

calculating IC50 values as the mean ± standard deviation (SD) of at least three independent 

experiments. 
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CHAPTER  3 

 

3. The U2OS Cyclin E cell line (U2OS-CE) 

  The TET-off system in U2OS Cyclin E cell line 

 

To study the effects of constitutive cyclin E1 expression on DNA replication and DNA 

damage response activation in mammalian cells, we used a U2OS human osteosarcoma cell 

line with a stably integrated TET-off inducible gene expression system. (Fig.3.1) The U2OS 

Cyclin E cell line was generated by the group of Jiri Lukas. (Santoni-Rugiu et al. 2000) 

Briefly, U2OS cells stably expressing tTA (TetR-VP16) were transfected with pBI-HA-

pRBcdk/CycE vector. The pBI vector allows expression of two genes from a bidirectional 

tetracycline (TET)-repressible promoter. Stable transfection with the pBI-HA-

pRBcdk/CycE vector allows expression of both cyclin E1 (CCNE1) and mutated 

retinoblastoma (pRB) proteins in tetracycline repressible fashion. (Fig.3.1) In the mutant 

pRB (pRBcdk) protein, eleven CDK phosphorylation sites that regulate pRB binding to 

E2F have been mutated to alanine so that E2F activity is inhibited when pRBcdk expression 

is induced. (Fig.3.1) (Lukas, Herzinger, et al. 1997; Resnitzky et al. 1994; Santoni-Rugiu et 

al. 2000) 
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Figure 3.1. Schematic representation of the TET-OFF inducible system in U2OS-Cyclin E 

osteosarcoma cell line. In absence of tetracycline or doxycycline, U2OS human osteosarcoma cells 

with stably integrated TET-regulated transcriptional activator (tetR fused to the activating domain of 

VP16 of the herpes simplex virus) binds to a series of repeats of the tet-operator sequences (tetO) 

placed just up/down-stream of the minimal promoter (e.g. human cytomegalovirus minimal 

promoter, P min). Once Tet-VP16 is localised, it induces the transcription of the genes of interest in 

absence of the antibiotics in a precise dose-dependent manner. In the presence of tetracycline, 

tetracycline binds tetR and this precludes binding to the tetO DNA sequences. (Adapted from Gossen 

et al., 1995) 

 

 

To confirm tetracycline dependent expression of retinoblastoma and cyclin E1 proteins, 

U2OS-CE cells were seeded in three different conditions: culture media with (1) tetracycline 

(2 M), (2) doxycycline (0.165 M) or (3) without antibiotics. Cells were collected 

following 3 days incubation at 37°C and the expression of both proteins was examined by 

using western blot analysis. U2OS-CE cells seeded in culture media without tetracycline 

(TET) or doxycycline (DOX) were expected to express increased levels of the pRB 

(pRBcdk) and cyclin E1. As it can be seen in figure 3.2. western blot analysis confirmed 

the synthetic TET/DOX-based gene expression system. U2OS-CE cells expressed increased 

levels of cyclin E1 protein when antibiotics were absent in the cell system, suggesting 
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ectopic expression. In repressive conditions (+TET or +DOX) expression of cyclin E1 could 

be detected as a double band at 45-50 kDa. On induction (no TET or DOX), cyclin E1 protein 

levels were increased and restricted mainly to five bands ranging from 45 to 33 kDa 

potentially corresponding to five tumour-specific low molecular weight isoforms (LMW-E) 

of cyclin E1. (Fig.3.2) The development of LMW-E isoforms are related to an aberrant 

degradation of cyclin E1 which has been related to protease activity of elastases or calpains. 

LMW-E isoforms have been described as a hyperactive biochemically provoking an increase 

of aberrant cyclin E/CDK2 complex activation. (Caruso et al. 2018; Porter et al. 2001) Under 

our growth condition, expression levels of pRB protein were not increased in the absence of 

TET or DOX. There was no evidence of phosphorylated (higher molecular weight) forms of 

pRB in any of the growth conditions. Previous data have reported that U2OS cells do not 

accumulate active pRB or respond with pRB activation after DNA damage suggesting U2OS 

cells are functionally pRB negative by an unknown mechanism (Broceño, Wilkie, and 

Mittnacht 2002) and therefore the impact of expressing pRBcdk would be expected to be 

minimal. 

 

 

 

Figure 3.2. Characterisation of the system TET-off in U2OS Cyclin E cell line. U2OS-CE cells 

(5x105) with a stably integrated TET-Off inducible system were seeded in 10-cm-culture dishes with 

and without tetracycline (2 M) or doxycycline (0.165 M). Cell lysates were collected after 3 days 

induction and analysed by Western Blot analysis. Cyclophilin B (PPIB) was used as a loading 

control. The gel represents one independent experiment. 
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To confirm that levels of cyclin E1 protein were specifically due to induction under the TET-

off system and to rule out other biological artefacts, cyclin E1 protein expression in U2OS-

CE cells was compared with the U2OS parental cell line. Both U2OS-CE and U2OS parental 

cell lines were seeded in presence and absence of tetracycline and doxycycline. Cells were 

then collected following 3 days incubation and cell lysates were analysed by Western blot 

analysis. (Fig.3.3.)  Endogenous expression of cyclin E1 in the U2OS parental cell line is 

comparable to U2OS-CE cells in the presence of TET or DOX. As an important control, the 

addition of TET or DOX does not affect cyclin E1 protein expression in the U2OS parental 

cell line. (Fig.3.3.) The increased levels of cyclin E1 protein in U2OS-CE cells in the absence 

of TET or DOX indicates this increase is the result of ectopic expression from the integrated 

pBI-HA-pRBcdk/CycE vector and furthermore that this expression is tightly regulated in 

the TET-off system. (Fig.3.3.)   

