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Abstract 

 
Lung cancer is the leading cause of cancer death and leads approximately to 1.18 million deaths each year 

worldwide. Chemotherapy, radiotherapy, antibodies and small molecules are clinically used to treat lung cancer. 

Chemo- and radiotherapy trigger apoptosis through provoking an enormous amount of DNA damage.  

Antibodies and small molecules work on the epidermal growth factor receptor (EGFR), a cell surface receptor 

involved in cancer development and progression. Antibodies, which are used to inhibit epidermal growth factor 

receptor signaling, work on the extracellular domain of the EGFR. Antibodies bind to the ERF receptor to block 

the binding of epidermal growth factor (EGF), which inhibits the normal function of the EGFR such as cell 

proliferation, angiogenesis, invasion, metastasis, blocking of differentiation and apoptosis inhibition. Small 

molecules, which are also used to target the EGFR, work both on the extracellular and intracellular domain of 

the EGF receptor. Extracellularly, the small molecules bind to the EGFR to block the activation of the EGF 

receptor. Intracellularly, small molecules compete with ATP in binding to the tyrosine kinase domain of the EGF 

receptor. Binding of small molecules to the tyrosine kinase domain leads to inhibition of cell proliferation, 

angiogenesis, invasion and metastasis; because the kinase domain does not become activated by ATP and can no 

longer exert its function. Because none of these treatments work efficiently in all lung cancer patients, combined 

treatments become a substantially interest. The most promising therapy is the Cetuximab antibody combined 

with chemo- and radiotherapy. It is shown that this combination is effective, although the mechanism behind this 

improved effect is still uncertain. In this literature thesis I will discuss a number of mechanisms that may explain 

the improved effect of Cetuximab combined with radio/chemotherapy. First, I will discuss the influence of 

membrane composition on EGFR and checkpoint signaling. Second, the effect of DNA damage on EGFR levels 

will be analyzed. Third, I will discuss cell cycle kinetics in response to EGFR inhibition. Finally, the 

intracellular trafficking of the EGFR will be analyzed. In conclusion, I will discuss potential molecular 

mechanisms of EGFR inhibition combined with chemo- and radiotherapy.  

 



 

   

Index 

 
Introduction          Page 1 

EGF receptor           Page 2 

EGF receptor in normal tissue and cancer        Page 4 

Therapy through EGFR blocking         Page 4 

• Antibodies          Page 5 

• Small molecules        Page 6  

DNA damage in cancer therapy        Page 7 

Effect of EGFR inhibitors combined with Chemo– and Radiotherapy    Page 11 

Why is there an effect of the combined treatment      Page 12 

Conclusion          Page 14 

References          Page 16 

 

  

 

 

 

 



 

   1 

Introduction 

Lung cancer is the leading cause of cancer death for both men and women. In Europe, 385 300 new cases of lung 

cancer were diagnosed (12,1 % of all diagnosed cancers) and 334 800 lung cancer patients die (19,7 % of total 

cancer deaths) in the year 2006 (Ferlay et al., 2006). In 2002, there were 1.35 million cases and approximately 

1.18 million deaths world-wide (Parkin et al., 2002).  The biggest cause of lung cancer is tobacco smoking, 

which based on data from 2000, result in estimated 85% of lung cancer in men and 47% in women (Parkin et al., 

2002). The percentage in men is much higher, because men started earlier with tobacco smoking than women. 

As a consequence, almost two and a half times more men than women have lung cancer; 965 241 men and 386 

891 women, respectively (Parking et al., 2002). The percentages of lung cancer patients who die from the disease, 

are 87, 9 % of male patient and 85, 5 % of female patients (Parkin et al., 2002). 

Two types of lung cancer are recognized; small cell lung (SCL) cancer and non-small cell lung (NSCL) cancer 

(e.g. adenocarcinoma, squamous cell carcinoma, large cell carcinoma, Collins et al., 2007). These categories are 

used for treatment decisions and determining prognosis. Small cell lung carcinomas (SCLC) are highly 

aggressive and are almost always caused of tobacco smoking. SCLCs are rapidly growing and around 60 % of 

the patients have widespread metastasis at time of diagnosis (Collins et al., 2007). Although initially there is a 

good response to chemotherapy, the prognosis for SCLC patients is very poor (Collins et al., 2007). In contrast, 

NSLC is less aggressive and grows slower. The prognosis for NSCL cancer is much better. Complete surgical 

resection is currently the best treatment for non small cell lung carcinomas. But only 25 % of all patients are 

suitable of surgical treatment (Jensen et al., 2006). In about 40 % of the patient there will be metastasis at time of 

diagnosis (Collins et al., 2007). The most common form of lung cancer is the non-small cell lung cancer (85%, 

Stinghcombel et al., 2009). In this study I will only focus on NSCL, because of its high incidence. 

