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ABSTRACT 
 
 

Along with surgery and chemotherapy, radiation therapy is one of the three cancer treatment 

modalities to treat patients. Over the recent decades, thanks to technological progress, 

radiation techniques have been improved drastically. However, the same effort has not been 

put into the biology of the tumours and how different tumours interact with radiation beams. 

Moreover, it has been only recently that attention has been drawn towards the chemo-

radiation or combination of radiation with molecular targeting agents.  In this thesis we have 

studied the combination of ionizing radiation with a class of small molecule inhibitors that 

target defects in the MAPK/PI3K pathway in breast cancer cells. These pathways are often 

over-activated in human malignancies including breast cancer. Two of the multiple receptors 

involved in these pathways are EGFR and VEGFR, which have been shown to be over-

expressed in cancerous tumours and have been associated with poor prognosis as well as 

drug and radiation resistance.  

The two inhibitors we have used in this study are ZRBA1, a combi-molecule that 

targets EGFR and also induces DNA lesions, and Sorafenib (Nexavar), which is an inhibitor 

of several RTKs including VEGFR and also Raf kinase. Using breast cancer cells, we have 

shown that these multi-functional inhibitors increased the sensitivity of cancer cells towards 

radiation as they induced a strong G2/M cell cycle arrest and apoptosis. Our in vivo results 

show that ZRBA1 and Sorafenib, if combined with radiation, can significantly increase 

tumour growth delay.  When radiation is administered concurrently with ZRBA1, a 

significant tumour growth delay of 47 days is observed.  Moreover, ZRBA1 in combination 

with radiation not only induced the DNA single and double strand breaks, but also delayed 
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DNA repair process contributing to its higher potency against breast cancer cells. 

Interestingly, Sorafenib when it is combined with radiation has more persistent anti-tumour 

effect in our in vivo model. 

Overall, our results suggest that the combined administration of multi-targeting 

molecular inhibitors, a systemic targeted therapy, with radiation, a local and regional 

therapy, could be beneficial for patients as they potentiate the radiation response while not 

increasing adverse side effects. 

The results of these preclinical studies contribute to a better understanding of how 

radiation interacts with small molecule inhibitors such as ZRBA1 and Sorafenib and provide 

the rational basis for further preclinical and clinical studies.   
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RÉSUMÉ 
 

En plus de la chimiothérapie et de la chirurgie, la radiothérapie est l'une des trois modalités 

thérapeutiques pour les patients atteints de cancer. Au cours des dernières décennies, grâce 

aux progrès technologiques et techniques, la radiothérapie s’est considérablement améliorée. 

Cependant le même effort n’a pas été dirigé  à la biologie  tumourale et les modes 

d’interactions associées à la radiation ionisante. Récemment,  l’intérêt et les recherches se 

sont portés sur le traitement combiné de chimio-radiothérapie et molécules ciblées.   

L’objectif de cette thèse est  d’étudier la combinaison de la radiation ionisante associée à 

une  classe de petites molécules inhibitrices  qui ciblent de multiples défauts dans les 

mécanismes cellulaires de transduction du signal MAPK/PI3K des cellules cancéreuses du 

sein. Ces voies sont souvent surexprimées  dans les cancers humains, y compris le cancer du 

sein. Deux des multiples récepteurs impliqués dans ces voies sont EGFR et VEGFR dont  la 

surexpression dans les tumeurs cancéreuses a été démontrée.  De plus, ces voies sont 

associées à un mauvais pronostic ainsi qu’à une résistance importante  aux médicaments et 

la radiothérapie. Les deux inhibiteurs que nous avons utilisés dans cette étude sont ZRBA1, 

molécule combinée qui cible EGFR et induit également des lésions de l'ADN et le Sorafénib 

(Nexavar),  inhibiteur de plusieurs RTK dont VEGFR et  kinase Raf. En utilisant des 

cellules de cancer du sein, nous avons démontré que ces inhibiteurs multiples ont augmenté 

la sensibilité des cellules cancéreuses à l’irradiation car ils induisent un arrêt remarquable du 

cycle cellulaire en phase G2/M et en apoptose. Nos résultats in vivo montrent également que 

ZRBA1 et Sorafenib  lorsque combiné à la radiothérapie peuvent augmenter l’effet 

cytotoxique de façon significative. Lorsque la radiation est administrée en même temps que 

ZRBA1, on observe un retard important de la croissance tumourale de 47 jours. Outre, 
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ZRBA1 en combinaison avec la radiation non seulement induit des fractures  de simple brin 

et double brins d’ADN, mais retarde également le processus de réparation de l'ADN 

contribuant ainsi à son puissant effet anti-tumoural. Quand Sorafenib est combiné à la 

radiothérapie, on observe de manière très intéressante, une persistance de l'effet anti-

tumoural dans notre modèle in vivo. 

Dans l'ensemble, nos résultats suggèrent que l'administration de molécules inhibitrices 

multikinases en  thérapie ciblée systémique combinée à la radiothérapie comme traitement 

locorégional pourrait être bénéfique pour les patients, car cette approche favorise  une 

meilleure réponse à l’irradiation et est potentiellement moins toxique. 

Les résultats de cette étude préclinique contribuent à mieux comprendre  l’interaction de la 

radiation et des petites molécules inhibitrices telles que ZRBA1 et Sorafenib. Ils fournissent 

également une base pour de futures études précliniques et cliniques. 
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1.1. PREFACE 

 
Better understanding of the molecular events involved in cancer development has led to the 

identification of a large number of novel molecular targets and to the development of 

multiple approaches to anti-cancer therapy. Targeted therapy focuses on specific genetics 

and molecular defects associated with malignancies. This includes crucial pathways and 

molecules involved in cell invasion, metastasis, apoptosis, cell-cycle control, and tumour-

related angiogenesis.  

This chapter briefly reviews some important concepts in molecular targets discovery, 

different approaches taken to design molecular targeting agents as well as the basic science 

and the rationale behind these approaches. The importance of radiation therapy in cancer 

treatment and biological effect of radiation on tumour progression is also discussed. 

 

1.2. TARGETED THERAPIES IN CANCER 

 
In the late 1800’s Paul Ehrlich introduced a new concept in the drug discovery field called 

“magic bullet”. He described it as a chemical that specifically targeted microorganisms [1-

2]. Since then, his concept has been expanded to include cancer treatment as well. During 

the last decades the same concept has been developed into novel cancer-treatment strategies 

[3]. These new strategies include monoclonal antibodies [4], small molecules, peptide 

mimetics and antisense oligonucleotides [5]. Monoclonal antibodies (mAbs) and small 

molecules have attracted the most attention in drug development programs. This review of 

the literature, however, focuses on the application of small molecules in cancer treatment. 
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1.2.1. Monoclonal antibodies 
 
Over the past decades, the effectiveness of antibodies in treating patients with cancer has 

been increasingly recognized [6]. In the late 90’s, first chimeric and humanized antibodies 

were developed and recently, with the help of advanced antibody technology, two fully 

human mAbs have been introduced (Panitumumab, Ofatumumab) [7].  Importantly, with the 

advanced technology and development of chimeric and fully humanized antibodies the 

limitation associated with traditional mAbs is no longer relevant [8]. 

During the recent years, several mAbs have been approved as treatment in cancer 

patients [2, 7]. These antibodies are designed to target the ligand binding site and disrupt the 

signalling pathways, target the tumour microenvironment by binding to the tumour secreted 

growth factors, or to target the immune system itself [7].  

Cetuximab or Erbitux (ImClone Systems/Bristol-Myers Squibb) is a classic example 

of an approved chimeric IgG1 mAb which targets epithelial growth factor receptor [9] by 

preventing the ligand from binding to epidermal growth factor receptor (EGFR) [10] and 

inhibiting the receptor dimerization [11]. Similar to Cetuximab, Panitumumab (Vectibix; 

Amgen), a fully humanized IgG2 antibody against EGFR, also functions by a similar 

mechanism; however, it does not promote Antibody-dependent cell-mediated cytotoxicity 

(ADCC). While Panitumumab is used as the second or third line treatments for patients with 

metastatic colon cancer, Cetuximab is often used in combination with chemotherapies [12]. 

Bevacizumab [4, 13] is a humanized mAb that blocks binding of vascular endothelial 

growth factor (VEGF) to its receptor. It is approved for the treatment of breast, non-small-

cell lung cancer and colorectal cancer in combination with cytotoxic chemotherapy [14]. 
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Rituximab (Rituxan/Mabthera; Genentech/Roche/Biogen Idec) is a chimeric IgG against 

CD20 approved for treatment of non-Hodgkin lymphomas. It has been suggested that this 

mAb induces programmed cell death (apoptosis) in tumour cells expressing CD20 [15]. 

 

1.2.2. Small molecules 
 
Small molecules are a fast growing class of targeted therapies and have been the focus of 

many drug discovery research programs during the last decades. 

With the increased understanding of the key-signalling pathways in normal and cancer cells, 

more specific targets have been identified that may increase the therapeutic ratio of cancer 

therapy regiments. One of the major approaches in molecular-targeting strategies has been to 

target the protein kinases, an important component of major signalling pathways. Moreover, 

receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (non-RTKs) are crucial 

mediators in signalling pathways such as proliferation, differentiation, migration, 

angiogenesis and cell cycle regulation and often are deregulated in tumour cells. Unlike the 

mAbs that function through the immune system, small molecule inhibitors target the kinases 

by direct effects on tumour cells. 

The majority of small molecule kinase inhibitors (SMKIs) are ATP mimetics. 

Imatinib mesylate (Glivec) [16] is a classic example and the first successful SMKI. It 

inhibits the kinase activity of BCR-ABL fusion protein [2, 17-19]. Glivec has been approved 

for chronic myeloid leukaemia (CML) and gastro-intestinal stromal tumours (GIST) [19]. 

Due to their small sizes, SMKIs are able to translocate through plasma membrane 

and interact with cytoplasmic components and intracellular signalling molecules. Using this 

characteristic, several SMKIs have been developed to directly target and inhibit molecules 
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involved in signalling pathways. Inhibitors of Ras prenylation [20], Raf-Mek kinase [21], 

phosphotidylinositol 3-Kinase (PI3K), the mammalian target of rapamycin (mTOR) [22] as 

well as heat shock protein 90 (HSP90) [23] have also been developed to target the survival 

and proliferation pathways. Other SMKIs are designed to inhibit cancer-cell adhesion and 

invasion by inhibiting SRC kinase [24], or neovascularization by inhibiting the VEGFR 

[25].  

Several molecular targets and their recently developed inhibitors will be discussed in the 

next section. 

 

1.2.2.1. Small molecule multiple kinase inhibitors 

 
Imatinib, which selectively binds KIT, platelet-derived growth factor receptor (PDGFR), 

and BCR-ABL, is the first example of multikinase inhibitor. Imatinib was approved by the 

FDA for first line treatment of CML and GIST. Other examples are Sorafenib and Sunitinib 

which have been approved for metastatic renal cell carcinoma (mRCC) or hepatocellular 

carcinoma (HCC) and for Imatinib-resistant GIST [26] . More than a decade ago Hanahan 

and Weinberg [5] explained  that malignant tumours are complex tissues that involve both 

cancer cells and their microenvironment, including: supportive cells, vascular endothelial 

cells, fibroblasts, immune cells and vascular pericytes [27]. Based on these ideas, Hanahan 

and Weinberg suggested a multi-targeted anti-cancer therapy which involves cancer cells as 

well as supportive tissues. Given their central role in cancer, growth receptors and their 

signal transduction processes represent key targets.  

The rationale behind the development of multi tyrosine kinase inhibitor as opposed 

to nonselective cytotoxic therapies are:  (I) cancer development is characterized by multiple 
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abnormalities rather than a single defect, and it is unlikely that a single target agent will have 

dramatic effects on both cancer cells and cells supporting tumour development such as 

endothelial cells and pericytes. Therefore, an optimal therapy may need to involve a multi-

targeted TKI or combination of drugs targeting signalling pathways in both tumour cells and 

surrounding cells. Moreover, targeting two or more defects in a given cancer- related 

pathway will have greater effects than targeting a single component, e.g. inhibiting both an 

RTK and a downstream effector may be more effective than blocking one.  

(II) It is now well-established that when a tumour has grown, it is very likely that it 

already contains at least a small number of clones (resistant phenotypes or cancer stem cells) 

that are resistant to any type of therapy. This could explain why more advanced solid 

tumours frequently become refractory to treatment with single-target agents or cytotoxic 

agents using a single mechanism of action. Additionally, new resistance mutations may arise 

over time [28].  In either case, primary or acquired resistance or resistance due to the 

mechanisms such as overexpression of key cancer pathways or drug efflux systems[26] is 

less likely to be an issue when agents or therapeutic regimens target multiple molecules 

involved in cancer development or utilize multiple mechanisms of action [28-29]. 

(III) The effectiveness of conventional cytotoxic therapies (or radiotherapy) may 

increase when combined with targeted anti-cancer agents. In the case of agents targeting 

angiogenesis, for example, the improvement may be attributed, at least in part, to an initial 

normalization of the tumour vasculature that results in improved delivery of traditional 

cytotoxic agents to the tumour, tumour reoxygenation and improve sensitivity to ionizing 

radiation [30-31]. 
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1.2.3. Monoclonal antibodies vs. Small molecules 
 
MAb and small molecule inhibitors have been developed in a different time line. First mAbs 

were developed in the early 1980’s with the advanced hybrydoma technology, while small 

molecule inhibitors had already been introduced a decade ago [2]. Development of mAb is 

more time consuming and has a higher cost; however, more pharmaceutical companies are 

willing to invest in this sector, especially after the humanization technique was introduced.  

Also, humanized and chimeric Abs have a higher approval rate with almost 24% and 18% 

respectively [32], while small molecules have an approval rate of 5% in the field of 

oncology [33].  

MAbs generally have a larger size which is the cause of inefficient delivery through 

blood-brain barrier for treatment of brain tumours. The large size of the mAbs also causes 

decreased tissue penetration and tumour retention as well as slower blood clearance. That 

may explain why most approved mAbs are used to treat the haematological malignancies.  

Pharmacokinetic studies have shown that the half lives of mAbs are relatively long 

(3-7days in case of Cetuximab) vs. Gefitinib which has a half life of 28 hrs. This would 

allow for daily dosing of small molecules. Importantly, mAbs are administrated 

intravenously while small molecule inhibitors have the advantage of being taken orally. 

Small molecules and mAb have distinct mode of action biologically. MAbs target the 

cellular surface and secreted molecules in contrast to small molecules which can penetrate 

into the cellular membrane and target the intercellular molecules.   

Commonly, small molecule inhibitors are considered to be less specific than mAbs. 

Importantly, this can be an advantage for this class of drugs as they can inhibit not only one 

but multiple signalling pathways at clinically relevant concentrations [34]. 
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1.3. MOLECULAR TARGETS IN CANCER 

 

In this section several target pathways in cancer and a number of developed targeting 

strategies in clinical trials/clinics will be briefly discussed. 

 

1.3.1. MAPK Pathway  

Mitogen-activated protein kinase (MAPK) pathway is one of the prominent pathways 

involved in the development and progression of cancer. MAPK links extra-cellular signals to 

the internal signal transduction pathways that control fundamental cellular processes such as 

growth, proliferation, apoptosis and migration [35].  

In mammalian cells, three MAPK families have been clearly characterized: MAPK 

(also known as extra cellular signal-regulated kinase1/2 (ERK1/2)), C-Jun N terminal kinase 

and p38 kinase. Each MAPK family consists of three enzymes that are activated in series: 

MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK) and MAP kinase (MAPK) 

(shown in figure 1-1). 
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Figure 1-1. MAPK signalling pathway [36]. 

 

 

1.3.1.1. Receptor Tyrosine kinases (RTKs) 

 
Among the most mature of molecular targets in the MAPK signalling pathway are the EGFR 

family members, VEGFR as well as downstream Raf kinases.  There is a clear rationale to 

target these receptors and kinases as they are usually over-expressed in tumour cells. EGFR 

is over-expressed in a diverse array of epithelial tumours such as breast carcinomas, 
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prostate, lung, gliomas [37] and head and neck cancers [38] and has also been  associated 

with activation of the AKT pathway leading to anti-apoptotic effects and reduced sensitivity 

to chemotherapy, resistance to ionizing radiation and poor prognosis. VEGFR over-

expression has also been detected in non- small cell lung, breast, prostate, renal cell and 

colorectal cancers [39].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Downstream signalling by Receptor Tyrosine Kinases. 

 

Dysregulated signalling through Raf kinase isoforms is detected in 30% of human 

cancers [40]. Constitutive B-Raf activity due to oncogenic mutations is prevalent in more 

than half of melanomas and papillary thyroid carcinomas. Importantly, wild-type Raf1 is 

hyperactivated in a wide range of human solid tumours as a result of hyper-activation of 

upstream oncogenic Ras mutants, or the over-expression of upstream growth factors and/or 
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their RTKs (EGFR, VEGFR). Furthermore, constitutively active Ras oncogenes 

(particularly K-Ras) are common in human solid tumours [40]. 

 

  Blocking EGFR-mediated signalling has already been shown to induce anti-tumour 

activity in-vivo [41]; however; the observed activity is transient and reversible [42]. Recent 

clinical trials with anti-EGFR and angiogenic inhibitors have shown increase in progression- 

-free survival with only minimal increase in patients’ overall survival [43]. 

In general, RTKs inhibitors can only lead to disease stabilization and longer periods of 

progression-free survival as they are mainly cytostatic agents. Therefore, it may be of 

interest to combine them with a cytotoxic modality such as ionizing radiation or 

chemotherapies to achieve more sustained anti-tumour activity.  

Several MAPK-targeted therapies have been approved for cancer treatment. 

Gefitinib for lung cancer, lapatinib for breast cancer, Sorafenib and Suntinib for renal cancer 

and Imatinib and Dasatinib for CML are just a few examples. Also, more clinical trials are 

ongoing to evaluate different schedules and combinations of existing molecular targeting 

agents. 

The stimulation of RTKs activates MAPKs in a multistep process. A bivalent ligand 

interacts with two receptor molecules and effectively cross-links them into a dimeric 

complex. This leads to phosphorylation of the receptors themselves at the intracellular 

tyrosine kinase domain (TKD) resulting in activation of multiple signalling pathways. 
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1.3.1.2. ERK pathway 

 
Receptor-linked tyrosine kinases are activated by extracellular ligands. Binding the receptors 

to the corresponding ligand activates the tyrosine kinase cavity of the cytoplasmic domain of 

the receptor. Docking proteins such as GRB2 contain an SH2 domain that binds to the 

phosphotyrosine residues of the activated receptor. GRB2 also binds to guanine nucleotides 

exchanged factor (SOS) through its two SH3 domains. When GRB-SOS complex docks to 

phosphorylated receptor, SOS becomes activated and promotes the removal of GDP from a 

member of Ras family. Ras (K-Ras) can bind to GTP and becomes active. Activated K-Ras 

stimulates protein kinase activity of Raf kinase. This leads to MEK and then ERK 

activation. The activated ERK translocates to the nucleus and activates transcription factors, 

changing gene expression to promote growth, differentiation and other fundamental cellular 

process [44]. ERK also phosphorylates Bad at Ser 112 which leads to the apoptosis 

inhibition. 

 

1.3.1.3. JNK pathway 

 
The C-Jun NH2 Terminal Kinase (JNK) pathway is activated in cells by extracellular stimuli 

including stress, UV irradiation and cytokines [45]. A variety of receptor-associated 

signaling mechanisms lead to the activation of mitogen-activated protein kinase kinase 

kinase (MAPKKK) that are capable of activation of either MAPKK4 or 7 (MAP2K4 or 

MAP2K7). MAP2K4 can activate either the JNK or the p38-MAP Kinase. MAP2K7 

selectively activates the JNK [46-47]. JNK activation requires dual phosphorylation of 

Thr183 and 185, triggering the interaction of JNKs with C-Jun component of the activator 
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protein-1 (AP-1) transcription factor [47]. C-Jun is phosphorylated at Ser63 and 73 and this 

leads to enhanced transcription activity of AP-1[48-49].  

Activation of JNKs can also induce cellular apoptosis by activating an intrinsic 

pathway whereby Bcl-2 family of proteins promote release of pro-apoptotic molecules such 

as cytochrom-c from mitochondria [45]. 

 

1.3.1.4. P38 pathway 

 
The mammalian p38 MAPK families are activated by cellular stress including UV 

irradiation, heat shock, high osmotic stress, LPS, protein synthesis inhibitors and 

proinflammatory cytokines such as IL-1 and TNF-α. Stress signals are delivered to this 

cascade by member of small GTPase of the Rho family including Rac, Rho and Cdc42. The 

signals are then transferred through MAP3K9 and MAP3K1 as well as MAP2K4 which 

activate/phosphorylate p38MAPK. Activated p38 phosphorylates the transcription factors 

such as ATF-2, Sap-1 and GADD153 [50]. P38 also regulates NF-κB dependent 

transcription after its translocation into the nucleus [51]. 

 
 

1.3.1.5. PI3K/AKT Pathway 

 
The Phsophatidylinositol-3-kinase (PI3K) signalling pathway is critical for cell growth and 

survival. It has been targeted by several genomics aberrations more frequently than other 

pathways in human cancer, possibly after p53 and  retinoblastoma (Rb) pathway [52]. PI3K 

pathway is also the subject of stimulation by many growth factors and regulators. Activation 

of PI3K through RTKs or through genetic defects, results in aberrant cell survival and 
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growth which can cause aggressive cell growth, metastatic ability and resistance to treatment 

in human malignancies. 

A major PI3K associating protein is the serine/threonine kinase Akt (also called 

protein kinase B). Akt activates several proteins also critical to cell growth and survival. 

Propapototic proteins such as BAD, caspase 9 and forkhead (FOX) family of transcription 

factors are inhibited by Akt activation [53].  

The involvement of the PI3K pathway in cancer begins with the activation of RTKs 

which results in recruitment of PI3K to plasma membrane anchored receptors and becomes 

activated. Activated PI3K phosphorylates PIP2 to generate PIP3 which then binds to Akt. 

Activated Akt phosphorylates Bad at Ser 136. Upon phosphorylation Bad disassociates from 

Bcl-2 and Bcl-XL and sequesters with 14-3-3 in the cystosol leading to apoptosis inhibition 

[54].  

The major elements of PI3K pathway have been found mutated or amplified in a 

broad range of cancers indicating the essential roles of PI3K in human cancer. This has 

made PI3K a promising target in anti-cancer drug development. There are several inhibitors 

that have been developed to target PI3K but only few of them have been approved. This can 

be due to limitation towards the identification of targets and drugs with a sufficient 

therapeutic index to allow clinical implementation [52]. Wortmanin and LY294002 were the 

first PI3K inhibitors; however, they did not go through the clinical trials due to their toxicity 

in preclinical models [52, 55].  Several newly developed PI3Ks have made their way to 

clinical trials. BEZ235 is a dual inhibitor of PI3K and mTOR in phase I and II clinical trial. 

The most recent PI3K inhibitor, XL147, targets class I of PI3K isoforms. It is an orally 

available agent and has been well-tolerated in phase I clinical trials [56-57]. Combination 
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studies of XL 147 are also ongoing with Gefitinib or Lapatinib and Mek inhibitor, AZD 

6244 [58]. MK2206, an allosteric inhibitor of AKT1 and 2, is being clinically tested (phase 

I) in NSCLC and locally-advanced or metastatic tumours [55, 59]. 

 

1.3.1.6. DNA repair 

 
One common approach in anti-cancer drug development is to inhibit the cell cycle 

progression and cell division and therefore to inhibit cell growth. Cell division can be 

targeted directly by inhibitors of the mitotic spindle. The other alternative is to inhibit the 

growth signals that results in entry into the cell cycle. 

Targeting the cell cycle, in order to exploit the effect of DNA-damaging drugs, has 

been one of the frequent subjects of anti-cancer drug strategies [60]. DNA damage causes 

cell-cycle arrest and cell death either directly or following DNA replication during the S 

phase of the cell cycle. Cellular attempts to replicate damaged DNA can cause increased cell 

killing, therefore making DNA-damaging treatments more toxic to replicating cells than to 

non- replicating cells. Importantly, the toxicity of DNA-damaging drugs can be minimized 

by the activities of several DNA repair pathways that remove lesions before they become 

lethal. The efficacy of DNA damage-based cancer therapy can thus be affected by DNA 

repair pathways. Interestingly, some of these pathways are deactivated in some cancer types 

which have made the DNA repair mechanism a potential target for cancer treatments. The 

best example of this scenario would be the mutation or loss of heterozygosity (LOH) of 

BRCA1 and 2 in some breast and ovarian tumours. Targeting the DNA repair proteins such 

as PARP in these tumours has shown promising results in phase I and II clinical trials 

[(AZD2281 (AstraZeneca) and BSI-201 (BI Par)] [52, 61]. 
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Using an alternative approach to interfere with cell cycle  checkpoint signalling by 

modulating DNA repair activity has resulted in development of XL-844 (EXEL -9844). XL-

844 is a small-molecule inhibitor of Chk1 and Chk2. This drug causes inhibition of cell-

cycle arrest, progressive DNA damage, inhibition of DNA repair and, tumour cell apoptosis 

in vitro [62]. XL-844 is currently being evaluated in a phase I clinical trial in combination 

with gemcitabine [52]. 

 

1.3.1.7. p53 

 
p53 is a well-known transcription factor and also a tumour suppressor. Under normal, 

unstressed conditions, p53 protein remains undetectable due to its short half life [63]. The 

protein level of p53 is controlled by its negative regulator murine/human double minute 2 

and 4 (MDM2/HDM4) via ubiquitination (ubiquitin liagse, E3). p53 is responsive to a wide 

variety of cellular stresses including genotoxic damages, oncogene activation, and hypoxia 

[64-65]. It is activated through posttranslational modifications by phosphorylation, 

acetylation, ubiquitination, and methylation [66-67]. Activated p53 then can be functional in 

several processes: apoptosis, growth arrest [65, 68], angiogenesis [69-70], and autophagy 

regulation [71].  The major role of p53 in several important pathways makes it a good 

candidate to target in malignancies. In fact, p53 is inactivated in about 50% of human 

cancers [63]. 

Although p53 has good potential as a target, it may not be druggable protein 

according to the conventional drug discovery and development process.  It is neither a 

receptor nor an enzyme. P53 is a homo tetrameric transcription factor and has an essential 

role in maintaining genomic instability and key processes in normal cells [72-73] . In 
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addition, p53 is inactivated through different mechanisms: inhibition of p53 by MDM2 or 

viral proteins, complete deletion of  or/and inactivating mutations either in coding regions or 

regulatory regions which counts for more than 2000 different p53 mutations [74]. Therefore, 

due to technical challenges and also due to possible high adverse effects, targeting p53 may 

have not been the subject of many clinical trials. However, in recent years, some strategies 

have tried to restore the lost activity of p53 in some tumours. 

Viral based gene therapy such as Advexin and Gendicine have been tested in phase I, 

II and III clinical trials in patients with head and neck and hepatocellular carcinomas. The 

overall results suggested that the adverse effect was not significant and the anti-tumour 

effect was associated with expression level of functional (wt) p53 [75-77]. ONYX-015 is an 

example of oncolytic adenovirus therapy and in a phase I clinical trial has shown to have 

expected efficacy and low adverse effects in patients with solid tumours [78]. 

The lost function of p53 can also be reversed by targeting the post-translational 

modification of p53. HLI98 is an inhibitor of HDM2 ubiquitin ligase (E3) which is 

responsible for the degradation of p53. Targeting HDM2 E3 activity seems to be an efficient 

strategy as this approach by-passes the genotoxic effect of the current cancer drugs. 

Recently there have been more studies on this class of drugs [79].  

Nutlins belong to the class of drugs called small molecule inhibitors of protein–

protein interactions (PPI). Nutlins inhibit the interaction between MDM2 and p53 and have 

shown a desirable safety profile with the advantage of selectively inducing cancer cell death 

while exerting cell cycle arrest in normal cells without initiating DNA damage [80]. R7112 

is an example of this class of drugs and have reached to the phase I clinical trial for patient 

with haematological neoplasms [74].  



 

18 
 

1.4. RADIATION THERAPY 

 

Radiation therapy has been in use for a century in the treatment of cancer and other diseases. 

Similarly to surgery and chemotherapy, radiation therapy represents one of the three major 

cancer treatment modalities [81]. During recent years, radiation therapy has been used in 

combination with other modalities in an effort to downstage locally advanced cancers, 

increase organ preservation and consequently improve patients’ overall survival. 

Radiation therapy is used to treat over 60% of all cancer patients at some point 

during the course of their disease. It has become a significant therapy due to the progress 

made in the knowledge of radiation physics, radiobiology, treatment planning, refinement of 

treatment machines (i.e., linear accelerator), and the use of three- and four-dimensional 

computer assisted treatment planning [81]. 

Since nearly two thirds of all cancer patients receive radiation at some point during 

the course of their diseases [82], it is important to constantly improve radiation therapy 

protocols through the introduction of technological advancements and application of 

knowledge gained from preclinical experimentations and clinical trials.  

Although the primary goal in the administration of therapeutic radiation is to destroy 

malignant cells while minimizing damage to normal tissues, radiotherapy is also used to 

treat a fair percentage of benign diseases or non-malignant conditions: arteriovenous 

malformations, Graves' ophthalmopathy, orbital pseudotumour, macular degeneration, 

pterygium, keloids, gynecomastia, histiocytosis, heterotopic ossification and peyronie's 

disease [83].  

Radiotherapy can be used as definitive treatment, neoadjuvant or adjuvant therapy, 

prophylaxis treatment and palliation [82]. Radiation protocols are designed and delivered 
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with different purposes depending on the type of tumour and the stage of the disease. For 

example, in diseases where the emphasis is on effective systemic treatment, such as small-

cell lung cancer [84-85] or lymphoma [84, 86], radiotherapy has an important consolidation 

role. 

 

1.5. TYPES OF RADIATION 

 

The absorption of energy from radiation in biology material can lead to excitation or to 

ionization.  The raising of an electron in an atom or molecule to a higher energy level 

without electron ejection is called excitation. However, if the radiation had enough energy to 

eject to one or more orbital electrons, the process is called ionizing and that radiation is 

called ionizing radiation [87]. 

There are mainly two types of ionizing radiation: 1) electromagnetic radiation that 

either produces x-rays (photons) from a linear accelerator or gamma emitted from a 

radiation source such as Co 60 or Cs137, and, 2) particulate radiation which includes 

particles such as alpha, beta, electrons, protons and heavy ions. Charged particles are 

directly ionizing while electromagnetic radiations are indirectly ionizing radiations. [88]. 
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Figure 1-3. Types of radiation damage induced by ionizing radiation [89]. 
 
 
 
 

1.6. MECHANISM OF ACTION OF RADIATION 

 
There is much established experimental evidence that DNA is the main target of radiation 

and that DNA damage is mainly responsible for radiation-induced cell death [90-91]. 

The types of DNA damage induced by radiation are: alteration or loss of one or more 

bases, destruction of hydrogen bond between base pairs, breaks in one or both strands of 

DNA molecule and cross-linking the strands (figure1-3). The hardest to repair and therefore 

most lethal type of DNA breaks are double strand breaks (DSBs). These breaks, even if they 

are repaired, are prone to inaccurate repair and this will lead to chromosomal abnormalities 

and even second malignancy in some cases [81]. 

 

Cellular effects from radiation appear to be maximum during the Mitosis and the late 

stage of G1 phase of the cell cycle while cells in S phase are known to be radio-resistant 
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[92]. This would suggest that the maximum effect from radiation should occur just before 

and during cell division. In addition, research by Bergonie and Tribondeau [93] has 

supported that the sensitivity of cells to irradiation is directly proportional to their 

reproductive activity and inversely proportional to their degree of differentiation.  

There are other biological factors that influence cellular response to radiation such 

as: linear energy transfer (LET), relative biological effectiveness (RBE), oxygen effect and 

fractionation.  In addition, Garcia-Barrons et al. have shown that tumour response to 

radiation therapy might be regulated by endothelial cell apoptosis in fibro-sarcoma and 

melanoma models [94]. 

 

1.6.1. Linear energy transfer 

 
Linear energy transfer is the energy transferred per unit length of the track of a charged 

particle. LET, however, is only a simple way to indicate the quality of different types of 

radiation. It should be noted that for every charged particle, the higher the energy, the lower 

the LET and the biological effectiveness (in mammalian cells) [87]. 

 

1.6.2. Relative biological effectiveness 

 
Radiation is measured and expressed in terms of the absorbed dose, a physical quantity with 

unit of gray or rad. In radiobiology, “dose” is a measure of energy absorbed per unit mass of 

a tissue. However, equal doses of different types of radiation do not have the same 

biological effects. It is common to use X-rays as the standard to compare different types of 

radiation. Therefore, RBE of some test radiation (r) is defined by the ratio D250/Dr, where 
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D250 and Dr are, respectively, the doses of X-ray and the test radiation required for equal 

biological effect [87]. In general RBE is dependent on the following: 

 

- Radiation Quality (LET) 

- Radiation dose 

- Number of dose fractions 

- Dose rate 

- Biological endpoints 

 

1.6.3. Oxygen effect 

 
The response of cells to ionizing radiation is strongly dependent upon oxygen. It has been 

demonstrated from rapid-mix studies that the oxygen effect occurs only if oxygen is present 

either during irradiation or within a few milliseconds thereafter [95].   

The mechanism responsible for the enhancement of radiation damage by oxygen is 

generally known as the oxygen-fixation hypothesis illustrated in figure 1-4. When radiation 

is absorbed, free radicals are produced. These radicals are highly reactive molecules capable 

of breaking chemical bonds, producing chemical changes and initiating the chain of events 

that result in biological damage. They can be produced either directly in the target molecule 

(such as DNA) or indirectly in other cellular molecules and diffuse far enough to reach and 

damage critical targets. Most of the indirect effects occur by free radicals produced in water, 

as water makes up 70–80 per cent of mammalian cells. The fate of the free radicals (R•) that 

have been produced in the critical target is important. These R• molecules are unstable and 

will react rapidly with oxygen, if present, to produce RO2•, which then undergoes further 

reaction ultimately to yield ROOH in the target molecule. Thus we have a stable change in 



 

23 
 

the chemical composition of the target and the damage is said to be chemically “fixed.” 