 

Figure 3.3. Evaluation of cyclin E1 overexpression in Parental U2OS and U2OS Cyclin E cell 

lines. U2OS-CE and parental U2OS cells were seeded in 10-cm-culture dishes at 5x105 cells/dish in 

culture media with/without TET (2 M). or DOX (0.165 M). Cell lysates were collected after 3 

days and expression of cyclin E1 was assessed by Western Blot analysis. Only U2OS-CE cells 

showed increased expression of cyclin E1 in the absence of antibiotics. Cyclophilin B (PPIB) was 

used as a loading control. The gel represents one independent experiment. 

 

 

To further characterise the U2OS-CE cell line, we performed a time course experiment to 

evaluate changes in cyclin E1 expression after the removal of tetracycline. U2OS-CE cells 

50 kDa

33 kDa
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were cultured in media without TET or DOX and collected every 24 h for 4 days. Lysates 

were analysed by western blot analysis. (Fig.3.4) which revealed increased expression of 

cyclin E1 at 24 h which was sustained over at least 4 days. Interestingly, high levels of cyclin 

E1 were detected as a multiple group of bands ranging between 45-33 kDa revealing the 

presence of LMW isoforms of cyclin E1. For future experiments, we selected 3 days of 

induction as the time point for investigation, unless otherwise stated. 

In conclusion, we confirmed that U2OS-CE cell line has a tightly regulated TET-off control 

of cyclin E1 expression. Upon removal of TET, ectopic cyclin E1 is expressed at high levels 

within 24 h, and this expression is sustained for at least 4 days. We were not able to 

demonstrate ectopic expression of pRB. The control of pRB activity in U2OS cells has been 

reported to be markedly deficient (Broceño, Wilkie, and Mittnacht 2002) with U2OS 

considered functionally null for pRB function despite expressing physiological levels of the 

protein. 

 

Figure 3.4. Time-course experiment to assess the constitutive expression of cyclin E1 in U2OS 

Cyclin E cell line. U2OS- CE cells were seeded in 10-cm-culture dishes at 5 x105 cells/dish in culture 

media without tetracycline (2 M). Cell lysates were collected every day for 4 days and ectopic 

expression of cyclin E1 was assessed by Western Blot analysis. Cyclophilin B (PPIB) was used as a 

loading control. The gel represents one independent experiment. 
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The TET-off system worked with either or TET or DOX to suppress gene expression. For 

subsequent experiments, we chose to use TET since Doxycycline was reported to 

downregulate DNA-PK protein expression, a key DDR pathway. (Lamb et al. 2015) 

        

   Cell proliferation assays 

We investigated whether increased cyclin E1 expression altered cell growth rate. We first 

measured cell proliferation using resazurin to evaluate metabolically active cells after 5 days. 

(Fig. 3.5a) Surprisingly, the data showed that U2OS-CE cells with normal expression levels 

of cyclin E1 (NE, +TET) or with overexpression of cyclin E1 (OE, -TET) had similar growth 

rates. (Fig.3.5a) We confirmed these findings using PicoGreen to determine dsDNA levels 

as a measure of proliferation. (Fig.3.5b) Indeed, these results indicate that ectopic expression 

of cyclin E1 does not increase tumour cell growth rate in U2OS cells suggesting that cyclin 

E1 protein levels are not rate limiting for cell growth or cell cycle progression.  

 

Figure 3.5. Cyclin E1 overexpression does not affect proliferation of U2OS Cyclin E cells in 

vitro.  Cell proliferation in U2OS Cyclin E cell cultures was investigated with (a) resazurin (cell 
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metabolic activity marker) and (b) PicoGreen (dsDNA content marker), up to 5 day following 

induction of cyclin E1 overexpression (OE, -TET) or no induction (normal level, NE, +TET). Graphs 

represent the mean of three independent experiments each performed with triplicates (± SEM). (c) 

Western blot analysis confirm the cyclin E1 overexpression on day 0 (following 3 days induction) 

and on day 5 of each proliferation assay. Cyclophilin B (PPIB) was used as a loading control. 

Representative data of n = 3 experiments. 

 

 

 Cell Cycle Analysis: the impact of Cyclin E1 overexpression 

To further evaluate the role of cyclin E1 overexpression in cell cycle kinetics, we carried out 

western blot analyses of synchronised cells. Although ectopic expression of cyclin E1 did 

not increase growth rate, we hypothesised that it might alter cell cycle distribution, for 

example by accelerating cells through the G1/S phase transition, but then leading to a 

prolonged S phase. We treated cells with the CDK1 inhibitor RO3306 at 10 M for 24 h in 

order to reversibly arrest cell cycle at G2 phase to provide a highly enriched/synchronised 

G2 phase cell population. Cell synchronisation at G2 phase was verified by flow cytometry 

analysis. (Fig. 2.1, Chapter 2.10) Subsequently, we washed off RO3306 to release cells from 

the G2 phase block and collected at different time points thereafter to investigate cell cycle 

progression.  

