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1 Hypothesis

Lung cancer is the number one cause of death in both men and women. About 80% of
these cancers are non small cell lung carcinomas (NSCLC). Of these NSCLC approxi-
mately 80% overexpress the epidermal growth factor receptor EGFR. This receptor can
be activated by the ligands EGF, TGFa, amphiregulin, ionizing radiation as well as
other stressors to the cell [Chen2007]. EGFR is involved in a variety of pro-survival
signals. A strong activation of the receptor leads to increased cell survival, proliferation,
angiogenesis, metastasis and decreased apoptosis, which could explain why many malig-
nancies are resistant to ionizing radiation alone.

The EGFR has been a target for a variety of inhibiting treatment approaches with
the aim of radiosensitizing NSCLC as well as other carcinomas. Several inhibitors and
antibodies are already being clinically used, but they don’t sensitize all carcinomas.
The specific mutations of EGFR seem to have some predictive value, but so far there is
no reliable screening tool to predict which NSCLC can be sensitized by EGFR inhibition.

Recently a novel link between EGFR activation and DNA repair was shown
[Dittmann2005/1]. Dittmann focuses on the amount of residual DSB 24h after IR where
he sees an increase in the EGFR inhibitor treated group. He links this finding to the
interaction of the EGFR with DNA-PK and thus impaired DSB repair.

Cetuximab has been shown to radiosensitize several NSCLC. The underlying mech-

anism is not fully understood yet.



1 Hypothesis

The objective of this thesis is to investigate the influence of EGFR inhibition by the
monoclonal antibody Cetuximab on the induction and repair of double strand breaks
(DSB). So far the effect of Cetuximab has only been tested extensively on a small num-
ber cell lines and most work groups have mainly looked at the levels of DSB at late time
points.

In addition to the repair kinetics most previous publications focused on, these ex-
periments will also investiate the early effects of the antibody. One point of interest is
the induction of DSBs. Three different NSCLC cell lines with different EGFR levels
and KRAS mutation status are included in the experiments. The A549 cells with wit a
K-RAS mutation but p53 and EGFR wildtype can be sensitized by Cetuximab. While
the NCI H460 cells with K-RAS mutation, p53 and EGFR wildtype and the Calu6 cells
with K-RAS mutation, p53 null and EGFR wildtype are not influenced in the same
way by Cetuximab. The amount of DBS will be visualized by using the y-H2AX-foci
technique. One objective of this thesis is to find out wether the amount of DSBs shown
by v7-H2AX-foci varies between sensitized and non-sensitized cell lines. This would mean
that these foci can be used as a biomarker for radiosensitzation. In order to find out
more about the mechanism of the radiosensitization the effect of Cetuximab on Non
Homologous End Joining (NHEJ), the most important DSB repair pathway is also in-
vestigated. Additionally the effect of DNA-PK inhibition on DSB repair will be looked

into.



2 Introduction

2.1 The ErbB family

The epidermal growth factor receptor belongs to the ErbB family, a group of four re-
ceptor tyrosine kinases. These closely related transmembrane receptors include EGFR
(ErbB-1), HER2/c-neu (ErbB-2), Her 3 (ErbB-3) and Her 4 (ErbB-4). Each member
of the family has an intracellular tyrosine kinase domain, a transmembrane domain and
an extracellular domain [Bazley2005]. They are very similar in structure and have their
main differences at their ligand binding site [Harari2007]. These receptor proteins play
an important role in regulating many cellular processes. Among them are growth, de-

velopment, tissue turnover and wound healing.

2.2 The Epidermal Growth Factor Receptor

The EGFR was the first out of this family to be characterized and sequenced (Cohen at
al., 1975; Ullrich et al., 1984). It has a molecular weight of 170kD and can be found on
the surface of various cells of epithelial, mesenchymal and neuronal origin [Wells1999].
Being an ErbB receptor it shares the main features with the other receptors of this fam-

ily. EGFR consists of three different structural domains, the cystin rich extracellular
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Figure 1: The ErbB family and its activating ligands, source: Medscape Images

domain (621 amino acids), the short hydrophobic transmembrane domain (23 amino
acids), and the cytoplasmatic tyrosine kinase domain (542 amino acids) [Nyati2006].