Consequently, this damage is recognized by biological pathways that participate in the DNA 

damage response (DDR) to invoke enzymatic processing of the lesions and perhaps their 

successful repair. In the absence of oxygen, or in the presence of reducing species, the 

unstable R• molecules have a longer half-life and can react with H+, thus chemically 

restoring its original form without the need for biological and enzymatic intervention [87]. 

 

 

 

 

 

 

 

Figure 1-4. The oxygen fixation hypothesis.  

Free radicals produced in DNA by either a direct or indirect action of radiation can be 

repaired under hypoxia but fixed in the presence of oxygen [87]. 

 

1.6.4. Fractionation 

 
Dose fractionation in radiotherapy had begun in the first decade of the 20th century. One of 

the rationales for changing single-dose radiation treatments into fractionated doses was 

based on the correlation observed between the proliferative activity of cells and 

susceptibility to radiation-induced injury. Robert Kienböck first reported the higher 

radiosensitivity of cells with high mitotic activity in 1901 [96]. Fractionation in radiotherapy 

was initiated in order to spare normal tissue (by repair of sublethal damage 
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and repopulation from surviving cells) and also to increase the damage to the tumour 

(by reoxygenation of hypoxic cells and redistribution of cells along the cell cycle). The 

above-mentioned biological process, along with radiosensitivity, represent the foundation of 

fractionation in radiotherapy under the 5 R’s of radiobiology [97]. Repair and repopulation 

lead to development of resistance of the irradiated tissue between two radiation doses, while 

redistribution and reoxygenation are expected to sensitize the tissue to a subsequent 

radiation dose. These four factors modify the response of a tissue to repeated doses of 

radiation. Different tissues (both normal and cancerous) behave differently during 

radiotherapy. The main factor responsible for the difference is considered to be the fifth R, 

radiosensitivity, as the response to radiotherapy is influenced by the sensitivity of the 

individual [98].  

 

1.7. DNA DAMAGE RESPONSE PATHWAYS 

 

DNA is the repository of genetic information of each living organism. Its integrity and 

stability, therefore, is of great importance to life. However, DNA is prone to lesions induced 

by exposure to environmental toxins and mutagens as well as events occurring during 

replication processes through DNA replication and cell division.  Beyond the direct 

environment assaults, DNA can also be affected by the by-products of metabolism such as 

reactive oxygen produced by oxidative respiration. Macrophages and neutrophils present at 

the site of inflammation also produce notable amounts of reactive oxygen and nitrogen 

compounds [99]. Damage to DNA can disturb the cells’ steady-state equilibrium and 

activate certain biochemical pathways that regulate cell growth and division and also 
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pathways that help to coordinate DNA replication with damage removal. The three types of 

pathways that are affected by DNA damage are DNA repair, DNA damage checkpoints, and 

cell death  [100]. 

 

1.7.1. DNA damage mechanisms 
 
Interestingly, it is estimated that an individual cell can face up to one million lesions per day 

[101]. Active compounds/agents can affect DNA by forming adducts that impair base 

pairing or inhibiting DNA replication and transcription, base loss or DNA single strand 

breaks (SSBs). In addition, when multiple SSBs are located in a close proximity, or when 

the DNA replication fork encounters the SSBs, double strand breaks (DSBs) are formed. 

DSBs are highly toxic to cells and their formation does not occur in cells as frequently as 

other damages [99, 102]. It has been suggested that the rate between formations of DSBs to 

SSBs is 1:6-8 [103-104].  One of the main agents known to induce DNA DSBs is ionizing 

radiation which is discussed in the previous section.  

1.7.1.1. DNA base damage 

Reactive oxygen species and ionizing radiation can produce DNA base damages which 

include O6-methylguanine, thymine glycols, and other reduced, oxidized, or fragmented 

bases in DNA. Ultraviolet (UV) radiation also gives rise to these species indirectly by 

generating reactive oxygen species, as well as producing specific products such as 

cyclobutane pyrimidine dimmers (CPD) and photoproducts [105-106]. Various adducts are 

produced by chemicals: bulky adducts formed by large polycyclic hydrocarbons or simple 

alkyl adducts formed by alkylating agents. The vast majority of chemotherapy drugs, 

including cisplatin, mitomycin C, psoralen, nitrogen mustard, and adriamycin, make base 
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adducts [107]. However, the major challenge still exists: how to find agents that damage 

DNA without invoking DNA repair or checkpoint responses in cancer cells?  Combination 

therapy could be one possible answer. This idea has been further discussed earlier, in the 

section on molecular targets in cancer. 

 
 

1.7.1.2. DNA backbone damage 

 
Backbone damages include abasic sites and single- and double-strand DNA breaks. Abasic 

sites, also known as AP sites (apurinic/apyrimidinic site) are formed spontaneously, by the 

process of depurination or during the base excision repair process. Single-strand breaks are 

produced directly by damaging agents such as ionizing radiation, or by the byproducts of 

radiation such as reactive oxygen species [108]. Double-strand breaks are formed by 

ionizing radiation or other DNA-damaging agents such as topoisomerase I / II or bleomycin 

(BLM). 

1.7.1.3. Cross links 

 
Bifunctional alkylating agents such as cisplatin, nitrogen mustard and mitomycin D, form 

interstrand cross-links and DNA-protein cross-links. DNA-protein cross-links may also be 

produced by reaction of the aldehyde form of abasic sites with proteins [109].  

 

 

 

 



 

27 
 

1.7.2. DNA repair mechanism 
 
The wide diversity of DNA-lesion types necessitates multiple, largely distinct DNA-repair 

mechanisms. Some lesions are subject to direct protein-mediated reversal; however, most 

are repaired by a sequence of catalytic events mediated by multiple proteins such as base 

excision repair, nucleotide excision repair, double strand breaks repair and the repair process 

of inter-strand cross-links.  

1.7.2.1. Direct repair 

 
There are two direct DNA repair mechanisms: photoreversal of UV-induced pyrimidine 

dimers by DNA photolyase and the removal of the O6-methyl group from O6-methylguanine 

(O6MeGua) in DNA by methylguanine DNA methyltransferase. The photoreversal 

mechanisms do not exist in humans while DNA methyltranferase is abundant in nature. 

Methylguanine DNA methyltranferase (MGMT, also referred to as ATase, AGT, 

AGAT) is a small protein of 20 kDa that is ubiquitous in nature. MGMT is mostly located in 

the cytoplasm and upon alkylation it translocates into the nucleus [110]. MGMT is thought 

to recognize sites of damage by three-dimensional diffusion and  it transfers the alkyl group 

from the oxygen in the DNA to a cystein residue in the catalytic pocket of MGMT, thereby 

restoring DNA and inactivating MGMT [107]. Interestingly, one MGMT molecule is 

capable of correcting one alkyl adduct and the inactivated alkylated MGMT appears to be 

ubiquitinated [111] and degraded by the proteasome [112]. Therefore, it is referred to as a 

suicide protein [107]. 

The removal of larger adducts such as ethyl or isopropyl groups are slower than 

methyl adducts. It has also been shown that MGMT is phosphorylated and the 

phosphorylated form of MGMT is less efficient in repairing O6MeG [113].  Therefore, the 
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capacity of cells to remove DNA O6-alkylguanine adducts is dependent  on multiple factors: 

(1)  number of existing MGMT molecules, (2) rate of MGMT synthesis (3) types of DNA 

adducts formed and (4) phosphorylation state of MGMT.  

 

1.7.2.2. Base excision repair pathway (BER) 

 
BER is the main DNA repair system in mammalian cells to eliminate small DNA base 

lesions. The alkylating adducts N7MeG and N3MeA and N3MeG are repaired by BER [114]. 

Damaged bases are removed by DNA-glycosylase such as alkyladenine DNA-glycosylase 

(Aag), resulting in abasic sites which are recognized by apurinic/apyrimidinic 

endonucleases, APE1. APE1 forms cuts on the damaged strand and leaves 3-OH and 5-

deoxyribose phosphate (5dRP) groups at the margins. DNA polymerase β completes DNA 

synthesis and fills the gap induced by APE1 by a single nucleotide and removes 5dRP 

groups [115-116]. The last step includes the presence of the DNA ligase I or a complex of 

DNA ligase III and XRCC1 which seals the nicks [117]. Poly (ADP-ribose) polymerase-1 

(PARP-1), which is usually activated by the strand breaks, is participating in the last step of 

nick-sealing [118]. 

 

1.7.2.3. Nucleotide excision repair pathway (NER) 

 
Nucleotide excision repair is the major repair process for eliminating the bulky DNA lesions 

formed by exposure to radiation and chemicals. NER pathway operates via two distinct sub-

pathways which are different in  recognizing the damaged sites: 1) Transcription Coupled 

NER (TCR) which specifically recognizes the lesions that block transcription and repairs the 

transcribed strands in active genes and 2) Global-Genome NER Repair (GGR)  which 
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targets and repairs the whole genome as well as the non-transcribed strands of active genes  

[119]. The main feature of NER is that the damaged bases are removed by the “excision 

nuclease” enzyme which consists of multi sub-units. The enzyme excises the damage bases 

as a 22–30-base oligonucleotide, producing single stranded DNA (ssDNA) that is acted 

upon by DNA polymerases and associated factors before ligation ensues [120]. Excision 

nuclease is also capable of removing the simple single damaged bases. Excision nuclease 

recognizes the backbone conformational changes that have formed due to the damage rather 

than the specific chemical group added to DNA at the site of damage itself [107]. This non-

specific recognition is referred as an indirect readout in contrast to the direct readout which 

recognizes the specific error in DNA sequence [121]. The basic steps in NER process are: 1) 

ATP independent, low specified recognition by RPA, XPA and XPC-TFIIH, 2) ATP 

dependent, DNA unwinding and formation of a long lasting DNA protein complex (pre-

incision complex I-III), 3) dual incision by two nucleases, XPG and XPF-ERCC1 and finally 

4) filling the gap by polδ/ε with the help of replication accessory proteins PCNA and RFC 

followed by ligation by DNA ligase III [122-124]. Since the above-mentioned three 

recognition proteins have moderate specificity, it is likely that they form the PIC1 at the 

binding site. If the binding site is not damaged, XPB and XPD hydrolyse ATP and PIC I is 

dissociated from the binding site. However, if the site contains damage, ATP hydrolysis by 

XPD and XPB unwinds the duplex by about 25 bp around the lesion, stabling preincision 

complex 1 (PIC1) at the damage site. Then, PICI will be further changed to PICII by XPG 

replacing XPC in the complex [125].  
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1.7.2.4. Double-strand break repair pathway 

 
DNA double strand breaks can be produced by reactive oxygen species, ionizing radiation 

and chemicals that generate reactive oxygen species. There are some intrinsic factors that 

can cause double strand breaks as well: such as V(D)J recombination and the process of 

immunoglobulin class switch which usually takes place during the replication due to 

replication fork arrest and collapse [126-128]. The two mechanisms that correct the double 

strand breaks are homologous recombination (HR) or nonhomologous end-joining (NHEJ). 

It is still not clear how cells determine which mechanism of repair should be used to repair 

DSB. During the late S and G2 phases of cell cycle HR would be the main mechanism to 

repair the induced damage as the sister chromatids are very close. However, if there is no 

homolog sequence is present in the close proximity of a DSB, then NHEJ pathway seems to 

be the options for the cell to repair the damage.  It has been shown that NHEJ can operate 

irrespective of  the cell cycle phases [129]. Genetic data suggest that HR is crucial for the 

recovery of collapsed replication forks while NHEJ is essential for V(D)J recombination and 

is thought to be the major pathway for repair of double-strand breaks induced by ionizing 

radiation and radiomimetic agents [107, 130].  

 

1.7.2.5. Non-homologous end joining repair pathway 

 
The first step in this form of the repair starts with Ku70 and Ku 80 proteins forming a ring 

shape heterodimer that has a high affinity for DNA ends. Ku70/80 then recruits DNA 

dependent Protein Kinase-catalytic subunit (DNA-PKcs) [131]. DAN-PKcs is one of the 

first molecules to phosphorylate (most importantly at S2609) in response to DNA damage 

[132]. After loading on the damage site p-DNA-PKcs pushes the Ku70/80 dimer about one 
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helical turn inward from the end to facilitate other proteins’ access. p-DNA-PKcs also 

recruits phosphorylated Artemis to the site of damage/repair [130]. The presence of p-

Artemis in complex with DNA-PKcs generates DNA ends that can be ligated with the 

minimal nucleotides loss [130]. The last step in rejoining is mediated by DNA ligase IV, 

which is in contact with XRCC4 dimers. XRCC4 dimers stabilize DNA ligase IV and 

stimulate its adenylation and ligase activity [131].  

The nuclease MRN complex may also have a role in NHEJ, particularly when this 

pathway is utilized for V(D)J recombination. In addition, the MRN complex also 

participates in protection of the ends from degradation. MRN complex consists of double-

strand break repair protein Mre11, Rad50 homolog and Nijmegen breakage syndrome 1 

protein (Nibrin or NBS1) and  may be activated via Brca1/ Rad50 pathway [133]. 
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Figure 1-5. Non-homologous End Joining pathway [130]. 

 

 

1.7.2.6. Homologous recombination repair pathway 

 
 
One of the first factors detected at DSB sites is the RAD50/MRe11 complex [134]. This 

complex keeps DNA molecules in close proximity before the start of the repair. 

Rad50/MRe11 endonuclease activity contributes to processing the several different 

structures induced by ionizing radiation or chemicals creating single strand ends. Rad52 is 

also recruited to the site of damage/repair [135-136].  In the next step of HR, the processed 

DNA ends are covered with a recombinase Rad51 along with BRCA 1/ 2 [137-138]. In 

order to complete the repair process after recombination, the crossed DNA strands have to 
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cut by structure specific nucleases such as XRCC3 and Rad51C that have resolvase activity 

[139]. Otherwise, the DNA strands can be un-crossed by co-operation of helicase and 

topoisoomerase [131].  

 

1.7.2.7. Crosslink repair 

 
The exact mechanism of crosslink repair is still not clear and there are some speculations 

about the molecules involved. However, there is a consensus in the published data that NER 

and HR have important roles in the repair of Interstrand Crosslinks (ICLs). NER is 

especially important for the repair of ICLs of non replicating cells (G0/1) through incisions 

made by XPF-ERCC1. The excision is followed by translesion synthesis and excision of the 

flipped out ICLs [140-141]. HR has been implicated in the repair of ICLs specifically in the 

replicating cells. A moving replication fork collapses at the ICL site leading to the activity 

of the FA (Fanconi Anemia) pathway via a group of proteins (FANCP, FANCD2, RAD51, 

RAD51C, BRCA2, FANCN, and BRCA1) [140]. The stalled fork can reverse to form a 

“chicken foot” structure, which enables NER to unhook the crosslink [140]. The 

endonucleases cleave the reverse fork and this generates a single-ended DSB. These breaks 

are substrates for RAD51-dependent HR. BRCA2 and FANCN promote RAD51 

nucleoprotein filament formation and stimulate strand invasion. HR is then completed and 

replication can be re-established in the replication fork [142]. 
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Figure 1-6. The repair mechanism of the interstrand crosslinks lesions in replicating cells 

[142].  

 
 

1.7.3. DNA damage checkpoints 
 
All eukaryotic cells have four cell cycle phases: G0/G1, S and G2/M which are well-defined 

in mammalian cells and transition from one phase to the other is closely regulated by cell 

cycle checkpoint proteins in both normal condition and in case of induced DNA damage. 

Cell cycle checkpoints are biochemical pathways operating in a normal condition during and 

in between the phases of the cells cycle which are up-regulated when DNA damage occurs. 
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However, it is still not clear if there is a required threshold for the level of DNA damage in 

order to activate/ up-regulate the checkpoints [107]. 

 

 

1.7.4. Molecular components of DNA damage checkpoints 
 
Although many of the proteins involved in the check point regulation have roles in multiple 

checkpoints and also in various pathways, they may have a more prominent role in a specific 

checkpoint.   

In general, the components of DNA damage checkpoints have been categorized as: 

sensors, mediators, transducers and effectors as shown in figure 7. However, there is no 

absolute distinction between the components of checkpoints as they may have more than one 

function or they may be involved in all phases of cell cycle. 
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Figure 1-7. DNA-damage-induced checkpoint response  pathway [107]. 
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1.7.4.1. The G1 checkpoint 

 
The G1/S checkpoint prevents cells from entering the S phase if DNA damage has occurred.  

ATM or ATR (depending on the type of the insult) is activated and phosphorylates the main 

targets: p53 and Chk1 and Chk2. Phosphorylation of Chk2 initiates the G1 arrest by 

phosphorylation, inactivation and degradation of Cdc25A.  Lack of active Cdc25A results in 

phosphorylation of Cdk2. P-Cdk2 is the inactive form of Cdk2 and is incapable of 

phosphorylation of Cdc45 to initiate replication. Similarly, if the DNA damage is induced by 

UV light, ATR would sense the damage and through the formation of a complex with 

RAD17-RFC and RAD9-RAD1-HUS1 (9-1-1) resulting in phosphorylation of Chk1 by 

ATR. Once Chk1 is activated it phosphorylates Cdc25A leading to G1 arrest.  

While Chk1 and 2 are involved in the initial arrest in G1, p53 is responsible for  

maintaining the G1/S arrest [143]. P53 is phosphorylated by ATM/ATR at Ser15 and by 

Chk1/2 at Ser 20. Phosphorylated p53 induces the transcription of its target gene p21, which 

binds and inactivates the S-phase-promoting Cdk2-CyclinE complex, thereby maintaining 

the G1/S arrest [144]. 

 
 

1.7.4.2. The S check point 

 
S phase check point is up-regulated in response to DSBs induced during the S phase or by 

existing damages that were not repaired and escaped the G1 arrest and caused a block in the 

replication process [145]. The main mechanism of arrest in S phase is the inhibition of firing 

of late origins of replication [146-148]. 

When the damage is a direct DSB or a DSB formed due to a nicked or gapped DNA, ATM 

starts two parallel cascades to inhibit replication. Through MDC1, HAX and 53BP1, ATM 
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phosphorylates Chk2 on Thr68 to induce degradation of Cdc25A [149-150]. Cdc25A 

degradation keeps CyclinE/Cdk2 in the non-active stat (phosphorylated form) and inhibits 

the Cdc45 from loading on the replication origin. ATM also phosphorylates NBS1, SMC1 

and BRCA1 and FANCD2 leading to the inhibition of replicative DNA synthesis [151-152]. 

In case of DNA damage induced by UV or the chemicals that make bulky base 

lesions, the main sensor is ATR-ATRIP heterodimer [153-154]. Following binding to the 

DNA lesions, ATR becomes activated and phosphorylates Chk1 and as a consequence 

down-regulates/phosphorylatesCdc25A and therefore, inhibits firing of replication origins 

[146].  

 

1.7.4.3. The G2 check point 

 
In the presence of DNA damage in G2/M phase of the cell cycle, G2/M check point prevents 

cells from entering mitosis. Similar to the other check points, ATM and ATR are activated 

by DSBs and bulky lesions/SSBs respectively. In both cases mitosis is inhibited by down-

regulation of Cdc25A and up-regulation of Wee1, which controls cdc2/CyclinB activity 

[155]. The maintenance of G2/M arrest may have been p53 independent unlike G1/S check 

point. Several studies have suggested that tumour cells lacking functional p53 still 

accumulate in G2 in response to induction of DNA damage [156]. This could be due to the 

fact that p21, a target gene for p53, can also be activated by p73 [157]. 
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1.8. CELL DEATH 

 

As we discussed before, Eukaryotes have a well-developed and extensive mechanisms to 

detect different types of DNA damage and also DDR pathways. Depending on the cell type 

and the extent of the DNA damage, DDR can cause different responses. Mild DNA damage 

can be repaired through the up-regulation of Cyclin-dependent kinase inhibitors and 

eventually cell cycle arrest and also several repair mechanisms. More severe types of DNA 

damage lead the affected cells towards senescence or cell death. In addition to DNA 

damage, other signals/stimuli can also lead the cells towards cell death process. While 

chemotherapies, growth factor withdrawals and ER stress can induce cell death through 

mitochondria-dependent signaling, death receptor ligands such as Fas, TNF or TRAIL can 

trigger the death receptor signalling pathway through recruitment of Fas- associated death 

domain protein (FADD) [158-159]. 

 

1.9. MODES OF CELL DEATH  

 
The Nomenclature Committee on Cell Death (NCCD) proposes that “ a cell should be 

considered dead when any one of the following molecular or morphological criteria is 

observed: (1) the cell has lost the integrity of its plasma membrane, as defined by the 

incorporation of vital dyes (e.g., PI) in vitro; (2) the cell, including its nucleus, has 

undergone complete fragmentation into discrete bodies (which are frequently referred to as 

‘apoptotic bodies’); and/or (3) its corpse (or its fragments) has been engulfed by an adjacent 

cell in vivo” [160].  
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 According to NCCD, there are two main modalities of cell death: typical or 

distinctive modes of cell death vs. Non-typical modes of cell death. The typical mode of cell 

death includes the four types of cell death that are commonly discussed in the literature: 

apoptosis, autophagy, cornification and necrosis. Cornification or keratinisation is a type of 

cell death that is specific to the skin cells; therefore it will not be discussed here. Instead, the 

focus will be on other common types of cell death. The atypical modes of cell death include: 

mitotic catastrophe, anoikis, excitotoxicity, wallerian degeneration, paraptosis, pyroptosis, 

pyronecrosis, and entosis. Similarly, in this section, mitotic catastrophe will be briefly 

discussed as it is specifically relevant to radiation and radiation biology. 

 

1.9.1. Apoptosis 
 
Apoptosis was first used by Kerr, Wyllie and Currie in 1972 to distinguish a distinct form of 

cell death [160-161]. Apoptosis occurs during several processes including development, and 

aging, as a homeostasis mechanism to maintain the cell population, as a defense mechanism 

in immune reactions or in damaged cells due to a disease or toxic agents [161]. It is a co-

ordinated and energy-dependent process that might or might not involve the activation of 

caspases. Morphological characteristics of apoptosis are: rounding-up of the cell, reduction 

of cellular and nuclear volume (pyknosis), nuclear fragmentation, plasma membrane 

blebbing and minor modification of cytoplasmic organelles [160].  

 

1.9.1.1. Mechanisms of apoptosis: intrinsic vs. extrinsic pathways 

 
The intrinsic apoptotic (mitochondria pathway) stimuli such as DNA damage and ER stress 

or growth factor removal activate B cell lynphoma2 (Bcl-2) homology 3(BH3) only proteins 
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resulting in Bcl-2- associated X (BAX) protein and Bcl-2 killer  (BAK) activation, and 

mitochondrial outer membrane permeablization (MOMP) [162-163]. This will release 

various proteins including cytochrom-c from mitochondria and promote caspases activation 

and apoptosis. After release, cytochrome c binds to apoptotic protease-activity factor-1 

(APAF-1) and forms an apoptosome structure. Apoptosome then recruits and activates 

initiator caspases, caspase 9. Caspase 9 activates caspase 3 and 7 leading to completion of 

apoptosis [159]. In addition to cytochrom c, other proteins such as second mitochondria-

derived activator of caspases (SMAC, aka DIABLO) neutralize X-linked inhibitor of 

apoptosis protein (XIAP). Interestingly, XIAP is involved in both intrinsic and extrinsic 

apoptotic pathways [164]. 

Extrinsic pathway (death cell receptor pathway) begins with the attachment of death 

ligands such as Fas, TRAIL or TNF to their receptors on the cell membrane and follows by 

the recruitment of FADD and caspase 8 to the membrane. Upon dimerization and activation 

of caspase 8, caspase 3 and 7 are cleaved and this will lead the cell to apoptosis [159].  

Extrinsinc and intrinsic pathways can also crosstalk through activation/cleavage of 

BH3-only protein BH3-intercating domain death agonist (BID) into truncated form tBID by 

cleaved caspase 8. tBID activates BAK and BAX and leads the cell to apoptotic state [165]. 

Another protein being released from mitochondria upon apoptotic stimuli is 

apoptosis inducing factor (AIF) which leads the cell to caspase-independent apoptosis. 

Following the release of AIF from mitochondria, it translocates to the nucleus where it binds 

DNA randomly. DNA binding of AIF results in chromatin condensation and DNA 

fragmentation by recruitment of nucleases [166]. 
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1.9.2. Autophagy 
 
Macrophagy (commonly referred to as autophagy) is characterized by lack of chromatin 

condensation, massive vacuolization of plasma membrane, accumulation of double 

membrane autophagic vacuoles, little or no uptake by phagocytic cells in vivo [160]. In 

general autophagy is considered as a pro-survival mechanism through which cells adapt to 

stress condition by using metabolic precursors for cellular renewal and maintenance through 

the recycling of cellular components [167]. 

Autophagy is regulated by a group of proteins called autophagy-related proteins 

(ATG proteins). In response to a lack of amino acids or other stress, ATG1 and a member of 

PI3K family, VPS34, interact with beclin-1 and lead to the activation of downstream ATG 

factors that are involved in the initiation, elongation, and maturation of autophagy. The 

elongation step of autophagy is controlled by ATG 12 and LC3 and these proteins are 

degraded during the last step of maturation into the autolysosome [168]. 

 
There is some contradictory evidence indicating that autophagy has both 

cytoprotective and cytotoxic properties. It is yet to be well-defined under which conditions 

autophagy acts as a cytoprotective mechanism and the types of stress under which 

autophagy acts as a mode of cell death [169-170]. 

 

1.9.3. Necrosis 
 
Necrotic cell death is characterized by cytoplasmic swelling (oncosis), rupture of plasma 

membrane, swelling of cytoplasmic organelles and moderate chromatin condensation [160]. 

Previously, it was thought that necrosis was an accidental uncontrolled mode of cell death 

but recent studies have revealed that it is tightly regulated by a set of signal transduction 
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pathways [171-172]. It has been shown that death receptors and Toll-Like Receptors (TLRs) 

are involved in necrosis especially when caspases are inhibited [173-174] and RIP-1 kinase 

has a crucial role as an initiator of death receptor-mediated necrosis [160, 175]. 

Importantly, extensive DNA damage causes hyper-activation of poly-(ADP)-ribose 

polymerase (PARP-1) and leads to necrotic cell death. PARP-1 contributes to the DNA 

damage process when DNA damage is moderate; however excessive PARP-1 activation 

causes depletion of NAD+   by catalyzing  hydrolysis of NAD+ into nicotinamide and PAR, 

leading to ATP depletion, cellular failure and necrosis [176]. 

Necrosis, has a role in several signaling processes such as ovulation, the death of 

chondrocytes associated with the longitudinal growth of bones as well as in cellular turnover 

in the small and large intestine [171] and in activation-induced cell death (AICD) of T 

lymphocytes which is an important step for reducing T cell numbers after immune response 

[177].  The role of necrosis in the mentioned process is more significant when apoptosis is 

inhibited. 

In contrast to apoptosis, the recognition and uptake of necrotic cells by macrophages 

is slower and less efficient and usually happens after the loss of plasma membrane integrity 

[175]. Therefore, a pro-inflammatory response is initiated by the release of DAMPs 

(danger/damage-associated molecular patterns) in response to necrosis and necrotic cells 

actively secret pro-inflammatory cytokines such as IL-6 due to activation of NF-κB and p38-

MAPK [178]. 
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1.9.4. Mitotic catastrophe 
 
Mitotic catastrophe is a type of cell death occurring during or shortly after a 

disregulated/failed mitosis. It is characterized by micro-nucleation and multi-nucleation 

[160]. However, features of apoptosis and necrosis have been observed in cells undergoing 

mitotic failure, indicating the possibility that mitotic catastrophe might be prelude to 

apoptosis or necrosis rather than a cell death mechanism itself [179]. Additionally, depletion 

of Bcl-2 family of pro-apoptotic proteins such as Bax reduces the rate of the cell death upon 

mitotic catastrophe, therefore, leading to oncogenic polypoidization. [180]. It has also been 

shown that morphological characteristics of mitotic catastrophe can be observed in parallel 

with cells undergoing senescence [179]. 

 

In general it should be noted that the term ”dead cells” would be different from 

“dying cells” that have not yet concluded their cell death pathway. In particular, cells that 

are arrested in the cell cycle, such as cells undergoing senescence, should be referred to as 

live cells even though they might have lost their clonogenic potentials. 

 

1.10. COMBINATION THERAPY 

 

The origin of combination therapy goes back to 1958 when Emille Frie III published the first 

randomized controlled trial of combination therapy and its efficacy in cancer [181]. His trial 

was based on the preliminary studies by Skipper et al. and Law, as well as the success of 

combination therapies for tuberculosis. In 1952 Law had found that genetic variation is 

responsible for anti-folate resistance in the mouse model of cancer. Low and later Skipper et 
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al. in 1954 proposed that there might be a benefit to giving drugs in combination. The 

success of Emil Frie in his 1958 trial and also experimental mouse model studies by Skipper 

in 1964, and progress in supportive care led to the highly acceptable but not experimentally 

controlled adoption of the 4-drug VAMP regimen. The VAMP regimen was the first big step 

towards the large and potentially curative regimens that we have today [182]. 

Combination regimens in oncology, including drug combinations or radiation and 

drug combinations, may be categorized in various ways and several parameters are 

considered in combined strategies: for example, if the agents to be combined are already 

established or they are in experimental steps, and if they are known to have single-target or 

multi-targeting activity. Such parameters influence the ethical and regulatory requirements 

for development of combined regimens [183]. 

 

 

1.10.1. Chemotherapy combinations 
 
The goal of cytotoxic therapy is to maximize tumour cell kill. The limited selectivity of 

these conventional therapies is based on their interferences with frequent cell division and 

DNA replication of cancer cells relative to most normal cells. Most of these cytotoxic agents 

deliver their effect by inhibiting synthesis of DNA precursors and also damaging the DNA 

or disturbing chromosomal segregation. Unfortunately, rapidly dividing normal tissues such 

as bone marrow, gastrointestinal tract and hair follicles are also affected by the treatment, 

limiting the optimum dosage required for the complete treatment. This results in reduced 

efficacy, drug resistance and decreased quality of life for patients [184]. 

For decades, oncologists have applied the strategy of combining chemotherapeutic 

agents in hope of curing their patients. Examples of such treatment protocols include the 
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combination of bleomycin, etoposide and cisplatin in germ cell tumours [185], or 

doxorubicin, bleomycin, vinblastine and dacarbazine in Hodgkin’s lymphoma [186]. These 

cytotoxic combinations were usually developed simply based on single-agent activity, non-

overlapping toxicities and on some preclinical evidence of synergy. 

The development of cytotoxic combination for cancer is based on the following 

principles: 1) the drug in combination should be individually active; 2) should have different 

mechanism of action; 3) should have non-overlapping mechanism of resistance; 4) should 

have non-overlapping toxicities; and 5) should be administered at minimum tolerated doses 

and schedules [187]. 

 

1.10.2. Targeted therapy combinations 
 
During the last decade of the 20th century, drug development in oncology had a paradigm 

shift from focusing on traditional cytotoxic to targeted therapies. Thus far, the most striking 

results of targeted monotherapies have been observed in cancers that are addicted to a single 

kinase. However, the efficacy of these targeted agents is more likely to be mitigated as most 

solid tumours contain multiple gene abnormalities and are not homogeneous. Therefore, 

targeted agents are increasingly being investigated in combination, either with cytotoxic 

agents including radiation or other targeted drugs [183]. In contrast to cytotoxic therapy, the 

goals of rational combinations of molecular-targeted agents are to achieve strong tumour 

control, which may lead to better therapeutic outcome through simultaneous blockade of 

cancer-relevant targets in properly selected patients [184]. To date, numerous molecular- 

targeted therapies are approved or developed. The above-mentioned principles also apply to 

molecular targeting drugs however, there are a few considerations to take: 
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 1) If a molecular-targeting drug is not active as a single agent in preclinical studies, it 

should not be discarded but, could be rationally combined with other agents and 

combinations tested in preclinical models. 

2) Achieving non-overlapped toxicity profile might be difficult in molecular targeting agents 

as combined agents targeting a specific pathway may produce greater mechanism-based or 

non-target specific toxicities [188]. 

3) Molecular targeting agents may induce limited target-specific toxicity and should thereby 

be dosed to maximum-biological effect on the target as opposed to maximum tolerance 

[187]. 

1.10.3. Goals of combination therapy 
 
Treatment modalities are combined to enhance the rate or duration of clinical benefit over 

the existing standard of treatment or to keep the same level of efficiency with lower toxicity 

by using the lower doses of agents of non-overlapping toxicity. Therefore, the goals of 

combination therapy can be summarized below: 

1)  To enhance sensitivity of cancer cells to an agent through the use of another agent.  

2)  To reduce development of resistance. 

3)  To target the tumour micro-environment.  

 

1.10.3.1. Synergy/additivity and antagonism 

 
In oncology, the combination of drugs is usually done with the hope to achieve a beneficial 

pharmacodynamics interaction, which enhances cytotoxicity. The most desirable and 

informative effect that one can get from PD interaction is synergy. While additive effect by 

definition refers to the equality effect of the sum of two or more agents to each of them 
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separately, synergy is a general term referring to the outcome that exceeded the effect 

expected in the purely additive interaction. On the other hand, antagonism refers to an 

outcome less than expected from an additive interaction [183, 189-190]. 

 

1.10.3.2. Evaluation of combination therapy 

 
The above terminology seems to be very simplistic and there has been some controversy in 

terms of definition and also whether these terminologies are transferable to the clinic. 

Determination of cytotoxic synergy is based on short-term in vitro colorimetric 

assays of cell viability with the multiple data points required for mathematical analysis such 

MTT or SRB assays [183, 191].  