 

Following release of U2OS-CE cells with normal levels of cyclin E1 (NE, +TET), cyclin E1 

expression coincided with cyclin A2 expression possibly in early S phase (6 h after release 

from RO3306). Expression of CDC6, one of the components of the pre-replication complex 

(pre-RC) appeared to be expressed throughout the cell cycle in U2OS-CE cells but pCDC6-

S54, corresponding to DNA replication origin activation (a marker of late G1/early S phase), 

suggested S phase entry of the cells at 6 h time-point. (Fig.3.6a) 

In contrast, synchronised U2OS-CE cells with ectopic expression of cyclin E1 (OE, -TET) 

showed a consistent high level expression of the protein, but also showed evidence of early 

DNA replication origin firing suggested by early expression of pCDC6-S54 expression 0-2 

h after release from RO3306 treatment. In contrast, cyclin A2 expression was only increased 
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at the 24 h time point. (Fig.3.6b) On the other hand, U2OS-CE cells with normal levels 

(NE,+TET) or overexpression (OE,-TET) of cyclin E1 showed the highest levels of pHH3 

S10 (a marker of mitosis) at 2 h after release, corresponding to the mitotic phase of the cell 

cycle. 

The western blot analyses suggest that cells with high levels of ectopic cyclin E1 expression 

exhibit early S phase entry. We hypothesise that the early timing of S-phase may be due to 

a cyclin E1 dependent early priming and firing of DNA replication origins that could result 

in increased levels of DNA replication stress. 

 

 

Figure 3.6. Western blot analysis of the cell cycle in normal and overexpressing cyclin E cells. 

U2OS-CE cells with (a) normal levels (NE, +TET) and (b) ectopic expression (OE, -TET) of cyclin 

E1 were synchronised using RO3306 (10M). After 24 h, RO3306 was washed off and media with 

TET and without TET was replaced in cells with normal levels (NE, +TET) and ectopic expression 

of cyclin E1 (OE, -TET) respectively. Cell lysates were collected at different time points. 

Asynchronous cells served as controls. Protein levels were assessed by western blot analysis. 

Cyclophilin B (PPIB) was used as a loading control for each gel (red, black). Representative data of 

n = 3 experiments. 
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CHAPTER  4 

 

4. Cyclin E1 overexpression and sensitivity to DDR inhibitors 

  Sensitivity to ATR inhibitors 

We hypothesized that cyclin E1 overexpression could affect genomic stability and therefore 

have a role in modulating sensitivity to DNA damage response (DDR) modulators. Our data 

suggested that U2OS cyclin E overexpressing cells (OE, -TET) were sensitive to inhibition 

of ATR, a key mediator of the DNA-damage response (DDR). Pharmacological Inhibition 

of ATR pathway activation selectively induced cell death in cyclin E1 over-expressing cells. 

 

U2OS-CE cells were seeded in cultured media with TET to maintain normal levels of cyclin 

E1 expression and in media without TET to allow cyclin E1 overexpression induction. After 

3 days induction, U2OS-CE cells with background expression (NE, +TET) or ectopic 

expression (OE, -TET) of cyclin E1 were exposed to increasing concentrations of ATR 

inhibitors (ATRi). Additionally, we also tested CHK1 inhibition as CHK1 is considered to 

be a primary downstream effector of ATR signalling. After 5 days, cell proliferation/viability 

was assessed using resazurin. 

Cells with ectopic overexpression of cyclin E1 (OE) were more sensitive to ATRi with 

AZD6738 showing the greatest differential between NE (IC50 = 0.7480  0.3413, Table 2.7) 

and OE (IC50 = 0.13  0.0326, Table 2.7) cells. (Fig.4.1a) In the absence of TET, U2OS-CE 

cells were also more sensitive to other ATRi (VE821, VE822) and a CHK1i (CCT245737). 

(Fig.4.1) In parallel, ectopic expression of cyclin E1 during the cell growth with inhibitors 

was confirmed by western blot analysis at day 0 (start) and day 5 (end) of the assay 

(Fig.4.1e). 
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Together the data indicate that high levels of cyclin E1 expression lead to increased 

sensitivity to ATR and CHK1 inhibitors, although the relative sensitivity to the highly potent 

VE822 was less than for the less potent compounds AZD6738 and VE821.  Further studies 

are required to determine how the potency and/or selectivity of small molecule ATR 

inhibitors impacts on the relative sensitivity of cyclin E1 overexpressing cells.  

 

 

Figure 4.1. Sensitivity of U2OS Cyclin E cells to ATR and CHK1 inhibitors.   

U2OS-CE cells with normal level (NE, +TET) and cyclin E1 overexpression (OE, -TET) were 

incubated for 5 days with increasing concentrations of (a) AZD6738, (b) CCT245737, (c) VE-821, 

(d) VE-822. Relative cell viability was assessed using the resazurin proliferation assay and 

normalised to DMSO treated controls. Graphs represent the mean of three independent experiments 

each performed with triplicates (± SEM). e. Western blot analysis confirm the cyclin E1 

overexpression on day 0 (following 3 days induction) and on day 5 of each proliferation assay. 

Cyclophilin B (PPIB) was used as a loading control. Representative data of n = 3 experiments.  
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Target Compound 

IC50 

U2OS Cyclin E 

NE (M) 

U2OS Cyclin E 

OE (M) 

ATR 

AZD6738 0.7480  0.3413    0.13  0.0326 

VE821 2.6280  1.0741 0.7474  0.6881 

VE822 0.0740  0.0300 0.0584  0.0194 

CHK1 CCT245737 0.3079  0.0719 0.2106  0.0339 

 

Table 2.7. IC50 values for the sensitivity of U2OS Cyclin E cell line to ATR and CHK1 

inhibitors.  IC50 values are presented as a mean and SD from three independent experiments, each 

performed in triplicate.  

 

 

  Sensitivity to other DNA Damage response modulators  

To investigate further if cyclin E1 overexpression could modulate sensitivity to others DDR 

modulators, cells were exposed to different classes of DNA damage response inhibitors 

(ATMi, DNAPKi, PARPi, WEE1i, CHK1/2i, and neddylation inhibition). Alterations in cell 

viability were analysed in U2OS-CE cells with normal (NE) and overexpressing cyclin E1 

(OE) cells by performing cell proliferation assays with resazurin after 5 days drug exposure. 