While inactive as monomer the receptor is evenly distributed over the cell surface.
Ligand binding leads to dimerisation and in consequence activation. Once activated
the receptor conducts the extracellular stimulus to the intracellular compartment, the
tyrosine kinase domain being the signal transducer. The receptor can be activated by
the binding of various ligands as well as physical stress to the cell.

Even though EGFR is present in a variety of different tissues its activation or expres-
sion is altered in a large portion of carcinomas. EGFR plays an important role in tumor

progression and etiology making it a target of increasing interest in cancer treatment
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regimes.

2.3 Activation of the EGFR

The extracellular domain of the receptor is the binding site for ligands. Today there are
more than 11 different ligands known to stimulate the EGFR [Hynes2005], [Yarden2001].
The receptor can be activated by the binding of epidermal growth factor, TGF-a, am-
phiregulin, 8-Celulin, heparin binding EGF, and epiregulin to the extracellular domain
[Nyati2006]. In addition to that ionizing radiation and other stressors to the cell such as
heat shock, HyOs, and cisplatin trigger an EGFR answer [Chen2007]. Activation leads
to dimerisation and in consequence autophosphorylation of the tyrosine kinase domains.
The phosphorylated residues of the cytoplasmatic domain serve as docking sites for sig-
naling molecules involved in the regulation of different signaling cascades within the cell
[Olayioye2000]).

EGFR can either form homodimers with a second EGFR, or heterodimers with other
members of the ErbB family [Bowers2001].

The heterodimerization is influenced by the binding ligand, its affinity to the re-
ceptor, pH stability of the complex [Beerli1996], [French1995], as well as the microen-
vironment of the cell. The different possible ligands and the variability of dimerisation
put the activation of the receptor into a divers system. In addition to the variations
in activation EGFR also has a variety of downstream pathways it can activate. Among
these are the PI3K, Ras/MAP, STAT and PLC~ pathways [Lemmon1994], [Yarden2001].
This complex pattern of activation and interaction makes EGFR signaling a complex

and interconnected network.
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2.4 EGFR Mediated Pathways and Functions

The activation of the EGFR initiates a wide spectrum of cellular pathways. It has been
linked to cell proliferation, survival, growth, migration, angiogenesis, metastasis, tumor
cell invasion, and inhibition of apoptosis [Chen2007], [Herbst2003].

The EGFR plays an important role in various cell survival pathways. Taking the
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Figure 2: Major pathways of EGFR signaling promoting decreased apoptosis, cell pro-
liferation, differentiation. [Rodemann2007]

signaling pathways it is involved in account it becomes easy to understand why the
overexpression of EGFR or its constant activation by mutation can lead to uncontrolled

tumor progression and even to resistance to certain treatment regimes.
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One of the signaling effects is the activation of phospholipase C-gamma (PLC~). This
enzyme catalyses the hydrolysation of phosphatidylinisitol 4, 5-bisphophate into the sec-
ond messenger molecules 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 then
provokes an increase in intracellular Ca2+ which can induce apoptosis. DAG activates
protein kinase C. PKC is an inducer of cell cycle progression.

The EGFR also activates phosphoinositide 3-kinase (PI3K) a kinase that has the
serine-threonine kinase Akt as a downstream effector. Akt phosphorylates various sub-
strates involved in the regulation of cellular functions such as cell growth, survival,
glucose metabolism and protein translation. It inhibits the proapoptotic proteins BAD
and caspase 9 [Paez2002].

Activated Ras recruits Raf which then phosphorylates MEK and this in turn ERK
allowing it to translocate into the nucleus where it activates several transcriptional fac-
tors [Garcia-Echeverria2008]. This pathway plays a central role in the regulation of
proliferation and survival of normal cells as well as tumor cells [Granas2006].

Another pathway activated by EGFR is the JAK-STAT cascade. Upon activation
STAT dimerizes and translocates into the nucleus where acts as a transcription factor
for genes promoting proliferation and cell survival [Mukherjee2005]

In addition to cascade mediated pathways the EGF receptor itself has been shown to
translocate into the nucleus upon ionizing radiation and act as transcription factor itself
[Lin2001]. Recently it has been shown that it also interacts directly with DNA-PK one

of the key components of the repair complex for double strand breaks [Dittmann2005 /1.
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Figure 3: Radiation induced translocation of EGFR via caveolin and in a karyopherin-
driven process. In the nucleus EGFR activates DNA-PK [Rodemann2007]

2.5 EGFR in malignancies

EGFR is expressed on normal human cells and the functions are important to maintain
cellular integrity. Tissues rely on these pathways to ensure regeneration and to react to
changes in the environment [Maas-Szabowski2003].