There has never been a consensus on the standard definition for synergism or 

additivism; therefore, in 1984 Chou and Talalay introduced the scientific term “combination 

Index” (CI) to quantity synergism (CI<1), additive (CI=1) and antagonism (CI>1) [190, 192-

193]. The following formula for calculation of the combination index was proposed by Chou 

and Talalay [193]: 

 CI= D1/ (Dx) 1 +D2/ (Dx) 2 

Dx1 and Dx2 are concentrations for two drugs alone that will give x % inhibition. 

D1 and D2 are the concentration of two drugs in combination that inhibit also x % (i.e., 

isoeffect). 

In the clinical setting, however, it is not required to demonstrate synergy for a given 

combination. Instead, clinical investigations aim to identify drug interactions that achieve 

better clinical results than either the respective single agents used in the combination or 

other standard therapies. Importantly, synergy against cancer cells, as determined by in vitro 
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assays, is only one of the components taken into consideration when assessing clinical 

benefit. The key component is selective toxicity to increase the therapeutic ratio [183]. 

 

1.10.3.3. Multi-targeting agents vs. combination of multi agents 

 
The majority of diseases including cancer are multi-factorial in nature. However, the 

traditional drug discovery is based on identifying a drug to act on a single target involved in 

the disease development or progression. So, because of the multi-factorial nature of diseases 

like cancer, a selective compound with a single target is less likely to achieve the desired 

outcome. Therefore, these single targeting compounds are combined with standard 

treatments or other targeted agents to improve the outcome. 

As discussed before, most curative cancer treatment is based on using an effective 

combination of surgery with chemotherapy, radiation or targeted therapy.  The successful 

results of combination therapies are most likely due to the fact that cancer is a heterogeneous 

disease among patients and even within the same patient or tumour itself. To add to the 

complexity of cancer biology, cancer cells adapt relatively well to new conditions due to 

their genotypical and phenotypical complexities, de novo protective mechanisms or acquired 

resistance to almost all agents over time (except when the disease is cured). 

Multi-targeting agents may be active across a number of different cancer types. An 

example of this type of agents is Sorafenib or Sunitinib which targets VEGFR/PDGFR and 

C-Kit as well as other kinases. The spectrum of kinase inhibition within a tumour may result 

in greater therapeutic effect. Sunitinib with its broad targeting ability has a greater activity in 

renal cell carcinoma than monoclonal antibody Bevacizumab which specifically inhibits the 

VEGFR pathway. Using a multi-targeting agent reduces the number of drugs a patient has to 
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take and therefore decreases the drug-drug interaction. In addition, the multi-targeting agent 

may have a broader activity against the same type of tumour in different patients due to the 

molecular heterogeneity amongst the same type of cancer. Moreover, there are specific 

scientific, clinical and regulatory considerations for multi-targeted vs. relatively selective 

targeted combinations. For example, a single agent with multiple actions might be easier and 

faster to pass all the regulatory requirements for demonstrating activity and safety. 

The disadvantage of a multi-targeting agent is thought to be potentially increased 

toxicity due to cumulative target and off-target inhibitions that are broad and less predictable 

[187]. In addition, in case of multikinase inhibitors, it is not feasible to develop inhibitors 

with a specific kinase-inhibitory profile with optimal potency and therapeutic index for each 

of the multiple cancer relevant targets. Therefore, even multi-targeting kinase inhibitors 

might need to be combined with other targeted agents for maximal therapeutic benefit [194]. 

 

1.10.3.4. Sorafenib: a dual targeting multi tyrosine kinase inhibitor 

 
Sorafenib or (Nexavar, Bayer-Onyx) is an oral, small molecule kinase inhibitor that was 

initially developed as a Raf inhibitor. Further characterization of sorafenib demonstrated that 

it is a multikinase inhibitor of several other targets including VEGFR-2 and 3, PDGFR-b 

[195]. Sorafenib has been classified as an anti-angiogeneic drug due to its inhibition of 

VEGFR. Following by a successful phase III clinical trial, Sorafenib was approved by the 

Food and Drug Administration (FDA) for the treatment of mRRC in 2003. In 2008, the FDA 

approved sorafenib for unresectable HCC based on 2 randomized phase III studies.  

It has been shown that MDA-MB-231 breast cancer models are sensitive to sorafenib 

treatment, with a 30 mg/kg dose producing a 42% reduction in the mean size of these 
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tumours after only 9 days of treatment [195]. The results in the MDA-MB-231 model 

indicate that sorafenib may act in breast cancer through inhibition of the MAPK pathway 

and inhibition of angiogenesis. More recently, Li et al. have shown that combination of 

sorafenib and radiation inhibits breast cancer stem cells by suppressing HIF-1α expression 

[196]. Their findings as well as others suggest the combination of Sorafenib and radiation 

has synergistic effects and could be a new therapeutic approach to prevent breast 

cancer progression by eliminating breast cancer stem cells [196-198]. 

 

1.10.3.5. Combi-molecule concept 

 
Within the concept of developing single agents with multi-targeting properties, a series of 

molecules termed “Combi-molecule” have been developed by Merayo et al, Rachid et al. 

and Laroque et al. since 2003.  

ZRBA1 is one of these molecules which targets EGFR and HER2 and induces DNA 

strand breaks [199]. ZRBA1 is designed to target the ATP binding pocket of TK domain of 

EGFR and HER2 and also behave as an alkylating agent to induce N, N 

dimethylaminoethylguanine adducts [42]. These adducts cannot be repaired/removed 

efficiently by MGMT in cancer cells; therefore, ZRBA1 is superior to other alkylating 

agents such as Temozolomide that induce mostly O6-methylguanine adducts. In addition, 

targeting ATP binding site of the TK domain of EGFR provides an advantage for ZRBA1 

over monoclonal Abs against EGFR such as (Cetuximab) as the mutation occurring at the 

extracellular ligand binding domain (EGFR vIII) will not affect the EGFR targeting moiety 

of ZRBA1.  ZRBA1 has been designed to degrade into multiple inhibitors of EGFR, 

generating highly reactive intermediates (electrophiles) in a stepwise fashion a model termed 
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“cascade release” [200]. The formation of multiple intermediates with high affinity for 

EGFR results in stronger receptor inhibition and anti-proliferation activity of ZRBA1 [201]. 

Moreover, ZRBA1 also has a quinazoline fluorescence property which makes it possible to 

determine combi-molecule degradation steps in the cells and also to follow the intracellular 

distribution of the EGFR targeting moiety.  

Although ZRBA1 has shown anti-tumour activity [42], it could be even more potent 

when it is combined with a cytotoxic agent such as ionizing radiation through the induction 

of different types of DNA lesions. 

 

1.10.3.6. Combination with radiation  

In 1979, Steel and Peckham proposed for the first time a framework to combine drugs and 

radiation. In their proposed framework they identified four mechanisms by which 

combination therapy with radiation could improve the therapeutic outcome: spatial co-

operation; toxicity independence; protection of normal cells; and enhancement of tumour 

response.  

In 2007, Bentzen et al. proposed the new frameworks for combining radiation and 

drugs which include the following mechanisms: spatial co-operation; cytotoxic 

enhancement; biological co-operation; temporal modulation; and normal tissue protection 

[202].  

1.10.3.6.1. Spatial co-operation 

 
This refers to the concept that different therapeutic modalities affect different anatomic sites 

of disease (i.e. chemotherapy affects the disease systemically vs., radiation affects the 
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disease locally) [203].  Even in cases where an effective systemic therapy exists, radiation 

can be used against bulky disease. Spatial cooperation may also apply to combining 

radiation with some non-cytotoxic agents that are effective against minimal disease. As 

spatial cooperation does not require an interaction between the two modalities, radiation and 

drug administration can be delivered at the full dose. To avoid or reduce the early 

cytotoxicity due to the treatment these modalities are usually administrated sequentially.  

The main clinical endpoint however, should include disease control both local and distance 

sites [202].  

1.10.3.6.2. Cytotoxic enhancement  

 
Cytotoxic enhancement refers to enhanced cell killing by inhibiting the DNA repair 

mechanisms. Therefore cytotoxic enhancers are able to change the in vitro cell survival 

curves [204-205]. In order to take advantage of cytotoxic enhancement, the drug should be 

present at the time of radiation as drugs exploiting this mechanism are directly modifying 

the initial stage of radiation-induced DNA damage. The main clinical endpoint using this 

mechanism is loco-regional control of the tumour as the drug used is an enhancer of 

radiation [202]. 

1.10.3.6.3. Biological co-operation  

 
Biological co-operation defines the strategies that target a distinct population of cells and 

use different cell-killing mechanisms or delayed tumour growth. The combination could be 

sequential or concurrent and the main clinical end point would be loco-regional control of 

the disease as this mechanism is used to enhance the effect of radiation locally. 
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1.10.3.6.4. Temporal modulation 

 
Temporal modulation refers to approaches that enhance the tumour response to fractionated 

radiation therapy. The previously discussed four R’s in radiobiology are not active to the 

same extent on tumours and normal cells. Therefore, the total dose, the number of fraction 

and dose per fractions and the intervals between fractions all should be decided base on the 

different biological properties of tumour/normal cells. The two modalities in this approach 

should be delivered concomitantly or in rapid alterations. The main clinical end point is 

loco-regional control [202]. The rationale for combination of molecular targeting therapies 

with radiation is well-described using this mechanism [206]. 

 

1.10.3.6.5. Normal tissue protection 

 
Normal tissue protection refers to the mechanisms by which several drugs protect the normal 

cells or modulate the cytotoxic response of normal tissue, especially radiation-induced late 

normal tissue toxicity [207]. Using a keratinocyte growth factor to reduce mucositis is an 

example of this category [208]. 

The clinical objective of drug-radiation combinations is to improve the rate of 

survival without compromising the quality of life [202]. In order to reach this objective, the 

risk factors of local and distant relapse as well as the early and late side effects should be 

carefully considered in parallel. It seems that combination therapy might be of a great help 

to reach the ultimate objective. Future therapeutic strategies are more likely to be rationally 

designed, multi-targeted and adjusted to each patient’s disease. These strategies include 

developing future regimens exploiting spatial co-operation and temporal modulation to 

balance the risks and benefits of treatments [202]. 
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1.10.3.7. Measuring radiation sensitivity 

 
Tao et al. [209] used the term “Dose Enhancement Ratio” to measure radio sensitivity using 

clonogenic assay. DER is defined as the ratio of surviving cells with radiation alone 

compared to a combination of radiation and inhibitor exposures. DER=1 suggests an 

additive radiation effect and DER>1, a supra-additive effect as against a sub-additive effect 

in the case of DER<1. Similarly, Kil et al. [210] used the term “Dose Enhancement Factor” 

(DEF) to describe the radio-sensitization of temozolomide in GBM cells. They have defined 

DEF or SER (Sensitivity Enhancement Ratio) as the ratio of radiation dose of control cells 

and the radiation dose of treated cells at the survival fraction of 0.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

56 
 

1.11. HYPOTHESIS AND THE RATIONALE FOR THIS PROJECT 

 

As discussed previously, genetic defects in cancer are interesting targets for anti-cancer 

treatment as the normal tissue ideally would be spared. EGFR and VEGFR or, broadly 

speaking, RTKs are among the most targeted receptors in anti-cancer treatment partially 

because they are overexpressed in several types of cancers and they have a central role in 

MAPK/AKT pathway which control proliferation, angiogenesis and survival and invasion 

processes. All of these are crucial aspects in cancer management. Importantly, 50% of breast 

tumours have been found to overexpress EGFR and 30% overexpressed Her-2 [211]. EGFR 

expression has been associated with higher tumour grade, increasing size, higher progression 

index, the development of distant metastasis and the incidence of death. Also, 

overexpression of HER-2 was significantly associated with poorer grade, higher prognostic 

index and local and regional recurrence [212-213]. In a multi variant study, Rimawi et al. 

have found that EGFR expressing tumours were more common in younger adults and they 

have a worse  Disease Free Survival (DFS) and Overall Survival (OS) [213]. VEGFR also 

has been associated with worse outcome in breast cancer patient and overexpression of 

VEGFR2/ 1 has been shown in early stage breast [214], prostate , renal and colorectal 

cancers [39].  

Our main hypothesis, for this project was that the radiation effect may be potentiated 

while the MAPK/ PI3K pathway is down regulated. The use of EGFR and VEGFR 

inhibitors, ZRBA1 and Sorafenib, in combination with radiation in this study is a fine 

example of exploitation of biological co-operation and temporal modulation as well as 
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cytotoxic enhancement, three mechanisms by which combination therapy can produce 

promising results. 

 

The aim of this thesis was to evaluate and analyze the efficiency of multi-targeting 

inhibitors with radiation in a Triple Negative (TN) breast cancer model. In opposition to 

other breast cancer subtypes, patients with TN types do not have the option of targeted 

therapy such as anti-estrogen regimen or Herceptin due to their lack of receptor expression.  

Clinically, TN breast cancer is found in young patients and it is associated with early relapse 

and poorer long-term outcome.  In consequence, there is a pressing need to develop 

treatment strategies to better control this type of breast cancer. 
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CONNECTING TEXT 1 

 

The study presented in the next chapter focuses on the interaction of radiation with a multi- 

targeting small molecule inhibitor, Sorafenib. This study was completed using a TN breast 

cancer model. In this chapter, we have investigated the effects of radiation combined with 

Sorafenib treatment on cancer cell’s colony survival, apoptosis, cell cycle arrest as well as in 

vivo tumour growth delay. Additionally, we aimed to study the combination of radiation and 

Sorafenib in multiple sequences in vitro and in vivo. 
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2.1. ABSTRACT  

Background: High expression levels of VEGF in breast cancer patients have been 

associated with poor prognosis, indicating that VEGF could be linked to the efficacy of 

chemotherapy and radiotherapy.  It has also been suggested that radiation resistance is partly 

due to tumour cell production of angiogenic cytokines, particularly vascular endothelial 

growth factor receptor (VEGF). These evidences indicate that inhibition of VEGFR might 

enhance the radiation response. 

Sorafenib tosylate (Bay 54-9085) is an oral, small molecule multikinase inhibitor of several 

targets including RAF/MEK/ERK MAP kinase signaling, vascular endothelial growth factor 

receptor-2 (VEGFR-2), VEGFR-3, and platelet derived growth factor receptor-beta 

(PDGFR-b). Sorafenib has shown clinical efficacy in treating solid tumours such as renal 

cell and hepatocellular carcinomas. However, strategies are yet to be identified to prolong 

and maximize the anti- cancer effect of this multikinase inhibitor. 

Objective: To determine if combination of Sorafenib and radiation will enhance the 

treatment response in vitro and in vivo. 

Methods: The mouse mammary cancer cell line 4T1 was used in this study. Clonogenic 

assay was performed to assess the radio-modulating effect of Sorafenib. In addition, cell 

cycle analysis as well as Annexin-V apoptosis assay was performed 24 and 48 h post 

treatment respectively. To confirm our finding in vitro tumour growth delay assay was also 

performed. 

Results: Our results showed a strong and supra-additive anti-tumour effect of radiation 

combined with Sorafenib in vitro (dose enhancement factor of 1.76).  The combined therapy 

demonstrated a strong and significant G2/M cell cycle arrest (combined treatment vs. 
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irradiated alone: P < 0.0008). Moreover, Annexin-V staining showed a significant increase 

in the level of apoptosis (combined treatment vs. irradiated alone: p < 0.0004). Studying 4T1 

syngeneic model demonstrated the superior potency of the Sorafenib combined with 

radiotherapy. 

Conclusions: Our results demonstrate that if radiation and Sorafenib are combined, higher 

anti-tumour activity can be achieved. 

 

2.2. INTRODUCTION 

Radiation is a mainstay of non-surgical cancer treatment. Approximately 2/3 of cancer 

patients receive radiation therapy. During the last decades, radiation therapy has been 

advanced mainly due to technological improvements in radiotherapy planning and delivery 

methods; however, the efforts in understanding the biological parameters that affect the 

overall therapeutic outcome have not achieved the same success. Thus, radiotherapy is 

delivered without considering the potential differences within and between the tumours. 

While an understanding of the biological basis could have a significant impact in clinical 

radiation oncology, this knowledge could also be exploited to develop new treatment 

protocols and perhaps novel combined therapies. 

Radiotherapy is relatively well tolerated by patients and has been successful in local 

tumour control [215-216]. However, the overall rate of survival of patients improves when 

radiation therapy is combined with chemotherapy [217].  Notably, secondary cancers, 

skeletal complications, radiation-induced heart disease, and lung disease are common side 

effects of radiation therapy [218-220]. Therefore, due to the toxicity of radiation, much 

focus has been placed on improving its cancer cell specificity. This includes the effort to 
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develop agents that sensitize cancer cells to radiation or protect normal cells from damage 

induced by radiation [216, 220-221].  

Over the last decade, the combination of ionizing radiation with chemotherapy has 

led to marked improvement in local control, organ preservation and survival for locally 

advanced solid tumours.  However, this strategy is limited by the toxicity resulting from 

each respective treatment and their combination. Therefore, targeting tumour specific 

defects should provide an advantage over conventional therapy in which the major drawback 

is normal tissue toxicity [222]. 

Sorafenib tosylate (Nexavar, Bay 54-9085) is an oral, small molecule multikinase 

inhibitor of several targets including vascular endothelial growth factor receptor-2 (VEGFR-

2), VEGFR-3, and platelet-derived growth factor receptor-beta (PDGFR-b), RAF-1 and 

BRAF [223]. Sorafenib has shown clinical activity against metastatic renal cell carcinoma 

(mRCC) and is considered to be a standard second line therapy for mRCC patients [224-

225]. Moreover, combination therapy with Sorafenib in phase I and II clinical trials has 

shown some promising results in melanoma patients [226]. Importantly, Sorafenib has been 

shown to significantly increase the overall survival rate of patients (nearly 3 months) with 

advanced hepatocellular carcinoma (HCC) [227]. HCC patients in hepatitis B-endemic area 

may also benefit from single-agent Sorafenib treatment as a phase II clinical trial has shown 

fairly good efficacy and acceptable tolerability in these patients [228]. However, the effect 

of Sorafenib is temporary and the continuous dose for Sorafenib is needed to longer inhibit 

the tumour growth [229]. 

The retrospective analysis of breast cancer patients has shown an unfavourable 

prognosis in patients with high expression levels of VEGF [230-231]. This indicates that 
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VEGF could be associated with the efficacy of chemotherapy and radiotherapy.  It has also 

been shown that radiation resistance is partly due to tumour cell production of angiogenic 

cytokines, particularly VEGF, which protects endothelial cells through survival pathways 

[232-233]. Moreover, it has been shown that the VEGF inhibition combined with radiation 

enhances radiation control of bone destruction and pain associated with cancer progression 

in bone metastases [234].  

Here we studied the efficacy of Sorafenib combined with radiation and determined 

whether this treatment modality could enhance the tumour growth inhibition. 

 

2.3. MATERIALS AND METHODS 

2.3.1. Reagents 

 
The cell culture reagents were obtained from Gibco®, Invitrogen, Canada. Fetal bovine 

serum (FBS) was purchased from Wisent Inc., Canada. Propidium iodide (PI) was from 

Sigma-Aldrich, Canada. Sorafenib tosylate (Bay 54-9085) was provided by Bayer 

Pharmaceutical Corp. and was reconstituted in  Dimethyl Sulfoxide (DMSO) for in vitro use 

and in ethanol / Cremephore L  (Sigma Aldrich, Canada) (50:50) for in vivo use at 4x 

concentration. The 4x solution of Sorafenib was prepared freshly every day. The final 

dosing solution was prepared by diluting the 4x solution to 1x in sterile water (Gibco®, 

Invitrogen, Canada) every day prior to its administration to the animals. The concentrations 

of DMSO were kept lower than 0.2 % in all in vitro experiments.  
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2.3.2. Cell Culture 

 
The highly metastatic mouse mammary cancer cell line, 4T1, was a generous gift from Dr 

Fred Miller, Karmanos Cancer Institute, Wayne State University, MI, USA. Cells were 

cultured in 

DMEM supplemented with 10 % FBS, Penicillin-Streptomycin 1% and kept at 37°C in 95 

% air/5 % CO2. 

 

2.3.3. Irradiation 

 
Irradiation for in vitro and in vivo experiments was carried out at room temperature using 

Theratron T-780 60Co irradiator (MDS Nordion, Kanata, ON, Canada). Dose delivered to 

each experimental setup used in this work was verified by radiochromic film dosimetry 

protocol developed by Tomic et al. [235]. 

 

2.3.4. Colony-Forming Assay 

 
Cells were plated at specific cell numbers in 6-well plates. At 0 Gy radiation dose, 100 cells 

per well were used and for each subsequent radiation dose (2, 4, 6 and 8 Gy) 200, 400, 800 

and 1600 cells were seeded, respectively. They were treated with Sorafenib alone (5 and 7.5 

μM for 2 h) and in combination with radiation (2, 4, 6 and 8 Gy) [236]. After 6-8 days of 

incubation the colonies were fixed and stained with methylene blue. Only colonies 

containing more than 50 cells were counted. The Plating efficiency (PE) was calculated by 

dividing the number of colonies formed in the untreated control plates by the number of 

cells plated. Survival fractions (SF) were calculated by counting the number of colonies for 
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each specific radiation dose and dividing by the number of cells seeded at the same dose 

multiplied by PE. In order to plot the survival curve, the survival fractions were normalized 

according to the controls (non-irradiated). Radiosensitivity was measured by determining the 

dose enhancement factor (DEF), which is the ratio of the radiation doses at survival fraction 

of 0.1 or 0.01 of non-drug treated cells to drug treated cells [210, 237]. 

 

2.3.5. Flow Cytometry Analysis 

2.3.5.1. Cell cycle analysis 

 
Cells were treated with Sorafenib (5 and 7.5 μM) and were irradiated as described.  The cells 

were harvested and washed 24 h post-treatment after which they were fixed with ethanol, 

labelled with PI and analyzed by flow cytometry (BD Biosciences). Cell cycle distribution 

was analyzed using the Mod-Fit LT software package. 

 

2.3.6. Analysis of apoptosis by annexin-V binding  

 
Cells were treated with Sorafenib (5 and 7.5 μM) and were irradiated to a dose of 4 Gy. 

They were harvested and washed with PBS 1X (Gibco, Invitrogen) at 48 h post-treatment. 

They were labelled with Annexin V-FITC and PI according to the manufacturer’s protocol 

(TACS apoptosis kit, R&D Systems). Cells were analyzed by flow cytometry (BD 

Bioscience) and characterized as follows: Cells appearing at the lower left quadrant of the 

dot plot were considered viable. Those observed at the lower right quadrant were identified 

as early apoptotic. The late apoptotic and necrotic cells appeared at the upper right and 

upper left quadrants respectively. 
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2.3.7. Western Blot analysis 

 
The 4T1 cells were incubated in two sets of 6-well plates with serum-free media for 18 h 

and were subsequently exposed to the 5 and 20 µM of Sorafenib for 2 h and 4Gy of 

radiation. To test if Sorafenib is still effective in case of over-activation of RTKs such as 

VEGFR, one set of the plates were subsequently treated with 25 ng/ml of VEGF for 20 min 

and cells were harvested within 1h after which the whole cell lysates were prepared. Fifty µg 

of protein was loaded onto Bis-Tris gradient gels (Invitrogen, Carlsbad, CA). Western blot 

analysis was performed using antibodies for p-ERK 1,2 and ERK1,2 as well as tubulin (Cell 

signaling Technology Inc., Beverly, MA). 

 

2.3.8. In vivo Tumour Model 

 
Six to eight-week-old female BALB/c mice (Charles River Laboratories, Montréal, Canada) 

were used in this study. Mice were caged in groups of five or less. 4T1 tumour cells (2 x 106 

cells) were injected subcutaneously (SC) into the right hind leg. All protocols were approved 

by the McGill University Animal Care Committee following the guidelines of the Canadian 

Council on Animal Care. 

 

2.3.9. Tumour Growth Delay Assay  

 
When tumours reached a mean volume of 144 mm3, mice were randomized into four groups: 

vehicle, Sorafenib alone, irradiation (15 Gy) alone and Sorafenib plus irradiation [88].  A 

single dose of Sorafenib (60 mg/kg) was administered by gavage daily for 7 days [223, 238]. 

The drug was administered 6 h prior to local tumour irradiation (15 Gy) on day 3 (schedule 
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A). In case of schedule B, radiation was delivered 24 h before the start of drug treatment. To 

obtain tumour growth curves, perpendicular diameter measurements of each tumour were 

made every 2-3 days with digital callipers, and volumes were calculated using the formula 

(L x W2)/2. Tumours were followed until the mean tumour volume reached ~ 2,000 mm3 

after which animals were sacrificed. Relative tumour volume was calculated by dividing 

each individual animal’s tumour volume by the mean tumour volume of the same group. 

Each experimental group contained 6 to 8 mice.  

 

2.3.10. Statistical Analysis 

 
The effects of various treatments in all experiments were compared using two-tailed t test 

(GraphPad prism 5, GraphPad software, Inc, Ca, USA).  Differences with a p value < 0.05 

were considered statistically significant. The data presented represent means and SEM from 

multiple independent experiments. 

 

2.4. RESULTS    

2.4.1. Sorafenib increases the sensitivity of 4T1 cells to radiation in vitro 

 
To evaluate whether Sorafenib has an effect on the ability of cancer cells to form colonies in 

vitro, clonogenic assays were performed. As it is shown in figure 2-1, the dose enhancement 

factor (DEF) was as high as 1.39 and 1.76 when Sorafenib was combined with radiation at 5 

and 7.5 µM concentrations, respectively.  

 

 

 



 

68 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 Clonogenic analysis of cell response to the combination of Sorafenib and 
radiation.  
Cells were treated with Sorafenib (5, and 7.5 μM) with or without radiation (4 Gy). Data 

represent means and SEM from three independent experiments. 

 
 
 
 

 

To test whether this effect is schedule-dependent, three schedules were employed: 1) 

Sorafenib 24 h before radiation, 2) Sorafenib concurrent with radiation and 3) radiation 24 h 

before Sorafenib administration. Interestingly, pre- treatment with Sorafenib (schedule 1) 

and the concurrent schedule (schedule 2) seemed to be more effective in vitro (figure 2-2a 

and 2-2b).  
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Figure 2-2. Clonogenic analysis of multiple combination schedules.   

 (a) Different schedules of combination (Sorafenib before radiation, Sorafenib concurrent 

with Sorafenib and Sorafenib 24 h after radiation) were tested on 4T1 cells. 
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(b) 

 

 

 

 

 

 

  

 

 

 

 

 (b) Comparison of survival fractions at the different combination schedule at specific 

Sorafenib doses.  
 

 

2.4.2. Sorafenib combined with radiation induces G2/M arrest 

 
To assess the effect of Sorafenib in combination with radiation on cell cycle progression, 

cell cycle analysis was performed. As it is shown in figure 2- 3, Sorafenib in combination 

with radiation had a significant and strong effect on cell cycle arrest at G2/M. Consequently, 

the G1 and S population was significantly decreased. 
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(a) 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2-3. Cell cycle analysis of 4T1 cells following exposure to Sorafenib or radiation and 

corresponding combination.  

(a) Cell distribution in G1, S and G2/M. Cells were treated with Sorafenib (5 and 7.5 µM) 

alone and in combination with radiation (4 Gy). 
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(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) A representative histogram showing the G2/M arrest in combined treatment.  
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2.4.3. Combination of Sorafenib and radiation enhances the level of apoptosis 

 
In order to determine whether the multi-inhibitory activity of Sorafenib would induce high 

levels of apoptosis when combined with radiation, an annexin V binding assay was 

performed with cells exposed to radiation and Sorafenib alone or in combination. As shown 

in figure 2-4, Sorafenib alone induced apoptosis at levels of up to 15% and 33% at 5 and 7.5 

µM, respectively, while apoptosis induced by radiation alone was approximately 10% of 

total analyzed cells. When Sorafenib was combined with 4 Gy of radiation the level of 

apoptosis reached 30% and 40% at 5 and 7.5 µM concentrations. 

 

(a) 

 
 
 

 

 

 

 

 

 

 

 

Figure 2-4. Analysis of apoptosis induced by Sorafenib or radiation and corresponding 

combination in 4T1. 

 (a) Cells were treated with Sorafenib (5 and 7.5 μM) alone and in combination with 

radiation (4 Gy) and were harvested at 48 h post treatment. Presented data are means and 

SEM of multiple independent experiments.  
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(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 (b) Representatives dot plot data showing the effect of Sorafenib or /and radiation on the 

level of apoptosis. 
 

 

 

 

 

 



 

75 
 

 

VEGF                      -     -      -      +     +      +      -       -       -     +     +     + 
Sorafenib (µM)         -     20    5       -     20      5      -      20     5      -     20    5 
Radiation (4 Gy)       -     -      -       -      -       -      +      +      +     +     +     + 

 

p-

T-ERK1/2 

α-Tubulin 

2.4.4. Sorafenib with/out radiation inhibits phosphorylation of ERK1/2 downstream of 

RTKs  

To confirm the inhibitory activity of Sorafenib in our breast cancer model, western blot 

analysis was performed. Since Sorafenib is a multikinase inhibitor of several RTKs, we 

evaluated the phosphorylation of ERK 1/2 as an indicator of activation of downstream 

pathway. As in figure 2- 5, Sorafenib at 5 µM completely inhibits the activation of ERK1/2 

downstream of RTKs irrespective of radiation treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2-5. Inhibition of ERK1/2 activation. 

4T1 cells were grown to 80% confluency in 6 well-plates. They were serum starved for 18 h 

and were treated with Sorafenib or/and radiation as it is indicated. Half of the plates were 

stimulated with VEGF and whole cell lysate were prepared within one hour. 

 

 

 

 

 



 

76 
 

2.4.5. Sorafenib increases the tumour growth delay caused by radiation as an early 

response  

In order to evaluate and validate our in vitro results, we performed in vivo experiment with 

4T1 mouse mammary cancer cells. As shown in figure 2- 6a and b, the in vivo results 

suggest that Sorafenib increases the radiation caused tumour growth delay in tumours that 

were treated with the combination therapy by almost 7 days. Moreover, Sorafenib combined 

with ionizing radiation has significantly more anti-tumour effect against 4T1 tumours than 

Sorafenib alone in BALB/c mice. Sorafenib was as potent as the combined treatment only 

until the end of the drug treatment (day 6). Soon after the end of drug treatment (day 10), 

tumours started to grow (Sorafenib treated group vs. combination group: p= 0.0406). On day 

17 (figure 2-6a) the tumour volume of Sorafenib treated group was significantly larger 

compared to irradiated or combined treated tumours (Sorafenib vs. combination: p= 0.0002). 

The same pattern was observed when radiation was delivered 24 h before the start of 

Sorafenib treatment.  

In schedule A (when radiation was delivered concurrently with Sorafenib treatment), 

the tumour growth delay was increased from 4.2 days in control group to 11 and 10.5 days 

in Sorafenib alone or radiation alone respectively. The growth delay, in case of combination 

of Sorafenib and radiation, was increased to 18 days. Similarly, in schedule B, when 

radiation was delivered 24h before Sorafenib treatment, the growth delay was increased 

from 6.5 days in control group to 13 and 14 days in Sorafenib alone and radiation alone and 

20.5 days in mice treated with both modalities. 

There were no significant body weight loss resulted from any of the treatments and 

treatments were well tolerated by the end of experimental end point (figure 2- 6.c and d). 
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(a)                                                                   (b) 

 

 
 
 
 
 

 

 

 

 

 

Figure 2-6.Tumour growth delay assay. 

4T1 cells were injected into the right hind limb of BALB/c mice. When the mean volume of 

tumours reached to 144 mm3, the animals were randomly divided into 4 groups. There were 

6-8 animals per each group. Schedule A (figure 6a): Sorafenib started to be given to the 

animals 3 days before radiation, on the same day of irradiation and was continued for 3 days 

post irradiation (+: day 17, irradiated group vs. combined treatment: p= 0.0309; Sorafenib 

treated group vs. combination: p=0.0002; *: day 19, irradiated group vs. Combined 

treatment: p=0.1710; Sorafenib treated group vs. combination: p= 0.0255). Schedule B 

(figure 6b): 15 Gy of radiation was delivered 2h before the start of Sorafenib treatment (+: 

day 19, irradiated group vs. Combined treatment: p= 0.0316; Sorafenib treated group vs. 

combination: p=0.0255; *: day 21, irradiated group vs. Combined treatment: p=0.0815; 

Sorafenib treated group vs. combination: p= 0.0180). When the tumour size reached to 

maximum of ~2400 mm3 the mice were euthanized. Tumour volume was calculated using: 

(L x W2)/2 and were normalized by dividing the tumour volume of each animal in treatment 

groups by the mean tumour volume of the same group. Error bars, SEM. 
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(b)                                                                         (d) 

 

 

 

 

 

 

 

 (c and d) Variations of body weight of mice treated with Sorafenib (60mg/kg) and radiation 

alone and the combined treatment. Error bars, SEM. 

 

 

2.5. DISCUSSION  

In this study we demonstrated that Sorafenib induces a greater anti-tumour activity when it 

is combined with radiation in 4T1 cells, both in vitro and in vivo. 4T1 cells are highly 

metastatic cancer cells and they are considered to be a suitable model to study the effect of 

anti-angiogenesis agents in vitro and in vivo [239-242]. 

The increased anti-tumour activity of Sorafenib combined with radiation in 4T1 cells 

can be partially explained by the significant cell cycle arrest we observed at G2/M. Cancer 

cells show more sensitivity to ionizing radiation at the G2/M and G1 while cells residing in 

S stage of the cell cycle are less radiosensitive [92]. As it was shown by our result, there was 

a significant decrease in S phase population, which could explain the higher potency of the 

combined treatment.   
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The increased efficacy of Sorafenib in combination with radiation could also be due to the 

augmented apoptosis level in 4T1 cancer cells treated with both Sorafenib and radiation. 