These experiments showed no marked differences in sensitivity between OE and NE 

conditions for U2OS-CE cells (Fig.4.2, Table 2.8), except for AZD7762 (a highly potent 

CHK1/2 inhibitor), although further experiments are required to better define the relative 

sensitivity due to the steep dose-response curve we observed (Fig. 4.2b).  Since U2OS-CE 

cells were not sensitive to ATM inhibition the selective reduction of cell proliferation in OE 

cells due to AZD7762 treatment was most likely related to CHK1 inhibition.  

Together our data suggest that selective sensitivity to DDR modulators in cyclin E1 

overexpressing cells is restricted to inhibitors of the ATR-CHK1 pathway (Fig.4.2, Table 

2.8). 
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Figure 4.2. Sensitivity of U2OS Cyclin E cell line to different classes of DNA damage response 

modulators.  U2OS Cyclin E cells with normal level (NE, +TET) and ectopic levels of cyclin E1 

(OE, -TET) were exposed for 5 days to increasing concentrations of (a) AZD2281, (b) AZD7762, 

(c) KU55933, (d), MK-1775, (e) MLN4924, and (f) NU7441. Relative cell viability was assessed 

using the resazurin proliferation assay and normalised to DMSO treated controls. Graphs represent 

the mean of three independent experiments each performed with triplicates (± SEM). g. Western blot 

analysis confirm the cyclin E1 overexpression on day 0 (following 3 days induction) and on day 5 of 

each proliferation assay. Cyclophilin B (PPIB) was used as a loading control. Representative data of 

n = 3 experiments. h.  
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Target Compound 

IC50 

U2OS Cyclin E 

NE (M) 

U2OS Cyclin E 

OE (M) 

ATM KU55933 > 10 > 10 

CHK1/2 AZD7762 0.0969  0.0104 0.0407  0.0030 

DNA-PK NU7441 > 10 > 10 

Neddylation MLN4924 > 10 > 10 

PARP AZD2281 > 10 > 10 

WEE1 MK-1775 1.372  0.2288 1.3390  0.4215 

 

Table 2.8.  IC50 values for the sensitivity of U2OS Cyclin E cell line to DDR modulators. IC50 

values are presented as a mean and SD from three independent experiments, each performed in 

triplicate. 

 

 

   Signalling Responses: cell synchronisation and mechanistic studies 

4.3.1. Replication stress analysis 

To address whether DNA replication defects and DNA damage were induced by ectopic 

expression of cyclin E1, we performed immunoblot analysis of certain DNA damage 

response proteins.  Cells with normal levels (NE, +TET) and with overexpression (OE, -

TET) of cyclin E1 were enriched in G2 phase by incubating with a CDK1 inhibitor (RO3306 

at 10 μM, 24 h). Synchronised cells with and without ectopic expression of cyclin E1 (NE, 

OE respectively) were released from the G2 cell cycle block by washing off RO3306; media 

was replaced for synchronised cells with normal levels (NE, +TET) and ectopic expression 

of cyclin E1 (OE, -TET) and then exposed to ATR inhibitor (AZD6738, 1 μM) or vehicle 

(DMSO, 0.01%) for different amounts of time, when cell lysates were prepared and analysed 

by western blot.  

 

Levels of phospho-RPA(ser33), an important DNA replication stress biomarker of increased 

ssDNA that has been associated with ATR pathway activation, and phospho-CHK1 (ser317 
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and ser345) major downstream targets of ATR kinase activity were investigated under 

conditions of cyclin E1 over-expression (OE versus NE). However, induction of cyclin E1 

did not increase pRPAser33 levels. (Fig.4.3) 

In addition, levels of pCHK1ser317 or pCHK1ser345 were not reliably detected, therefore 

we were not be able to show ATR pathway activation on cyclin E1 overexpression. 

 

 

 
Figure 4.3. Replication stress analysis in U2OS Cyclin E cell line. U2OS-CE cells with normal 

levels (NE, +TET) and with ectopic expression (OE, -TET) of cyclin E1 were synchronised using 

RO3306 (10 M). After 24 h, RO3306 was washed off and media with TET and without TET was 

replaced in cells with normal levels (NE, +TET) and ectopic expression of cyclin E1 (OE, -TET) 

respectively. Cell lysates were collected at different time points. Protein levels were assessed by 

western blot analysis. Cyclophilin B (PPIB) was used as a loading control for each gel. 

Representative data of one independent experiments.  

 

 

However, to evaluate further the potential role of ectopic cyclin E1 expression in inducing 

DNA replication stress and in modulating sensitivity to ATR inhibition, we investigated the 

potential interaction between ATR and other DDR pathways such as ATM signalling. We 

hypothesised that sustained DNA replication stress and/or accumulation of DNA damage 

due to inhibition of ATR pathway signalling could trigger other DDR pathways.   
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4.3.2. ATM signalling pathway  

ATM pathway activation may reflect sustained replication stress that leads to DNA 

replication fork collapse and the induction of DNA double strand breaks. To investigate in 

more details how the cells behaved upon ATR inhibitors treatment, we explored the ATM 

signalling pathway. Similarly to above, we synchronised cells in G2 using the CDK1 

inhibitor RO3306 for 24 h then collecting cell lysate at different time points after release to 

verify cell cycle progression. Cells were exposed to AZD6738 (1 M) or vehicle control 

(DMSO, 0.01%) and ATM signalling pathway activation (pKAP1, pRPAser4/8) was 

investigated by western blot analysis.  