Currently, non-small cell lung cancer is clinically treated by using surgical resection, radiotherapy, 

chemotherapy and EGF receptor inhibitors. Because none of these treatments have a sufficient response on all 

NSCL patients, more and more interest has been expressed in combining several therapies to treat lung cancer 

optimally. In this study, I will analyze the current scientific literature concerning the treatment using EGFR 

inhibitors combined with radio- or chemotherapy. Specifically, I will focus on the question whether this is a 

better or worse treatment for lung cancer than the therapies separately. I will also try to find an explanation why 

these combined treatments works better or worse.      
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Figure 1: Pathway activation by EGFR.  Epidermal Growth 

Factor binding to the EGFR causes activation of an intracellular 

cascade that leads to metastasis, angiogenesis, proliferation and an 

inhibition of apoptosis and differentiation. (Sebolt-Leopold et al., 

2006)  

 

EGF receptor  
 

The Epidermal Growth Factor receptor (EGFR) is a cell surface tyrosine kinase receptor, involved in cancer 

development and progression (Imai et al., 2006). The EGF receptor is a family member of the epidermal growth 

factor receptor family, which contains of four subgroups: EGFR (ErbB-1), an important receptor in lung cancer, 

HER2/c-neu (ErbB-2), an important receptor in breast and ovarian cancer, Her 3 (ErbB-3) and Her 4 (ErbB-4), 

both important in endometrial cancer (Slamon et al., 1989; Srinivasan et al., 1999; Imai et al., 2006). 

The EGF receptor is a 170 kDa transmembrane glycoprotein that consists of an intracellular domain, with a 

tyrosine kinase domain and an extracellular domain, a binding place for specific ligands (Ciardiello et al., 2004). 

Ligand binding (such as Epidermal Growth Factor) to 

the extracellular domain of the EGF receptor result in the 

activation of a cascade of intracellular signals, which 

control (directly or indirectly) cell proliferation, 

angiogenesis, invasion and metastasis (Figure 1, 

reviewed in Sebolt-Leopold and English, 2006). After 

ligand binding to a single chain EGF receptor, the 

receptor forms a dimer that leads to autophosphorylation 

of the intracellular domain of the receptor (the protein-

tyrosine kinase domain). Docking protein such as GRB2, 

contain SH2 domains that bind to the phosphorylated 

residues of the activated receptor. Subsequently GRB2 

binds the exchange factor Son-of-Sevenless (SOS) 

through the SH3 domain of GRB2. When the GRB2-

SOS complex binds to the phosphorylated EGF 

receptor, SOS becomes activated. The exchange 

factor SOS, with cooperation of GRB2, replaces the 

GDP into a GTP to activate Ras. Activated Ras leads to the activating of two pathways: The mitogen-activated 

protein kinase pathway (MAPK pathway) and the phosphatidylinositol-3-OH kinase pathway (PI(3)K pathway).  

In the MAPK pathway, Ras activates B-raf which causes the phosphorylation and the activating of the specific 

MAP kinases: MEK1 and MEK2 (reviewed in Sebolt-Leopold and English, 2006). Activated MEK 

phoshorylates ERK1 and ERK 2 (extracellular signal-regulated kinase), which can translocate across the nuclear 
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membrane, resulting in the activation of numerous transcription factors: ELK1, oestrogen receptor (ER), Myc, 

peroxisome proliferator-activated receptor-γ (PPAR-γ) and other transcription factors (Davids, 1995; Camp and 

Tafuri, 1997; Sebolt-Leopold and English, 2006). ELK1, Myc and PPAR-γ are all transcription factors. 

Furthermore the oestrogen receptor was thought only to play a role in breast cancer, although Giovannini et al. 

showed that there is an interaction between ER and the EGF receptor (Giovannini et al., 2008). Treatment with 

oestradiol causes a decrease in EGFR expression, whereas treatment with anti-oestradiol causes an increase in 

EGFR expression. In addition, Nijkawa et al. showed that 73% of non-small cell lung carcinomas (NSCLC) 

express higher concentration of estradiol in carcinoma issues than the corresponding non-neoplastic lung tissues 

from the same patient, and intratumoral oestradiol concentrations were significantly higher than the 

corresponding non-neoplastic lungs (Nijkawa et al., 2008). The intratumoral concentration of oestradiol was 

positively correlated with tumor size (Niikawa et al., 2008). Activated ERK also phosphorylates cytoplasmic p90 

ribosomal protein S6 kinase (RSK), leading to phosphorylation and inactivation of the pro-apoptotic protein 

BAD (reviewed in Sebolt-Leopold and English, 2006). RSK activation further promotes cell survival by leading 

to the phosphorylation of cyclic AMP responsive element binding (CREB), a transcription factor protein. ERK 

also phosphorylates the Signal Transducers and Activator of Transcription (STAT). STAT is actively transported 

in the nucleus after phosphorylation. In the nucleus the protein activates transcription of the genes that regulates 

many aspects of cell growth, survival and differentiation (Sebolt-Leopold and English, 2006). 

In the PI(3)K pathway, activated Ras interacts with PI(3)K to generate second-messenger lipids that are critical 

for activation of numerous target proteins, including the survival signaling kinase AKT/protein kinase B (PKB) 

(reviewed in Sebolt-Leopold and English, 2006). AKT provides strong anti-apoptotic signals through its 

negative regulation of Raf, forkhead transcription factors that play important roles in regulating the expression of 

genes involved in cell growth, proliferation, differentiation,  longevity and BAD, an pro-apoptosis protein 

(Sebolt-Leopold and English, 2006). The PI(3)K–AKT pathway is also important in modulating mammalian 

target of rapamycin (mTOR), which is a serine/threonine kinase that acts as a central sensor for nutrient/energy 

availability, thereby regulating cell growth in response to the environment (Sebolt-Leopold and English, 2006). 