In this study, we have also shown that radiation prolongs the anti-tumour activity of 

Sorafenib in vivo. Tumours implanted in mice treated with Sorafenib alone were started to 

grow rapidly immediately after the stop of drug treatment (day 6-8) while the inhibitory 

effect of Sorafenib was longer when radiation was added (tumours started to grow gradually 

starting day 14). This could be of relevance as cytostatic agents as Sorafenib usually show 

temporary and reversible anti-tumour activity [229]. 

Moreover, in our in vivo model, Sorafenib increased the radiation response 

significantly as an early response (figure 2- 6 a and b). It will be interesting to evaluate 

different schedules and sequences of this combination to see if longer response could be 

achieved. 

Our in vitro data demonstrated higher radiation response when Sorafenib was added 

prior or concurrent with radiation vs. post radiation. This was in disagreement with our in 

vivo results that showed no significant difference between the Sorafenib treatment post and 

concurrent with radiation. The difference between our in vitro and in vivo outcome could be 

due to the interaction of tumour cells with each other and with their microenvironment. In 

vitro assays are performed in much shorter time period than in vivo experiments. The 

difference could also be related to hypoxia and hypoxia induced radiation resistance. 

Although anti-angiogenic agents have been shown to stabilized neo-vasculature and improve 

blood perfusion, Sorafenib might not have done so resulting in forming of hypoxic regions 

inside the tumours and therefore reduced radiation response. 
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Recently, Suen et al. [198] and Plastaras et al.[238] have shown that the combination 

of Sorafenib and radiation enhance the radiation response in colorectal cancer cells in vivo 

and this response is schedule dependent. In their studies irradiation prior to Sorafenib 

treatment appears to be the most efficient schedule [198, 238]. The different outcome 

between their study and ours is perhaps due to the use of different tumour models and also 

different radiation schedules. The mice in our study were irradiated with a single radiation 

dose either pre or concurrent with Sorafenib administration (schedules a and b) while in the 

two mentioned studies fractionated radiation was used over a longer period of time.  

Sorafenib being a cytostatic agent [243], it has been shown that it can induce the 

radiation response especially in fractionated schedules as it blocks re-growth (through its 

anti-angiogenic properties) between fractions [217]. Presently, in our laboratory, there are 

more in vitro/in vivo studies ongoing to test Sorafenib with fractionated radiotherapy in 

metastatic breast cancer models while more microenvironment studies will guide us through 

the complex mechanism of this combination. 

There are several trials combining Sorafenib with radiation and other cytotoxic 

modalities [244] that are ongoing or completed in the clinical setting. Some results showed 

that the combination did not improve the efficacy of treatment as 40% of patients did not 

receive Sorafenib at all due to early disease progression.  Perhaps better results can be 

achieved with a better design or modified combinations. Other trials including a phase I/II 

study of cisplatin and radiation in combination of Sorafenib in cervical cancer, a phase I/II 

trial of radiation therapy and Sorafenib for unrespectable liver metastases and Sorafenib 

combined with radiation in hepatocellular carcinoma are presently ongoing. Depending on 

the outcome of these clinical trials the protocol for respective patient might change 
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eventually and cancer patients might benefit from the new combination therapies. 

Nevertheless, a better understanding of mechanism of action of anti-angiogenic agents and 

more specifically multi-targeting agents is crucial to better design a clinical trial and to 

rationally choose the target patients population. 
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CONNECTING TEXT 2 
 
In the previous chapter we have shown that Sorafenib potentiates radiation response in our TN 

breast cancer model. In the third chapter we will continue investigating the combination of 

radiation with another type of multi-targeting inhibitor called “combi-molecule” which has 

been discussed in the first chapter. The combi-molecule we studied in this chapter has a 

cytostatic moiety (EGFR inhibitor) and a cytotoxic moiety (DNA alkylation agent) in contrast 

to Sorafenib which is only a cytostatic molecule (RTKI). 

The combination of cytotoxic and cytostatic agents has been shown to increase the 

treatment response in patients as the effects of cytostatic agents can be reversible. Although 

the combi-molecule, ZRBA1, has two moieties, the presence of the DNA repair enzyme and 

other resistance mechanisms in cancer cells could still affect the treatment response. However, 

we hypothesized that when ZRBA1 is combined with ionizing radiation, it can induce more 

effective anti-tumour activity. 
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3.1. ABSTRACT 

 
ZRBA1 is a molecule termed “combi-molecule” designed to induce DNA alkylating lesions 

and to block EGFR TK. Because of its ability to downregulate the EGFR TK-mediated anti-

apoptotic signaling and DNA repair proteins, we surmised that it could significantly 

sensitize cells to ionizing radiation. Using the MDA-MB-468 human breast cancer cell line 

in which ZRBA1 has already been reported to induce significant EGFR/DNA targeting 

potency, the results showed that: (a) concurrent administration of ZRBA1 and 4 Gy led to a 

significant decrease in cell viability, (b) the greater efficacy of the combination was 

sequential, being limited to conditions wherein the drug was administered concurrently with 

radiation or before radiation, (c) the efficacy enhancement of the combination was further 

confirmed by clonogenic assays from which a dose enhancement factor of 1.34 could be 

observed at survival fraction of 0.01. Flow cytometric analysis showed significant 

enhancement of cell cycle arrest in G2/M (p<0.046, irradiated cells vs. cells treated with 

ZRBA1 and radiation) and increased apoptosis when ZRBA1 was combined with radiation. 

Likewise, significant levels of double strand breaks were observed for the combination, as 

determined by neutral comet assay (p<0.045, irradiated cells vs. cells treated with ZRBA1 

and radiation). These results in toto suggest that the superior efficacy of the 

ZRBA1+radiation combination may be secondary to the ability of ZRBA1 to arrest the cells 

in G2/M, a cell cycle phase in which tumour cells are sensitive to radiation. Furthermore, the 

increased levels of DNA damage, combined with the concomitant downregulation of EGFR-

mediated signaling by ZRBA1, may account for the significant levels of cell-killing induced 

by the combination. 
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3.2. INTRODUCTION 

Ionizing radiation is a mainstay of non-surgical cancer treatment. Approximately 75 % of 

non skin cancer patients receive radiation therapy at some time during the course of their 

disease. Radiotherapy has been successful in local tumour control [215]and when it is 

combined with chemotherapy, radiotherapy also improves overall survival of cancer patients 

[217]. Over the last decade, combination of ionizing radiation with chemotherapy has led to 

marked improvement in local control, organ preservation and survival for locally advanced 

solid tumours.  However, this strategy is limited by the morbidity resulting from each 

respective treatment and their combinations.  Targeting tumour specific defects should 

provide an advantage over conventional chemotherapy in which the major drawback is 

normal tissue toxicity [222]. 

 

On the other hand, acquired resistance to DNA damaging agents represents a major 

obstacle in the therapy of many tumours including lung, breast, ovarian and brain 

carcinomas. Over the past three decades, several strategies have been developed to enhance 

the potency of DNA damaging agents, the most common one being the use of inhibitors of 

DNA repair enzymes [245-247]. With the advent of molecular biology, novel markers 

associated with reduced sensitivity to DNA damaging agents have been identified. This 

includes signalling proteins such as AKT, the activation of which is related to anti-apoptotic 

signalling. More importantly, several receptor tyrosine kinases (RTKs) have now been 

identified that activate AKT-mediated anti-apoptotic signalling [245, 248-250]. One such 

receptor is the epidermal growth factor receptor (EGFR), which is activated by chemical and 

radiation-induced DNA damage. Importantly, overexpression of EGFR is associated with 
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aggressive tumour progression, invasion and reduced sensitivity to chemotherapy [251-253]. 

Recently, Yacoub et al. [254] showed that the activation of EGFR leads to expression of 

DNA repair proteins such as XRCC1 and ERCC1. 

 

Recently, we developed a novel type of molecules termed “combi-molecules” 

designed to block the tyrosine kinase (TK) activity of EGFR and its subsequent adverse 

effect on apoptotic signalling or its ability to upregulate DNA repair proteins, while 

concomitantly delivering significant DNA lesions to the cells (Scheme 1) [255-256].  The 

combi-molecules have now been shown to indeed inflict strong DNA damage to tumour 

cells and to block EGFR [245, 257-259]. One such molecule, ZRBA1, induced significantly 

higher levels of apoptosis than the single targeted EGFR inhibitor FD105 [42]. Furthermore, 

its anti-proliferative activity against MDA-MB-468 breast cancer cells was more sustained 

than that of FD105. However, despite its significant potency, its activity was partially 

mitigated in cells expressing the DNA repair enzyme O6 alkylguanine transferase (AGT) 

e.g. SF188 AGT+ glioma cells [42]. Thus, despite the strong binary EGFR/DNA targeting 

potency of this agent, its activity remained to be improved in DNA repair proficient cells. 

However, due to its mixed EGFR/DNA targeting mechanism, it could potentially be 

developed as a radiopotentiator. 
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Scheme 3-1. Hydrolysis and binary properties of ZRBA1 under physiological condition 
 

 

ZRBA1 is designed to induce N7- and O6-alkylated lesions in a manner similar to 

the clinical drug temozolomide, which is effective in tumours that do not express AGT. It 

has been shown that radiation-induced lesions potentiated the action of temozolomide in the 

latter type of tumours [260]. Temozolomide enhancement of radiation response was imputed 

to its ability to increase the degree of radiation-induced DNA double strand breaks in the 

cells [261]. ZRBA1, being able to induce DNA alkylating lesions of the same type as 

temozolomide, if combined with radiation might not only increase the levels of DNA strand 

breaks but also inflict different types of DNA damage, thereby delaying or complicating the 
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DNA repair process. Added to its ability to downregulate EGFR TK activity and its 

subsequent downstream effect on apoptosis and DNA repair, we proposed that the 

combination of ZRBA1 with radiation may translate into significant cell-killing. To verify 

this hypothesis, we chose to analyse the effect of ZRBA1 plus radiation in the human MDA-

MB-468 breast cancer cell line that overexpresses EGFR and in which ZRBA1 has been 

proven to exert its binary targeting potency [42]. 

 

3.3. MATERIALS AND METHODS 

3.3.1. Reagents 

 
The cell culture reagents were from Gibco®, Invitrogen, Canada. Fetal bovine serum (FBS) 

was purchased from Wisent Inc., Canada. 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) and propidium iodide (PI) were from Sigma-Aldrich, Canada. 

The combi-molecule was synthesized according to the previously published methods [199]. 

The drug was reconstituted in DMSO, the concentrations of which were kept lower than 0.2 

% in all experiments. 

3.3.2. Cell Culture 

 
Human MDA-MB-468 breast carcinoma cells were obtained from the National Cancer 

Institute, Bethesda, MD. Cells were cultured in RPMI 1640 supplemented with 10 % FBS, 

Penicillin-Streptomycin 1% and kept in 37°C in 95 % air/5 % CO2. 

3.3.3. Irradiation 

 
Irradiation was carried out in our research facilities at room temperature using a 160 Kvp X-

ray irradiator Faxitron FC-160 (Wheeling, Il, USA) at a dose rate of 1.5 Gy/ min.  
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3.3.4. Cell proliferation assay 

 
Growth inhibition was measured using the MTT assay [262]. Cells were plated at the density 

of 8,000 cells/well in 96 well plates and subsequently treated with ZRBA1 or Iressa (0-100 

uM) alone (for 2 or 24 h) and in combination with radiation (4 Gy). Cells were washed with 

drug-free media and then the fresh media was added before irradiation. Cells were incubated 

for 72 to 96 h depending on their schedule, after which the MTT solution was added for 3-5 

h. The assay was stopped and the OD measured using a 96-well plate reader at 750nm.  

 
 

3.3.5. Colony forming assay 

 
Cells were plated at specific cell numbers in 6-well plates. They were treated with ZRBA1 

or Iressa, alone for 2 h (36μM) and in combination with radiation (2, 4, 6 and 8 Gy). Cells 

were washed with drug-free media and then fresh media was added before irradiation. After 

12 to 14 days, the colonies were fixed and stained with methylene blue. Only colonies 

containing more than 50 cells were counted. The Plating Efficiency (PE) was calculated by 

dividing the number of colonies formed in the untreated control plates by the number of 

cells plated. Survival Fractions (SF) were determined as colonies counted at the specific 

radiation dose divided by the cells seeded at the same dose multiplied by PE. In order to plot 

the survival curve, the survival fractions were normalized according to the controls (non-

irradiated). Radiosensitivity was measured by Dose Enhancement Factor (DEF), which is 

the ratio between the radiation doses at survival fraction of 0.1 or 0.01 of non-drug treated 

cells over drug treated cells [210, 237]. 
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3.3.6. Flow Cytometry analysis 

3.3.6.1. Analysis of apoptosis by annexin-V binding  

 
Cells were treated with ZRBA1 (50 μM) for 2 h and were irradiated for 4 Gy. They were 

harvested and washed with PBS 1X (Gibco, Invitrogen) at 3, 6, 12 and 24 and 48 h after 

treatment. They were labeled with Annexin V-FITC and PI according to the manufacturer’s 

protocol (TACS apoptosis kit, R&D Systems). Cells were analyzed by flow cytometry (BD 

Bioscience) and characterized as followed. Cells appearing at the lower left quadrant of the 

dot plot were considered viable. Those observed at the lower right quadrant were identified 

as early apoptotic. The late apoptotic and necrotic cells appeared at the upper right and 

upper left quadrants respectively. 

3.3.6.2. Cell cycle analysis 

 
Cells were treated with ZRBA1 (25 μM) for 2 h and were irradiated as described before. 

They were harvested and washed 24 h post-treatment after which they were fixed with 

ethanol, labeled with PI and analyzed with a flow cytometer (BD Biosciences). Cell cycle  

distribution was analyzed using the Mod-Fit LT software package. 

 

3.3.7. Comet assay 

 
The modified neutral comet assay was performed as described previously [42, 263]. The 

cells were exposed to a dose (36 µM) of ZRBA1, Iressa or FD105 for 2 h, irradiated at 4Gy, 

harvested and re-suspended in PBS. Cell suspensions were diluted to approximately 106 

cells and mixed with agarose (1%) in PBS at 37 ºC in a 1:10 dilution. The gels were casted 

on Gelbond strips (Mandel Scientific, Canada) using gel-casting chambers and then 

immediately placed into a lysis buffer (2% sarkosyl, 0.5M Na2EDTA, 0.5 mg/ml proteinase 
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K (pH 8.0)) [263]. After being kept at 37°C overnight, the gels were gently rinsed with a 

neutral rinse  buffer (90 mM Tris buffer, 90 mM boric acid, 2 mM Na2EDTA (pH 8.5) for 

30 min at 37 °C. Thereafter, the gels were submerged in fresh neutral rinse in an 

electrophoresis chamber and ran with 20V for 20 min. They were subsequently rinsed with 

distilled water, dried with 100% ethanol overnight, and stained with SYBR Gold (1/10,000 

dilution in distilled H2O, supplied from Molecular Probes, Eugene, OR) for 1 hour.  Comets 

were visualized at 330X magnification and DNA damage was quantitated using the Tail 

Moment parameter (i.e., the distance between the barycenter of the head and the tail of the 

comet multiplied by the percentage of DNA within the tail of the comet). A minimum of 50 

cell/comets were analyzed for each sample, using the comet assay IV imaging software 

package (Perceptive Instrument, UK). 

 

3.3.8. Sub-cellular distribution study 

 
MDA-MB-468 cells were plated at 70% confluency in six-well plates, allowed to adhere 

overnight and treated with ZRBA1 for 1 h.  Cells were subsequently washed with PBS 

twice, and analyzed using a DAPI filter in a Leica fluorescent microscope (Leica 

DFC300FX camera). Pictures were obtained at a 400X magnification.  

 

 

3.3.9. Statistical analysis 

 
The effects of various treatments in all experiments were compared using two-tailed t test. 

Differences with a p value < 0.05 were considered statistically significant. The data 

represent means and SEM from multiple independent experiments (+ SEM). 
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3.4. RESULTS    

3.4.1. Growth inhibitory effect 

 
 In order to determine the doses required for different combination with radiation, a dose 

response curve was established with ZRBA1 and radiation alone in the MDA-MB-468 cells 

using the MTT assay.  

The IC50 for cell survival for ZRBA1 was 36M and 30M following 2 h and 24 h 

exposure, respectively. The dose of radiation required for killing 50% of cells was 

approximately 4 Gy. Thus, combinations were performed with ZRBA1 at 36 M when 

doses of radiation were varied and 4 Gy when doses of ZRBA1 were altered.  The results 

showed that concomitant exposure of a dose range of ZRBA1 to 4 Gy leads to an additive 

effect at the lower doses (when the two curves overlapped) while this effect is not visible at 

higher doses. This can be due to the limitation of the MTT assay (figure.3-1). 
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Figure 3-1. Effects of radiation and combination of radiation (4 Gy) + ZRBA1 on the 

viability of MDA-MB-468 cells. 

The cells were treated with variable concentration of ZRBA1 and irradiated with a dose of 4 

Gy. Values of treated cells with the combination of ZRBA1 and radiation were normalized 

to account for the toxicity induced by 4 Gy of radiation. (Data represents means and SEM 

from three independent experiments). 

 

 

ZRBA1 being an alkylator, generated the same alkylating lesions as temozolomide, 

which in previous studies have been shown to enhance radiation response in human tumours 

in a sequence dependent manner [24]. Thus, we determined whether sequential 

administration of ZRBA1 and radiation would lead to different results when compared with 

concurrent administration. As depicted in figure 3-2, in one sequence (see A) ZRBA1 was 

administered for 2 h and radiation given 24 h later, followed by 72 h recovery prior to 
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analysis of cell viability by MTT. In another sequence (B), radiation was given first 

followed by a 2 hr drug exposure 24 h later and cell viability analyzed 72 h post-treatment. 

In the third sequence (C), cells were exposed to the drug for 2 h, after which radiation was 

administered and cell viability analyzed 96 hr post-treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2. Sequences of administration of ZRBA1 and radiation in the various 

combinations.  

 A) MDA-MB-468 cells were treated with 36M of ZRBA1 for 2 h and were irradiated 24 h 

later. They were further incubated for 72 h; B) Cells were irradiated with 4 Gy of radiation, 

treated with 36M of ZRBA1 24 h and further incubated for 72 h. C) Cells were treated with 

36M of ZRBA1 for 2 h and were irradiated immediately after the drug was washed out. 
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The results showed that the greatest efficacy of the combination was observed when 

the drug was administered as depicted by sequence C (figure 3-2 and figure 3-3) according 

to which the drug and radiation were given concurrently.  While drug administration 

sequence A also showed significant enhancement, sequence C showed the most effective 

response among the three tested protocols (p<0.001, B vs. C). Therefore, it appears that for 

effective combination, drug administration must precede or be concurrent with radiation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Cell Survival comparison following exposure to ZRBA1 and Radiation 

according to sequences A-C as determined by the MTT assay. 

MDA-MB-468 cells were treated with ZRBA1 (36 M) for 2 h with or without radiation (4 

Gy) (columns: mean cell viability from three independent experiments, bars: SEM; *: 

P<0.0001). 
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3.4.2. Clonogenic assay  

 
To confirm the significant results obtained from the MTT assay, a clonogenic study was 

performed.  ZRBA1 was added (36 M) for 2 h and the dose range of radiation applied (0 to 

8 Gy).  After 14 days, plating efficiency of control cells was approximately 20 %. Survival 

fractions at multiple radiation doses were calculated and were normalized to the controls 

which were the cells treated with drugs only (SF of 0.14 for ZRBA1). Normalized SF values 

without and with ZRBA1 at the dose of 2 Gy were 0.477, 0.351 and at the dose of 4 Gy were 

0.117 and 0.062 respectively.  The survival curves were plotted based on the normalized 

survival fractions. Radiosensitivity was measured by DEF (discussed at Materials and 

methods) and the values were 1.23 + 0.073 at SF of 0.1 and 1.34 + 0.052 at SF of 0.01 

which are indication of increased sensitivity of cells treated with ZRBA1 at these survival 

fractions (figure 3-4). In addition, ZRBA1 was able to enhance the radiation effect more 

than Iressa at radiation dose of 4 Gy and higher (figure.4) 
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Figure 3-4. Clonogenic analysis of cell response to the combination of ZRBA1 or Iressa and 

radiation. 

MDA-MB-468 cells were treated with ZRBA1 and Iressa (36 M) for 2 h with or without 

radiation. Data represent means and SEM from three independent experiments. 

 

 

3.4.3. Cell cycle effect 

 
Considering that ZRBA1-induced DNA damage is known to be associated with cell cycle 

arrest in G2/M [264], it was determined whether a cell cycle rationale could be used to 

account for the greater efficacy of the ZRBA1+radiation combination. Indeed, 24 h after 

ZRBA1 administration, significant cell arrest in G2/M was observed. When radiation was 

given at this time point and analyzed 24 h later, an even more significant increase in cell 
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accumulation in G2/M phase of the cell cycle was observed (p<0.046, radiation vs. radiation 

and ZRBA1)  (figure 3-5a and b). This suggests that a strong cell cycle arrest in G2/M 

precedes cell death following exposure to ZRBA1 plus radiation.  

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. Cell cycle analysis of MDA-MB-468 cells following exposure to ZRBA1 or 

radiation and corresponding combination. 

 (a) Cell distribution in G1, S and G2/M. Cells were treated with ZRBA1 (25 M) alone and 

in combination with radiation (4 Gy) and cell cycle analyzed by flow cytometry 24 h later. 

Data represents means and SEM from three independent experiments.  
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(b) 

 

 

 

 

 

 

 

 

 

 

 (B) A representative histogram showing the G2/M arrest in combined treatment.  

 

 

3.4.4. DNA damage 

 
In order to determine whether the enhancement of G2/M arrest was associated with elevated 

DNA damage, a neutral comet assay was performed with cells treated with FD105, Iressa, 

ZRBA1 or radiation and the corresponding combination. A significant increase in levels of 

DNA damage was observed for the radiation plus ZRBA1 combination when compared with 

radiation alone (p<0.045) or treatment with ZRBA1 alone (p<0.029) (figure 3-6).  
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Figure 3-6. Double strand breaks induced by FD 105, Iressa, ZRBA1 or radiation and 

corresponding combinations as determined by a neutral comet assay. 

Cells were treated with drugs (36 M) for 2 h, irradiated (4 Gy) and analyzed by 

microelectrophoresis as described in the Materials and methods section. Data are means and 

SEM of three independent experiments. 

 
 
 

3.4.5. Apoptosis 

 
In order to determine whether the EGFR inhibitory activity of ZRBA1 combined with 

radiation-induced DNA damage, translates into high levels of apoptosis, an annexin V 

Contro
l

FD10
5

Ire
ss

a

ZRBA1

Rad
ia

tio
n

  F
D10

5 
an

d R
ad

ia
tio

n

Ire
ss

a 
an

d R
ad

ia
tio

n 

ZRBA1 
an

d R
ad

ia
tio

n 
0

1

2

3

4

5

6

P < 0.029

P < 0.045

P < 0.0121

P < 0.0265

N
o

rm
a

li
ze

d
 T

a
il

 M
o

m
e

n
t



 

101 
 

binding assay was performed with cells exposed to radiation and ZRBA1 alone or in 

combination. As it is shown in figure 3-7, each treatment (radiation or drug alone) increased 

the levels of apoptosis particularly at 6 and 48 h post treatment. Although the combination 

of drug and radiation seemed to have higher apoptosis level compared to each treatment 

alone, the p-value did not reach the statistical significance.  

 

 

 

 

 

 

 

 

 

  

 

Figure 3-7. Time course analysis of apoptosis induced by ZRBA1 or radiation and 

corresponding combination in MDA-MB-468. 

Cells were treated with ZRBA1 (50 M) alone and in combination with radiation (4 Gy) and 

were harvested at the indicated time points. There are two peaks of apoptosis at 6 and 48 h 

post treatment. Presented data are means and SEM of three independent experiments. (At 6 

h post treatment: control vs. ZRBA1, p<0.017; control vs. radiation, p>0.05; control vs. 

radiation and ZRBA1, p<0.05; ZRBA1 vs. radiation and ZRBA1, p>0.05. AT 48 h post 

treatment: control vs. ZRBA1, p<0.028; control vs. radiation, p<0.025; control vs. radiation 

and ZRBA1, p<0.046; ZRBA1 vs. radiation and ZRBA1, p>0.05). 
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3.4.6. ZRBA1 Biodistribution 

 
The combi-molecule ZRBA1 is known to decompose into methyldiazonium that damages 

DNA, FD105 that blocks EGFR TK. Since FD105 fluoresces blue, its subcellular 

distribution could be characterized by fluorescence microscopy. Ionizing radiation being a 

radical generator, this experiment was designed to verify whether it affected the chemical 

decomposition of ZRBA1, thereby altering its cellular distribution. As outlined in Scheme 2, 

it was assumed that the hydroxyl radical generated by radiation could damage the triazene 

chain, thereby leading to a non-DNA alkylating moiety and the barely fluorescent 

unsubstituted 4-anilinoquinazoline. The results showed that the levels and localization of 

fluorescence intensity generated by the combi-molecule in the absence or presence of 

radiation were identical, suggesting that ionizing radiation does not affect the chemistry nor 

the localization of the drug in the cells (figure 3-8). 

 

 

 

 

 

 

 
 
 
 
Scheme 3-2.  A potential degradation pathway of ZRBA1 by radiation generated hydroxyl 
radical. 
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Figure 3-8. Analysis of blue fluorescence generated by ZRBA1 in the intracellular 

compartment by fluorescence microscopy. 

A) Cells treated with ZRBA1 alone. B) Cells treated with ZRBA1and radiation (4 Gy). 

 

 

3.5. DISCUSSION 

The overexpression of EGFR is associated with induction of DNA repair enzymes that 

reverse lesions induced by cytotoxic DNA damaging agents. We have previously shown that 

ZRBA1 was capable of downregulating EGFR-mediated signalling, damaging DNA and 

inducing significant levels of apoptosis in MDA-MB-468 cells [42]. On the other hand, 

radiation has been shown to potentiate the action of temozolomide, an alkylating drug of the 

triazene class capable of inducing DNA alkylation in a manner similar to ZRBA1. Thus, it 

would be of interest to investigate the efficacy of the combination of ZRBA1 that can block 

EGFR, damage DNA by alkylation, with ionizing radiation, a DNA double strand break 

inducer. It is thus surmised that due to the mixed EGFR/DNA targeting potency of ZRBA1, 

it could behave as an efficacious radiopotentiator. Here it was shown that the combination of 

A B 
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ZRBA1 with radiation has a greater efficacy against MDA-MB-468 cells in comparison to 

single modality treatment. More importantly, the effect was sequence-dependent.  ZRBA1 

must be administered prior to or concurrent with radiation for greater efficacy to be 

observed. While the molecular mechanisms underlying the significance of these sequences 

remained to be elucidated, the results can be analyzed on the basis of a cell cycle rationale. 

We have shown herein that, ZRBA1 is capable of inducing significant cell cycle arrest in 

G2/M 24 h post-treatment with 40% of cells being blocked in G2/M and it is common 

knowledge that G2/M cells are exquisitely sensitive to radiation [265]. Therefore when 

radiation was added to the G2/M population 24 h post-treatment with ZRBA1, enhanced cell 

killing was observed. G2 being a phase of the cell cycle wherein the final DNA repair 

processes are triggered, inflicting double DNA strand breaks with ionizing radiation may 

further delay the repair, thereby committing the cells to apoptosis and death. It was also 

shown here that ZRBA1 induces double strand breaks approximately two times more than 

Iressa or FD105 and when it is combined with radiation the double strand break induction 

seems also to be higher than the combination of radiation with Iressa or FD105; however, 

the p value was not statistically significant (p>0.05). Furthermore, the ability of ZRBA1 to 

downregulate EGFR mediated signalling, as previously reported, may contribute to the 

enhancement of cell death observed at cytotoxic concentration (although here the observed 

apoptosis was not statically different when comparing single modality treatment vs. 

combined treatment) The results showed that the level of apoptosis induced by ZRBA1 

appears to be higher than apoptosis induced by radiation alone. It is speculated that this 

finding is due to the significant potency of ZRBA1. This will be further clarified by studying 

the proportion of induced apoptosis while altering the sequence of drug administration when 
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combined with ionizing radiation. Downregulation of EGFR is associated with that of the 

AKT pathway that is known to activate the anti-apoptotic signaling. Another possibility is 

that the observed cell killing or the decreased colony survival in the data could be due to 

other modes of cell death such as mitotic catastrophe (MC). 

Triazene molecules are extremely sensitive to radicals that can cleave the triazene 

linkage. Therefore, ZRBA1 being a triazene, was tested whether its combination with 

radiation known to induce the formation of hydroxyl radical would affect intracellular 

decomposition. Combi-molecules of the same class as ZRBA1 are known to decompose in 

the cells into a fluorescent aminoquinazoline (e.g. FD105). Thus, it was sought to verify 

whether the ZRBA1 decomposition would be affected by radiation.  It appeared that the 

distribution of ZRBA1 in the presence or absence of radiation was identical, indicating that 

ionizing radiation had no effect on the chemical decomposition nor the biodistribution of 

ZRBA1, a debility that could affect its development as a radiomodulator. This is further 

corroborated by the fact that, as shown in this study, the combination increases the levels of 

DNA lesions incurred by the cells in the presence of radiation. 

In summary, this study conclusively demonstrated that combi-molecule of the type 

of ZRBA1 can be used to enhance radiation-induced cytotoxicity in a sequence dependent 

fashion  by increasing the levels of DNA damage and cell cycle arrest in G2/M. These 

results set premise for further investigation on the molecular mechanism underlying the 

observed effect and the demonstration of the efficacy of this novel type of combination in 

vivo. 
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CONNECTING TEXT 3 
 

In the previous chapter we have shown that ZRBA1 potentiates radiation response in the 

breast cancer cell MDA-MB-468. We have concluded that the observed anti-tumour effect 

was the result of the arrest in cell cycle progression and due to the increased DNA damage.  

In chapter 4, we are investigating the in vivo effect of ZRBA1 in the TN breast 

cancer model. Furthermore, we are exploring the mechanism of action of combined 

treatment of ZRBA1 and radiation by measuring the levels of SSBs and DSBs at multiple 

time points, measuring the level of γH2AX formation and the rate of its disappearance and 

finally protein analysis on MAPK proteins as well as PARP cleavage. 
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4.1. ABSTRACT  

 
ZRBA1 is a combi-molecule designed to induce DNA alkylating lesions and to block EGFR 

TK domain. Since ZRBA1 downregulates the EGFR TK-mediated anti-survival signaling 

and induces DNA damage, it has a potential to be a radio sensitizer.  The aim of this study 

was to further investigate the potentiating effect of ZRBA1 in combination with radiation 

(both in vitro and in vivo) and to elucidate the possible mechanisms of interaction of these 

two treatment modalities. The triple negative human breast MDA-MB-468 cancer cell line 

and mouse mammary cancer 4T1 cell line were used in this study. Clonogenic assay, 

Western blot analysis as well as DNA damage analysis were performed at multiple time 

points post treatment.  To confirm our in vitro findings, in vivo tumour growth delay assay 

was also performed. 

Our results show that combination of ZRBA1 and radiation: 1) increases the 

radiation sensitivity of both cell lines significantly with a Dose enhancement factor (DEF) of 

1.56. 2) induces significant amount of DNA single and double strand breaks . 3) prolongs 

duration of DNA damage up to 24 h post treatment and 4) significantly, increases tumour 

growth delay in a syngeneic mouse model by 21 days. These data suggest that the higher 

efficacy of this combination could be partially due to increased DNA damage and delayed 

repair process as well as the inhibition of EGFR.  The encouraging results of this proposed 

combination demonstrated potential applications of this promising class of agents in a pre-

clinical as well as in clinical setting. 
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4.2. INTRODUCTION 

1.  
Postoperative radiotherapy is a key local treatment in breast cancer. It has been proved with 

high level of evidence that it decreases local relapse and improves survival of patients [215-

216]. Moreover, in different solid tumours, the overall survival rate of patients improves 

when radiation therapy is combined with chemotherapy [216-217]. However, secondary 

cancers, skeletal complications, radiation-induced heart and lung disease are potential side 

effects of radiation therapy [218-220]. Due to the toxicity of radiation, recent efforts have 

been placed on improving its cancer cell specificity through developing agents that 

sensitizes cancer cells to radiation or protect normal cells from damage induced by radiation 

[216, 220-221]. Even though the combination of ionizing radiation with chemotherapy has 

shown significant improvement in local control, organ preservation and survival for locally 

advanced solid tumours, this strategy is limited by the toxicity resulting from both single 

therapies and their combination. Therefore, targeting specific features of tumour cells should 

provide an advantage over conventional therapy in which the major drawback is normal 

tissue toxicity [222]. 

The mechanism by which radiation eliminates the cells involves induction of 

multiple types of DNA damage in cells.  Thus, adding such agents that form additional DNA 

damage or inhibit or delay the DNA repair process in tumour cells would improve the 

efficiency of radiation as well as the therapeutic ratio. Moreover, the acquired resistance to 

DNA damaging agents represents a major obstacle in the therapy of many tumours including 

lung, breast, ovarian and brain carcinomas [245-246, 266].  

With the advancement of molecular biology, various novel markers associated with 

reduced sensitivity to DNA damaging agents have been identified including signalling 
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proteins such as AKT and several receptor tyrosine kinases (RTKs) which activate anti-

apoptotic signalling [245, 248, 266]. One of these receptors is the epidermal growth factor 

receptor (EGFR), which could be activated by chemical and radiation-induced DNA damage 

[267-268]. Importantly, overexpression of EGFR is associated with aggressive tumour 

progression, invasion and reduced sensitivity to chemotherapy [251-252, 269-271]. 