Vehicle treated U2OS-CE cells with endogenous levels of cyclin E1 (NE) revealed a G1/S 

phase entry corresponding to increased levels of cyclin E1 6 h after release from RO3306 

treatment and did not show a clear increase in pRPAser4/8 levels at any of the time points. 

(Fig. 4.4a) Treatment of U2OS-CE cells under NE conditions with AZD6738 (1 μM) 

induced an increase in pRPAser4/8 at 6 h and 24 h, and a marked increase in pKAP1 levels, 

most notably after 24 h. The data suggest that in these cells, ATRi induced DNA replication 

stress (increased pRPAser4/8) and resulting in DNA replication fork collapse and ATM 

activation (increased pKAP1). 

In contrast, vehicle treated cyclin E1 overexpressing cells (OE) exhibited higher levels of 

pRPAser4/8 irrespective of the time point suggesting that ectopic expression of cyclin E1 

induces chronic DNA replication stress. The addition of AZD6738 (1 μM) to cyclin E1 

overexpressing cells did not appear to further increase pRPAser4/8 levels, but there was a 

strong induction of ATM signalling after 24 h (increased pKAP1).  
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Figure 4.4. ATM signalling pathway in U2OS cyclin E cell line. U2OS-CE cells (a.) with normal 

levels (NE, +TET) and (b.) with ectopic expression (OE, -TET) of cyclin E1 were synchronised using 

RO3306 (10 M). After 24 h, RO3306 was washed off and media with TET and without TET was 

replaced in cells with normal levels (NE,+TET) and ectopic expression of cyclin E1 (OE, -TET) 

respectively, and treated with either vehicle (DMSO, 0.01%) or AZD6738 (1 μM) for up 24 h at 

which time point lysates were collected. Asynchronous cells served as controls. Protein levels were 

assessed by western blot analysis. Cyclophilin B (PPIB) was used as a loading control for each gel 

(red, black). Representative data of n = 3 experiments.  

 

 

 

 Key Findings  

In summary, the U2OS-CE cell line allowed us to investigate the role of cyclin E1 

overexpression in modulating sensitivity to DDR modulators. Ectopic expression of cyclin 

E1 increased sensitivity to ATRi and CHKi and was associated with early entry into S-phase 

and increased origin firing. Although cyclin E1 overexpression was associated with 

increased levels of pRPAser4/8, suggesting increased levels of endogenous DNA replication 

stress, there was no clear effect on pRPAser33 indicating the relationship between phospho-

RPA and DNA replication stress may be complex in this cell line.  In both OE and NE 

conditions, prolonged (24 h) ATR inhibition led to increased levels of pKAP1, a sensitive 

substrate of ATM kinase activity, suggesting the presence of DNA replication fork collapse, 

or other form of induced DNA double-strand breaks, although this was not specific to cyclin 
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E1 over-expressing cells.  Based on our data, we speculate that cyclin E1 overexpressing 

cells are more reliant on ATR pathway signalling, likely through CHK1, and are therefore 

more prone to cell death when exposed to ATR inhibitors.  The mechanism of increased 

sensitivity to ATRi is not known but may involve an increased dependency on other DDR 

pathways in the presence of increased DNA replication stress. 

Thus, DDR modulators represent a novel class of therapeutic agents that might be suitable 

for selectively targeting tumour cells with high levels of endogenous DNA replication stress 

due to oncogene activation (CCNE1). 
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CHAPTER  5 

 

5. Cyclin E1 as a novel biomarker  

  Lung cancer cell lines  

 To further evaluate the role of cyclin E1 in modulating sensitivity on ATR inhibitors, our 

findings were extended to non-small cell lung adenocarcinoma cell lines (PC-9 and A549) 

which have similar growth profiles in 5 days proliferation assays. (Fig.5.1) 

Figure 5.1. PC-9 and A549 cell proliferation. PC-9 (a) and A549 (b) cell proliferation was assessed 

using resazurin over 5 days. Graphs represent the mean of three independent experiments each done 

in triplicate (± SEM). 

 

 

The effect of ATR and CHK1 inhibitors on PC-9 and A549 cell proliferation was tested in 

5 days growth assays. (Figs. 5.2. and 5.3.) PC-9 cell line was more sensitive than A549 to 

growth inhibition by both ATR and CHK1 inhibitors (IC50 = 0.3821 0.0959 and 0.0566  

0.0123 respectively, Table 2.9) and we hypothesised that this might be due to high levels of 

cyclin E1 expression analogous to U2OS-CE cells with induced cyclin E1 expression. 
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Figure 5.2. Sensitivity of PC-9 cell line to ATR and CHK1 inhibitors.  PC-9 cell line was exposed 

for 5 days to increasing concentrations of (a) AZD6738, (b) AZD7762, (c) CCT245737, (d) VE821, 

(e) VE822. Relative cell viability was assessed using the resazurin proliferation assay and normalised 

to DMSO treated controls. Graphs represent the mean of three independent experiments done in 

triplicate (± SEM). 
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Target Compound 
IC50 

PC-9 Control (DMSO) 

ATR 

AZD6738 0.3821  0.0959 > 10 

VE821 3.8710  0.5728 > 10 

VE822 0.0505  0.0228 > 1 

CHK1 CCT245737 0.2303  0.0523 > 2 

CHK1/2 AZD7762 0.0566  0.0123 > 1 

 

Table 2.9. IC50 values for the sensitivity of PC9 cell line to ATR and CHK1 inhibitors. IC50 

values are presented as a mean and SD from three independent experiments, each performed in 

triplicate. 