In conclusion, activating of the EGF receptor by Epidermal Growth Factor leads to a cascade of intercellular 

signals involving proteins in both the MAPK pathway as well as the PI(3)K pathway, which can both lead to cell 

proliferation, angiogenesis, invasion, metastasis, and inhibition of differentiation and apoptosis.  
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Fig. 2. Mechanism of EGFR blocking. A. Binding of EGF cause activation of 

signaling pathways leading to abnormal activities as proliferation, differentiation, 

invasion, metastasis, angiogenesis, cell survival and cell-cycle progression.  

B. Blocking of the EGF receptor by binding small molecules (above) and by 

binding antibodies (below). Both bindings lead to inhibition of tyrosine 

phosphorylation of the EGF receptor. (Imia et al., 2006) 

EGF receptor in normal tissue and cancer 

Between 40 and 80 percent of non small cell lung cancer show an enhanced expression of the EGF receptor 

(Ciardiello et al., 2004).  Overexpression of the EGF receptor can be caused by an increased number of EGFR 

genes in the DNA (gene amplification) and by mutations in the DNA that lead to an increased number of EGFR 

gene transcripts and translations. EGFR gene amplification is observed only in approximately 10% of NSCLCs 

(Ciardiello et al., 2004).  Thus, in most cases enhanced transcriptions or related processes are responsible for 

higher levels of the EGFR. The enhanced expression of the EGF receptor causes, through the earlier explained 

mechanism, cancer proliferation, angiogenesis, invasion and metastasis. All of these changes are beneficial for 

the cancer to develop and survive.  

The EGF receptor can also be mutated itself. Of the women 16,8 % showed an EGFR mutation and only 2,7 % 

of the men showed an EGFR mutation (Tapia et al., 2009). The likelihood that a female patient has an EGFR 

mutation in a lung carcinoma is four times bigger than in male patients (Tapia et al., 2009). The mutations affect 

mostly the N-lobe (exon18-20) and the C-lobe (exon 21) of the EGFR kinase domain (Kancha et al., 2009). 

Furthermore, Tapia et al. showed that the majority of mutations are in residues 747—750 of exon 19 (50% of the 

mutations), followed by a percentage of 12,5 % in the L858R point mutation of exon 21 (Tapia et al., 2009; 

Costa et al., 2007).   

 

 

Therapy through EGFR blocking  

At the moment there is much research 

aiming to find a treatment for lung cancer, 

which works for all patients. It is very 

difficult to develop an effective treatment, 

because the mechanisms of cancer are so 

complex and medicines can target all 

involved proteins of the pathways.  Many 

studies have investigated the blocking of 

components in the EGFR pathway, 

activated by growth factor binding to the 

EGF receptor. Promising results for 

example with BAY 43-9006, an inhibitor 
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of Raf Kinase, CCI-779 (Temsirolimus) and RAD001 (Everolimus), both mTOR inhibitors have been reported 

(Lyons et al., 2001; Katzel et al., 2009). In this study, I shall look at therapies based on the source of these 

pathways; inhibition of the EGF receptor.  

Therapies that block the EGF receptor can be divided in two groups (figure 2). The first group blocks the EGF 

receptor by using monoclonal antibodies. The second group blocks the intracellular domain of the receptor (the 

protein-tyrosine kinase domain) by using small molecules to block EGFR-mediated  signal transduction which 

can normally lead to proliferation, metastasis, angiogenesis, and the blocking of apoptosis and differentiation 

(reviewed in Imia et al., 2006). Below these, different agents are discussed in more detail.  

 

 

Antibodies 

Antibody-mediated therapy is generally designed to block the EGF receptor on its extracellular part. Antibodies 

bind to the EGF receptor to block the binding of Epidermal Growth Factor, which normally leads to the cascade 

of intracellular signaling that causes proliferation, metastasis, angiogenesis and the blocking of apoptosis and 

differentiation. An example of a monoclonal, EGF receptor inhibiting antibody which is already used in 

treatments is Cetuximab, also known as C225 and Erbitux (Imia et al., 2006). Cetuximab is a human-mouse 

chimeric monoclonal antibody (IgG1 subtype, Katzel, et al., 2009). Cetuximab alone inhibited the in vitro 

growth of some but not all EGFR-expressing NSCLC cell lines in a dose-dependent manner (Beselga et al., 

2000; Raben et al., 2005). Interestingly, EGFR expression did not always correlate with growth inhibition 

(Raben el al., 2005). Study of Raben et al. showed that Cetuximab reduced EGF-induced phosphorylation of 

EGFR only in Cetuximab-sentivive cell lines, but not in Cetuximab-resistent cell lines (Raben et al., 2005).  

Surprisingly, Cetuximab reduces EGF-induced phosphorylation of extracellular regulated kinases 1,2 (pERK) in 

all EGFR-expressing cell lines (Raben et al., 2005). 

At present, also other monoclonal antibodies are tested. Panitumumab and Matuzumab are targeting EGFR at 

different epitopes. Panitumumab is a fully human antibody (IgGk2 subtype) and binds to domain III of the 

EGFR, the same domain as Cetuximab (Katzel et al., 2009). Matuzumab is a humanized antibody (IgG1 subtype, 

90% human and 10 % murine) and binds to a distinct portion of domain III. Matuzumab sterically blocks the 

domain rearrangement required for high-affinity binding and receptor dimerization (Katzel et al., 2009). 
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Small molecules  

In contrast to EGFR antibodies that only work on the extracellular part of the EGFR, the small molecules target 

the EGFR both on the intracellular and the extracellular part (Imia et al., 2006).  Extracellularly, the small 

molecules bind to the EGF receptor to block the activation of the EGF receptor. Intracellularly, the small 

molecules bind the tyrosine kinase domain which causes the inability for ATP to bind. The tyrosine kinase 

domain does not become activated, consequently the cascade of intercellular signals can not occur.  