It has been shown that targeting more than one characteristics/defects in a tumour 

cell could result in a better tumour control and treatment response. A better treatment 

response can also be achieved by combining different drugs although the main drawbacks 

would be increased toxicity. Other major obstacles of combining different compounds are 

the difficulty of conducting clinical trials combining two investigational drugs due to the 

necessity of sharing the intellectual property between  the companies, more complicated 

design since the dosage of two modality need to be determined and also an unforeseen side 

effects from the combination therapy [272].  

We have developed a binary targeting molecule “ZRBA1” to block TK domain of 

EGFR that also induces DNA breaks. The superior activity of ZRBA1 has already been 

shown in comparison to similar investigational or clinical EGFR inhibitors in vitro and in 

vivo [273]. However, the activity of such molecule can be limited by DNA repair 

mechanisms. Our previous publication has shown that ZRBA1 combined with ionizing 

radiation has higher potency in vitro compared to radiation or ZRBA1 alone. ZRBA1 is 

designed to induce N7- and O6-alkylated lesions in a manner similar to the clinical drug 

temozolomide. In addition, it has already been shown in multiple models that 

Temozolomide is able to potentiate the radiation response [210]. Temozolomide 

enhancement of radiation response is thought to be due to its ability to increase the degree of 
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radiation-induced DNA double strand breaks in the cells [261]. Since ZRBA1, induces DNA 

alkylating lesions of the similar type as temozolomide, we hypothesized that its combination 

with radiation will increase the levels of DNA strand breaks and delay or complicate the 

DNA repair process. 

Here we aimed to further elucidate the mechanism of combination of ionizing 

radiation and ZRBA1 in our breast cancer model in vitro and in vivo. 

 

 

4.3. MATERIALS AND METHODS 

4.3.1. Reagents 

 
The cell culture reagents were obtained from Gibco®, Invitrogen, Canada. Fetal bovine 

serum (FBS) was purchased from Wisent Inc., Canada. ZRBA1 was synthesized according 

to the previously described methods [274] and was reconstituted in DMSO for in vitro use 

and in ethanol / Cremephore L (Sigma Aldrich, Canada) (50:50) for in vivo use at 4x 

concentration. The 4x solution of ZRBA1 was prepared freshly every time. The final dosing 

solution was prepared by diluting the 4x solution to 1x in sterile water (Gibco®, Invitrogen, 

Canada) prior to its administration to the animals. The concentrations of DMSO were kept 

lower than 0.2 % in all in vitro experiments.  

 

4.3.2. Cell Culture 

 
Human MDA-MB-468 breast carcinoma cells were obtained from the National Cancer 

Institute, Bethesda, MD. Highly metastatic mouse mammary cancer cell line, 4T1, was a 
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generous gift from Dr Fred Miller, Karmanos Cancer Institute, Wayne State University, MI, 

USA. Cells were cultured in DMEM supplemented with 10 % FBS, Penicillin-Streptomycin 

1% and kept at 37°C in 95 % air/5 % CO2. 

 

4.3.3. Irradiation 

 
Irradiation for in vitro and in vivo experiments was carried out at room temperature using 

Theratron T-780 60Co irradiator (MDS Nordion, Kanata, ON, Canada). Dose delivered to 

each experimental setup used in this work was verified by radiochromic film dosimetry 

protocol developed by Tomic et al. [235]. 

 

4.3.4. Colony-Forming Assay 

 
Cells were plated at specific cell numbers in 6-well plates. They were treated with ZRBA1 

alone (18 and 22 μM in MDA-MB-468 cells and 60 and 75 μM in 4T1) for 2 h and in 

combination with radiation (2, 4 and 6 or 8 Gy) [273]. After 6-10 days of incubation the 

colonies were fixed and stained with methylene blue. Only colonies containing more than 50 

cells were counted.  Plating efficiency (PE) was calculated by dividing the number of 

colonies formed in the untreated control plates by the number of cells plated. Survival 

fractions (SF) were calculated by counting the number of colonies for each specific radiation 

dose and dividing by the number of cells seeded at the same dose multiplied by PE. In order 

to plot the survival curve, the survival fractions were normalized according to the controls 

(non-irradiated). Radiosensitivity was measured by determining the dose enhancement 
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factor (DEF), which is the ratio of the radiation doses at survival fraction of 0.1 or 0.01 of 

non-drug treated cells to drug treated cells [210, 237]. 

4.3.5. Western Blot analysis 

 
The cells were incubated in two sets of 6-well plates with serum-free media for 18 h and 

were subsequently exposed to the 5, 10 µM (MDA-MB-468 cells) and 70 µM (4T1 cells) of 

ZRBA1 and 4 Gy of radiation respectively for 2 h. To test if ZRBA1 is still effective in case 

of over-activation of RTKs such as EGFR, one set of the plates (MDA-MB-468 cells) were 

subsequently treated with 25 ng/ml of EGF for 20 min and cells were harvested within 30 

min after which the whole cell lysates were prepared. Twenty µg of protein was loaded onto 

Bis-Tris gradient gels (Invitrogen, Carlsbad, CA). Western blot analysis was performed 

using antibodies against p-Tyr, EGFR, p-ERK1,2, ERK1,2, p-Akt, Akt and p-Bad, Bad as 

well as cleaved PARP and tubulin (Cell signaling Technology Inc., Beverly, MA). 

 

4.3.6. DNA damage analysis (Comet assay) 

 
The alkaline and modified neutral comet assays were performed as described previously 

[263] . The MDA-MB-468 and 4T1 cells were exposed to a dose of (22 μM and 70 μM 

respectively) of ZRBA1 for 2 h, irradiated at 4 Gy, harvested and re-suspended in PBS. Cell 

suspensions were diluted to approximately 106 cells and mixed with agarose (1%) in PBS at 

37 ºC in a 1:10 dilution. The gels were casted on Gelbond strips (Mandel Scientific, Canada) 

using gel-casting chambers and then immediately placed into an alkaline or neutral buffer  

lysis buffer  according to the previous published protocols [263]. Thereafter, the gels were 

submerged in fresh running buffer in an electrophoresis chamber and ran with 20V for 20 
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min. They were subsequently rinsed with distilled water, dried with 100% ethanol overnight, 

and stained with SYBR Gold (1/10,000 dilution in distilled H2O, supplied from Molecular 

Probes, Eugene, OR) for 1 hour.  Comets were visualized at 330X magnification and DNA 

damage was quantified using the Tail Moment parameter (i.e., the distance between the 

barycenter of the head and the tail of the comet multiplied by the percentage of DNA within 

the tail of the comet). A minimum of 50 cell or comets were analyzed for each sample, using 

the comet assay IV imaging software package (Perceptive Instrument, UK). 

 

4.3.7. DNA Damage analysis (Flow cytometry) 

 
MDA-MB-468 cells were treated with ZRBA1 and /or radiation as before and trypsinized at 

1 and 24 h post-treatment. They were washed with PBS, fixed with 1% formaldehyde and 

permeabilized with 0.2 % Triton-X. After washing, cells were incubated with anti-γH2AX 

(1:100) for 1 h at room temperature followed by addition of the FITC conjugated secondary 

antibody. After incubation with the secondary antibody cells were washed and re-suspended 

in PBS and were analyzed by BD FACS Caliber (BD Biosciences). 

 

4.3.8. DNA Damage analysis (Immunofluorescent staining) 

 
MDA-MB-468 cells were grown on chamber slides and were treated as mentioned before. 

They were fixed with 2% formaldehyde and permeablized by 2% triton-X for 10 min at 

room temperature. After washing steps, anti-γH2AX was added to the chambers (1:200) for 

1 h and subsequently FITC conjugated secondary antibody was added (1:500). The cells 
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were also counter stained with DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride), 

cover slips were placed and the slides were analyzed by Fluorescent microscope. 

 

4.3.9. In vivo Tumour Model 

 
Six to eight-week-old female BALB/c mice (Charles River Laboratories, Montréal, Canada) 

were used in this study. Mice were caged in groups of five or less. 4T1 tumour cells (1 x 106 

cells) were injected subcutaneously (SC) into the right hind leg. All protocols were approved 

by the McGill University Animal Care Committee following the guidelines of the Canadian 

Council on Animal Care. 

 

4.3.10. Tumour Growth Delay Assay  

 
When tumours reached a mean volume of 100 mm3, mice were randomized into four groups: 

vehicle, ZRBA1 alone, irradiation (3 x 5 Gy) alone and ZRBA1 plus irradiation.  A single 

dose of ZRBA1 (75 mg/kg) was administered by gavage for 9 days every other day. The 

mice were irradiated locally with the total dose of 15 Gy in 3 fractions (3x 5 Gy) on day 6, 7 

and 8 of treatment. To obtain tumour growth curves, perpendicular diameter measurements 

of each tumour were made every 2-3 days with digital callipers, and volumes were 

calculated using the formula (L x W2)/2. Tumours were followed until the mean tumour 

volume reached ~ 1,500 mm3 after which animals were sacrificed. Relative tumour volume 

was calculated by dividing each individual animal’s tumour volume by the mean tumour 

volume of the same group. Each experimental group contained 5 mice.  
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4.3.11. Statistical Analysis 

 
The effects of various treatments in all experiments were compared using two-tailed t test 

(GraphPad prism 5, GraphPad software, Inc, Ca, USA).  Differences with a p value < 0.05 

were considered statistically significant. The data presented represent means and SEM from 

multiple independent experiments except otherwise is stated. 

 

4.4. RESULTS 

4.4.1. ZRBA1 increases the sensitivity of MDA-MB-468 and 4T1 cells to radiation in 

vitro 

To evaluate whether ZRBA1 can decrease the ability of cancer cells to form colonies in 

vitro, clonogenic assays were performed. As it is shown in figure 1a and 1b, the dose 

enhancement factor (DEF) was as high as 1.56 and 1.50 when ZRBA1 was combined with 

radiation  in MDA-MB-468 (18 μM) and 4T1 (60 μM) respectively. As demonstrated in 

figure 4-1, MDA-MB-468 cells generally show more sensitivity towards radiation and 

ZRBA1 compared to 4T1 murine cell line in vitro. 
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(a)                                                        (b) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. Radio modulating effect of ZRBA1 in MDA-MB-468 and 4T1 cells. 

 (a) Analysis of MDA-MB-468 cells response to the combination of ZRBA1 and radiation 

using a clonogenic assay. Cells were treated with ZRBA1 (18, and 22 M) with or without 

radiation (4 Gy). (b) Clonogenic assay using4T1 cells with ZRBA1 (60, and 75 M) with or 

without radiation. Data represent means and SD from three independent experiments. 
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4.4.2. ZRBA1 with/out radiation inhibits MAPK pathway and induces apoptosis  

 
To evaluate the inhibitory activity of ZRBA1with radiation in our breast cancer model, 

western blot analysis was performed. As shown in figure 4-2a, ZRBA1 inhibited the 

phosphorylation of EGFR, ERK1, 2 and also Bad and AKT in a dose dependent manner 

downstream of EGFR even in the case of radiation induced activity of EGFR. Furthermore, 

as shown in figure 4-2b and c, ZRBA1 enhanced apoptosis as a relatively late respond after 

48 h in MDA-MB-48 cells while 4T1 cells already gone under apoptosis after 24 h. 
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Figure 4-2. Western blot analysis.  

 (a and b) MDA-MB-468 cells were grown to 80% confluency in 6 well-plates. They were 

serum starved for 18 h and were treated with ZRBA1 or/and radiation as it is indicated. Half 

of the plates were stimulated with EGF and whole cell lysate were prepared within one hour 

and at different time point (day 1 and day 2). 

 

 

(c) 

 

 

 

 

 

 (c) 4T1 cells were grown to 70% confluency and were treated with ZRBA1 (60 μM) or/and 

radiation. Whole cell lysate were prepared 24 hr after the treatment completion. 

 

4.4.3. ZRBA1 combined with radiation induces DNA double and single strand breaks 

 
In order to examine the effect of ZRBA1 and/or radiation on the induction of DNA damage, 

Neutral and Alkaline comet assay were performed to measure single strand and double 

strand DNA breaks respectively. The cells were lysed 1 h after the completion of treatment. 

As it is shown in figure 4-3 (a and b), cells treated with ZRBA1 or  radiation alone have  2 

folds  more DNA double strand breaks compared to the non-treated cells both in MDA-MB-
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468 and 4T1 cells. Interestingly, the combined treatment with ZRBA1 and radiation induced 

almost double number of breaks up to 2 to 4 folds higher breaks as compared to the non-

treated cells in both cell lines. 

The alkaline comet assay showed the similar results as neutral assay. MDA-MB-468 

cells treated with both ZRBA1 and radiation had significant higher single strand breaks 

compared to ZRBA1 or radiation alone treated cells up to six times higher than non-treated 

cells. 

The effect of two treatment modalities on the MDA-MB-468 cells were also 

demonstrated by Immunofluorescent staining for γH2AX as a marker for induction and 

repair of double strand breaks. As it has been shown in figure 3, cells exposed to ZRBA1 

and radiation both show more γH2AX foci. When cells were exposed to the combined 

treatment the number of the foci and also the numbers of cells that express the foci were 

increased.  
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Figure 4-3. DNA damage analysis. 

a and b) Double strand breaks induced by ZRBA1 or radiation and combination of both as 

determined by neutral comet assays. a) MDA-MB-468 and b) 4T1 Cells were treated with 

ZRBA1 for 2 h, irradiated (4 Gy) and analyzed by microelectrophoresis as described in the 

Materials and methods section. Data are means and SD of three independent experiments. 
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    (d) 

 

 

 

 

 

 

 

 

 

 

 

 

c and d) Single and double strand breaks induced by ZRBA1 or radiation and combination 

of both as determined by alkaline comet assays in c) MDA-MB-468 and d) 4T1 Cells. 
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e)  Immunofluorescence staining of MDA-MB-468 cells treated with ZRBA1 and/ or radiation 

showing the γH2AX foci. f) Flow cytometry analysis showing the induced γH2AX percentage 
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in MDA-MB-468 cells being treated with ZRBA1or/and radiation at 1 and 24 h post-

treatment. 

4.4.4. Combination of ZRBA1 and radiation also delays the DNA repair process 

 
In order to study the DNA repair process alkaline and neutral assays were also performed at 

24 h post-treatment. Interestingly, we were able to show that the higher levels of DNA 

double strands were remained at high even after 24 h when cells were treated with both 

ZRBA1 and radiation. 

This effect was more prominent in the neural comet assay showing double strand 

breaks. However, there was a significant difference between the DNA breaks of combined 

treated cells at 24 h post-treatment vs. cells treated with either ZRBA1 or radiation in both 

neutral and alkaline conditions. 

To confirm our comet assay data, flow cytometry analysis was also performed to 

quantitatively measure the level of γH2AX induction at 1 vs. 24 h post-treatment. As it is 

demonstrated in figure 4-3b, the intensity of γH2AX formation is not only higher in the 

combines treated group compared to the ZRBA1 or radiation alone but also remains almost 

at the same level after 24 hr. 

 

4.4.5. ZRBA1 increases the tumour growth delay caused by radiation 

 
In order to evaluate and validate our in vitro results, we performed in vivo experiment with 

4T1 mouse mammary cancer cells. As shown in figure 4-4a, the in vivo results suggest that 

ZRBA1 increases the radiation caused tumour growth delay in tumours that were treated 

with the combination therapy by 21 days. Moreover, ZRBA1 combined with ionizing 



 

126 
 

radiation has significantly more anti-tumour effect against 4T1 tumours than ZRBA1or 

radiation alone in BALB/c mice as the tumour free rate was 20% for each single modality 

treatments and was 60% for the combined treatment (figure 4-4b). Tumour-free rate is 

expressed as the fraction of the number of the mice without the tumour at 48 days after the 

treatment out of the total number of mice with the tumour before the treatment in each 

group. 

ZRBA1 had slightly better anti-tumour activity than Iressa (Gefitinib) when it was used 

alone however, in combination with radiation, ZRBA1 showed a significant efficiency 

against the 4T1 tumours compared with Iressa (radiation+ ZRBA1 vs. radiation+ Iressa: p= 

0.0461) (figure. 4c).  
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4-4. Tumour growth delay assay. 

 a) 4T1 cells were injected into the right hind limb of BALB/c mice. When the mean volume 

of tumours reached to 100 mm3, the animals were randomly divided into 6 groups. There 

were 5 animals per each group. ZRBA1 started to be given to the animals 3 days before 

radiation, on the same days of irradiation and was continued for 1 day post irradiation When 

the tumour size reached to maximum of ~1500 mm3 the mice were euthanized. Tumour 

volume was calculated using: (L x W2)/2 and were normalized by dividing the tumour 

volume of each animal in treatment groups by the mean tumour volume of the same group. 

Error bars, SEM.       
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(b) 

 

 

 

 

 

 

 

 (b) Tumour free rate after the treatment. 

 

 

 

Moreover, the tumour growth delay was increased from 11.5 days in control group to 

14, 13 days in ZRBA1, Iressa alone and 26 days in radiation alone groups respectively. The 

growth delay, in case of combination of ZRBA1 and Iressa, was increased to 47 and 27.5 

days.  There were no significant body weight loss resulted from any of the treatments and 

treatments were well tolerated by the end of experimental end point (figure 4-4 d). 
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Table 4-1. Tumour growth delay of each treatment group. Mice which received the 

combined treatment had a growth delay almost twice and three times more than the 

irradiated only and ZRBA1 only treated groups respectively (47 vs. 26 days and 14 days).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment group   Day after treatment  

Control   11.5  

Iressa   13  

ZRBA1   14  

Radiation   26  

Radiation + Iressa   27.5  

Radiation + ZRBA1   47  
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Table 4-2. p-values of multiple experimental groups at day 27, 29 and 31st after the 

completion of treatment. Combination of ZRBA1 and radiation in all of the cases is 

significantly more effective compared to the radiation or ZRBA1 or Iressa treated groups. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Day 27 

Treatment group  P- value  

Radiation+ ZRBA1 vs. radiation + Iressa  0.0033  

Radiation + ZRBA1 vs.  radiation  0.0492  

Radiation + Iressa  vs.  radiation  0.3165  

Radiation + ZRBA1 vs.  ZRBA1  0.0375  

Radiation + ZRBA1 vs. control  0.0153  

Radiation + Iressa vs.  control  0.0537  

Radiation + Iressa vs. Iressa  0.0299  

Radiation + Iressa vs. radiation  0.6987  

Day 29  

Treatment group  P- value  

Radiation+ ZRBA1 vs. radiation + Iressa  0.0075  

Radiation + ZRBA1 vs. radiation  0.0486  

Radiation  + Iressa vs. radiation  0.9823  

 

Day 31  

Treatment group  P- value  

Radiation+ ZRBA1 vs. radiation + Iressa  0.0461  

Radiation + ZRBA1 vs. radiation  0.0456  

Radiation + Iressa  vs.  radiation  0.4888  
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(c) 

 

 

 

 

 

 

 

 

 

 (c) Variations of body weight of mice treated with ZRBA1 or Iressa (75mg/kg) and 

radiation alone and the combined treatment. Error bars, SEM. 

 

 

 

 

 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
0

5

10

15

20

25

Control

ZRBA1

Iressa

Radiation

Radiation+ ZRBA1

Radiation+ Iressa

Days after tumour cell injection

B
o

d
y

 W
e

ig
h

t 
(g

)

 



 

132 
 

4.5. DISCUSSION  

ZRBA1 is designed to induce N7- and O6-alkylated lesions in a manner similar to 

temozolomide, which is effective in tumours that do not express AGT. It has been shown 

that radiation-induced lesions potentiated the action of temozolomide in the latter type of 

tumours [210, 273]. Temozolomide enhancement of radiation response is thought to be due 

to its ability to increase the degree of radiation-induced DNA double strand breaks in the 

cells [210, 261] . As ZRBA1, is designed to induces DNA alkylating lesions of the same 

type as temozolomide, if combined with radiation, we surmised that not only the level of  

DNA strand breaks will increases but also induces different types of DNA damage. In 

addition, ZRBA1 has an advantage over temozolomide as it contains a polar N, 

Ndimethylaminoethyl group on the alkylating moiety. Therefore ZRBA1 forms N,N-

dimethylaminoethylguanine adducts which are  poor substrates for the AGT compared with 

temozolomide induced O6-methylguanine.  This would result in delayed or complicated 

DNA repair process even in AGT positive cells and therefore makes ZRBA1 an interesting 

compound to study further. Furthermore, based on ZRBA1 ability to downregulate EGFR 

TK activity and its subsequent downstream effect on apoptosis and DNA repair, we 

proposed that the combination of ZRBA1 with radiation may translate into significant 

improvement in cancer cell-killing.  

In this study we have shown that ZRBA1 potentiates the radiation response in breast 

cancer model in vitro and in vivo. The mechanism involved in this optimized combination 

could be partially explained by the induction of DNA damage (both single and double 

strands) and also inhibition of MAPK pathway through the inhibition of EGFR and the 

downstream pathway that both lead to the higher cell death mainly apoptosis in this case. 
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As it is demonstrated in current study and also in our previous publication [273], we 

have confirmed that apoptosis is the main mode of cell death when cells were treated with 

both ZRBA1 and radiation. Notably, apoptosis was delayed for 2 days in MDA-MB-468 

cells. In contrast, in 4T1 cells apoptosis is visible just after 24 hr after the treatment. This 

could be due to the shorter cell cycle in 4T1 cells. 

We had previously shown that the combination of ZRBA1 and radiation arrests the 

cell cycle at the G2/M phase 24 h after the treatment [273]. Here we are demonstrating that 

cells undergoing the combined treatment have significantly higher DNA breaks (single and 

double strands). Importantly, these DNA breaks cannot be repaired by 24 h and there is a 

significant delay in the repair process. This could partially explain the cell cycle arrest at 24 

h and delayed apoptosis detected starting day 2 post-treatment in MDA-MB-468 cells. 

Similarly, γH2AX analysis (figure 4-3a and b) showed the highest level of γH2AX induction 

at 1 hr and also at 24h after the treatment. The IF study (figure 4-3a), interestingly, 

demonstrated that the combination therapy not only increases the number of the foci but also 

the majority of cells express these foci at high level in case of  combined treatment. 

As it is shown in figure 4-3c, while the single strand breaks are reduced/repaired after 24 hr 

post-treatment (although still higher than any single therapy), the level of double strand 

breaks stays at the same level at 1  and 24 h. One explanation for this could be that the 

extensive single strand breaks induced by ZRBA1 were not repaired and as cells progressed 

through the cell cycle from G1 to S and G2 phase majority of these single strand breaks have 

transformed into double strand breaks through the replication process. Hence, the high level 

of double strand breaks is still visible at 24 hr compared to radiated only group which the 
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breaks tent to be repaired as there is a significant difference at 1 h vs. 24 h (MDA-MB-468 

cells, p= 0.0132; 4T1 cells, p= 0.216). 

Next, we investigated if the combined treatment would effectively inhibit tumour 

growth in vivo. 4T1 cells were used as a mouse syngeneic cancer model. 4T1 mouse 

mammary cell line has been in use in various studies and is one of the appropriate models of 

human breast cancer. Moreover, its molecular characteristics are comparable to the triple 

negative (TN) breast tumour cells such as MDA-MB-468 [275-276]. 4T1 cells do not 

express HER2, ER or PR and are highly aggressive mouse mammary cancer cells. As it is 

presented in the figures, 4T1 cells also show some level of sensitivity towards higher doses 

of ZRBA1. 4T1 cells do not over-express EGFR and this could be the reason for the lower 

sensitivity towards ZRBA1. However, as it is shown in figures 3c and d ZRBA1 induces 

high levels of DNA single and double strand breaks in 4T1 cells similar to MDA-MB 468.  

In this study, we applied a fractionated schedule for radiation delivery in vivo as it 

would be more clinically relevant. The in vivo data (figure 4-4) showed a significant 

increase in the tumour growth delay in the mice treated with radiation and ZRBA1 and 

importantly we observed 60% complete response. As it is shown in figure 4-4a, ZRBA1 or 

Iressa only treated group did not show any significant sensitivity towards the treatments. 

The group receiving radiation and combination of radiation and Iressa also did not show any 

significant difference in terms of tumour growth, suggesting that addition of Iressa did not 

sensitize the 4T1 cell towards the radiation. As presented in our in vitro data, there is a 

higher level of response towards this novel combination therapy in MDA-MB-468 cells. 

Therefore, it would be interesting to see the tumour response in MDA-MB-468 human 

cancer model using nude mice. Also, based on our DNA damage data one could suspect that 
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ZRBA1 might be able to induce more damage than only strand breaks and this need to be 

investigated further. The future experiments with this molecule will open the doors to better 

understand the mechanism of action in details and also to be able to optimize this promising 

combi-molecule. 

With the advancement of cellular and molecular biology, targeting molecules for 

cancer therapy has moved rapidly in the broad context of oncology therapeutics.  Notably, 

EGFR has been the most studied molecular targeting in oncology drug development over the 

past decade. Despite all the efforts and rapid progress in developing EGFR therapeutics 

there are still many  patients that do not respond to  EGFR inhibitors or eventually will have 

a disease progression due to intrinsic resistance or acquired to therapy. More recently, new 

promising drugs have been introduced as multi-targeting agents [277]. Theoretically, these 

multi-targeting inhibitors would have the advantage over the classical inhibitors as they can 

also be effective in subtypes of cancer patients with different mutations in the pathway, 

patient with non homogenous tumours and patients with acquired resistance towards EGFR 

inhibition therapy.  

Although it is crucial to study the tumour specific defects in order to develop new 

therapeutic approaches but it is even more needed at this time to understand the mechanism 

by which tumour cells develop resistance towards the existing therapeutics and also towards 

radiation. This will illuminate new strategies to improve the therapeutic ratio of this 

promising class of agents and to help the cancer patients more efficiently. 
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5.1. GENERAL DISCUSSION AND CONTRIBUTION TO 
KNOWLEDGE 

 

With advances in the molecular biology of cancer, emerging molecular targeting 

therapeutics are being developed with the hope of treating a certain population of patients. 

MAPK cascade represents one of the most frequently-targeted molecular pathways in cancer 

therapeutics. The MAPK signaling pathway is highly conserved between different 

eukaryotic cell types [278]. It includes multiple levels of kinase families such as MAP4K, 

MAP3 K, MAP2K and MAPK. 

Upon activation these kinases are phosphorylated, triggering activation of 

components at the next level (discussed in the first chapter of this thesis). Considerable 

evidence has been reported in the literature documenting the cross-talk between the 

components of this cascade, by which certain signals can be transmitted through cooperation 

of different components of this cascade [278-280].  

Given the importance of this cascade in cancer biology and numerous deregulated 

signals which seem to be associated both with cancer development and its progression, 

therapeutically targeting this cascade has been at the centre of attention and the subject of 

intense research. 

Targeted treatment modalities have the advantage of inducing less normal tissue 

toxicity and therefore improving the therapeutic ratio; however, adding an additional type of 

treatment would increase the efficiency of anti-cancer treatment particularly if the combined 

modalities have different modes of action [281]. 

Radiation being one of the main therapeutic options for cancer patients would be a 

clinically relevant additional component in the combination treatment protocol. However, 
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there are only a few studies focusing on evaluating the efficiency of the combination of 

radiation and multi-targeting molecules, probably due to the uncertainties regarding the 

possible toxicities and concerns that the combination with radiation may negatively affect 

the therapeutic ratio. 

In this thesis, it is demonstrated that combined treatments with radiation and multi- 

targeting agents can safely be delivered and evaluated. Two multiple-targeting SMTKIs, 

Sorafenib and ZRBA1 were investigated separately in combination with single and multiple 

fractions of radiation.  

 

In general, the present thesis has made the following contributions to knowledge 

advancement: 

 

5.1.1. CONTRIBUTION 1  
 
It has been shown that radiation resistance is partially due to the tumour cell production of 

angiogenic cytokines, particularly VEGF that protects endothelial cells through survival 

pathways [281-282]. The aim of this chapter was to investigate whether radiation response 

in breast cancer cells is enhanced through inhibition of p-VEGFR2/PDGFR-b by Sorafenib 

and whether the response is time and sequence-dependent. 

 

Sorafenib, being an inhibitor of VEGFR, PDGFR, and Raf kinase, is considered a 

cytostatic agent, meaning that it has a transient effect and upon removal the remaining viable 

tumour cells could repopulate and cause recurrence and/or metastasis. According to our 

results, adding radiation therapy to the treatment protocol against triple negative breast 



 

140 
 

cancer tumours significantly prolonged the effect of Sorafenib against tumours. In addition, 

Sorafenib increases the radiation response due to prolonged inhibition of the RTKs and 

downstream of MAPK pathway. 

Initially, in our in vivo experiment with Sorafenib, we had hypothesized that 

irradiation after treatment with Sorafenib would increase the tumour response to the 

combined treatment. However, our data did not show a significant difference when 

Sorafenib was given before or concurrently with radiation.  Since Sorafenib is also a 

VEGFR inhibitor, it is thought to normalize the irregular vasculature existing in the 

surroundings and within the tumours and therefore it provides better tumour oxygenation. It 

is known that the well-oxygenated tumours respond better not only to chemotherapy but also 

to radiation therapy. Therefore, we expected to see significant tumour response when they 

were treated with Sorafenib before the addition of radiation. One explanation for not seeing 

a significant difference in anti-tumour effect at different schedules could be that Sorafenib 

needed to be administered for a longer period and so tumour cells would have enough time 

to normalize the abnormal vasculature.  

In summary, in this chapter we have shown that multikinase inhibitors such as 

Sorafenib could be exploited as radiation enhancers without increasing toxicity. This chapter 

emphasizes on the fact that timing and treatment scheduling in combination treatment 

should be considered when preclinical and clinical trials are being designed.  

 

5.1.2. CONTRIBUTION 2 
 
EGFR is often overexpressed in human malignancies and it is associated with the activation 

of the AKT pathway, leading to anti-apoptotic effects. This also includes the lack of 



 

141 
 

sensitivity of some tumours to several existing cytotoxic therapies such as radio- and 

chemotherapies. Therefore, it is of great importance to develop novel anti-cancer drugs 

effective against EGFR-overexpressing cancer cells.   

 

ZRBA1 is a binary-targeting molecule, which not only blocks EGFR at the TK 

domain but also induces DNA breaks. However, the binary property of this molecule can be 

limited by DNA repair mechanisms active in cancer cells. Therefore to further increase the 

efficacy of treatment, we combined ZRBA1 with ionizing radiation.   

Previously it had been shown that ZRBA1 is capable of EGFR inhibition, inducing 

single strand breaks and also apoptosis in breast cancer cells [42, 199]. In this chapter we 

have investigated the interaction of ZRBA1 with ionizing radiation against triple negative 

breast cancer cells in vitro. We have demonstrated that ZRBA1 potentiates radiation 

response in vitro. ZRBA1, being a dual targeting molecule, has been designed to inhibit 

EGFR’s TK domain and also to induce DNA lesions by adding alkyl adducts to position O6 

and N7 similar to Temozolamide. Temozolamide is an alkylating drug that is the standard of 

care for gliomas in combination with radiation. Here we have also shown that ZRBA1 is 

able to increase the level of DNA double strand breaks formed by ionizing radiation. 

Induced DNA breaks as well as cell cycle arrest at G2/M, which represents the 

radiosensitive phase of the cell cycle, could explain the superior potency of the combined 

treatment in MDA-MB-468 cells. Moreover, ZRBA1, being a triazene is extremely sensitive 

to radicals that can cleave the triazene linkage. Therefore we also tested if its intracellular 

decomposition might be affected due to hydroxyl radical formed by radiation. As presented 
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in Chapter 2, ZRBA1 decomposition and bio distribution was not affected by ionizing 

radiation. 

In summary, in this chapter we have demonstrated, in vitro, that combi-molecules 

such as ZRBA1 can be used as radiation enhancers. 

 

5.1.3. CONTRIBUTION 3 
 
ZRBA1 is a molecule with two distinct functions: EGFR inhibitor (cytostatic) and also DNA 

alkylator (cytotoxic). While the effect of ZRBA1 is not transient due to cytotoxic moiety of 

ZRBA1, adding radiation therapy increases both the number of DNA breaks and also 

distinct types of DNA damage leading to significant tumour cell killing and better treatment 

response. In this chapter, we have further studied the effect of ZRBA1 combined with 

radiation in triple negative breast cancer models; MDA-MB-468 and 4T1 cells in vitro as 

well as in vivo. It is suggested in the literature that one possible reason for resistance towards 

radiotherapy could be the activation and increase in EGFR phosphorylation in response to 

radiation through the stress response pathway. However, ZRBA1 is capable of inhibiting 

EGFR activity as well as ERK1/2, BAD and to some extent AKT activation is also down 

regulated in a dose-dependent manner even when cells have been irradiated. 

In chapter 3 we have demonstrated that the radiation potentiation effect of ZRBA1 is 

not limited to MDA-MB-468 cells which over-express EGFR. 4T1 mouse mammary cancer 

cells, also triple negative and highly metastatic, showed sensitivity towards ZRBA1 and 

radiation combination with a DEF of 1.7. Furthermore, ZRBA1 and radiation-induced single 

and double strand breaks in both cell lines and, interestingly, the repair process is delayed 
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even after 24 hr post treatment. This could explain the high level of G2/M arrest and 

apoptosis seen in MDA-MB-468 breast cancer cells in the previous chapter. 

An important part of this chapter focuses on the in vivo effect of this combination 

therapy. Mice treated with combined modalities showed significant tumour growth delay up 

to 47 days while ZRBA1 mono therapy did not show significant delay in growth rate. 

Intriguingly, the tumour-free rate in the combined treated group was as high as 60% when 

mice were followed up to 84 days post treatment. This high response rate could be due to the 

induced DNA damage of different and more complex types compared to single modality 

treatment with radiation, ZRBA1 or other alkylating agents such as Temozolomide.  

In addition, ZRBA1’s activity in MDA-MB-468 cells, which express MGMT [283-

284], demonstrates that the effect of this combi-molecule is independent from the MGMT 

status of the cancer cells. Therefore, it would be of great interest to investigate the effect of 

this dual targeting agent using glioma models.  