 

 

Figure 5.3: Sensitivity of A549 cell line to ATR and CHK1 inhibitors.  A549 cell line was exposed 

for 5 days to increasing concentrations of (a) AZD6738, (b) AZD7762, (c) CCT245737, (d) VE-821, 

(e) VE822. Relative cell viability was assessed using the resazurin proliferation assay and normalised 
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to DMSO treated controls. Graphs represent the mean of three independent experiments each 

performed in triplicate. (± SEM) 

 

 

Target Compound 
IC50 

A549 Control (DMSO) 

ATR 

AZD6738 1.0141  0.4089 > 10 

VE821 4.9488  5.1376 > 10 

VE822 0.4103  0.4913 > 1 

CHK1 CCT245737 > 2 > 2 

CHK1/2 AZD7762 0.1919   0.1317 > 1 

 

Table 2.10. IC50 values for the sensitivity of A549 cell line to ATR and CHK1 inhibitors. IC50 

values are presented as a mean and SD from three independent experiments, each performed in 

triplicate. 

 

 

   Signalling response in PC9 and A549 cells 

We used RO3306 to enrich PC-9 and A549 cells in G2 phase using the same methodology 

as previously used for U2OS-CE cells. PC-9 and A549 cells were treated with CDK1 

inhibitor RO3306 at 10 M for 24 h and following release (washing off  RO3306) cell lysates 

were collected at different time points and analysed by western blotting. (Fig.5.4) 

 

In PC-9 cells high levels of cyclin E1 were apparent in G2 phase (0 h) and early after release 

(2-6 h), as well as at 24 h after release.  Increased cyclin A2 occurred together with increased 

pCDC6-S54, after maximum levels of cyclin E1, and 24 h after release from the G2 block. 

(Fig 5.4a) 

 

A549 cells exhibited a more complex expression profile for cyclin E1 which increased 6-24 

h after G2 release and was possibly associated with increased pCDC6-S54 expression at 6 

h.  Multiple bands present for cyclin A in this cell line made interpretation although there 

was also a suggestion that cyclin A was increased 6 h after release from G2 phase. (Fig 5.4b) 
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Figure 5.4. Western blot analysis of S phase cyclins (A and E) in PC-9 and A549 cells. PC-9 (a) 

and A549 (b) cells were synchronised using RO3306 (10, 24 hrs) and following release, cell lysates 

were collected at different time points. Asynchronous cells served as controls. Protein levels were 

assessed by western blot analysis. Cyclophilin B (PPIB) was used as a loading control for each gel 

(red, black). Representative data of n = 3 experiments. 

 

 

 

A potentially important observation from the western blot analyses (Fig. 5.4) is that PC-9 

cells appeared to exhibit an early expression of S phase cyclins compared with A549 cells. 

The early timing of cyclin E1 expression in PC-9 cell line may potentially explain its 

relatively higher sensitivity to ATRi and CHK1i compared with A549 cells. The addition of 

ATR inhibitor could increase DNA replication stress levels and induce cell death. 

 

 ATM signalling pathway 

To determine whether cyclin E1 modulates the drug response in PC-9 and A549 cells in a 

similar fashion to cyclin E1 overexpression in the U2OS-Cyclin E cell line, we performed 

western blot analysis to investigate the ATM signalling pathway. A549 and PC-9 cells were 

synchronised with the CDK1 inhibitor RO3306 (10 M, 24 h). Cells were exposed to 
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AZD6738 (1 M) and compared with their vehicle control samples (DMSO, 0.01%). To be 

consistent with the earlier U2OS-CE cell studies, pRPAser4/8 was investigated as a marker 

of high levels of replication stress and pKAP1 to indicate ATM signalling pathway 

activation. 

 

Vehicle treated G2 synchronised PC-9 cells showed detectable levels of pRPAser4/8 which 

were increased over the duration of the experiment up to 24 h after release from the G2 

block.  The expression of pRPAser4/8 after the addition of ATRi (AZD6738) did not appear 

markedly different from vehicle treated controls. (Fig 5.5a) In contrast, pKAP1 levels were 

marked higher in PC-9 cells 24 h after treatment with AZD6738 compared with the controls, 

suggesting active ATM signalling, possibly due to collapsed DNA replication forks or other 

modes of cell death that could induce DNA double strand breaks. Cyclin E1 levels were also 

highest 24 h after release from G2, perhaps indicating S phase accumulation or stalling in 

this experiment. 

 

In contrast with the PC-9 cells, A549 cells showed broadly consistent unchanged levels of 

pRPAser4/8 at each of the time points tested, with no clear differences between vehicle or 

ATRi treated samples. (Fig 5.5b) Interestingly, pKAP1 was not detected in any of the 

samples over the time course of this experiment, potentially supporting the observation that 

A549 cells are less sensitive to the cytotoxic effects of ATRi than PC-9.  Cyclin E1 levels 

were similar between the ATRi treated cells and the vehicle treated controls. 
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Figure 5.5. Western blot analysis of markers of DNA replication stress and ATM activity in 

PC-9 and A549 cells. PC-9 (a) and A549 (b) cells were synchronised using RO3306 (10, 24 hrs) and 

following release, treated with either vehicle (0.01% DMSO) or AZD6738 (1μM) and cell lysates 

were collected at time points up to 24 h. Asynchronous cells served as controls. Protein levels were 

assessed by western blot analysis. Cyclophilin B (PPIB) was used as a loading control for each gel 

(red, black). Representative data of n = 3 experiments. 