It is not new to use small molecules for blocking kinases, many medicines are aimed at the blocking of kinases 

(De Azevedo et al., 1996; Rabindran et al., 2004). Small molecules are created in a way that they resemble ATP, 

which normally bind to the ATP binding pocket of a kinase. Kinases convert ATP into ADP and use the free 

phosphor molecule to modify a substrate. Treatment with small molecules for EGFR inhibition also uses this 

mechanism. Small molecules bind kinase in the ATP binding pocket and because of its high affinity it is an 

irreversible reaction. If ATP binds to kinase and becomes ADP the affinity decreases, accordingly this reaction is 

reversible. ATP is no longer able to bind the kinase and therefore the substrate will not be phosphorylated.      

Examples of small molecules that are already used in the clinic are Gefitinib (Iressa) and Erlotinib (Tarceva). 

Gefitinib and Erlotinib specifically inhibit the EGF receptor (Ready et al., 2005). Small molecules are able to 

translocate through plasma membrane and interact with the intracellular domain of the receptor and intracellular 

signaling molecules in competition with ATP. If ATP is not able to bind because of the already bound small 

molecules, phosorylation will not occur and the cascade of intracellular signals will not be activated. 

Clinically, the treatment with Gefitinib and Erlotinib seems partially successful. Yang et al. showed an overall 

response to Gefitinib treatment of 50.9% (Yang et al., 2008). Although Imia et al. showed responses in only 10 

to 20% of previously treated patients, in both Gefitinib and Erlotinib treatment (Imia et al., 2006). Imia et al. also 

showed that Erlotinib significantly prolonged the survival of patients with NSCLC, whereas Gefitinib did not 

significantly improved survival (Imia et al. 2006). 

Patients with deletions in exon 19 or exon 21 L858R EGFR mutations had statistically higher response rates to 

Gefitinib compared with patients with other types of EGFR mutations, or wild-type EGFR tumors (Yang et al., 

2008).  The response rate and median time to treatment failure (TTF) of the patients with exon 19 deletion were 

respectively 95.0% and 8.9 months and for exon 21 L858R mutation 73.9% and 9.1 month (Yang et al., 2008). 

In addition, Costa et al. showed that response rates (complete response + partial response) for exon 19 deletion 

and L858R patients were 80.3% and 81.8% respectively (Costa et al., 2007). Katzel et al. also showed that 

patients with EGFR mutations have a significant higher response rate on Gefitinib (Katzel et al., 2009). While 
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the patients without an EGFR mutation have a significant higher response on chemotherapy (Katzel et al., 2009). 

Patients receiving Gefitinib have an improved quality of life score compared with patients receiving 

chemotherapy (Katzel et al., 2009). Rosell et al. showed that mutations in the EGFR tyrosine kinase domain also 

benefit in treatment with Erlotinib. (Rosell et al., 2009) The median survival exceeded 28 months in patients 

with EGFR mutations treated with Erlotinib, with a median time to progression of 13 months and a two-year 

survival of 73.3% (Rosell et al., 2009). In addition Ready et al. showed increased likelihood of responding to 

both Gefitinib and Erlotinib (Ready et al., 2005). Mutations in exon 20 (T790M and A767-V769) are associated 

with resistance against EGFR inhibitors (such as Gefitinib and Erlotinib). The T790M mutation is responsible 

for 50 % of the secondary resistance (Tapia el al., 2009). This mutation changes the three-dimensional structure 

of the ATP bindings place with the consequences that Erlotinib and Gefitinib can not bind anymore (Tapia et al, 

2009). Overall, it thus appears that the mutation status of the EGF receptor determines the response rate.  

 

 

DNA damage in cancer therapy       

Chemo- and radiotherapy are often clinically used to treat non small cell lung carcinomas. Both chemotherapy 

and radiotherapy lead to damage in the DNA, especially double stand breaks (DSB). The goal of both therapies 

is to activate apoptosis by causing high doses of DNA damage.  

Radiotherapy leads to a range of biochemical lesions in the genomic DNA. The lesions that cause the most cell 

death are the double strand breaks, which can be induced directly through ionization of the DNA and indirectly 

by the generation of free radials (Ross et al., 1999). Chemotherapy leads especially to double strand breaks in the 

DNA, although the particular mechanism is still uncertain. As a chemo-therapeutic regimen, Cisplatin (Pt) and 

other platinating agents are some of the most widely used agents for treating lung cancer (Wagner et al., 2009). 

In this study, I will therefore only focus on Cisplatin. The majority of (small) lesions made by 

radio/chemotherapy, are quickly repaired by highly conserved enzymic pathways. Some lesions are not repaired 

correctly (misrepaired lesions), which may lead to changes of the cell phenotype (Ross et al., 1999). Although 

cells can adapt to low levels of irreparable damage, it can be sufficient to kill a cell if the DNA has double strand 

breaks by triggering apoptosis. Cell death occurs when a cell is not able to repair DNA damage completely 

accurately to protect the cell from the changing of genetic information (Ross et al., 1999).  