 

In summary, in this chapter we have demonstrated a possible mechanism of 

interaction of ZRBA1 and radiation. The radiation potentiation effect is due to increased 

single and double strand breaks, delayed DNA repair process and accumulation of cells at 

the G2/M phase of cell cycle, which leads to further increase in cell death and ultimately 

significant tumour growth inhibition. Importantly, we have also shown that ZRBA1 not only 

exerts radio-potentiating effect in vitro but also it is a strong radio-enhancer in vivo. 
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5.1.4. CLAIMS TO ORIGINALITY 
 

To date, there have been only a limited number of studies focusing on the combination of 

multi-targeting agents with radiation therapy. In this thesis, we have shown that combining 

this class of agents with radiation therapy in TN breast cancer treatment is a feasible strategy 

and should be studied further. Ultimately, clinical trials could be designed to evaluate the 

efficacy of these combinations in the clinic. 

We have shown, in this thesis, for the first time that: 

 

1- Multi-targeting agents such as ZRBA1 or Sorafenib can improve radiation response 

in triple negative breast cancer models in vitro and in vivo. 

2- The data generated during this research demonstrates that the anti-tumour effects of 

Sorafenib and ZRBA1 are prolonged when they are combined with radiation therapy.  

3- This work contributes to the elucidation of the mechanism of interaction of ionizing 

radiation with multi-targeting agents such as ZRBA1.  

4- This thesis provides fundamental evidence to further study combination of multi-

targeting molecules with ionizing radiation in preclinical and clinical settings and 

directly contributes to the demonstration of the potential applications of combination 

therapy in treating cancer patients especially triple negative breast cancer tumours. 

 

We are at a turning point in radiation oncology with the techniques having been optimized 

for more precise delivery. Now we need the insight of molecular biology and genetics to 

further refine radiation targeting and its effectiveness. With the help of molecular biology, 

anti-tumour therapy can be delivered more specifically to each group of patients by 
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indentifying the most important targets that can increase the therapeutic ratio when 

combined with radiation therapy. This could ultimately translate into a specific treatment 

protocol for individuals based on their sub-type of disease. The development of new 

approaches and their implementation in clinical practice will again require an integrated 

effort between clinicians, physicists and biologists. 

Radiation oncology will continue to be one of the key modalities in the treatment and 

management of cancer, as it is a non-invasive killing force that can be focused and enhanced 

with pharmacological agents. The ultimate goal of radiation oncology for the future is to 

direct cancer from an acute disease to a chronic disease that can be treated or controlled for a 

prolonged period of time. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

146 
 

REFERENCES 
 

1. Chabner, B.A. and T.G. Roberts, Jr., Timeline: Chemotherapy and the war on 
cancer. Nat Rev Cancer, 2005. 5(1): p. 65-72. 

2. Imai, K. and A. Takaoka, Comparing antibody and small-molecule therapies for 
cancer. Nat Rev Cancer, 2006. 6(9): p. 714-27. 

3. Ajeawung, N.F., B. Li, and D. Kamnasaran, Translational applications of microRNA 
genes in medulloblastomas. Clin Invest Med, 2010. 33(4): p. E223. 

4. Ashkenazi, A. and R.S. Herbst, To kill a tumour cell: the potential of proapoptotic 
receptor agonists. J Clin Invest, 2008. 118(6): p. 1979-90. 

5. Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 2000. 100(1): p. 57-
70. 

6. Adhikari, A.S., et al., CD117 and Stro-1 identify osteosarcoma tumour-initiating 
cells associated with metastasis and drug resistance. Cancer Res, 2010. 70(11): p. 
4602-12. 

7. Weiner, L.M., R. Surana, and S. Wang, Monoclonal antibodies: versatile platforms 
for cancer immunotherapy. Nat Rev Immunol, 2010. 10(5): p. 317-27. 

8. Chen, S.S., et al., Cytotoxic T-cells specific for natural IgE peptides downregulate 
IgE production. Cell Immunol, 2005. 233(1): p. 11-22. 

9. Aguilar, H., et al., Biological reprogramming in acquired resistance to endocrine 
therapy of breast cancer. Oncogene, 2010. 

10. Sunada, H., et al., Monoclonal antibody against epidermal growth factor receptor is 
internalized without stimulating receptor phosphorylation. Proc Natl Acad Sci U S 
A, 1986. 83(11): p. 3825-9. 

11. Li, S., et al., Structural basis for inhibition of the epidermal growth factor receptor 
by cetuximab. Cancer Cell, 2005. 7(4): p. 301-11. 

12. Kim, R., Cetuximab and panitumumab: are they interchangeable? Lancet Oncol, 
2009. 10(12): p. 1140-1. 

13. Agarwal, A., et al., Identification of a metalloprotease-chemokine signaling system 
in the ovarian cancer microenvironment: implications for antiangiogenic therapy. 
Cancer Res, 2010. 70(14): p. 5880-90. 

14. Ellis, L.M. and D.J. Hicklin, VEGF-targeted therapy: mechanisms of anti-tumour 
activity. Nat Rev Cancer, 2008. 8(8): p. 579-91. 



 

147 
 

15. Oflazoglu, E. and L.P. Audoly, Evolution of anti-CD20 monoclonal antibody 
therapeutics in oncology. MAbs, 2010. 2(1): p. 14-9. 

16. Druker, B.J., Imatinib and chronic myeloid leukemia: validating the promise of 
molecularly targeted therapy. Eur J Cancer, 2002. 38 Suppl 5: p. S70-6. 

17. Druker, B.J., Imatinib as a paradigm of targeted therapies. Adv Cancer Res, 2004. 
91: p. 1-30. 

18. Druker, B.J., STI571 (Gleevec) as a paradigm for cancer therapy. Trends Mol Med, 
2002. 8(4 Suppl): p. S14-8. 

19. Novak, C. and J.G. Trevino, Gastrointestinal stromal tumours: a paradigm for 
therapeutic options in solid organ tumours. Mini Rev Med Chem, 2010. 10(7): p. 
624-34. 

20. Cohen, L.H., et al., Inhibitors of prenylation of Ras and other G-proteins and their 
application as therapeutics. Biochem Pharmacol, 2000. 60(8): p. 1061-8. 

21. Sridhar, S.S., D. Hedley, and L.L. Siu, Raf kinase as a target for anticancer 
therapeutics. Mol Cancer Ther, 2005. 4(4): p. 677-85. 

22. Cassier, P., et al., [Targeted treatment of rare connective tissue tumours and 
sarcomas]. Bull Cancer, 2010. 97(6): p. 693-700. 

23. Neckers, L. and K. Neckers, Heat-shock protein 90 inhibitors as novel cancer 
chemotherapeutics - an update. Expert Opin Emerg Drugs, 2005. 10(1): p. 137-49. 

24. Sawyer, T.K., Cancer metastasis therapeutic targets and drug discovery: emerging 
small-molecule protein kinase inhibitors. Expert Opin Investig Drugs, 2004. 13(1): 
p. 1-19. 

25. Martiny-Baron, G. and D. Marme, VEGF-mediated tumour angiogenesis: a new 
target for cancer therapy. Curr Opin Biotechnol, 1995. 6(6): p. 675-80. 

26. Faivre, S., S. Djelloul, and E. Raymond, New paradigms in anticancer therapy: 
targeting multiple signaling pathways with kinase inhibitors. Semin Oncol, 2006. 
33(4): p. 407-20. 

27. Ostman, A., PDGF receptors-mediators of autocrine tumour growth and regulators 
of tumour vasculature and stroma. Cytokine Growth Factor Rev, 2004. 15(4): p. 
275-86. 

28. Cools, J., C. Maertens, and P. Marynen, Resistance to tyrosine kinase inhibitors: 
calling on extra forces. Drug Resist Updat, 2005. 8(3): p. 119-29. 

29. Goldie, J.H., Drug resistance in cancer: a perspective. Cancer Metastasis Rev, 2001. 
20(1-2): p. 63-8. 



 

148 
 

30. Carmeliet, P. and R.K. Jain, Principles and mechanisms of vessel normalization for 
cancer and other angiogenic diseases. Nat Rev Drug Discov, 2011. 10(6): p. 417-27. 

31. Lin, M.I. and W.C. Sessa, Antiangiogenic therapy: creating a unique "window" of 
opportunity. Cancer Cell, 2004. 6(6): p. 529-31. 

32. Reichert, J.M., et al., Monoclonal antibody successes in the clinic. Nat Biotechnol, 
2005. 23(9): p. 1073-8. 

33. Kola, I. and J. Landis, Can the pharmaceutical industry reduce attrition rates? Nat 
Rev Drug Discov, 2004. 3(8): p. 711-5. 

34. Huang, S., et al., Dual-agent molecular targeting of the epidermal growth factor 
receptor (EGFR): combining anti-EGFR antibody with tyrosine kinase inhibitor. 
Cancer Res, 2004. 64(15): p. 5355-62. 

35. Dhillon, A.S., et al., MAP kinase signalling pathways in cancer. Oncogene, 2007. 
26(22): p. 3279-90. 

36. Deng, M., L. Deng, and Y. Xue, MAP Kinase-Mediated and MLCK-Independent 
Phosphorylation of MLC20 in Smooth Muscle Cells. Current Basic and Pathological 
Approaches to the Function of Muscle Cells and Tissues - From Molecules to 
Humans. 2012. 

37. Davis, D.W., et al., Quantitative analysis of biomarkers defines an optimal 
biological dose for recombinant human endostatin in primary human tumours. Clin 
Cancer Res, 2004. 10(1 Pt 1): p. 33-42. 

38. Mendelsohn, J. and J. Baselga, The EGF receptor family as targets for cancer 
therapy. Oncogene, 2000. 19(56): p. 6550-65. 

39. Krause, D.S. and R.A. Van Etten, Tyrosine kinases as targets for cancer therapy. N 
Engl J Med, 2005. 353(2): p. 172-87. 

40. Wilhelm, S., et al., Discovery and development of sorafenib: a multikinase inhibitor 
for treating cancer. Nat Rev Drug Discov, 2006. 5(10): p. 835-44. 

41. Xie, H., et al., In vitro invasiveness of DU-145 human prostate carcinoma cells is 
modulated by EGF receptor-mediated signals. Clin Exp Metastasis, 1995. 13(6): p. 
407-19. 

42. Brahimi, F., et al., Mechanism of action of a novel "combi-triazene" engineered to 
possess a polar functional group on the alkylating moiety: evidence for enhancement 
of potency. Biochem Pharmacol, 2005. 70(4): p. 511-9. 

43. Ebos, J.M., C.R. Lee, and R.S. Kerbel, Tumour and host-mediated pathways of 
resistance and disease progression in response to antiangiogenic therapy. Clin 
Cancer Res, 2009. 15(16): p. 5020-5. 



 

149 
 

44. Zhang, H.Y., X.B. Jin, and T.F. Lue, Three important components in the 
regeneration of the cavernous nerve: brain-derived neurotrophic factor, vascular 
endothelial growth factor and the JAK/STAT signaling pathway. Asian J Androl, 
2011. 13(2): p. 231-5. 

45. Manning, A.M. and R.J. Davis, Targeting JNK for therapeutic benefit: from junk to 
gold? Nat Rev Drug Discov, 2003. 2(7): p. 554-65. 

46. Lawler, S., et al., Synergistic activation of SAPK1/JNK1 by two MAP kinase kinases 
in vitro. Curr Biol, 1998. 8(25): p. 1387-90. 

47. Tournier, C., et al., MKK7 is an essential component of the JNK signal transduction 
pathway activated by proinflammatory cytokines. Genes Dev, 2001. 15(11): p. 1419-
26. 

48. Smeal, T., et al., Oncogenic and transcriptional cooperation with Ha-Ras requires 
phosphorylation of c-Jun on serines 63 and 73. Nature, 1991. 354(6353): p. 494-6. 

49. Derijard, B., et al., JNK1: a protein kinase stimulated by UV light and Ha-Ras that 
binds and phosphorylates the c-Jun activation domain. Cell, 1994. 76(6): p. 1025-37. 

50. Zhang, W. and H.T. Liu, MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell Res, 2002. 12(1): p. 9-18. 

51. Saha, R.N., M. Jana, and K. Pahan, MAPK p38 regulates transcriptional activity of 
NF-kappaB in primary human astrocytes via acetylation of p65. J Immunol, 2007. 
179(10): p. 7101-9. 

52. Hennessy, B.T., et al., Exploiting the PI3K/AKT pathway for cancer drug discovery. 
Nat Rev Drug Discov, 2005. 4(12): p. 988-1004. 

53. Amaravadi, R. and C.B. Thompson, The survival kinases Akt and Pim as potential 
pharmacological targets. J Clin Invest, 2005. 115(10): p. 2618-24. 

54. Yuan, T.L. and L.C. Cantley, PI3K pathway alterations in cancer: variations on a 
theme. Oncogene, 2008. 27(41): p. 5497-510. 

55. van der Heijden, M.S. and R. Bernards, Inhibition of the PI3K pathway: hope we can 
believe in? Clin Cancer Res, 2010. 16(12): p. 3094-9. 

56. Traynor, A.M., et al., A phase I safety and pharmacokinetic (PK) study of the PI3K 
inhibitor XL147 (SAR245408) in combination with paclitaxel (P) and carboplatin 
(C) in patients (pts) with advanced solid tumours. J Clin Oncol (Meeting Abstracts), 
2010. 28(15_suppl): p. 3078-. 

57. Edelman, G., et al., A phase I dose-escalation study of XL147 (SAR245408), a PI3K 
inhibitor administered orally to patients (pts) with advanced malignancies. J Clin 
Oncol (Meeting Abstracts), 2010. 28(15_suppl): p. 3004-. 



 

150 
 

58. A Randomized, Open Label Study to Compare the Current Phase II and Planned 
Phase III Capsule Formulation of AZD6244 2012; Available from: 
http://clinicaltrial.gov/ct2/results?term=AZD6244. 

59. Yap, T.A., et al., First-in-class phase I trial of a selective Akt inhibitor, MK2206 
(MK), evaluating alternate day (QOD) and once weekly (QW) doses in advanced 
cancer patients (pts) with evidence of target modulation and antitumour activity. J 
Clin Oncol (Meeting Abstracts), 2010. 28(15_suppl): p. 3009-. 

60. Helleday, T., et al., DNA repair pathways as targets for cancer therapy. Nat Rev 
Cancer, 2008. 8(3): p. 193-204. 

61. Drew, Y. and R. Plummer, PARP inhibitors in cancer therapy: two modes of attack 
on the cancer cell widening the clinical applications. Drug Resist Updat, 2009. 
12(6): p. 153-6. 

62. Matthews, D.J., et al., Pharmacological abrogation of S-phase checkpoint enhances 
the anti-tumour activity of gemcitabine in vivo. Cell Cycle, 2007. 6(1): p. 104-10. 

63. Wang, Z. and Y. Sun, Targeting p53 for Novel Anticancer Therapy. Transl Oncol, 
2010. 3(1): p. 1-12. 

64. Giaccia, A.J. and M.B. Kastan, The complexity of p53 modulation: emerging 
patterns from divergent signals. Genes Dev, 1998. 12(19): p. 2973-83. 

65. Ko, L.J. and C. Prives, p53: puzzle and paradigm. Genes Dev, 1996. 10(9): p. 1054-
72. 

66. Bode, A.M. and Z. Dong, Post-translational modification of p53 in tumourigenesis. 
Nat Rev Cancer, 2004. 4(10): p. 793-805. 

67. Scoumanne, A. and X. Chen, Protein methylation: a new mechanism of p53 tumour 
suppressor regulation. Histol Histopathol, 2008. 23(9): p. 1143-9. 

68. Levine, A.J., p53, the cellular gatekeeper for growth and division. Cell, 1997. 88(3): 
p. 323-31. 

69. Teodoro, J.G., S.K. Evans, and M.R. Green, Inhibition of tumour angiogenesis by 
p53: a new role for the guardian of the genome. J Mol Med, 2007. 85(11): p. 1175-
86. 

70. Folkman, J., Tumour suppression by p53 is mediated in part by the antiangiogenic 
activity of endostatin and tumstatin. Sci STKE, 2006. 2006(354): p. pe35. 

71. Levine, B. and J. Abrams, p53: The Janus of autophagy? Nat Cell Biol, 2008. 10(6): 
p. 637-9. 



 

151 
 

72. Levine, A.J. and M. Oren, The first 30 years of p53: growing ever more complex. 
Nat Rev Cancer, 2009. 9(10): p. 749-58. 

73. Brown, C.J., et al., Awakening guardian angels: drugging the p53 pathway. Nat Rev 
Cancer, 2009. 9(12): p. 862-73. 

74. Chen, F., W. Wang, and W.S. El-Deiry, Current strategies to target p53 in cancer. 
Biochem Pharmacol, 2010. 80(5): p. 724-30. 

75. Nemunaitis, J., Head and neck cancer: Response to p53-based therapeutics. Head 
Neck, 2010. 

76. Huang, P.I., et al., Targeted genetic and viral therapy for advanced head and neck 
cancers. Drug Discov Today, 2009. 14(11-12): p. 570-8. 

77. Yang, Z.X., et al., Clinical study of recombinant adenovirus-p53 combined with 
fractionated stereotactic radiotherapy for hepatocellular carcinoma. J Cancer Res 
Clin Oncol, 2010. 136(4): p. 625-30. 

78. Nemunaitis, J., et al., A phase I trial of intravenous infusion of ONYX-015 and enbrel 
in solid tumour patients. Cancer Gene Ther, 2007. 14(11): p. 885-93. 

79. Yang, Y., et al., Small molecule inhibitors of HDM2 ubiquitin ligase activity stabilize 
and activate p53 in cells. Cancer Cell, 2005. 7(6): p. 547-59. 

80. Shangary, S. and S. Wang, Small-molecule inhibitors of the MDM2-p53 protein-
protein interaction to reactivate p53 function: a novel approach for cancer therapy. 
Annu Rev Pharmacol Toxicol, 2009. 49: p. 223-41. 

81. Dunne-Daly, C.F., Principles of radiotherapy and radiobiology. Semin Oncol Nurs, 
1999. 15(4): p. 250-9. 

82. Hogle, W.P., The state of the art in radiation therapy. Semin Oncol Nurs, 2006. 
22(4): p. 212-20. 

83. Eng, T.Y., et al., The role of radiation therapy in benign diseases. Hematol Oncol 
Clin North Am, 2006. 20(2): p. 523-57. 

84. Aviles, A., et al., Adjuvant radiotherapy in stage IV diffuse large cell lymphoma 
improves outcome. Leuk Lymphoma, 2004. 45(7): p. 1385-9. 

85. Schild, S.E., et al., Long-term results of a phase III trial comparing once-daily 
radiotherapy with twice-daily radiotherapy in limited-stage small-cell lung cancer. 
Int J Radiat Oncol Biol Phys, 2004. 59(4): p. 943-51. 

86. Dieckmann, K., et al., Does bulky disease at diagnosis influence outcome in 
childhood Hodgkin's disease and require higher radiation doses? Results from the 



 

152 
 

German-Austrian Pediatric Multicenter Trial DAL-HD-90. Int J Radiat Oncol Biol 
Phys, 2003. 56(3): p. 644-52. 

87. Hall, E.J., Radiobiology for the Radiologist. 5th ed. 2004: Lippincott  Williams & 
Wilkins. 

88. Hall, E.J., Radiobiology for the radiologist. 5th ed. 2000, Philadelphia ; London: 
Lippincott Williams & Wilkins. xi, 588 p. 

89. Scott, B.R. RADIATION SOURCES AND EFFECTS IN PEOPLE. [Online tutorial]; 
Available from: http://www.radiation-scott.org/radsource/index.htm. 

90. Valentin, J., Low-dose Extrapolation of Radiation-Related Cancer Risk, ed. Elsevier. 
2006. 

91. Lehnert, S., Biomolecular Action of Ionizing Radiation, LLC. 2007: Taylor and 
Francis Group. 

92. Wilson, G.D., Radiation and the cell cycle, revisited. Cancer Metastasis Rev, 2004. 
23(3-4): p. 209-25. 

93. Bergonie, J. and L. Tribondeau, Interpretation of some results of radiotherapy and 
an attempt at determining a logical technique of treatment. Radiat Res, 1959. 11: p. 
587-8. 

94. Garcia-Barros, M., et al., Tumour response to radiotherapy regulated by endothelial 
cell apoptosis. Science, 2003. 300(5622): p. 1155-9. 

95. Joiner, M., Basic Clinical Radiobiology. 4th ed. 2009: Edward Arnold. 

96. Wagner, J.P. and K.C. Chung, A historical report on Robert Kienbock (1871-1953) 
and Kienbock's Disease. J Hand Surg Am, 2005. 30(6): p. 1117-21. 

97. Steel, G.G., T.J. McMillan, and J.H. Peacock, The 5Rs of radiobiology. Int J Radiat 
Biol, 1989. 56(6): p. 1045-8. 

98. Marcu, L.G., Altered fractionation in radiotherapy: from radiobiological rationale 
to therapeutic gain. Cancer Treat Rev, 2010. 36(8): p. 606-14. 

99. Jackson, S.P. and J. Bartek, The DNA-damage response in human biology and 
disease. Nature, 2009. 461(7267): p. 1071-8. 

100. Zhou, B.B. and S.J. Elledge, The DNA damage response: putting checkpoints in 
perspective. Nature, 2000. 408(6811): p. 433-9. 

101. Lodish, H., Molecular Biology of the Cell. 5th ed. ed. 2004, New York: Freeman. 

102. Clancy, S., DNA damage & repair: mechanisms for maintaining DNA integrity. . 
Nature Education, 2008. 1(1). 



 

153 
 

103. Tounekti, O., et al., The ratio of single- to double-strand DNA breaks and their 
absolute values determine cell death pathway. Br J Cancer, 2001. 84(9): p. 1272-9. 

104. Kumala, S., et al., Repair of DNA strand breaks in a minichromosome in vivo: 
kinetics, modeling, and effects of inhibitors. PLoS One, 2013. 8(1): p. e52966. 

105. Cox, M.M., The nonmutagenic repair of broken replication forks via recombination. 
Mutat Res, 2002. 510(1-2): p. 107-20. 

106. Kolodner, R.D. and G.T. Marsischky, Eukaryotic DNA mismatch repair. Curr Opin 
Genet Dev, 1999. 9(1): p. 89-96. 

107. Sancar, A., et al., Molecular mechanisms of mammalian DNA repair and the DNA 
damage checkpoints. Annu Rev Biochem, 2004. 73: p. 39-85. 

108. Johansen, I., I. Gurvin, and W.D. Rupp, The formation of single-strand breaks in 
intracellular DNA by x-rays. Radiat Res, 1971. 48(3): p. 599-612. 

109. Minko, I.G., Y. Zou, and R.S. Lloyd, Incision of DNA-protein crosslinks by UvrABC 
nuclease suggests a potential repair pathway involving nucleotide excision repair. 
Proc Natl Acad Sci U S A, 2002. 99(4): p. 1905-9. 

110. Moriwaki, S., et al., O6-alkylguanine-DNA alkyltransferase activity in human 
malignant melanoma. J Dermatol Sci, 1992. 4(1): p. 6-10. 

111. Srivenugopal, K.S., et al., Ubiquitination-dependent proteolysis of O6-
methylguanine-DNA methyltransferase in human and murine tumour cells following 
inactivation with O6-benzylguanine or 1,3-bis(2-chloroethyl)-1-nitrosourea. 
Biochemistry, 1996. 35(4): p. 1328-34. 

112. Xu-Welliver, M. and A.E. Pegg, Degradation of the alkylated form of the DNA 
repair protein, O(6)-alkylguanine-DNA alkyltransferase. Carcinogenesis, 2002. 
23(5): p. 823-30. 

113. Kaina, B., et al., MGMT: key node in the battle against genotoxicity, carcinogenicity 
and apoptosis induced by alkylating agents. DNA Repair (Amst), 2007. 6(8): p. 
1079-99. 

114. Drablos, F., et al., Alkylation damage in DNA and RNA--repair mechanisms and 
medical significance. DNA Repair (Amst), 2004. 3(11): p. 1389-407. 

115. Sobol, R.W. and S.H. Wilson, Mammalian DNA beta-polymerase in base excision 
repair of alkylation damage. Prog Nucleic Acid Res Mol Biol, 2001. 68: p. 57-74. 

116. Sobol, R.W., et al., The lyase activity of the DNA repair protein beta-polymerase 
protects from DNA-damage-induced cytotoxicity. Nature, 2000. 405(6788): p. 807-
10. 



 

154 
 

117. Lindahl, T. and R.D. Wood, Quality control by DNA repair. Science, 1999. 
286(5446): p. 1897-905. 

118. Curtin, N.J., et al., Novel poly(ADP-ribose) polymerase-1 inhibitor, AG14361, 
restores sensitivity to temozolomide in mismatch repair-deficient cells. Clin Cancer 
Res, 2004. 10(3): p. 881-9. 

119. Hanawalt, P.C., Subpathways of nucleotide excision repair and their regulation. 
Oncogene, 2002. 21(58): p. 8949-56. 

120. Hoeijmakers, J.H., Genome maintenance mechanisms for preventing cancer. Nature, 
2001. 411(6835): p. 366-74. 

121. Travers, A.A., DNA conformation and protein binding. Annu Rev Biochem, 1989. 
58: p. 427-52. 

122. Mu, D., et al., Characterization of reaction intermediates of human excision repair 
nuclease. J Biol Chem, 1997. 272(46): p. 28971-9. 

123. Wakasugi, M. and A. Sancar, Assembly, subunit composition, and footprint of human 
DNA repair excision nuclease. Proc Natl Acad Sci U S A, 1998. 95(12): p. 6669-74. 

124. Wakasugi, M. and A. Sancar, Order of assembly of human DNA repair excision 
nuclease. J Biol Chem, 1999. 274(26): p. 18759-68. 

125. Hohl, M., et al., Structural determinants for substrate binding and catalysis by the 
structure-specific endonuclease XPG. J Biol Chem, 2003. 278(21): p. 19500-8. 

126. D'Amours, D. and S.P. Jackson, The Mre11 complex: at the crossroads of dna repair 
and checkpoint signalling. Nat Rev Mol Cell Biol, 2002. 3(5): p. 317-27. 

127. Ferguson, D.O. and F.W. Alt, DNA double strand break repair and chromosomal 
translocation: lessons from animal models. Oncogene, 2001. 20(40): p. 5572-9. 

128. Khanna, K.K., et al., ATM, a central controller of cellular responses to DNA 
damage. Cell Death Differ, 2001. 8(11): p. 1052-65. 

129. Sonoda, E., et al., Differential usage of non-homologous end-joining and 
homologous recombination in double strand break repair. DNA Repair (Amst), 
2006. 5(9-10): p. 1021-9. 

130. Kurosawa, A. and N. Adachi, Functions and regulation of Artemis: a goddess in the 
maintenance of genome integrity. J Radiat Res, 2010. 51(5): p. 503-9. 

131. Wyman, C. and R. Kanaar, DNA double-strand break repair: all's well that ends 
well. Annu Rev Genet, 2006. 40: p. 363-83. 



 

155 
 

132. Burma, S. and D.J. Chen, Role of DNA-PK in the cellular response to DNA double-
strand breaks. DNA Repair (Amst), 2004. 3(8-9): p. 909-18. 

133. Zhong, Q., et al., Deficient nonhomologous end-joining activity in cell-free extracts 
from Brca1-null fibroblasts. Cancer Res, 2002. 62(14): p. 3966-70. 

134. Lisby, M., et al., Choreography of the DNA damage response: spatiotemporal 
relationships among checkpoint and repair proteins. Cell, 2004. 118(6): p. 699-713. 

135. Shin, D.S., et al., Structure and function of the double-strand break repair 
machinery. DNA Repair (Amst), 2004. 3(8-9): p. 863-73. 

136. Shivji, M.K. and A.R. Venkitaraman, DNA recombination, chromosomal stability 
and carcinogenesis: insights into the role of BRCA2. DNA Repair (Amst), 2004. 3(8-
9): p. 835-43. 

137. San Filippo, J., et al., Recombination mediator and Rad51 targeting activities of a 
human BRCA2 polypeptide. J Biol Chem, 2006. 281(17): p. 11649-57. 

138. Yang, H., et al., The BRCA2 homologue Brh2 nucleates RAD51 filament formation 
at a dsDNA-ssDNA junction. Nature, 2005. 433(7026): p. 653-7. 

139. Liu, Y., et al., RAD51C is required for Holliday junction processing in mammalian 
cells. Science, 2004. 303(5655): p. 243-6. 

140. Deans, A.J. and S.C. West, DNA interstrand crosslink repair and cancer. Nat Rev 
Cancer, 2011. 11(7): p. 467-80. 

141. Muniandy, P.A., et al., DNA interstrand crosslink repair in mammalian cells: step by 
step. Crit Rev Biochem Mol Biol, 2010. 45(1): p. 23-49. 

142. Howlett, N.G., Fanconi anemia: Fanconi anemia, breast and embryonal cancer risk 
revisited. Eur J Hum Genet, 2007. 15(7): p. 715-7. 

143. Bartek, J. and J. Lukas, p27 destruction: Cks1 pulls the trigger. Nat Cell Biol, 2001. 
3(4): p. E95-8. 

144. Harper, J.W., et al., The p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 
cyclin-dependent kinases. Cell, 1993. 75(4): p. 805-16. 

145. Paulovich, A.G. and L.H. Hartwell, A checkpoint regulates the rate of progression 
through S phase in S. cerevisiae in response to DNA damage. Cell, 1995. 82(5): p. 
841-7. 

146. Heffernan, T.P., et al., An ATR- and Chk1-dependent S checkpoint inhibits replicon 
initiation following UVC-induced DNA damage. Mol Cell Biol, 2002. 22(24): p. 
8552-61. 



 

156 
 

147. Tercero, J.A. and J.F. Diffley, Regulation of DNA replication fork progression 
through damaged DNA by the Mec1/Rad53 checkpoint. Nature, 2001. 412(6846): p. 
553-7. 

148. Karnani, N. and A. Dutta, The effect of the intra-S-phase checkpoint on origins of 
replication in human cells. Genes Dev, 2011. 25(6): p. 621-33. 

149. Lou, Z., et al., MDC1 is coupled to activated CHK2 in mammalian DNA damage 
response pathways. Nature, 2003. 421(6926): p. 957-61. 

150. Goldberg, M., et al., MDC1 is required for the intra-S-phase DNA damage 
checkpoint. Nature, 2003. 421(6926): p. 952-6. 

151. Kim, S.T., B. Xu, and M.B. Kastan, Involvement of the cohesin protein, Smc1, in 
Atm-dependent and independent responses to DNA damage. Genes Dev, 2002. 16(5): 
p. 560-70. 

152. Yazdi, P.T., et al., SMC1 is a downstream effector in the ATM/NBS1 branch of the 
human S-phase checkpoint. Genes Dev, 2002. 16(5): p. 571-82. 

153. Abraham, R.T., Cell cycle checkpoint signaling through the ATM and ATR kinases. 
Genes Dev, 2001. 15(17): p. 2177-96. 

154. Cortez, D., et al., ATR and ATRIP: partners in checkpoint signaling. Science, 2001. 
294(5547): p. 1713-6. 

155. Yarden, R.I., et al., BRCA1 regulates the G2/M checkpoint by activating Chk1 kinase 
upon DNA damage. Nat Genet, 2002. 30(3): p. 285-9. 

156. Houtgraaf, J.H., J. Versmissen, and W.J. van der Giessen, A concise review of DNA 
damage checkpoints and repair in mammalian cells. Cardiovasc Revasc Med, 2006. 
7(3): p. 165-72. 

157. Rich, T., R.L. Allen, and A.H. Wyllie, Defying death after DNA damage. Nature, 
2000. 407(6805): p. 777-83. 

158. Khosravi-Far, R. and M.D. Esposti, Death receptor signals to mitochondria. Cancer 
Biol Ther, 2004. 3(11): p. 1051-7. 

159. Tait, S.W. and D.R. Green, Mitochondria and cell death: outer membrane 
permeabilization and beyond. Nat Rev Mol Cell Biol, 2010. 11(9): p. 621-32. 

160. Kroemer, G., et al., Classification of cell death: recommendations of the 
Nomenclature Committee on Cell Death 2009. Cell Death Differ, 2009. 16(1): p. 3-
11. 

161. Elmore, S., Apoptosis: a review of programmed cell death. Toxicol Pathol, 2007. 
35(4): p. 495-516. 



 

157 
 

162. Wei, M.C., et al., Proapoptotic BAX and BAK: a requisite gateway to mitochondrial 
dysfunction and death. Science, 2001. 292(5517): p. 727-30. 

163. Hsu, Y.T., K.G. Wolter, and R.J. Youle, Cytosol-to-membrane redistribution of Bax 
and Bcl-X(L) during apoptosis. Proc Natl Acad Sci U S A, 1997. 94(8): p. 3668-72. 

164. Holcik, M. and R.G. Korneluk, XIAP, the guardian angel. Nat Rev Mol Cell Biol, 
2001. 2(7): p. 550-6. 

165. Jost, P.J., et al., XIAP discriminates between type I and type II FAS-induced 
apoptosis. Nature, 2009. 460(7258): p. 1035-9. 

166. Cande, C., et al., Apoptosis-inducing factor (AIF): caspase-independent after all. 
Cell Death Differ, 2004. 11(6): p. 591-5. 

167. Helmut Greim, R.J.A., The Cellular Response to the Genotoxic Insult: The Question 
of Threshold for Genotoxic Carcinogens. 1 ed. 2012: The Royal Society of 
Chemistry  

168. Levine, B. and V. Deretic, Unveiling the roles of autophagy in innate and adaptive 
immunity. Nat Rev Immunol, 2007. 7(10): p. 767-77. 