EGFR hyperactivation in tumor cells on the other hand leads to uncontrolled growth,
increased mobility of the cancer cells, decreased apoptosis, and stimulation of angiogen-
esis. Thus making EGFR a major factor for tumor progression. In the clinic it has also
been associated with resistance to chemo- and radiotherapy and in consequence poor
prognosis [Bartlett1996], [Grandis1998], [Chow1997], [Volm1998], [Maurizi1996].

The majority of non small cell lung cancers and other solid tumors such as glioblas-
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tomas, carcinomas of the colon, breast and head and neck cancers show a hyperactivation
of EGFR [Mendelsohn2000]. This increased EGFR signaling gives the cancer cells a clear
growth advantage in vivo [Clarke2001]. Higher levels of activity have also been linked
with increased malignancy.

There are several mechanisms that can lead to an altered level of receptor activ-
ity. Chromosome or gene amplification causes an overexpression of the receptor which
makes the cell more sensitive to low levels of activating signals and can also lead to
more spontaneous dimerization. Another reason for strong EGFR signaling is the au-
tocrine overproduction of ligands as a result of KRAS mutation [Milano2008]. Mostly
these cells produce EGF or TGFa, a mechanism that renders them independent of ligand
concentration in the vicinity. Deregulation of EGFR can be due to mutations. The most
common alteration of the EGFR gene is a deletion of exons 2-5. This leads to EGFRvVIII,
a consecutively active form of the receptor that doesn’t depend on extracellular stimuli

any more. The cells with this variant are resistant to irradiation [Fujiwara2007].

2.6 EGFR mediated resistance to ionizing radiation

The majority of lung cancers are detected at late stages of the disease [Schuurbiers2009].
These carcinomas are often inoperable and IR is one of the major components of treat-
ment. IR inflicts a variety of damage to the DNA. Among them are single stranded
breaks, complex double stranded breaks and damage to single bases. DSBs being the
most severe defect. When not repaired properly DSBs can result in chromosomal aber-
ration, apoptosis or further mutation [Hagen1972].

While full tumor control or a decrease in tumor size is the intended outcome of

the treatment those cancers with altered levels of EGFR activity are often resistant to
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IR. This is partially due to the fact that the increased EGFR signaling leads to ra-
dioprotection. As mentioned above EGFR is involved in a variety of pro-survival and
anti-apoptotic pathways [Ang2002].

EGFR overexpression is found in a variety of malignancies. In the case of gene ampli-
fication and overexpression one of the relevant mechanisms for the radioresistance is in-
creased DSB repair. In mouse experiments it has been shown that the amount of EGFR a
cell expresses correlates with the level of resistance [Akimoto1999], [Kasten-Pisula2011].

The increased repair capacity is in part due to the constitutively active PI3K/Akt
and RAS-mitogen activated pathways, which transduces hyperactivation of DNA-PK
[Schuurbiers2009]. This enzyme is one of the key components of the repair complex for
DSB. In addition it is described that EGFR translocates into the nucleus upon activation
by IR. In the nucleus the receptor activates DNA-PK and increases the repair of DNA
damage [Dittmann2005/11].

The truncated variant 11T of the EGFR (EGFRvIII) is mainly found in gliomas, but
does occur in other types 3 too [Kuan2001]. In comparison to wild type EGFR this
constantly active version of the receptor gives the cells a survival advantage in stressful
situations or in an environment with limited nutrients. This results in potential selection
of the resistant clone and tumor growth in vivo [Theys2009]. EGFRvVIII continuously
supports survival and seems to be acting as an oncogene. The increased proliferation
ability leads to a more rapid growth of the tumor.

In the case of EGFRvVIII the radioresistance is mediated through the PI3K/Akt,
Ras/ MAPK pathway, but the EGFRVIII doesn’t have the ability to translocate into
the nucleus.