In response to DNA damage, the DNA damage checkpoint is activated. To activate the DNA damage checkpoint, 

DSB ends must first undergo extensive 5’-to-3’ end resection to generate 3’ ssDNA tails (Figure 3). Studies in 

yeast and other organisms have provided evidence that in dividing cells, such tails are first engaged by the 
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Fig. 3: Activating of the DNA damage Checkpoint. 
Chemo/radiotherapy leads to double strands breaks. DSBs are 

processed nucleolytically to expose 3’ ssDNA tails that are 

immediately bound by RPA. The RPA-coated ssDNA recruits 

the ATR–ATRIP complex, leading to the activation of ATR 

and downstream effectors such as Chk1 to initiate the 

checkpoint signaling cascade. For HR repair to occur, RPA is 

dislodged from the ssDNA and replaced by Rad51 with the 

assistance of recombination mediator proteins, such as 

BRCA2, to form the presynaptic filament. (Raynard et al., 

2008)  

ssDNA-binding protein replication protein A (RPA), and that 

the RPA-coated ssDNA plays a key role in DNA damage 

checkpoint activation by recruiting the PI3 kinase ATR (Mec1 

in yeast) through its associated protein ATRIP (Ddc2 in yeast) 

(Cortez et al., 2001; Zou and Elledge, 2003). The ATR-

mediated phosphorylation of downstream effector proteins, such 

as Chk1, leads to the induction of cell cycle arrest and thus 

facilitates DNA damage repair (Liu et al. 2000). DSBs are 

exposing 3’ ssDNA tails that are immediately bound by RPA. 

The RPA-coated ssDNA recruits the ATR–ATRIP complex, 

leading to the activation of ATR and downstream effectors, 

such as Chk1, to initiate the checkpoint signalling cascade.  

Checkpoint activating leads to cell cycle arrest, DNA repair or 

if it is impossible to repair the cell, to apoptosis. (Raynard et 

al., 2008).   

Very important proteins in checkpoint activation are ataxia telangiectasia mutated (ATM) and BRCA1/2. ATM 

is a Ser/Thr protein kinase and is a member of the phosphoinositide 3-kinase (PI3K)-related protein kinase 

(PIKK) family, which also includes ATM and Rad3-related protein (ATR), the catalytic subunit of DNA-

dependent protein kinase (DNA-PKcs) and SMG1, a protein kinase that is involved in the DNA-damage 

response (Lavin, 2008). ATM, the product of the AT gene, is emerging as another key participant in the cellular 

response to ionizing radiation. Sequence comparisons between human mutated in ataxia telangiectasia (ATM) 

and mouse ATM suggest that the gene is a member of a family of genes involved in cell cycle regulation (TOR1, 

TOR2, MEC1 of Saccharomyces cerevisiae and rad3 of S. pombe), telomere length monitoring (TEL1 of S. 

cerevisiae), meiotic recombination (MEC1 of S. cerevisiae and mei41 of Drosophila melanogaster) and DNA 

repair (DNA-PK), supporting a key role for ATM in DNA DSB repair and cell cycle regulation (Ross et al., 

1999). In vitro, cells derived from AT heterozygotes demonstrate increased radio sensitivity in comparison with 

normal individuals, as measured by chromosomal damage (Ross et al., 1999).  In vivo, defect in the AT gene 

which is seen by alexia telangiectasia patients, leads to the inability to repair DNA damage (Lavin, 2008). The 

AT gene, is localized to chromosome 11q22–23 and encodes for ATM, which activates p53 (figure 4, Khanna et 
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Fig. 4: Mechanism of activating DNA damage repair and DNA damage 

checkpoints.  DSB leads to activation of ATM, which activates p53 

(Khanna et al., 2001) 

al., 2001; Lavin, 2008). P53 plays a role in activation of the G1- S phase checkpoint and DNA repair (Lavin, 

2008). Both processes are damaged in Alexia telangiectasia patients, what often leads to development of cancer.  

BRCA1 and BRCA2 are also important proteins in 

checkpoint activation. Both proteins are co-

regulated in the cell cycle and associate with 

human RAD51, the eukaryotic equivalent of the 

bacterial recombination protein, recA, which is 

involved in repair of DSBs and chromosome 

maintenance (Wang et al., 2001; Ross et al., 1999). 

This similarity could indicate a role for both genes 

in the same DNA damage response pathway, either 

directly involved in repair, or via low level 

overexpression of p53 induced by failure of repair.  

Checkpoint activation gives the cell time to repair the DNA damage. There are two mechanisms for DNA double 

strand break repair: non-homologous end-joining (NHEJ) and homologous recombination (Hendrikson et al., 

1997; Khanna et al., 2001). In the Homologous recombination (HR) extensive homology between the region of 

DNA with a double strand break and the repair template is required. This pathway involved the RAD52 complex, 

that acting mainly at late S/G Phase (Hendrikson et al., 1997; Khanna et al., 2001). HR requires Rad52, a DNA-

end-binding protein, and Rad51, which forms filaments along the unwound DNA strand to facilitate strand 

invasion. First the DNA ends resected in the 5’ to 3’ direction by nucleases (Khanna et al., 2001). The resulting 

3’single-stranded tails then invade the DNA double helix of an undamaged, homologous partner molecule. The 

3’single-stand is extended by DNA polymerase, which copies the information from the undamaged partner DNA. 

After branch migration, the resulting DNA crossovers (also called Holliday junctions) are resolved to yield two 

intact DNA molecules.  