169. Galluzzi, L., et al., To die or not to die: that is the autophagic question. Curr Mol 
Med, 2008. 8(2): p. 78-91. 

170. Levine, B. and J. Yuan, Autophagy in cell death: an innocent convict? J Clin Invest, 
2005. 115(10): p. 2679-88. 

171. Festjens, N., T. Vanden Berghe, and P. Vandenabeele, Necrosis, a well-orchestrated 
form of cell demise: signalling cascades, important mediators and concomitant 
immune response. Biochim Biophys Acta, 2006. 1757(9-10): p. 1371-87. 

172. Golstein, P. and G. Kroemer, Cell death by necrosis: towards a molecular definition. 
Trends Biochem Sci, 2007. 32(1): p. 37-43. 

173. Degterev, A., et al., Chemical inhibitor of nonapoptotic cell death with therapeutic 
potential for ischemic brain injury. Nat Chem Biol, 2005. 1(2): p. 112-9. 

174. Kalai, M., et al., Tipping the balance between necrosis and apoptosis in human and 
murine cells treated with interferon and dsRNA. Cell Death Differ, 2002. 9(9): p. 
981-94. 

175. Duprez, L., et al., Major cell death pathways at a glance. Microbes Infect, 2009. 
11(13): p. 1050-62. 

176. Jagtap, P. and C. Szabo, Poly(ADP-ribose) polymerase and the therapeutic effects of 
its inhibitors. Nat Rev Drug Discov, 2005. 4(5): p. 421-40. 



 

158 
 

177. Holler, N., et al., Fas triggers an alternative, caspase-8-independent cell death 
pathway using the kinase RIP as effector molecule. Nat Immunol, 2000. 1(6): p. 489-
95. 

178. Vanden Berghe, T., et al., Necrosis is associated with IL-6 production but apoptosis 
is not. Cell Signal, 2006. 18(3): p. 328-35. 

179. Vitale, I., et al., Mitotic catastrophe: a mechanism for avoiding genomic instability. 
Nat Rev Mol Cell Biol, 2011. 12(6): p. 385-92. 

180. Castedo, M., et al., Apoptosis regulation in tetraploid cancer cells. EMBO J, 2006. 
25(11): p. 2584-95. 

181. Frei, E., 3rd, et al., A comparative study of two regimens of combination 
chemotherapy in acute leukemia. Blood, 1958. 13(12): p. 1126-48. 

182. Pritchard, J.R., D.A. Lauffenburger, and M.T. Hemann, Understanding resistance to 
combination chemotherapy. Drug Resist Updat, 2012. 15(5-6): p. 249-57. 

183. Macpherson, I., Challenges in Combinational Oncology studies. Pharm Med, 2008. 
22(2): p. 85-97. 

184. Morphy, J.R., Harris, C. J., Designing Multi-Target Drugs. 1st ed. R SC Drug 
Discovery Series. Vol. 21. 2012: Royal Society of Chemistry. 

185. Williams, S.D., et al., Treatment of disseminated germ-cell tumours with cisplatin, 
bleomycin, and either vinblastine or etoposide. N Engl J Med, 1987. 316(23): p. 
1435-40. 

186. Canellos, G.P., et al., Chemotherapy of advanced Hodgkin's disease with MOPP, 
ABVD, or MOPP alternating with ABVD. N Engl J Med, 1992. 327(21): p. 1478-84. 

187. Monzon, J.G.D., J., Combination Agents Versus Multi-Targeted Agents – Pros and 
Cons, in Designing Multi-Target Drugs, J.R. Morphy, Harris, C. J., Editor. 2012, 
Royal Society of Chemistry. p. 155-180. 

188. Azad, N.S., et al., Combination targeted therapy with sorafenib and bevacizumab 
results in enhanced toxicity and antitumour activity. J Clin Oncol, 2008. 26(22): p. 
3709-14. 

189. Chou, T.C., Drug combinations: from laboratory to practice. J Lab Clin Med, 1998. 
132(1): p. 6-8. 

190. Chou, T.C., Analysis of combined drug effects: a new look at a very old problem. 
Trends in Pharmacological Sciences, 1983. 4: p. 450-454. 

191. Reynolds, C.P. and B.J. Maurer, Evaluating response to antineoplastic drug 
combinations in tissue culture models. Methods Mol Med, 2005. 110: p. 173-83. 



 

159 
 

192. Chou, T.C. and P. Talalay, Quantitative analysis of dose-effect relationships: the 
combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme Regul, 1984. 
22: p. 27-55. 

193. Chou, T.C., Drug combination studies and their synergy quantification using the 
Chou-Talalay method. Cancer Res, 2010. 70(2): p. 440-6. 

194. Dancey, J.E. and H.X. Chen, Strategies for optimizing combinations of molecularly 
targeted anticancer agents. Nat Rev Drug Discov, 2006. 5(8): p. 649-59. 

195. Wilhelm, S. and D.S. Chien, BAY 43-9006: preclinical data. Curr Pharm Des, 2002. 
8(25): p. 2255-7. 

196. Lee, J.H., et al., The combination of sorafenib and radiation preferentially inhibits 
breast cancer stem cells by suppressing HIF-1alpha expression. Oncol Rep, 2013. 
29(3): p. 917-24. 

197. Huang, C.Y., et al., Sorafenib Enhances Radiation-Induced Apoptosis in 
Hepatocellular Carcinoma by Inhibiting STAT3. Int J Radiat Oncol Biol Phys, 2013. 
86(3): p. 456-62. 

198. Suen, A.W., et al., Sorafenib and radiation: a promising combination in colorectal 
cancer. Int J Radiat Oncol Biol Phys, 2010. 78(1): p. 213-20. 

199. Merayo, N., et al., The combi-targeting concept: evidence for the formation of a 
novel inhibitor in vivo. Anticancer Drugs, 2006. 17(2): p. 165-71. 

200. Banerjee, R., et al., Synthesis of a prodrug designed to release multiple inhibitors of 
the epidermal growth factor receptor tyrosine kinase and an alkylating agent: a 
novel tumour targeting concept. J Med Chem, 2003. 46(25): p. 5546-51. 

201. Banerjee, R., et al., Sustained antiproliferative mechanisms by RB24, a targeted 
precursor of multiple inhibitors of epidermal growth factor receptor and a DNA 
alkylating agent in the A431 epidermal carcinoma of the vulva cell line. Br J Cancer, 
2004. 91(6): p. 1066-73. 

202. Bentzen, S.M., P.M. Harari, and J. Bernier, Exploitable mechanisms for combining 
drugs with radiation: concepts, achievements and future directions. Nat Clin Pract 
Oncol, 2007. 4(3): p. 172-80. 

203. Wilson, G.D., S.M. Bentzen, and P.M. Harari, Biologic Basis for Combining Drugs 
With Radiation. Seminars in Radiation Oncology, 2006. 16(1): p. 2-9. 

204. van Rijn, J., et al., Survival of human glioma cells treated with various combination 
of temozolomide and X-rays. Int J Radiat Oncol Biol Phys, 2000. 47(3): p. 779-84. 



 

160 
 

205. Chinnaiyan, P., G.W. Allen, and P.M. Harari, Radiation and new molecular agents, 
part II: targeting HDAC, HSP90, IGF-1R, PI3K, and Ras. Semin Radiat Oncol, 
2006. 16(1): p. 59-64. 

206. Harari, P.M. and S.M. Huang, Head and neck cancer as a clinical model for 
molecular targeting of therapy: combining EGFR blockade with radiation. Int J 
Radiat Oncol Biol Phys, 2001. 49(2): p. 427-33. 

207. Bentzen, S.M., Preventing or reducing late side effects of radiation therapy: 
radiobiology meets molecular pathology. Nat Rev Cancer, 2006. 6(9): p. 702-13. 

208. Spielberger, R., et al., Palifermin for oral mucositis after intensive therapy for 
hematologic cancers. N Engl J Med, 2004. 351(25): p. 2590-8. 

209. Tao, Y., et al., Enhancement of radiation response by inhibition of Aurora-A kinase 
using siRNA or a selective Aurora kinase inhibitor PHA680632 in p53-deficient 
cancer cells. Br J Cancer, 2007. 97(12): p. 1664-72. 

210. Kil, W.J., et al., In vitro and in vivo radiosensitization induced by the DNA 
methylating agent temozolomide. Clin Cancer Res, 2008. 14(3): p. 931-8. 

211. Normanno, N., et al., Epidermal growth factor receptor (EGFR) signaling in cancer. 
Gene, 2006. 366(1): p. 2-16. 

212. Abd El-Rehim, D.M., et al., Expression and co-expression of the members of the 
epidermal growth factor receptor (EGFR) family in invasive breast carcinoma. Br J 
Cancer, 2004. 91(8): p. 1532-42. 

213. Rimawi, M.F., et al., Epidermal growth factor receptor expression in breast cancer 
association with biologic phenotype and clinical outcomes. Cancer, 2010. 116(5): p. 
1234-42. 

214. Jain, R.K., Normalization of tumour vasculature: an emerging concept in 
antiangiogenic therapy. Science, 2005. 307(5706): p. 58-62. 

215. Belka, C. and K.A. Camphausen, Why "radiation oncology". Radiat Oncol, 2006. 1: 
p. 1. 

216. Torres-Roca, J.F. and C.W. Stevens, Predicting response to clinical radiotherapy: 
past, present, and future directions. Cancer Control, 2008. 15(2): p. 151-6. 

217. Nyati, M.K., et al., Integration of EGFR inhibitors with radiochemotherapy. Nat Rev 
Cancer, 2006. 6(11): p. 876-85. 

218. Hirbe, A., et al., Skeletal complications of breast cancer therapies. Clin Cancer Res, 
2006. 12(20 Pt 2): p. 6309s-6314s. 



 

161 
 

219. Munshi, A., Breast cancer radiotherapy and cardiac risk: the 15-year paradox! J 
Cancer Res Ther, 2007. 3(4): p. 190-2. 

220. Goldblatt, E.M. and W.H. Lee, From bench to bedside: the growing use of 
translational research in cancer medicine. Am J Transl Res, 2010. 2(1): p. 1-18. 

221. Sofou, S., Radionuclide carriers for targeting of cancer. Int J Nanomedicine, 2008. 
3(2): p. 181-99. 

222. Wilson, G.D., S.M. Bentzen, and P.M. Harari, Biologic basis for combining drugs 
with radiation. Semin Radiat Oncol, 2006. 16(1): p. 2-9. 

223. Wilhelm, S.M., et al., BAY 43-9006 exhibits broad spectrum oral antitumour activity 
and targets the RAF/MEK/ERK pathway and receptor tyrosine kinases involved in 
tumour progression and angiogenesis. Cancer Res, 2004. 64(19): p. 7099-109. 

224. Escudier, B., et al., Sorafenib in advanced clear-cell renal-cell carcinoma. N Engl J 
Med, 2007. 356(2): p. 125-34. 

225. Ratain, M.J., et al., Phase II placebo-controlled randomized discontinuation trial of 
sorafenib in patients with metastatic renal cell carcinoma. J Clin Oncol, 2006. 
24(16): p. 2505-12. 

226. Eisen, T., et al., Sorafenib in advanced melanoma: a Phase II randomised 
discontinuation trial analysis. Br J Cancer, 2006. 95(5): p. 581-6. 

227. Llovet, J.M., et al., Sorafenib in advanced hepatocellular carcinoma. N Engl J Med, 
2008. 359(4): p. 378-90. 

228. Yau, T., et al., Phase 2 open-label study of single-agent sorafenib in treating 
advanced hepatocellular carcinoma in a hepatitis B-endemic Asian population: 
presence of lung metastasis predicts poor response. Cancer, 2009. 115(2): p. 428-36. 

229. Kohno, M. and J. Pouyssegur, Targeting the ERK signaling pathway in cancer 
therapy. Ann Med, 2006. 38(3): p. 200-11. 

230. Ghosh, S., et al., High levels of vascular endothelial growth factor and its receptors 
(VEGFR-1, VEGFR-2, neuropilin-1) are associated with worse outcome in breast 
cancer. Hum Pathol, 2008. 39(12): p. 1835-43. 

231. Longo, R. and G. Gasparini, Challenges for patient selection with VEGF inhibitors. 
Cancer Chemother Pharmacol, 2007. 60(2): p. 151-70. 

232. Li, M., V. Jendrossek, and C. Belka, The role of PDGF in radiation oncology. Radiat 
Oncol, 2007. 2: p. 5. 

233. Loriot, Y., et al., BMS-690514, a VEGFR and EGFR tyrosine kinase inhibitor, shows 
anti-tumoural activity on non-small-cell lung cancer xenografts and induces 



 

162 
 

sequence-dependent synergistic effect with radiation. Br J Cancer, 2010. 103(3): p. 
347-53. 

234. Zwolak, P., et al., Local irradiation in combination with bevacizumab enhances 
radiation control of bone destruction and cancer-induced pain in a model of bone 
metastases. Int J Cancer, 2008. 122(3): p. 681-8. 

235. Tomic, N., et al., Verification of cell irradiation dose deposition using a 
radiochromic film. Phys Med Biol, 2007. 52(11): p. 3121-31. 

236. Jane, E.P., D.R. Premkumar, and I.F. Pollack, Coadministration of sorafenib with 
rottlerin potently inhibits cell proliferation and migration in human malignant 
glioma cells. J Pharmacol Exp Ther, 2006. 319(3): p. 1070-80. 

237. Russo, A.L., et al., In vitro and in vivo radiosensitization of glioblastoma cells by the 
poly (ADP-ribose) polymerase inhibitor E7016. Clin Cancer Res, 2009. 15(2): p. 
607-12. 

238. Plastaras, J.P., et al., Cell cycle dependent and schedule-dependent antitumour 
effects of sorafenib combined with radiation. Cancer Res, 2007. 67(19): p. 9443-54. 

239. Virostko, J., et al., A molecular imaging paradigm to rapidly profile response to 
angiogenesis-directed therapy in small animals. Mol Imaging Biol, 2009. 11(3): p. 
204-12. 

240. Pysz, M.A., et al., Antiangiogenic cancer therapy: monitoring with molecular US 
and a clinically translatable contrast agent (BR55). Radiology, 2010. 256(2): p. 519-
27. 

241. Holland, S.J., et al., R428, a selective small molecule inhibitor of Axl kinase, blocks 
tumour spread and prolongs survival in models of metastatic breast cancer. Cancer 
Res, 2010. 70(4): p. 1544-54. 

242. Dey, J.H., et al., Targeting fibroblast growth factor receptors blocks PI3K/AKT 
signaling, induces apoptosis, and impairs mammary tumour outgrowth and 
metastasis. Cancer Res, 2010. 70(10): p. 4151-62. 

243. Hahn, O. and W. Stadler, Sorafenib. Curr Opin Oncol, 2006. 18(6): p. 615-21. 

244. Hainsworth, J.D., et al., Concurrent radiotherapy and temozolomide followed by 
temozolomide and sorafenib in the first-line treatment of patients with glioblastoma 
multiforme. Cancer, 2010. 116(15): p. 3663-9. 

245. Matheson, S.L., J. McNamee, and B.J. Jean-Claude, Design of a chimeric 3-methyl-
1,2,3-triazene with mixed receptor tyrosine kinase and DNA damaging properties: a 
novel tumour targeting strategy. J Pharmacol Exp Ther, 2001. 296(3): p. 832-40. 



 

163 
 

246. Dubner, D., et al., Pharmacological inhibition of DNA repair enzymes differentially 
modulates telomerase activity and apoptosis in two human leukaemia cell lines. Int J 
Radiat Biol, 2004. 80(8): p. 593-605. 

247. Madhusudan, S. and M.R. Middleton, The emerging role of DNA repair proteins as 
predictive, prognostic and therapeutic targets in cancer. Cancer Treat Rev, 2005. 
31(8): p. 603-17. 

248. Song, G., G. Ouyang, and S. Bao, The activation of Akt/PKB signaling pathway and 
cell survival. J Cell Mol Med, 2005. 9(1): p. 59-71. 

249. Vivanco, I. and C.L. Sawyers, The phosphatidylinositol 3-Kinase AKT pathway in 
human cancer. Nat Rev Cancer, 2002. 2(7): p. 489-501. 

250. Schlessinger, J., Cell signaling by receptor tyrosine kinases. Cell, 2000. 103(2): p. 
211-25. 

251. Onn, A., et al., Synchronous overexpression of epidermal growth factor receptor and 
HER2-neu protein is a predictor of poor outcome in patients with stage I non-small 
cell lung cancer. Clin Cancer Res, 2004. 10(1 Pt 1): p. 136-43. 

252. Nicholson, R.I., J.M. Gee, and M.E. Harper, EGFR and cancer prognosis. Eur J 
Cancer, 2001. 37 Suppl 4: p. S9-15. 

253. Barker, F.G., 2nd, et al., EGFR overexpression and radiation response in 
glioblastoma multiforme. Int J Radiat Oncol Biol Phys, 2001. 51(2): p. 410-8. 

254. Yacoub, A., et al., Epidermal growth factor and ionizing radiation up-regulate the 
DNA repair genes XRCC1 and ERCC1 in DU145 and LNCaP prostate carcinoma 
through MAPK signaling. Radiat Res, 2003. 159(4): p. 439-52. 

255. Brahimi, F., et al., Multiple mechanisms of action of ZR2002 in human breast cancer 
cells: a novel combi-molecule designed to block signaling mediated by the ERB 
family of oncogenes and to damage genomic DNA. Int J Cancer, 2004. 112(3): p. 
484-91. 

256. Matheson, S.L., F. Brahimi, and B.J. Jean-Claude, The combi-targetinG concept: 
intracellular fragmentation of the binary epidermal growth factor (EGFR)/DNA 
targeting "combi-triazene" SMA41. Biochem Pharmacol, 2004. 67(6): p. 1131-8. 

257. Brahimi, F., et al., Inhibition of epidermal growth factor receptor-mediated signaling 
by "Combi-triazene" BJ2000, a new probe for Combi-Targeting postulates. J 
Pharmacol Exp Ther, 2002. 303(1): p. 238-46. 

258. Qiu, Q., et al., The combi-targeting concept: a novel 3,3-disubstituted nitrosourea 
with EGFR tyrosine kinase inhibitory properties. Cancer Chemother Pharmacol, 
2003. 51(1): p. 1-10. 



 

164 
 

259. Matheson, S.L., J.P. McNamee, and B.J. Jean-Claude, Differential responses of 
EGFR-/AGT-expressing cells to the "combi-triazene" SMA41. Cancer Chemother 
Pharmacol, 2003. 51(1): p. 11-20. 

260. Hegi, M.E., et al., MGMT gene silencing and benefit from temozolomide in 
glioblastoma. N Engl J Med, 2005. 352(10): p. 997-1003. 

261. Chakravarti, A., et al., Temozolomide-mediated radiation enhancement in 
glioblastoma: a report on underlying mechanisms. Clin Cancer Res, 2006. 12(15): p. 
4738-46. 

262. Mosmann, T., Rapid colorimetric assay for cellular growth and survival: application 
to proliferation and cytotoxicity assays. J Immunol Methods, 1983. 65(1-2): p. 55-
63. 

263. Olive, P.L. and J.P. Banath, The comet assay: a method to measure DNA damage in 
individual cells. Nat Protoc, 2006. 1(1): p. 23-9. 

264. Alvarez, D., et al., A two-hit mechanism for pre-mitotic arrest of cancer cell 
proliferation by a polyamide-alkylator conjugate. Cell Cycle, 2006. 5(14): p. 1537-
48. 

265. Hall, E.J., Radiobiology for radiologist. 5th ed. 2000, Philadelphia: Lippincott 
Williams & Wilkins. 

266. Madhusudan, S. and M.R. Middleton, The emerging role of DNA repair proteins as 
predictive, prognostic and therapeutic targets in cancer. Cancer treatment reviews, 
2005. 31(8): p. 603-17. 

267. Rodemann, H.P., K. Dittmann, and M. Toulany, Radiation-induced EGFR-signaling 
and control of DNA-damage repair. Int J Radiat Biol, 2007. 83(11-12): p. 781-91. 

268. Dittmann, K., et al., Radiation-induced epidermal growth factor receptor nuclear 
import is linked to activation of DNA-dependent protein kinase. J Biol Chem, 2005. 
280(35): p. 31182-9. 

269. Abhold, E.L., et al., EGFR kinase promotes acquisition of stem cell-like properties: 
a potential therapeutic target in head and neck squamous cell carcinoma stem cells. 
PLoS One, 2012. 7(2): p. e32459. 

270. Chen, J.S., et al., EGFR regulates the side population in head and neck squamous 
cell carcinoma. The Laryngoscope, 2006. 116(3): p. 401-6. 

271. Sheng, Q. and J. Liu, The therapeutic potential of targeting the EGFR family in 
epithelial ovarian cancer. Br J Cancer, 2011. 104(8): p. 1241-5. 

272. Knight, Z.A., H. Lin, and K.M. Shokat, Targeting the cancer kinome through 
polypharmacology. Nat Rev Cancer, 2010. 10(2): p. 130-7. 



 

165 
 

273. Heravi, M., et al., Interaction of ionizing radiation and ZRBA1, a mixed EGFR/DNA-
targeting molecule. Anti-cancer drugs, 2009. 20(8): p. 659-67. 

274. Merayo, N., et al., The combi-targeting concept: evidence for the formation of a 
novel inhibitor in vivo. Anti-cancer drugs, 2006. 17(2): p. 165-71. 

275. Prud'homme, G.J., et al., Breast cancer stem-like cells are inhibited by a non-toxic 
aryl hydrocarbon receptor agonist. PLoS One, 2010. 5(11): p. e13831. 

276. Kaur, P., et al., A mouse model for triple-negative breast cancer tumour-initiating 
cells (TNBC-TICs) exhibits similar aggressive phenotype to the human disease. 
BMC Cancer, 2012. 12: p. 120. 

277. Wheeler, D.L., E.F. Dunn, and P.M. Harari, Understanding resistance to EGFR 
inhibitors-impact on future treatment strategies. Nat Rev Clin Oncol, 2010. 7(9): p. 
493-507. 

278. Pritchard, A.L. and N.K. Hayward, Molecular pathways: mitogen-activated protein 
kinase pathway mutations and drug resistance. Clin Cancer Res, 2013. 19(9): p. 
2301-9. 

279. Fey, D., et al., Crosstalk and signaling switches in mitogen-activated protein kinase 
cascades. Front Physiol, 2012. 3: p. 355. 

280. Junttila, M.R., S.P. Li, and J. Westermarck, Phosphatase-mediated crosstalk between 
MAPK signaling pathways in the regulation of cell survival. FASEB J, 2008. 22(4): 
p. 954-65. 

281. Brieger, J., et al., Vascular endothelial growth factor and basic fibroblast growth 
factor are released by squamous cell carcinoma cells after irradiation and increase 
resistance to subsequent irradiation. Int J Mol Med, 2005. 16(1): p. 159-64. 

282. Brieger, J., et al., Impact of vascular endothelial growth factor release on radiation 
resistance. Oncol Rep, 2007. 18(6): p. 1597-601. 

283. Wojdacz, T.K. and A. Dobrovic, Methylation-sensitive high resolution melting (MS-
HRM): a new approach for sensitive and high-throughput assessment of methylation. 
Nucleic Acids Res, 2007. 35(6): p. e41. 

284. Paz, M.F., et al., A systematic profile of DNA methylation in human cancer cell lines. 
Cancer Res, 2003. 63(5): p. 1114-21. 

 

 

 



 

166 
 

APPENDIX 

 
Appendix 1. Paper published in Anti-Cancer Drugs: 2012, 23:525–533. 

Appendix 2. Paper published in Anti-Cancer Drugs: 2009, 20:659–667. 



Sorafenib in combination with ionizing radiation has a
greater anti-tumour activity in a breast cancer model
Mitra Heravia,d, Nada Tomicb,c,d, LiHeng Liangb,c,d, Slobodan Devicb,c,d,
Joseph Holmesb,c,d, François Debloisb,c,d, Danuta Radziocha

and Thierry Muanzac,d

High expression of vascular endothelial growth factor

(VEGF) in patients with breast cancer has been associated

with a poor prognosis, indicating that VEGF could be linked

to the efficacy of chemotherapy and radiotherapy. It has

also been suggested that radiation resistance is partly due

to tumour cell production of angiogenic cytokines,

particularly VEGF receptor (VEGFR). This evidence

indicates that inhibition of VEGFR might enhance the

radiation response. Sorafenib tosylate (Bay 54-9085) is an

oral, small-molecule multikinase inhibitor of several targets

including RAF/MEK/ERK MAP kinase signalling, VEGFR-2,

VEGFR-3 and platelet-derived growth factor receptor-beta.

Sorafenib has shown clinical efficacy in treating solid

tumours such as renal cell and hepatocellular carcinomas.

However, strategies are yet to be identified to prolong and

maximize the anticancer effect of this multikinase inhibitor.

The objective of this study was to determine whether a

combination of Sorafenib and radiation will enhance the

treatment response in vitro and in vivo. Radio-modulating

effect of Sorafenib was assessed by performing

clonogenic assays. In addition, cell cycle analyses as well

as annexin-V apoptosis assays were performed 24 and 48 h

after treatment, respectively. To confirm our in-vitro results,

tumour growth delay assays were performed. Our results

showed a strong and supra-additive antitumour effect of

radiation combined with Sorafenib in vitro (dose

enhancement factor of 1.76). The combined therapy

demonstrated a strong and significant G2/M cell cycle

arrest (combined treatment vs. irradiated alone: P < 0.0008).

Moreover, annexin-V staining showed a significant increase

in the level of apoptosis (combined treatment vs. irradiated

alone: P < 0.0004). Study of the syngeneic model

demonstrated the superior potency of the Sorafenib

combined with radiotherapy. Our results demonstrate

that higher antitumour activity can be achieved when

radiation and Sorafenib are combined. Anti-Cancer Drugs

23:525–533 �c 2012 Wolters Kluwer Health | Lippincott

Williams & Wilkins.
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Introduction
Radiation is a mainstay of nonsurgical cancer treatment.

Approximately two-thirds of cancer patients receive

radiation therapy. During the last decades, radiation

therapy has advanced mainly due to technological

improvements in radiotherapy planning and delivery

methods; however, efforts made towards understanding

the biological parameters that affect the overall ther-

apeutic outcome have not achieved the same success.

Thus, radiotherapy is delivered without considering the

potential differences within and between the tumours.

Although an understanding of the biological basis could

have a significant impact on clinical radiation oncology,

this knowledge could also be exploited to develop

new treatment protocols and perhaps novel combined

therapies.

Radiotherapy is relatively well tolerated by patients and

has been successful in local tumour control [1,2].

However, the overall rate of patient survival improves

when radiation therapy is combined with chemother-

apy [3]. Notably, secondary cancers, skeletal complica-

tions, radiation-induced heart disease and lung disease

are the common side effects of radiation therapy [4–6].

Therefore, due to the toxicity of radiation, considerable

focus has been placed on improving its cancer cell

specificity. This includes the effort to develop agents that

sensitize cancer cells to radiation or protect normal cells

from damage induced by radiation [2,6,7].

Over the last decade, the combination of ionizing

radiation with chemotherapy has led to marked improve-

ment in local control, organ preservation and survival for

locally advanced solid tumours. However, this strategy is

limited by the toxicity resulting from each respective

treatment and their combination. Therefore, targeting

tumour-specific defects should provide an advantage over

conventional therapy in which the major drawback is

normal tissue toxicity [8].
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Sorafenib tosylate (Nexavar, Bay 54-9085) is an oral,

small-molecule multikinase inhibitor of several targets

including vascular endothelial growth factor receptor-2

(VEGFR-2), VEGFR-3 and platelet-derived growth factor

receptor-beta, RAF-1 and BRAF [9]. Sorafenib has shown

clinical activity against metastatic renal cell carcinoma

and is considered to be a standard second-line therapy for

patients with metastatic renal cell carcinoma [10,11].

Moreover, combination therapy with Sorafenib in phase I

and II clinical trials has shown some promising results in

melanoma patients [12]. Importantly, Sorafenib has been

shown to significantly increase the overall survival rate of

patients (nearly 3 months) with advanced hepatocellular

carcinoma (HCC) [13]. Patients with HCC in hepatitis

B-endemic areas may also benefit from single-agent

Sorafenib treatment as a phase II clinical trial has shown

fairly good efficacy and acceptable tolerability in these

patients [14]. However, the effect of Sorafenib is

temporary and the continuous dose for Sorafenib is

needed to inhibit tumour growth for longer [15].

Retrospective analysis of patients with breast cancer has

shown an unfavourable prognosis in patients with high

expression levels of VEGF [16,17]. This indicates that

VEGF could be associated with the efficacy of che-

motherapy and radiotherapy. It has also been shown that

radiation resistance is partly due to tumour cell produc-

tion of angiogenic cytokines, particularly VEGF, which

protects endothelial cells through survival path-

ways [18,19]. Moreover, it has been shown that VEGF

inhibition combined with radiation enhances radiation

control of bone destruction and the pain associated with

cancer progression in bone metastases [20].

Here, we studied the efficacy of Sorafenib combined with

radiation and determined whether this treatment mod-

ality could enhance tumour growth inhibition.

Materials and methods
Reagents

The cell culture reagents were obtained from Gibco,

Invitrogen (Burlington, Ontario, Canada). Foetal bovine

serum was purchased from Wisent Inc., (St Bruno,

Quebec, Canada). Propidium iodide (PI) was obtained

from Sigma-Aldrich (Oakville, Ontario, Canada). Sorafe-

nib tosylate (Bay 54-9085) was provided by Bayer

Pharmaceutical Corp. (West Haven, Connecticut, USA)

and was reconstituted in dimethyl sulfoxide for in-vitro

use and in ethanol/Cremephore L (Sigma-Aldrich) (50 : 50)

for in-vivo use at 4� concentration. The 4� solution of

Sorafenib was freshly prepared every day. The final dosing

solution was prepared by diluting the 4� solution to 1�
in sterile water (Gibco, Invitrogen) every day before its

administration to the animals. The concentrations of

dimethyl sulfoxide were maintained lower than 0.2% in

all in-vitro experiments.

Cell culture

The highly metastatic mouse mammary cancer cell line,

4T1, was a generous gift from Dr Fred Miller, Karmanos

Cancer Institute, Wayne State University, Michigan, USA.

Cells were cultured in Dulbecco’s modified Eagle’s medium

supplemented with 10% foetal bovine serum, penicillin–

streptomycin 1% and kept at 371C in 95% air/5% CO2.

Irradiation

Irradiation for in-vitro and in-vivo experiments was

carried out at room temperature using a Theratron

T-780 60Co irradiator (MDS Nordion, Kanata, Ontario,

Canada). The dose delivered in each experimental set-up

used in this work was verified by the radiochromic film

dosimetry protocol developed by Tomic et al. [21].

Colony-forming assay

Cells were plated at specific cell numbers in six well

plates. At a 0 Gy radiation dose, 100 cells per well were

used and for each subsequent radiation dose (2, 4, 6 and

8 Gy), 200, 400, 800 and 1600 cells were seeded,

respectively. They were treated with Sorafenib alone (5

and 7.5mmol/l for 2 h) and in combination with radiation

(2, 4, 6 and 8 Gy) [22]. After 6–8 days of incubation, the

colonies were fixed and stained with methylene blue. Only

colonies containing more than 50 cells were counted. The

plating efficiency was calculated by dividing the number of

colonies formed in the untreated control plates by the

number of cells plated. Survival fractions were calculated

by counting the number of colonies for each specific

radiation dose and dividing by the number of cells seeded

at the same dose multiplied by plating efficiency. In order

to plot the survival curve, the survival fractions were

normalized according to the controls (nonirradiated).

Radiosensitivity was measured by determining the dose

enhancement factor, which is the ratio of the radiation

doses at a survival fraction of 0.1 or 0.01 of non-drug-

treated cells to drug-treated cells [23,24].

Flow cytometry analysis

Cell cycle analysis

Cells were treated with Sorafenib (5 and 7.5 mmol/l) and

were irradiated as described. The cells were harvested

and washed 24 h after treatment, after which they were

fixed with ethanol, labelled with PI and analysed by flow

cytometry (BD Biosciences, San Jose, California, USA).

Cell cycle distribution was analysed using the Mod-Fit

LT software package (Verity Software House, Topsham,

Maine, USA).

Analysis of apoptosis by annexin-V binding

Cells were treated with Sorafenib (5 and 7.5mmol/l) and

were irradiated to a dose of 4 Gy. They were harvested

and washed with PBS 1� (Gibco, Invitrogen) at 48 h after

treatment. They were labelled with annexin V–FITC

and PI according to the manufacturer’s protocol (TACS

apoptosis kit; R&D Systems, Minneapolis, Minnesota,
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USA). Cells were analysed by flow cytometry (BD

Bioscience) and characterized as follows: cells appearing

at the lower left quadrant of the dot plot were considered

viable. Those observed at the lower right quadrant were

identified as early apoptotic. The late apoptotic and

necrotic cells appeared at the upper right and the upper

left quadrants, respectively.

Western blot analysis

The 4T1 cells were incubated in two sets of six well

plates with serum-free media for 18 h and were subse-

quently exposed to the 5 and 20 mmol/l of Sorafenib for

2 h and 4 Gy of radiation. To test whether Sorafenib is still

effective in the case of overactivation of receptor tyrosine

kinases (RTKs) such as VEGFR, one set of the plates was

subsequently treated with 25 ng/ml of VEGF for 20 min

and cells were harvested within 1 h, after which the whole

cell lysates were prepared. Fifty micrograms of protein

was loaded onto Bis-Tris gradient gels (Invitrogen,

Carlsbad, California, USA). Western blot analysis was

performed using antibodies for p-Erk 1,2 and Erk 1,2 as

well as tubulin (Cell signaling Technology Inc., Beverly,

Massachusetts, USA).

In-vivo tumour model

Six to eight-week-old female BALB/c mice (Charles River

Laboratories, Montreal, Canada) were used in this study.

Mice were caged in groups of five or less. 4T1 tumour

cells (2� 106 cells) were injected subcutaneously into

the right hind leg. All protocols were approved by the

McGill University Animal Care Committee following the

guidelines of the Canadian Council on Animal Care.