There may be additional mechanisms behind the hyperactivation of EGFR, but in

the previously described alterations of the receptor irradiation of the cell mediates an

10
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activation.

One further theory concerning the underlying mechanism of radioresistance is that
IR leads to reactive oxygen species in the cell which in turn induce autophosphorylation
of the receptor. In addition to that ROS inactivate phosphatases and this might lead to
delayed dephosphorylation of the EGFR [Leach2001], [Mikkelsen2003].

2.7 Treatment regimes

The activation of the EGFR leads to proliferation and progression of carcinomas. This
means that the tumor is able to grow fast and aggressively. As a consequence a lot of
cancers are detected at a late stage. This is often the reason for inoperability leaving
irradiation and chemotherapy as the only therapeutic possibilities. The EGFR signaling
helps the cells to repair damage faster and to decrease apoptotic signaling, consequently
carcinomas with altered levels of EGFR activity are often resistant to these treatments
[Ogawal993], [Etienne1999]. While there has been a lot of progress in treatment strate-
gies within the last decades the overall survival still remains unsatisfactory especially
when single agent treatment is applied [Baumann2004].

Even though the overactivation of EGFR in general is a negative prognostic marker
it also leads to a new rationale for treatment. The cells depend on a high level of
EGFR signaling and inhibition of the receptor disrupts the signals promoting survival
and proliferation. This affects the tumor cells more than cells of normal tissue making it
a specific approach. The interference with the downstream EGFR-dependent signaling
pathways makes the cells more sensitive to chemotherapy or irradiation because their
ability to repair quickly and repress anti-apoptotic signaling is reduced. In short they

lose their growth advantage.

11



2 Introduction

In addition to their specific target the EGFR inhibitors show low toxicity to normal
tissue.

Today there are two different groups of EGFR inhibitors in use, namely tyrosine
kinase inhibitors (TKI) and monoclonal antibodies (mAbs). TKIs such as Erlotinib
and Gefitinib are small molecules that act in the intracellular compartment and bind
to the kinase domain of the receptor hereby blocking its catalytic function. The follow-
ing disruption of the signal cascades blocks EGFR mediated downstream effects such as
proliferation, angiogenesis and metastasis. TKIs have anti-proliferative and anti-invasive
effects on different carcinomas. They have been shown to inhibit growth when applied
as a single agent. This is due to the suppressed EGFR signaling and the decreased
activation of the MAPK pathway. Some evidence suggests that inhibition leads to an
increase in apoptosis via the regulation of the proapoptotic cytochrome C [Lui2008].

In combination with cytotoxic agents such as platin derivates TKIs show a cooper-
ative antiproliferate and proapoptotic effect [Ciardiello2000]. The same holds true for
the combination of IR and the inhibitor. While TKIs alone show a modest inhibition
of tumor growth the combined treatments result in marked regression in tumor growth
[She2003], [Bianco2002].

The monoclonal human-mouse chimeric antibody Cetuximab has a five-fold greater
affinity to the extracellular domain of the EGFR than the natural ligands. It inhibits
dimerisation and by doing so ligand or IR induced activation of the receptor. In addition
to that Cetuximab mediates internalization of the receptor by removing it from the cell
surface and from potential interaction with ligands. It has also been shown that the im-
munoglobulin construct mediates an antibody dependent cellular toxicity against some
tumor types [Hanna2006]. A radiosensitizing effect of Cetuximab has been shown in vivo

and in vitro [Mendelsohn1997]. The underlying mechanisms are the same as the TKI

12
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mediated inhibitions of downstream pathways promoting proliferation and DSB repair.

It is described that mainly cells with a KRAS mutation are radiosensitized by the
inhibitors. KRAS is a part of the Ras/Raf/MAPK downstream pathway of EGFR
[Adjei2001]. It promotes pro-survival signaling and is mutated in 30% of tumors
[Downward2003]. The mutated KRAS results in constantly active protein. Through the
MAPK pathway it leads to the production of the EGFR ligands TGFa and amphireg-
ulin. Their release in turn leads to an autocrine activation loop of EGFR [Schulze2001].
By breaking this loop via EGFR inhibition cells with a certain KRAS mutation can be
radiosensitized [Rodemann2007].