In the non-homologous end-joining repair (NHEJ), the DNA-dependent protein kinas (DNA-PK) and the 

RAD50 (act predominantly during G1/early S phase) complex are involved (Hendrikson et al., 1997; Khanna et 

al., 2001). NHEJ does not require an undamaged DNA partner and does not rely on extensive homologies 

between the two recombining end. The two ends are ligated together, sometimes after degradation at the termini 

(Khanna et al., 2001). NHEJ is often prone to error, and small sequential deletions are usually introduced. DNA 
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Fig. 5: Schemic representation of Cisplatin adducts. The 

plastinated nucleosides are underlined. (Wozniak et al., 2002 ) 

DSBs are considered to be particularly biologically important because their repair is intrinsically more difficult 

than that of other types of DNA damage (Khanna et al., 2001).  

If DNA damage is not fully repaired, apoptosis is trigged. A major pathway of radiation-induced apoptosis 

involves DNA damage and subsequent induction of a range of genes including ataxia telangiectasia (AT) and 

p53 (Ross et al., 1999). In the presence of DNA damage, p53-dependent gene transcription is increased and 

ubiquitin-dependent degradation of the protein is blocked leading to induction of apoptosis and/or cell cycle 

arrest (Ross et al., 1999).. Activation of p53 is mediated via stress-activated protein kinases. In its latent state 

p53 can not bind DNA, and it requires phosphorylation to function as a transcription factor. Recent data suggest 

that DNA-PK is required for the p53 response (Woo et al. 1998). DNA-PK modifies the amino-terminal region 

of p53, which controls its interaction with the transcriptional apparatus and with MDM2 (Ross et al., 1999).  

Radio/chemotherapy also triggers apoptosis. Radiotherapy can lead to apoptosis though the high amount of DNA 

damage. Chemotherapy can lead to apoptosis though the forming of Platinum adducts on genomic DNA (Pt-

DNA), primarily on adjacent guanines.  These Pt–DNA adducts inhibit fundamental cellular processes, including 

replication, transcription, translation and DNA repair by recruiting DNA damage recognition proteins leading to 

apoptosis. (Ramachandran et al., 2009; Wozniak et al., 2002). Cisplatin exerts its anti-proliferative effects by 

creating intrastrand and interstrand DNA crosslinks (figure 5), which block DNA replication (Woznaik et al., 

2002; Wagner et al., 2009).  Intra- and interstrand 

crosslinks, may cause major local distortions of DNA 

structure, involving both bending and unwinding of the 

double helix (Wozniak et al., 2002). In the case of bulky 

adducts such as intrastrand crosslinks (which comprise 

the majority of platin-induced lesions), the stalled 

replication fork triggers the mono-ubiquitylation, a 

regulatory signal, of Proliferating Cell Nuclear Antigen 

(PCNA, Wagner et al., 2009). Ubiquitylated PCNA then 

recruits one or more translesion synthesis (TLS) polymerases, which have active sites that can accommodate 

bulky lesions, thereby allowing error-prone bypass of the lesion (Wagner et al., 2009). In contrast, interstrand 

crosslinks, which account for a few percent of cisplatin-induced DNA lesions, are far more cytotoxic and cannot 

be simply bypassed (Wagner et al., 2009). Instead, their repair involves a complex interplay between a series of 

DNA repair pathways, including the translesion synthesis and homologous repair (HR) pathways.  While the 
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complete mechanistic details of how these pathways accomplish this repair remain unknown, it is clear that 

defects in these pathways dramatically sensitize cells to agents that cause interstrand crosslinks, including the 

platinating agents (Wagner et al., 2009). A number of cellular proteins, especially those containing the HMG-

domain have been shown to bind specifically to PT-GG intrastrand DNA adducts. The binding of structure-

specific HMG-domain proteins to Pt–DNA adducts has been shown to inhibit nucleotide excision repair, which 

may increase the longevity of Pt–DNA adducts. Pt–DNA adducts have also been postulated to sequester some 

HMG-domain containing transcription factors that are essential for maintaining the uncontrolled cell growth 

characteristic of tumor cells. Thus, the binding of HMG-domain proteins to Pt–DNA could significantly sensitize 

cells to Cisplatin.  

Taken together, chemo- and radiotherapy leads to double strand breaks and other lesions in the DNA. In 

response to DNA damage the DNA damage checkpoint is activated, which leads to cell cycle arrest. The most 

important proteins in checkpoint activation are ATM en BRAC1, 2. DNA damage activates ATM which leads, 

via BRCA1,2 to cell cycle arrest and double strand break repair. The cell cycle arrest gives the cell more time to 

repair the DNA. The two mechanisms for DNA double strand break repair are non-homologous end-joining 

(NHEJ) and homologous recombination (HR). If the cell is not able to repair the DNA damage completely 

accurately, apoptosis is triggered.  Radio/chemotherapy triggers both apoptosis. Radiotherapy leads to apoptosis 

through the high amount of DNA damage. Cisplatin-based chemotherapy inhibits cellular processes, such as 

replication, transcription, translation and DNA repair, through formation of platinum adducts on genomic DNA 

(Pt-DNA), which leads to apoptosis.  

 

 

Effect of EGFR inhibitors combined with Chemo – and Radiotherapy 

The standard treatment of non small cell lung cancer depends on the advance of the disease. In an early stage the 

best treatment, and accordingly also the standard, is surgical resection (Scott et al., 2009). Radiotherapy remains 

an important treatment for either cases of early stage NSCLC that are medically inoperable or patients who 

refuse surgery (Scott el al., 2009). In a later stage surgical resection is not possible because of metastasis. 