Tumour growth delay assay

When tumours reached a mean volume of 144 mm3, mice

were randomized into four groups: vehicle, Sorafenib

alone, irradiation (15 Gy) alone, and Sorafenib plus

irradiation [25]. A single dose of Sorafenib (60 mg/kg)

was administered by gavage daily for 7 days [9,26]. The

drug was administered 6 h before local tumour irradiation

(15 Gy) on day 3 (schedule A). In case of schedule B,

radiation was delivered 24 h before the start of drug

treatment. To obtain tumour growth curves, perpendi-

cular diameter measurements of each tumour were made

every 2–3 days with digital callipers, and volumes were

calculated using the formula (L�W 2)/2. Tumours were

followed until the mean tumour volume reached

B2400 mm3, after which the animals were sacrificed.

The relative tumour volume was calculated by dividing

each individual animal’s tumour volume by the mean

tumour volume of the same group. Each experimental

group included six to eight mice.

Statistical analysis

The effects of various treatments in all experiments were

compared using a two-tailed t-test (GraphPad prism 5;

GraphPad software Inc., California, USA). Differences

with a P value less than 0.05 were considered statistically

significant. The data presented are means and SEM from

multiple independent experiments.

Results
Sorafenib increases the sensitivity of 4T1 cells to

radiation in vitro

To evaluate whether Sorafenib has an effect on the ability

of cancer cells to form colonies in vitro, clonogenic assays

were performed. As shown in Fig. 1, the dose enhance-

ment factor was as high as 1.39 and 1.76 when Sorafenib

was combined with radiation at 5 and 7.5 mmol/l

concentrations, respectively. To test whether this effect

is schedule-dependent, three schedules were used: (a)

Sorafenib 24 h before radiation, (b) Sorafenib concurrent

with radiation and (c) radiation 24 h before Sorafenib ad-

ministration. Interestingly, pretreatment with Sorafenib

(schedule A) and the concurrent schedule (schedule B)

seemed to be more effective in vitro (Fig. 2a and b).

Sorafenib combined with radiation induces G2/M arrest

To assess the effect of Sorafenib in combination with

radiation on cell cycle progression, cell cycle analysis was

performed. As shown in Fig. 3, Sorafenib in combination

with radiation had a significant and strong effect on cell

cycle arrest at G2/M. Consequently, the G1 and S

population was significantly decreased.

Combination of Sorafenib and radiation enhances the

level of apoptosis

In order to determine whether the multi-inhibitory

activity of Sorafenib would induce high levels of apoptosis

when combined with radiation, an annexin-V binding

Fig. 1
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Analysis of cell response to the combination of Sorafenib and radiation
using a clonogenic assay. Cells were treated with Sorafenib (5 and
7.5mmol/l) with or without radiation (4 Gy). Data represent means and
SEM from three independent experiments.
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assay was performed with cells exposed to radiation and

Sorafenib alone or in combination. As shown in Fig. 4,

Sorafenib alone induced apoptosis at levels of up to 15

and 33% at 5 and 7.5 mmol/l, respectively, whereas

apoptosis induced by radiation alone was approximately

10% of the total analysed cells. When Sorafenib was

combined with 4 Gy of radiation, the level of apoptosis

reached 30 and 40% at 5 and 7.5 mmol/l concentrations.

Sorafenib with/out radiation inhibits phosphorylation

of Erk1/2 downstream of receptor tyrosine kinases

To confirm the inhibitory activity of Sorafenib in our

breast cancer model, a western blot analysis was

performed. As Sorafenib is a multikinase inhibitor of

several RTKs, we evaluated the phosphorylation of Erk 1/2

as an indicator of activation of the downstream pathway.

As in Fig. 5, Sorafenib at 5 mmol/l completely inhibits the

activation of Erk1/2 downstream of RTKs irrespective of

radiation treatment.

Sorafenib increases the tumour growth delay caused by

radiation as an early response

In order to evaluate and validate our in-vitro results, we

performed an in-vivo experiment with 4T1 mouse

mammary cancer cells. As shown in Fig. 6a and b, the

in-vivo results suggest that, in tumours treated with the

combination therapy, Sorafenib increases the delay in

tumour growth caused by radiation by almost 7 days.

Moreover, Sorafenib combined with ionizing radiation has

significantly more antitumour effect against 4T1 tumours

than Sorafenib alone in BALB/c mice.

Sorafenib was as potent as the combined treatment only

until the end of the drug treatment (day 6). Soon after

the end of the drug treatment (day 10), tumours started

to grow (Sorafenib-treated group vs. combination group:

P = 0.0406). On day 17 (Fig. 6a), the tumour volume of

the Sorafenib-treated group was significantly larger

compared with the irradiated or the combined treated

tumours (Sorafenib vs. combination: P = 0.0002). The

same pattern was observed when radiation was delivered

24 h before the start of Sorafenib treatment.

In schedule A (when radiation was delivered concurrently

with Sorafenib treatment), the tumour growth delay was

increased from 4.2 days in the control group to 11 and

10.5 days in Sorafenib alone or radiation alone, respec-

tively. The growth delay, in the case of the combination

of Sorafenib and radiation, was increased to 18 days.

Fig. 2
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(a) Different schedules of combination (Sorafenib before radiation, Sorafenib concurrent with Sorafenib and Sorafenib 24 h after radiation) were
tested on 4T1 cells. (b) Comparison of survival fractions (SFs) at the different combination schedules at specific Sorafenib doses. RX: drug
(Sorafenib); XRT: radiation.
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Similarly, in schedule B, when radiation was delivered

24 h before Sorafenib treatment, the growth delay was

increased from 6.5 days in the control group to 13 and 14

days in Sorafenib alone and radiation alone and 20.5 days

in mice treated with both modalities.

No significant loss of body weight resulted from any of

the treatments and the treatments were well tolerated by

the end of the experiment (Fig. 6c and d).

Discussion
In this study, we demonstrated that Sorafenib induces a

greater antitumour activity when it is combined with

radiation in 4T1 cells, both in vitro and in vivo. 4T1 cells

are highly metastatic cancer cells and are considered to be

a suitable model to study the effect of antiangiogenesis

agents in vitro and in vivo [27–30].

The increased antitumour activity of Sorafenib combined

with radiation in 4T1 cells can be partially explained by

the significant cell cycle arrest we observed at G2/M.

Cancer cells show more sensitivity to ionizing radiation at

the G2/M and G1 whereas cells residing in the S stage of

the cell cycle are less radiosensitive [31]. As was shown

by our result, there was a significant decrease in the

S-phase population, which could explain the higher po-

tency of the combined treatment.
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Cell cycle analysis of 4T1 cells following exposure to Sorafenib or radiation and the corresponding combination. (a) Cell distribution in G1, S and
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The increased efficacy of Sorafenib in combination with

radiation could also be due to the augmented apoptosis

level in 4T1 cancer cells treated with both Sorafenib and

radiation.

In this study, we have also shown that radiation prolongs

the antitumour activity of Sorafenib in vivo. Tumours

implanted in mice treated with Sorafenib alone started to

grow rapidly immediately after the drug treatment was

stopped (day 6–8) whereas the inhibitory effect of

Sorafenib was longer when radiation was added (tumours

started to grow gradually starting day 14). This could be

of relevance as cytostatic agents such as Sorafenib usually

show temporary and reversible antitumour activity [15].

Fig. 4
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Fig. 5

VEGF − − − + + + − − − + + +
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Western blot analysis. 4T1 cells were grown to 80% confluency in six well plates. They were serum starved for 18 h and were treated with Sorafenib or/and
radiation as indicated. Half of the plates were stimulated with vascular endothelial growth factor (VEGF) and whole-cell lysates were prepared within 1 h.
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(a, b) Tumour growth delay assay. 4T1 cells were injected into the right hind limb of BALB/c mice. When the mean volume of tumours reached
144 mm3, the animals were randomly divided into four groups. There were six to eight animals in each group. Schedule A (a): Sorafenib was given to
the animals 3 days before radiation, on the same day as irradiation and was continued for 3 days after irradiation ( + : day 17, irradiated group vs.
combined treatment: P = 0.0309; Sorafenib-treated group vs. combination: P = 0.0002; *: day 19, irradiated group vs. combined treatment:
P = 0.1710; Sorafenib-treated group vs. combination: P = 0.0255). Schedule B (b): 15 Gy of radiation was delivered 2 h before the start of Sorafenib
treatment ( + : day 19, irradiated group vs. combined treatment: P = 0.0316; Sorafenib-treated group vs. combination: P = 0.0255; *: day 21,
irradiated group vs. combined treatment: P = 0.0815; Sorafenib-treated group vs. combination: P = 0.0180). When the tumour size reached a
maximum of˜2400 mm3, the mice were euthanized. Tumour volume was calculated using: (L�W2)/2 and was normalized by dividing the tumour
volume of each animal in the treatment groups by the mean tumour volume of the same group. Error bars, SEM. (c, d) Variations of body weight of
mice treated with Sorafenib (60 mg/kg) and radiation alone and the combined treatment. Error bars, SEM.
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Moreover, in our in-vivo model, Sorafenib increased the

radiation response significantly as an early response

(Fig. 6a and b). It will be interesting to evaluate different

schedules and sequences of this combination to deter-

mine whether a longer response can be achieved.

Our in-vitro data demonstrated a higher radiation

response when Sorafenib was added before or concurrent

with radiation versus after radiation. This was in

disagreement with our in-vivo results, which showed no

significant difference between the Sorafenib treatment

after and concurrent with radiation. The difference

between our in-vitro and in-vivo outcome could be due

to the interaction of tumour cells with each other and

with their microenvironment. In-vitro assays are per-

formed in a much shorter time period than in-vivo

experiments. The difference could also be related to

hypoxia and hypoxia-induced radiation resistance.

Although antiangiogenic agents have been shown to

stabilize neovasculature and improve blood perfusion,

Sorafenib might not have done so, resulting in the

formation of hypoxic regions inside the tumours and

therefore reduced radiation response.

Recently, Suen et al. [32] and Plastaras et al. [26] have

shown that the combination of Sorafenib and radiation

enhances the radiation response in colorectal cancer cells

in vivo and this response is schedule dependent. In their

studies, irradiation before Sorafenib treatment appears to

be the most efficient schedule [26,32]. The different

outcome between their study and ours is perhaps due to

the use of different tumour models and also the different

radiation schedules. The mice in our study were

irradiated with a single radiation dose either before or

concurrent with Sorafenib administration (schedules A

and B) whereas in the two mentioned studies, fractio-

nated radiation was used over a longer period of time.

It has been shown that Sorafenib, being a cytostatic

agent [33], can induce radiation response especially in

fractionated schedules as it blocks regrowth (through its

antiangiogenic properties) between fractions [3]. Pre-

sently, in our laboratory, more in-vitro/in-vivo studies are

ongoing to test Sorafenib with fractionated radiotherapy

in metastatic breast cancer models while more micro-

environment studies will guide us through the complex

mechanism of this combination.

There are several trials combining Sorafenib with

radiation and other cytotoxic modalities [34] that are

ongoing or have been completed in the clinical setting.

Some results showed that the combination did not

improve the efficacy of treatment as 40% of the patients

did not receive Sorafenib at all due to early disease

progression. Perhaps better results can be achieved with a

better design or modified combinations. Other trials

including a phase I/II study of cisplatin and radiation in

combination with Sorafenib in cervical cancer, a phase I/II

trial of radiation therapy and Sorafenib for unrespectable

liver metastases and Sorafenib combined with radiation in

HCC are ongoing. Depending on the outcome of these

clinical trials, the protocol for patients might change

and patients with cancer might benefit from the new combi-

nation therapies. Nevertheless, a better understanding of

the mechanism of action of antiangiogenic agents and, more

specifically, multitargeting agents is crucial to better design

a clinical trial and to rationally choose the target patient

population.
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Interaction of ionizing radiation and ZRBA1, a mixed
EGFR/DNA-targeting molecule
Mitra Heravia, Zakaria Rachidb, Atta Goudarzic, Ava Schlisserc,
Bertrand J. Jean-Claudeb, Danuta Radziocha and Thierry M. Muanzad

ZRBA1 is a molecule termed ‘combi-molecule’ designed to

induce DNA-alkylating lesions and to block epidermal

growth factor receptor (EGFR) tyrosine kinase. Owing to its

ability to downregulate the EGFR tyrosine kinase-mediated

antiapoptotic signaling and DNA repair proteins, we

inferred that it could significantly sensitize cells to ionizing

radiation. Using the MDA-MB-468 human breast cancer cell

line in which ZRBA1 has already been reported to induce

significant EGFR/DNA-targeting potency, the results

showed that: (i) concurrent administration of ZRBA1 and

4 Gy radiation led to a significant decrease in cell viability,

(ii) the greater efficacy of the combination was sequential,

being limited to conditions wherein the drug was

administered concurrently with radiation or before

radiation, and (iii) the efficacy enhancement of the

combination was further confirmed by clonogenic assays

from which a dose enhancement factor of 1.34 could be

observed at survival fraction of 0.01. Flow cytometric

analysis showed significant enhancement of cell cycle

arrest in G2/M (P < 0.046, irradiated cells vs. cells treated

with ZRBA1 and radiation) and increased apoptosis when

ZRBA1 was combined with radiation. Likewise, significant

levels of double-strand breaks were observed for the

combination, as determined by neutral comet assay

(P < 0.045, irradiated cells vs. cells treated with ZRBA1

and radiation). These results in toto suggest that the

superior efficacy of the ZRBA1 plus radiation

combination may be secondary to the ability of

ZRBA1 to arrest the cells in G2/M, a cell cycle phase in

which tumor cells are sensitive to radiation. Furthermore,

the increased levels of DNA damage, combined with the

concomitant downregulation of EGFR-mediated signaling

by ZRBA1, may account for the significant levels of cell

killing induced by the combination. Anti-Cancer Drugs

20:659–667 �c 2009 Wolters Kluwer Health | Lippincott

Williams & Wilkins.
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Introduction
Ionizing radiation is a mainstay of nonsurgical cancer

treatment. Approximately, 75% of nonskin cancer patients

receive radiation therapy at some time during the course

of their disease. Radiotherapy has been successful in local

tumor control [1], and when it is combined with

chemotherapy, radiotherapy also improves overall survival

of cancer patients [2]. Over the last decade, the

combination of ionizing radiation with chemotherapy

has led to marked improvement in local control, organ

preservation, and survival for locally advanced solid

tumors. However, this strategy is limited by the morbidity

resulting from each respective treatment and their

combinations. Targeting tumor-specific defects should

provide an advantage over conventional chemotherapy in

which the major drawback is normal tissue toxicity [3].

In contrast, acquired resistance to DNA-damaging

agents represents a major obstacle in the therapy of

many tumors, including lung, breast, ovarian, and brain

carcinomas. Over the past three decades, several

strategies have been developed to enhance the potency

of DNA-damaging agents, the most common one being

the use of inhibitors of DNA-repair enzymes [4–6].

With the advent of molecular biology, novel markers

associated with reduced sensitivity to DNA-damaging

agents have been identified. This includes signaling

proteins, such as AKT, the activation of which is related

to antiapoptotic signaling. More importantly, several

receptor tyrosine kinases (TKs), which activate AKT-

mediated antiapoptotic signaling, have now been

identified [4,7–9]. One such receptor is the epidermal

growth factor receptor (EGFR), which is activated by

chemical and radiation-induced DNA damage. Impor-

tantly, overexpression of EGFR is associated with

aggressive tumor progression, invasion, and reduced

sensitivity to chemotherapy [10–12]. In addition Yacoub

et al. [13] have shown that the activation of EGFR leads

to expression of DNA-repair proteins, such as XRCC1

and ERCC1.

0959-4973 �c 2009 Wolters Kluwer Health | Lippincott Williams & Wilkins DOI: 10.1097/CAD.0b013e32832cb8bc
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Recently, we developed a novel type of molecule termed

‘combi-molecule’ designed to block the TK activity of

EGFR and its subsequent adverse effect on apoptotic

signaling or its ability to upregulate DNA-repair proteins,

while concomitantly delivering significant DNA lesions to

the cells (Fig. 1) [14,15]. The combi-molecules have now

been shown to indeed inflict strong DNA damage to

tumor cells and to block EGFR [4,16–18]. One such

molecule, ZRBA1, induced significantly higher levels of

apoptosis than the single-targeted EGFR inhibitor,

FD105 [19]. Furthermore, its antiproliferative activity

against MDA-MB-468 breast cancer cells was more

sustained than that of FD105. However, despite its

significant potency, its activity was partially mitigated in

cells expressing the DNA-repair enzyme O6-alkylguanine

transferase (AGT), for example, SF188 AGT + glioma

cells [19]. Thus, despite the strong binary EGFR/DNA-

targeting potency of this agent, its activity remained to be

improved in DNA-repair proficient cells. However, owing

to its mixed EGFR/DNA-targeting mechanism, it could

potentially be developed as a radiopotentiator.

ZRBA1 is designed to induce N7-alkylated and O6-

alkylated lesions in a manner similar to the clinical drug

temozolomide, which is effective in tumors that do not

express AGT. It has been shown that radiation-induced

lesions potentiated the action of temozolomide in the

latter type of tumors [20]. Temozolomide enhancement

of radiation response was imputed to its ability to increase

the degree of radiation-induced DNA double-strand

breaks in the cells [21]. ZRBA1, being able to induce

DNA-alkylating lesions of the same type as temozolo-

mide, if combined with radiation might not only increase

the levels of DNA strand breaks but also inflict different

types of DNA damage, thereby delaying or complicating

the DNA-repair process. In addition to its ability to

downregulate EGFR TK activity and its subsequent

downstream effect on apoptosis and DNA repair, we

proposed that the combination of ZRBA1 with radiation

might translate into significant cell killing. To verify this

hypothesis, we chose to analyze the effect of ZRBA1 plus

radiation on the human MDA-MB-468 breast cancer cell

line that overexpresses EGFR, and in which ZRBA1 has

been proven to exert its binary targeting potency [19].

Materials and methods
Reagents

The cell culture reagents were from Gibco, Invitrogen,

Burlington, Ontario, Canada. Fetal bovine serum was

purchased from Wisent Inc., St-Bruno, Quebec, Canada.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT) and propidium iodide (PI) were from

Sigma-Aldrich, Oakville, Ontario, Canada. The combi-

molecule was synthesized according to the previously

published methods [22]. Iressa (AstraZeneca, Mississauga,

Ontario, Canada) was purchased from the Royal Victoria

Hospital pharmacy in Montreal and was extracted in

B.J.C.s laboratory. The drugs were reconstituted in

dimethyl sulfoxide, the concentrations of which were

kept lower than 0.2% in all experiments.

Cell culture

Human MDA-MB-468 breast carcinoma cells were

obtained from the National Cancer Institute (Bethesda,

Maryland, USA). Cells were cultured in RPMI 1640

(Gibco, Invitrogen, Burlington, Ontario, Canada) supple-

mented with 10% fetal bovine serum, penicillin–strepto-

mycin 1% and kept at 371C in 95% air/5% CO2.
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Irradiation

Irradiation was carried out in our research facilities at

room temperature using a 160 kVp X-ray irradiator

Faxitron FC-160 (Wheeling, Illinois, USA) at a dose rate

of 1.5 Gy/min.

Cell proliferation assay

Growth inhibition was measured using the MTT assay

[23]. Cells were plated at the density of 8000 cells/well

in 96-well plates and subsequently treated with ZRBA1

or Iressa (0–100 mmol/l) alone (for 2 or 24 h) and in

combination with radiation (4 Gy). Cells were washed

with drug-free media and then the fresh media was added

before irradiation. Cells were incubated for 72–96 h

depending on their schedule, after which the MTT

solution was added for 3–5 h. The assay was stopped and

the optical density was measured using a 96-well plate

reader at 750 nm.

Colony-forming assay

Cells were plated at specific cell numbers in six-well

plates. They were treated with ZRBA1 or Iressa, alone for

2 h (36 mmol/l) and in combination with radiation (2, 4, 6,

and 8 Gy). Cells were washed with drug-free media

and then fresh media was added before irradiation.

After 12–14 days, the colonies were fixed and stained

with methylene blue. Only colonies containing more than

50 cells were counted. The plating efficiency (PE) was

calculated by dividing the number of colonies formed in

the untreated control plates by the number of cells

plated. Survival fractions (SFs) were determined as

colonies counted at the specific radiation dose divided

by the cells seeded at the same dose multiplied by PE.

To plot the survival curve, the SFs were normalized

according to the controls (nonirradiated). Radiosensitivity

was measured by dose enhancement factor, which is the

ratio of the radiation doses at SF of 0.1 or 0.01 of nondrug-

treated cells to drug-treated cells [24,25].

Flow cytometry analysis

Analysis of apoptosis by annexin-V binding

Cells were treated with ZRBA1 (50 mmol/l) for 2 h and

were irradiated at 4 Gy. They were harvested and washed

with PBS 1X (Gibco, Invitrogen, Burlington, Ontario,

Canada) at 3, 6, 12, and 24 and 48 h after treatment. They

were labeled with Annexin-V–fluorescein isothiocyanate

and PI according to the manufacturer’s protocol (TACS

apoptosis kit; R&D Systems, Minneapolis, Minnesota,

US). Cells were analyzed by flow cytometry (BD

Bioscience, Mississauga, Ontario, Canada). Data was

collected using logarithmic amplification of both FL1

(FITC) and FL2 (PI) channels. Cells were characterized

as apoptotic when they were positive for Annexin-V

or Annexin-V and PI. Collected data was then analyzed

by CellQuest software (BD Bioscience, Mississauga,

Ontario, Canada).

Cell cycle analysis

Cells were treated with ZRBA1 (25 mmol/l) for 2 h and

were irradiated as described before. They were harvested

and washed 24-h post-treatment after which they were

fixed with ethanol, labeled with PI, and analyzed with a

flow cytometer (BD Biosciences, Mississauga, Ontario,

Canada). Cell cycle distribution was analyzed using the

Mod-Fit LT software package (Verity software house,

Topsham, Maine, US).

Comet assay

The modified neutral comet assay was performed as

described earlier [19,26]. The cells were exposed to a

dose (36 mmol/l) of ZRBA1, Iressa, or FD105 for 2 h,

irradiated at 4 Gy, harvested and resuspended in PBS.

Cell suspensions were diluted to approximately 106 cells

and mixed with agarose (1%) in PBS at 371C in a 1 : 10

dilution. The gels were cast on Gelbond strips (Mandel

Scientific, Guelph, Ontario, Canada) using gel-casting

chambers and then immediately placed into lysis buffer

[2% sarkosyl, 0.5 mol/l Na2EDTA, 0.5 mg/ml proteinase K

(pH 8.0)] [26]. After being kept at 371C overnight, the

gels were gently rinsed with a neutral rinse buffer

[90 mmol/l Tris buffer, 90 mmol/l boric acid, 2 mmol/l

Na2EDTA (pH 8.5)] for 30 min at 371C. Thereafter, the

gels were submerged in fresh neutral rinse in an

electrophoresis chamber and ran at 20 V for 20 min. They

were subsequently rinsed with distilled water, dried with

100% ethanol overnight, and stained with SYBR Gold

(1/10 000 dilution in distilled H2O, supplied from Mole-

cular Probes, Eugene, Oregon, USA) for 1 h. Comets were

visualized at � 330 magnification and DNA damage was

quantitated using the ‘tail moment’ parameter (i.e. the

distance between the barycenter of the head and the

tail of the comet multiplied by the percentage of DNA

within the tail of the comet). A minimum of 50 cells/

comet were analyzed for each sample, using the comet

assay IV imaging software package (Perceptive Instru-

ment, Haverhill, Suffolk, UK).

Subcellular distribution study

MDA-MB-468 cells were plated at 70% confluency in

six-well plates, allowed to adhere overnight and treated

with ZRBA1 for 1 h. Cells were subsequently washed with

PBS twice, and analyzed using a DAPI filter in a Leica

fluorescent microscope (Leica DFC300FX camera; Leica,

Richmond Hill, Ontario, Canada). Pictures were obtained

at a � 400 magnification.

Statistical analysis

The effects of various treatments in all experiments were

compared using two-tailed t-test. Differences with a

P value of less than 0.05 were considered statistically

significant. The data are represented as means and SEM

from multiple independent experiments (± SEM).
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Results
Growth inhibitory effect

To determine the doses required for different combina-

tion with radiation, a dose–response curve was estab-

lished with ZRBA1 and radiation alone in the MDA-MB-

468 cells using the MTT assay.

The half maximal inhibitory concentration for cell

survival for ZRBA1 was 36 and 30 mmol/l after 2 and

24 h exposure, respectively. The dose of radiation

required for killing 50% of the cells was approximately

4 Gy. Thus, combinations were performed with ZRBA1 at

36 mmol/l when doses of radiation were varied, and 4 Gy

when doses of ZRBA1 were altered. The results showed

that concomitant exposure of a dose range of ZRBA1 to

4 Gy leads to an additive effect at the lower doses (when

the two curves overlapped), whereas this effect is not

visible at higher doses. This can be because of the

limitation of the MTT assay (Fig. 2).

ZRBA1, being an alkylator, generated the same alkylating

lesions as temozolomide, which in earlier studies have

been shown to enhance radiation response in human

tumors in a sequence-dependent manner [24]. Thus, we

determined whether sequential administration of ZRBA1

and radiation would lead to different results when

compared with concurrent administration. As depicted

in Fig. 3, in one sequence (Fig. 3a) ZRBA1 was

administered for 2 h and irradiated 24 h later, followed

by 72 h recovery before analysis of cell viability by MTT.

In the second sequence (Fig. 3b), first the cells were

irradiated and then 24 h later ZRBA1 was administered

for 2 h. Cell viability was measured 72 h after drug

treatment. In the third sequence (Fig. 3c), cells were

exposed to the drug for 2 h, and then they were irradiated.

Cell viability was analyzed 96-h post-treatment.

The results showed that the greatest efficacy of the

combination was observed when the drug was adminis-

tered as depicted in the third sequence (Figs 3c and

Fig. 4) according to which the drug and radiation were

administered concurrently. Although drug administration

sequence one (Fig. 3a) also showed significant enhance-

ment, the third sequence (Fig. 3c) showed the most

effective response among the three tested protocols

(P < 0.001, first vs. third sequence; Fig. 3b and c).

Therefore, it seems that for effective combination, drug

administration must precede or be concurrent with radiation.

Clonogenic assay

To confirm the significant results obtained from the

MTT assay, a clonogenic study was conducted. ZRBA1

was administered (36 mmol/l) for 2 h and the dose range of

radiation was applied (0–8 Gy). After 14 days, PE of

control cells was approximately 20%. SFs at multiple

radiation doses were calculated and were normalized to

the controls, which were the cells treated with drugs only

(SF of 0.14 for ZRBA1). Normalized SF values without

and with ZRBA1 at the dose of 2 Gy were 0.477 and

0.351, respectively, and at the dose of 4 Gy were 0.117

and 0.062, respectively. The survival curves were plotted

based on the normalized SFs. Radiosensitivity was

measured by dose enhancement factor (discussed in the

Materials and methods) and the values were 1.23 ± 0.073

at SF of 0.1 and 1.34 ± 0.052 at SF of 0.01, which are
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indication of increased sensitivity of cells treated with

ZRBA1 at these SFs (Fig. 5). In addition, ZRBA1 was able

to enhance the radiation effect more than Iressa at

radiation dose of 4 Gy and higher (Fig. 5).

Cell cycle effect

Considering that ZRBA1-induced DNA damage is known

to be associated with cell cycle arrest in G2/M [27], it was

determined whether a cell cycle rationale could be used

to account for the greater efficacy of the ZRBA1 plus

radiation combination. Indeed, 24 h after ZRBA1 admin-

istration, significant cell arrest in G2/M was observed.

When irradiation was performed at this time point and

analyzed 24 h later, an even more significant increase in

cell accumulation in G2/M phase of the cell cycle was

observed (P < 0.046, radiation vs. radiation and ZRBA1)

(Fig. 6a and b). This suggests that a strong cell cycle

arrest in G2/M precedes cell death after exposure to

ZRBA1 plus radiation.

DNA damage

To determine whether the enhancement of G2/M arrest

was associated with elevated DNA damage, a neutral

comet assay was performed with cells treated with

FD105, Iressa, ZRBA1 or radiation, and the corresponding

combination. A significant increase in levels of DNA damage

was observed for the radiation plus ZRBA1 combination

when compared with radiation alone (P < 0.045) or treat-

ment with ZRBA1 alone (P < 0.029) (Fig. 7).

Apoptosis

To determine whether the EGFR inhibitory activity of

ZRBA1 combined with radiation-induced DNA damage

translates into high levels of apoptosis, an annexin-V-

binding assay was performed with cells exposed to

radiation and ZRBA1 alone or in combination. As it is

shown in Fig. 8, each treatment (radiation or drug alone)

increased the levels of apoptosis particularly at 6 and 48 h

post-treatment. Although the combination of drug and

radiation seemed to have higher apoptosis level compared

with each treatment alone, the P value did not reach the

statistical significance.

ZRBA1 biodistribution

The combi-molecule ZRBA1 is known to decompose into

methyldiazonium, which damages DNA, and FD105,

which inhibits EGFR TK. As FD105 fluoresces blue, its

subcellular distribution could be characterized by fluor-

escence microscopy. Ionizing radiation being a radical

generator, this experiment was designed to verify whether

it affected the chemical decomposition of ZRBA1,

thereby altering its cellular distribution. As outlined in

Fig. 9, it was assumed that the hydroxyl radical generated

by radiation could damage the triazene chain, thereby

leading to a non-DNA-alkylating moiety and the barely

fluorescent unsubstituted 4-anilinoquinazoline. The

results showed that the levels and localization of

fluorescence intensity generated by the combi-molecule

in the absence or presence of radiation were identical,

suggesting that ionizing radiation neither affects the

chemistry nor the localization of the drug in the cells

(Fig. 10).

Discussion
The overexpression of EGFR is associated with induction

of DNA repair enzymes that reverse lesions induced by

Fig. 4
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cytotoxic DNA-damaging agents. We have shown earlier

that ZRBA1 was capable of downregulating EGFR-

mediated signaling, damaging DNA and inducing sig-

nificant levels of apoptosis in MDA-MB-468 cells [19]. In

contrast, radiation has been shown to potentiate the

action of temozolomide, an alkylating drug of the triazene

class capable of inducing DNA alkylation in a manner

similar to ZRBA1. Thus, it would be of interest to

investigate the efficacy of the combination of ZRBA1 that

can block EGFR, damage DNA by alkylation, with
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ionizing radiation, a DNA double-strand break inducer.

It is thus inferred that owing to the mixed EGFR/DNA-

targeting potency of ZRBA1, it could behave as an

efficacious radiopotentiator. Here, it was shown that

the combination of ZRBA1 with radiation has a greater

efficacy against MDA-MB-468 cells in comparison with

single-modality treatment. More importantly, the effect

was sequence-dependent. ZRBA1 must be administered

before or concurrent with radiation for greater efficacy to

be observed. Although the molecular mechanisms under-

lying the significance of these sequences remained to be

elucidated, the results can be analyzed on the basis of a

cell cycle rationale. We have shown herein that, ZRBA1 is

capable of inducing significant cell cycle arrest in G2/M

24-h post-treatment with 40% of cells being blocked

in G2/M and it is common knowledge that G2/M cells

are exquisitely sensitive to radiation [28]. Therefore,

enhanced cell killing was observed when the G2/M

population of cells was irradiated 24 h post ZRBA1

treatment. G2 being a phase of the cell cycle wherein

the final DNA-repair processes are triggered, inflicting

double DNA strand breaks with ionizing radiation may

further delay the repair, thereby committing the cells to

apoptosis and death. It was also shown here that ZRBA1

induces double-strand breaks approximately two times

more than Iressa or FD105, and when it is combined with

radiation the double-strand break induction also seems

to be higher than the combination of radiation with Iressa

or FD105; however, the P value was not statistically

significant (P > 0.05). Furthermore, the ability of ZRBA1

to downregulate EGFR-mediated signaling, as reported

earlier, may contribute to the enhancement of cell death

observed at cytotoxic concentration (although here the

observed apoptosis was not statically different when

comparing single-modality treatment vs. combined treat-

ment). The results showed that the level of apoptosis

induced by ZRBA1 seems to be higher than apoptosis

induced by radiation alone. It is speculated that this

finding is because of the significant potency of ZRBA1.

This will be further clarified by studying the proportion

of induced apoptosis while altering the sequence of drug

administration when combined with ionizing radiation.

Downregulation of EGFR is associated with that of the

AKT pathway that is known to activate the antiapoptotic

signaling. Another possibility is that the observed cell

killing or the decreased colony survival in the data

could be because of other modes of cell death, such as

mitotic catastrophe.

Triazene molecules are extremely sensitive to radicals

that can cleave the triazene linkage. Therefore, ZRBA1

being a triazene was tested whether its combination with

radiation known to induce the formation of hydroxyl

radical would affect intracellular decomposition. Combi-

molecules of the same class as ZRBA1 are known to

decompose in the cells into a fluorescent aminoquinazo-

line (e.g. FD105). Thus, we sought to verify whether the
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ZRBA1 decomposition would be affected by radiation. It

seemed that the distribution of ZRBA1 in the presence or

absence of radiation was identical, indicating that ionizing

radiation had no effect on the chemical decomposition or

the biodistribution of ZRBA1, a debility that could affect

its development as a radiomodulator. This is further

corroborated by the fact that, as shown in this study, the

combination increases the levels of DNA lesions incurred

by the cells in the presence of radiation.

In summary, this study conclusively showed that a combi-

molecule of the type of ZRBA1 can be used to enhance

radiation-induced cytotoxicity in a sequence-dependent

manner by increasing the levels of DNA damage and cell

cycle arrest in G2/M. These results set premise for

further investigation on the molecular mechanism under-

lying the observed effect and the demonstration of the

efficacy of this novel type of combination in vivo.
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