A lot of in vitro experiments showed good results for tumor growth delay, but it is
not quite clear yet to what extent they actually control the tumor [Baumann2004]. So
far actual control of the disease has been shown for mAb but not for TKIs. The reason

for that is not yet understood.

2.8 Rationale for biomarkers

The use of molecular targeted therapies leads towards a personalized medicine. Present
data shows that the combined treatment of EGFR inhibition and irradiation has very
promising potential. In contrast to the results of in vitro experiments the results from
clinical trials have been very heterogeneous and partially disappointing. Especially the
effects of TKIs vary a lot between different cell lines in culture, xenografts and tumor
models [Baumann2003], [Giocanti2004].

The main problem is that even the xenograft models do not adequately mimic the
exact disease setting. The actual tumor is much more complicated and integrated into

a very complex system of influential factors. Thus a straight translation of the in vitro

13
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results is often not possible. Neither is a prediction of treatment success.

While phase II studies in general have shown encouraging results, the phase III stud-
ies so far failed to reproduce these. There was no significant clinical benefit detectable for
combined treatment. Only 10%-20% of patients with NSCLC that received treatment
with EGFR inhibitors achieved clinical response to the treatment. There are several
characteristics that are correlated with increased sensitivity to these agents. Among
them are female gender, Asian descent, patients that have never smoked, patients with
an adeno- or bronchioalveolar carcinoma and with tumors that show polysomy or ampli-
fication of EGFR. These factors show a tendency towards a group of patients that might
benefit, however they have no predictive value since patients from other subgroups also
tend to respond to treatment [T'sao2005].

One theory is that mainly those tumors that truly depend on the EGFR signaling will
respond with radiosensitization and growth inhibition when treated with the inhibitory
drugs. In order to determine those patients that will benefit from EGFR inhibition it is
important to find an individual screening method.

Molecular markers such as EGFR mutation, and amplification, or K-RAS mutation
have been taken into consideration and were tested extensively. So far one of the few
clear correlation between mutation and benefit is an EGFR mutation in exons 18-21 and
response to TKI monotherapy. Some KRAS mutations lead to cell mutants that can be
radiosensitzed while others don’t. Right now the problem of how to screen patients for
responsiveness to EGFR inhibition alone or in combined treatment schemes needs to be
faced.

The pretreatment screening is important because patients should not suffer from the
side effects of a treatment they will not benefit from. Or even worse that leads to a

progression of the disease because the tumor is not responsive to the applied regime.

14
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Most screening tools that are currently being used are molecular and not functional
markers. And even though they show some predictive value, so far one cannot fore say
the cellular response based on them. Tumor cells host more than one mutation and the
behavior of the cell depends on the interaction of different pathways.

In order to give each patient the best treatment possible it is necessary to distinguish
between those tumors that are susceptible to EGFR inhibition and those that are not.
For this task it is important to have a biomarker that gives us an idea of the complex
tissue response. There are certain expectations that such a marker has to meet. First
of all it has to be sensitive and specific, in addition to that it needs to be developed for
high throughput, as well as cost-efficient.

There are several approaches to this problem, one of them evaluates the efficiency of
DNA repair based on the level of DSB in the genome. In this case the DSB are being

used as a functional biomarker for the cellular response to treatment.

2.9 Induction and repair of double strand breaks

Most treatment regimes include agents that cause DSB. In the case of IR they occur
directly, in the case of replication fork stalling by chemotherapeutics an indirect mech-
anism is causing the damage. In both cases the result is a potentially lethal damage
to the cell. DBSs are the most dangerous lesions to the DNA because they can result
in severe consequences for cell survival and genomic stability. This is due to the fact
that they can lead to lethal chromosomal aberation. False repair can cause chromosomal
aberration and the initiation of carcinogenesis [Ismail2008]. The rationale behind the
application of DSB causing agents is to damage the tumor cells so severely that they

undergo mitotic catastrophy because of chromosomal aberrations, or apoptosis.
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One way of determining whether a cell can be radiosensitized by drug treatment is
to measure the amount of residual double strand breaks. DSBs can be quantified by
using the v-H2AX- foci technique. Higher eukaryotic cells have two main mechanisms to
repair DSBs, homology directed repair (HDR) and non homologous end joining(NHEJ).
Primarily they rely on NHEJ. During NHEJ the DNA ends are processed and nonligat-
able nucleotids are removed before rejoining them. This repair pathway is error prone
because unlike HDR it doesn’t use a template to repair precisely. On the other hand it
can take place in all phases of the cell cycle. HDR is only possible in S- and G2-phase
when there is an identical sister chromatin present [vanGent2007].