Cisplatin-based adjuvant chemotherapy, an approach that was considered experimental less than two decades 

ago, is the best and the standard treatment of later staged NSCLC (Chhatwani et al., 2009). The benefits are 

modest, with 5 to 10% improvement in overall survival at 5 years (Chhatwani et al., 2009). There is still not a 

good treatment for NSCLC, therefore it is necessary to develop new treatments or, a more efficient and quicker 

way, to combine existing treatments to improve the performance.  
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The addition of EGFR inhibition therapy to standard chemo- and radiotherapy regimens for locally advanced 

NSCLC either with small molecules such as Gefitinib and Erlotinib, or antibody therapy with Cetuximab is 

promising (Stinchcombel et al., 2009). Ready et al. showed that Cetuximab combined with radiotherapy or 

chemotherapy is highly effective in locally advanced NSCLC (Ready et al., 2005). In addition, other studies 

indicated that the combination of Cetuximab with radiotherapy or chemotherapy produced synergistic growth 

inhibition (Milas et al., 2000; Beselga et al., 2000; Milano et al., 2008; Stinchcombel et al., 2009). In contrast, 

Raben et al. showed that the cooperative interaction between Cetuximab and radio/chemotherapy only works in 

Cetuximab-sensitive cells (Raben et al., 2005). Prior studies were done with Cetuximab-sensitive cells, which 

give the false assumption that Cetuximab combined with radio/chemotherapy works very well in all patients.  

There is less success with Gefitinib and Erlotinib in combination with radio/chemotherapy. Several studies 

showed no significant difference between a combined combination and single treatment. Raben et al. showed 

combination of chemotherapy and Gefitinib or Erlotinib did not significant improve outcome over chemotherapy 

alone in NSCLC patients (Raben et al., 2005). In addition, Stinchcombel et al. showed no significant survival 

benefit in combined treatment with EGFR tyrosine kinase inhibitor therapies with addition to the standard 

chemotherapy (Stinchcombel et al., 2009). 

In conclusion, Cetuximab combined with chemo- or radiotherapy has proved to be successful, despite the fact 

that it only works in Cetuximab-sensitive cells. For a successful treatment with Gefitinib of Erlotinib combined 

with radio/chemotherapy more research is necessary.  

 

Why is there an effect of the combined treatment?  

Cetuximab, combined with Radio/chemotherapy appears to be a very effective treatment in Cetuximab-sensitive 

patients. There is less success with kinase inhibitors (Gefitinib and Erlotinib) combined with radio/chemotherapy. 

The reason that Cetuximab works better in combination with radio/chemotherapy when compared with kinase 

inhibitors is still unclear. Below a number of potential mechanisms is discussed.   

A possible explanation is that chemo/radiotherapy has influence on the cell membrane. Recently it has been 

recognized that not only the nucleus but also the cell membrane may be important as a target for at least one 

pathway of radiation-induced apoptosis (Santana et al. 1996). Ionizing radiation activates sphingomyelinase, 

which catalyses the hydrolysis of sphingomyelin to a lipid second messenger, Ceramide. Ceramide is a lipid 

molecule which is found in the cell membrane in high concentrations and regulates cell differentiation, 

proliferation and apoptosis (Ross et al., 1999). It is possible that radiation leads to upregulation of Ceramide in 
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the Lipid rafts, micro-domains in the cell membrane around receptors involved by membrane protein trafficking 

and receptor trafficking.  The upregulation of Ceramide may cause an interaction with the EGF receptor, which 

may lead to the blocking of the intercellular signal. So not only Cetuximab, but also the Ceramide in the lipid 

rafts blocks the intercellular apoptosis signals of the EGFR, which leads to inhibition of proliferation, metastasis, 

angiogenesis and to inhibitionn of apoptosis and differentiation. But why kinase inhibitors, such as Gefitinib and 

Erlotinib, combined with chemo/radiotherapy have no significant working advantage could not be explained by 

this study. It is expected that, if Ceramide interact with the EGFR in that manner, radiotherapy combined with 

kinase inhibitors would also work efficiently. Maybe it is more difficult for the kinase inhibitors to enter the cell 

membrane, because of the upgraded Ceramide. Then the kinase inhibitors can only work extracellular. If the 

extracellular inhibition works better in combination with Chemo/radiotherapy, but the intracellular inhibition is 

not able to work anymore, it is possible that the defect intracellular inhibition compensate for the better working 

extracellular inhibition.  

Another possible explanation is that DNA damages leads to down regulation of the EGF receptor levels. Garinis 

et al. showed that long exposure to UV leads to lower expression of the Insulin-like growth factor 1 (IGF1-R) 

receptor (Garinis et al., 2009). It is possible that a similar reaction occurs in radiotherapy with the EGF receptor. 

If radiotherapy leads to fewer EGFR, it is logical that EGFR inhibitors, such as Cetuximab, work better in 

combination with radiotherapy. If there are fewer receptors, it is easier to block the remaining receptors. But why 

Cetuximab combined with chemotherapy works also better could not be explained by the current study. There is 

more research necessary to investigate if it also works on the EGFR in stead of the IGF1-R and if it also works 

with radio/chemotherapy.  Maybe long exposure of radiation or accumulation of the chemo-therapeutic regimen 

Cisplatin, has the same effect as long exposure to UV and will also leads to fewer EGF receptors.   