 

 

We considered that this data provided some support for our hypothesis that early G1 phase 

cyclin E1 expression has the potential to increase sensitivity to the anti-proliferative effects 

of ATR inhibitors. Indeed, PC-9 cells reacts in a similar way to U2OS-CE overexpressing 

cells. However, future studies need to be carried out to understand the potential 

mechanism(s) as ATRi sensitivity and cyclin E1 overexpression do not seem directly related 

to the induction of DNA replication stress (at least as measured by phospo-RPA levels). 
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CHAPTER  6  

 

6. Exploring a possible role for cyclin F 

  The Ubiquitin-proteolysis system  

Surprisingly, inducing a G2 arrest with the CDK1 inhibitor RO3306 in U2OS-CE cells with 

ectopic expression of cyclin E1 (OE, -TET) resulted in very high levels of cyclin E1 protein 

compared with asynchronous cells (e.g. Fig 4.4.).  Therefore, we hypothesised that CDK1 

activity could have a role in controlling levels of cyclin E1 protein. As the expression of 

cyclin E1 protein is tightly controlled by ubiquitin-mediated proteolysis (Hao et al. 2007) 

we investigated whether cyclin F was involved. Cyclin F is the founding member of the F-

box family of proteins, which are the substrate recognition subunits of SCF (Skp1-Cul1-F-

box protein) ubiquitin ligase complexes. The SCFcyclin F mediates ubiquitylation and 

degradation of certain proteins, including several that are important for cell cycle progression 

and genome stability. (D’angiolella et al. 2012; D’Angiolella, Esencay, and Pagano 2013)  

 

Cells were enriched in the G2 phase of the cell cycle by CDK1 inhibition (RO3306, 10 M, 

24 h).  After release from the G2 cell cycle block cell lysates were collected at several time 

points. Asynchronous cells were used as controls. Protein levels were assessed by western 

blot analysis. 

As seen in previous experiments, western blot analysis of U2OS-CE synchronised cells 

expressing ectopic cyclin E1 levels (OE, -TET) have markedly increased levels of cyclin E1 

protein compared with unsynchronised cells (Fig 6.1).  In contrast the levels of cyclin E1 

protein were not markedly affected by G2 phase arrest in U2OS-CE cells with endogenous 

expression of cyclin E1 (OE, +TET). We examined whether cyclin F expression levels were 
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correlated with the levels of cyclin E1.  Cyclin F levels steadily decreased over 8 h following 

release from the G2 block, in both U2OS NE and OE conditions, before increasing at 24 h. 

(Fig. 6.1.) Moreover, the levels of cyclin F were not markedly different between NE and OE 

growth condition (Fig. 6.1.) and there was no evidence for decreased cyclin F levels being 

associated with increased levels of cyclin E1. 

The striking increase in the levels of ectopic cyclin E1 that we observed in G2 arrested U2OS 

CE OE cells in the presence of CDK1 inhibition warrants further investigation, but our data 

suggest that it this is not directly due to an effect though cyclin F.  We speculate that cyclin 

E1 levels may not be directly regulated by CDK1 activity, since high levels of cyclin E1 are 

sustained for at least 24 h after removal of RO3306. (Fig. 6.1.)  

  

Figure 6.1. CDK1 inhibition and cyclin F protein levels. U2OS-CE with normal levels (NE, 

+TET) and with ectopic expression (OE, -TET) of cyclin E1 were arrested in G2 phase with RO3306 

(10M, 24 h) and cell lysates were collected at different time points after release. Asynchronous cells 

served as controls. Protein levels were assessed by western blot analysis. Cyclophilin B (PPIB) was 

used as a loading control for the gel. Representative data of one experiment. 
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CHAPTER  7 

 

7. Discussion 

Osteosarcoma is a genetically complex malignancy, predominantly afflicting the adolescent 

population and it is related still with relatively poor long-term outcomes. (Baumhoer, Amary, 

and Flanagan 2019; Longhi et al. 2006) Although there has been some improvement in the 

understanding of osteosarcoma biology, this has not yet translated into therapeutic advances. 

Current treatments involve genotoxic agents such as cisplatin, methotrexate and 

doxorubicin. However, the chance of recurrence of the disease remains high. Additionally, 

current standard chemotherapeutics used in clinic are accompanied by significant side effects. To 

improve survival and the quality of life of patients, new therapeutic alternatives need to be developed. 

The aim of this research project was to investigate the potential of using DNA Damage response 

modulators in cyclin E1 overexpressing tumour cells such as osteosarcoma. In addition, we proposed 

high levels of cyclin E1 expression as a potential biomarker for defining a suitable population to be 

efficiently treated with ATR inhibitors. 

 

Here, we provide evidence for increased sensitivity of cyclin E1 overexpressing osteosarcoma cells 

to ATR inhibitors. We used an osteosarcoma cell line model (U2OS-CE) with a stably integrated 

TET-off system to produce tightly regulated induction of ectopic expression of cyclin E1. We used 

this cell line in a cell proliferation screen using DDR modulating agents. ATR inhibition, most 

notably with AZD6738, was 3-5-fold sensitive to cyclin E1 over-expressing cells.  Western blot 

analysis suggested increased levels of endogenous DNA replication stress (using phospho-pRPA 

as a read out) in U2OS cells with ectopic cyclin E1 expression. We speculate that, as a 

consequence of increased cyclin E1-induced DNA replication stress, tumours may have 

become more dependent on a proficient ATR/CHK1 pathway for growth and survival.  
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Since ATR inhibitors exhibited the greatest effect in reducing viability of U2OS cells with 

cyclin E1 overexpression, we examined whether cyclin E1 protein levels were associated 

with sensitivity to ATRi in two lung cancer cell lines with differing sensitivity to ATRi.  The 

more sensitive cell line (PC-9) appeared to have different levels of cyclin E1 compared with 

the less sensitive cell line (A549). A potentially novel suggestion from the current work is 

that early expression of cyclin E1 (in G1 phase) may be associated with sensitivity to ATRi.  