NHEJ has a fast and a slow component working at half times of 10-30 min and 2-10
hours [Iliakis2004]. The repair complex for NHEJ starts with the binding of the DNA
dependent protein kinase subunits Ku70 and Ku80 to the lose DNA ends. These attract
and activate the catalytic subunit DNA-PKcs which then phosphorylates a number of
targets. Among them is DNA-PK itself and H2AX. The rejoining of the double strand
break is catalyzed by a core complex consisting of DNA-PK, XRCC4, DNA ligase 4 and
Artemis [Chen2007].

2.10 +-H2AX- foci as a marker for double strand breaks

Eukaryotic DNA is organized into a higher-order structure. The basic unit of the chro-
matin is the nucleosome. It consists of 147 base pairs that are wrapped 3-fold around an
octamer of histones. Each octamer is made of two copies of the highly preserved histones
H2A, H2B, H3 and H4. Between the single nucleosomes there is a short linker section
(20-28bp). The organization into higher levels of condensation is mediated by other pro-

teins as well as interaction between core histones of different nucleosomes [Kinner2008].

16
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Because of this compaction chromatin is usually not accessible to enzymes. Before re-
pair is possible it has to undergo relaxation. This process is initiated by changes in
the histone code. There are at least eight modifications known to belong to this code,
among them are phosphorylation, acetylation and methylation of specific domains of
the histones. The pattern of those posttranslational changes then determines the many
different chromatin states [Ayoub2009], [Strahl2000].

Several histone modifications have been described upon the occurrence of DSBs.
One that has been of particular interest is the phosphorylation of H2AX. Four variants
of H2A have been reported so far H2AZ, H2AX, macroH2A, and H2ABbd [Ausio2002],
[Redon2002], [FernandezCapetillo2004].

H2AX makes up about 5%-25% of the total cellular H2A depending on the cell type
and is distributed evenly over the DNA. In response to DSB H2AX is phophorylated at
Ser!'3? by the phophatases ATM, DNA-PK, and ATR. The phosphorylated form is called
~v-H2AX. This modification appears only in the vicinity of a break sites and is detectable
within minutes following the damage reaching its maximum after half an hour. Approxi-
mately 2000 v-H2AX are formed per DSB [Kinner2008]. This strong signal amplification
at the site of the break is important for the recruitment of further repair proteins to the
damage and for the induction of chromatin remodeling [Ismail2008], [Srivastava2009].
It has been shown that v-H2AX serves as a regulator of checkpoint signaling and or
repair itself [vanAttikum2009]. In H2AX null cells the recruitment of repair proteins to
radiation induced breaks is impaired [Ayoub2009].

Once the DSB is repaired the y-H2AX-focus disappears. Some phosphatases in-
volved in the dephosphorylation of the histone variant are known, but the underlying
mechanism for the removal is not fully understood.

The measurement of 7-H2AX-foci is an indirect method of detecting DSBs. While

17
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the breaks are the actual marker of DNA damage v-H2AX-foci is the tool that is being
used for detection. There are several reasons that make y7-H2AX-foci so interesting in
terms of a potential screening tool for radiosensitisation. First of all H2AX phospho-
rylation is one of the first responses to DSBs, it takes place within an area of 2kbp or
more around the DSB and is detectable with a specific antibody. Second the foci cannot
be induced by any other lesion than double strand breaks, making it a sensitive method
[Kinner2008]. When compared to other methods of DSB detection is was shown that
the number of foci correlates with the number of breaks [Sedelnikova2002], [Cai 2009].
Physical methods for DSB detection such as pulsed-field-electrophoresis require doses
well above the clinically used dose of irradiation as well as DNA that has been freed of
histones. When using v-H2AX-foci cells in culture or biopsies can be worked with and
doses aplied that are also being used in clinical treatments. By doing so, two factors for
potential errors are eliminated.

One disadvantage of using foci for the detection of DNA damage 