In contrast, Madson et al. showed that the Erbb2 receptor, a family member of EGFR, is activated by UV 

radiation (Madson et al., 2009). Radiation also leads to checkpoint response causing apoptosis, although this 

effect is blocked by the Erbb2 receptor.  Inhibition of Erbb2 reduced cdc25a levels and increased S-phase arrest 

in UV-irradiated cells lacking Erbb2 activity. UV-induced Erbb2 activation increases tumorigenesis through 

inhibitory phosphorylation of Chk1, cdc25a maintenance, and suppression of S-phase arrest via a PI3K/AKT 

dependent mechanism.  It is possible that is mechanism also works in EGFR; radiotherapy activates EGFR and 

inhibition of EGFR by Cetuximab or kinase inhibitors, leads to checkpoint activation. So blocking of the EGFR 

before radiation leads to less EGFR activation, causes increased S-phase arrest and suppressing UV-induced 

tumorigenesis.  



 

   14 

Third, Dittmann et al. showed that ionizing radiation triggers EGF receptor import into the nucleus (Dittmann et 

al., 2003). An increase in nuclear EGFR is also observed after treatment with Cisplatin. During this process, the 

proteins Ku70/80 and the protein phosphatase 1 are transported into the nucleus. As a consequence, an increase 

in the nuclear kinase activity of DNA-dependent kinase (DNA-PK) and increased formation of the DNA end-

binding protein complexes containing DNA-PK, essential for repair of DNA-strand breaks, occurred. Blockade 

of EGFR by the anti- EGFR monoclonal antibody Cetuximab abolished EGFR import into the nucleus and 

radiation-induced activation of DNA-PK, inhibited DNA repair, and increased radio sensitivity of treated cells. 

More research is necessary to investigate this function of the EGF receptor is a different function or just a 

subsequent step in the pathway. Or is the EGFR acting different in the nucleus by the changed environment? Or 

is the mechanism of the sureface EGFR different from the nucleus EGFR.  

Fourth, Wang et al showed that nuclear EGFR phosphorylates Tyr211 on PCNA. Moreover, a tyrosine-to-

phenylalanine mutant of proliferating cell nuclear antigen (PCNA) stabilizes chromatin-bound PCN protein 

(Wang et al., 2006). PCNA is an essential protein for DNA replication and damage repair. Increased PCNA 

Tyr211 phosphorylation coincides with pronounced cell proliferation, and is better correlated with poor survival 

of breast cancer patients, as well as nuclear EGFR in tumours, than is the total PCNA level. If EGFR inhibitors 

leads to fewer nuclear EGF receptors, as Dittmann et al. showed, it may cause lower Tyr211 phosphorylation on 

PCNA (Dittmann et al., 2003). As a consequence there will be less DNA replication, proliferation and DNA 

damage repair.  

 

Conclusion  

It seems almost impossible to create a single treatment that gives good results in all NSCL patients. To treat non-

small lung cancer it is very important to analyze individual EGFR status tumor stage, because every carcinoma is 

different in this respect. If the patient is in a very early stage of NSLC the best treatment is surgical resection. 

This in only possible if the tumor has not yet metastasized. In case of metastasis NSCL cancer it is very useful to 

screen the patient for EGFR mutations. There are very good results with Gefitinib or Erlotinib treatment if the 

patient has a deletion in exon 19 or a L858R EGFR mutation. For the non-mutated patient the best treatment is 

Cetuximmab combined with chemo/radiotherapy. This combination therapy has showed very good results. The 

reason why Cetuximab combined with radio/chemotherapy works better than Cetuximab unaccompanied is still 

uncertain. Probably there is an interaction between Cetuximab and radio/chemotherapy which can act at different 

levels. It is possible that chemo/radiotherapy leads to an upgrading of Cermide in the lipid rafts, the cell 
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membrane around the receptor, which inhibits the intercellular signal of the EGFR leading to apoptosis. Another 

explanation is that DNA damages leads to less expression of EGF receptors. For Cetuximab it is then easier to 

block the residual receptors. It is not proven that radio- or chemotherapy leads to less expression specifically for 

EGFR, but maybe it occurs through long radiation or accumulation of Cisplatin. It is also possible that EGFR 

inhibiting before radiotherapy shows improved results, because radiation activates EGFR. But inhibition of 

EGFR just leads to S-phase arrest and suppressing of tumorigenesis. So inhibition of EGFR before radiotherapy 

leads to fewer activated ERG receptors and therefore to increased S-phase arrest and suppressing UV-induced 

tumorigenesis. A final possible explanation is that radio/chemotherapy triggers EGF receptor import into the 

nucleus.  Blocking of the EGFR decreases the EGFR import activation, which leads to inhibition of DNA repair 

and increased radiosensitive of treated cells. Fewer nuclear EGFR also leads to decreasing phosporylated Tyr211 

level on PCNA, which inhibit replication, proliferation and DNA damage repair.  

Although combined treatment seems very efficient, these therapies don’t work good enough in all SNCLC 

patients. Cetuximab combined with radio/chemotherapy is a very promising treatment, but the reason why 

combined therapies work better than single therapies is still uncertain. There is much more research necessary to 

investigate the mechanisms of combined treatments. If these mechanisms are better understood, it can be helpful 

to optimize the current therapies for NSCL cancer.    
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