Early expression of cyclin E1 may be associated with early firing of DNA replication origins, 

contributing to increased levels of DNA replication stress. (Jones et al. 2013; Macheret and 

Halazonetis 2015, 2018) 

 

In our studies, we made extensive use of the human osteosarcoma derived cell line (U2OS-

cyclin E) that has an inducible TET-off system for tetracycline regulated ectopic expression 

of cyclin E1 under conditions where E2F1 activity is blocked by a constitutively active pRB 

(pRbcdk) mutant. Overexpressing cyclin E1 cells has the distinctive feature of 

independently promoting cell cycle progression which is not the case for overexpression of 

other cyclins such as cyclin D or cyclin A. (Lukas et al. 1997) In our studies, we observed 

similar cell proliferation rates and cell cycle distributions in U2OS-CE cells under NE 

(+TET) and OE (-TET) conditions. However, since U2OS has been reported to be 

functionally pRB-negative (despite expressing both total and phospho-pRB) (Broceño, 

Wilkie, and Mittnacht 2002) it seems likely that the CDK-insensitive form of mutant pRB 

(pRbcdk) did not impact on E2F1 function.    

 

Others have reported that constitutive overexpression of cyclin E1 can result in an 

accelerated entrance in S phase as well described by Resnitzky et al (1994), indicating that 

cyclin E1 can be a rate-limiting positive regulator of the G1-S phase transition. Our data 

suggested premature origin firing is associated with overexpression of cyclin E1 potentially 
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through increased cyclin E/CDK2 activity. It is noteworthy to highlight that LMW-E 

(indicated by five bands ranging from 45 to 33 kDa) may also deregulate G1-S phase 

transition by affecting CDK2 activity. (Caruso et al. 2018) Since cell proliferation rates were 

similar in U2OS-CE cells with normal levels (NE,+TET) and with overexpression (OE,-

TET) of cyclin E1, this suggests the possibility that increased cyclin E/CDK activity may be 

target one or more downstream proteins controlling the onset of DNA replication, rather than 

induce increased proliferation. (Lukas et al. 1997)  

 

A study by Macheret & Halazonetis, (2018) described a model showing how increased 

cyclin E1 could lead to DNA replication stress. By mapping genome-wide DNA replication 

and transcription in U2OS cells, they found that oncogene-induced DNA replication stress 

involved activating a subset of novel intragenic origin of replication associated with a higher 

frequency of genomic rearrangements in cancer. They reported that with increased cyclin 

E1, G1 phase was shortened, and DNA replication origins were initiated in transcriptionally 

active regions of the genome, leading to DNA replication stress.  Notably, inhibition of ATR 

signalling in oncogene expressing cells induced cell death by intensifying synergistically 

genetic instability/DNA damage which indicated that ATR signalling activity was required 

for tumour cells to tolerate the oncogene-induced origins of DNA replication found in 

transcriptionally active regions of the genome. 

 

In our studies, sustained inhibition of ATR for 24 h was associated with increased ATM 

activity as measured by pKAP1. Although ATM and ATR activities can be triggered by 

different type of DNA damage and can activate distinct pathways, their downstream targets 

and the mediated responses can be partially overlapping and dependent on the type of 

genotoxic stress. (Helt et al. 2005) The ATM signalling pathway is generally accepted to be 
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a major mediator of the DNA damage-induced G1 cell cycle checkpoint, primarily acting 

through p53.  In contrast, ATR activity induces intra S-phase and G2/M checkpoints. 

However, several studies demonstrated that ATM can also contribute to the activation and 

preservation of intra-S phase and G2/M cell cycle arrest, suggesting a functional overlap of 

ATM and ATR signalling checkpoint activation. (Abraham 2001; Matsuoka et al. 2007) 

Together, ATM and ATR signalling ensure genomic stability by coordinating cell cycle 

progression with DNA repair. (Abraham 2001; Cimprich and Cortez 2008)  In our studies, 

ATM activity occurs only 24 h after treatment with ATRi, suggesting this may be a 

consequence of DNA double strand breaks occurring at collapsed DNA replication forks in 

both U2OS-CE cells in NE and OE growth conditions. A549 cells were more resistant to 

ATRi than PC9 cells and, in contrast to PC9 cells, ATM activity was not increased in A549 

lung cancer cells following treatment with ATRi for 24 h, suggesting DNA replication fork 

collapse may contributes to ATRi-mediated tumour cell death. 
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CHAPTER  8 

 

8. Conclusions 

The research study provides evidences that cyclin E1 overexpression induces a distinctive 3-5-fold 

sensitivity to ATR/CHK1 inhibitors. These findings highlight the importance of investigating 

further cyclin E1 as a potential biomarker for the use of ATR inhibitor in osteosarcoma. 

Furthermore, we examined the relationship between cyclin E1 expression and sensitivity to 

ATR inhibition in lung cancer cell line and data suggest that early expression of cyclin E1 

in G1 phase worth further investigation.  

Pharmacological inhibition of DNA Damage repair pathways may provide an exciting 

opportunity to target genetic differences that exist between normal and tumour cells. Given 

the elevated levels of DNA damage in cancer cells compared to the normal cells, further 

increase of DNA damage by DDR depletion could selectively induce cancer cell death. The 

distinctive ATR sensitivity of osteosarcoma cells with the overexpression of cyclin E1 might 

have the potential to represent a novel therapy against OS. In addition, DDR modulators 

might be used in combination with chemotherapeutics improving the efficiency of standard 

therapies.  
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