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1. Abstract

1. Abstract

In many tumors, the epidermal growth factor receptor (EGFR) is overexpressed or deregulated.
This is associated with therapy resistance, especially against radiation therapy, and poor prognosis.
Consequently, EGFR inhibitors are used to achieve a radiosensitization. This sensitization is
assumed to result mostly from a suppression in the repair of radiation-induced DNA double-strand
breaks (DSB), as non- and incorrectly repaired DSBs lead to lethal chromosome aberrations
that eventually cause cell inactivation. However, the molecular mechanisms responcible for this
suppressed DSB repair are not yet fully understood. In particular, it is not known whether the
regulation of DSB repair by EGFR occurs in all tumors, or whether it is only seen in a few tumor
cells with the expression of distinct regulatory factors. As a consequence, so far no biomarkers are
available that could predict the response of an individual tumor to EGFR inhibition.
The aim of this study was to investigate whether the regulation of DSB repair by EGFR is a general
mechanism or whether it depends on specific parameters. In a second part, it is shown that mass
spectrometry can be used to unveil the molecular mechanisms of this regulation and might help to
identify biomarkers for responding and non-responding tumor cell lines.
The regulation of DSB repair by EGFR was examined in the bronchial carcinoma cell line (NSCLC)
A549, which is p53 wt and K-Ras mutated, with both proteins being reported to be important for
DSB repair. It is shown that the activity of both overall DSB repair and non-homologous end-joining
(NHEJ) are enhanced by EGFR stimulation, regardless of the ligand used. In turn the activity of
both processes is reduced when EGFR is blocked. However, a regulation of DSB repair was also
observed for a second NSCLC cell line (H1299) which -in contrast to A549- is mutated in p53 but
wt for K-Ras. Additionally, the EGFR was also found to regulate homologous recombination (HR),
which is the second major repair pathway for the repair of DSBs. Therefore, these data indicate
that regulation of DSB repair by EGFR is a general mechanism which does not depend on specific
mutations and is not restricted to a specific pathway.
In the second part of this work, a mass spectrometric (MS) approach coupled with stable isotope

labeling by amino acids in cell culture (SILAC) was established to study the molecular mechanism
of this regulation. These experiments were performed with the two head and neck squamous cell
carcinoma (HNSCC) cell lines UTSCC5 and SAS as these cell lines display a clear difference in
EGFR expression and signaling as well as in the EGFR-dependent regulation of DSB repair.
Analysing chromatin-bound proteins upon EGFR inhibition by MS, no significant alterations
in chromatin binding were observed. In contrast, clear effects were seen when analyzing the
phosphorylated nuclear proteins. Overall, 16 DNA repair proteins were detected in UTSCC5 cells
and 20 in SAS cells. In both cell lines, four of these showed a reduced phosphorylation after EGFR
inhibition, and two of these proteins (PARP1 and GAPDH) were regulated in both UTSCC5 and
SAS cells.
These results indicate that the EGFR effectively regulates the repair of DSBs and that this is a
conserved mechanism. A mass spectrometric approach was successfully established to analyse DNA
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1. Abstract

repair proteins. In contrast to chromatin-bound proteins, the analysis of nuclear phosphoproteins
revealed EGFR-dependent regulation mechanism. Therefore, this method represents a promising
tool to further elucidate mechanisms involved in the EGFR-dependent regulation of DSB repair and
to identify markers for tumors which will respond positively to EGFR targeted therapy or other new
targeted therapeutics.
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2. Introduction

2. Introduction

2.1. Radiation therapy

Radiation therapy (RT) is in addition to surgery and chemotherapy one of the main columns of
cancer therapy. It is implemented in approximately 50% of all successful tumor therapies. In
RT, ionizing radiation, mainly X-rays, is utilized to inactivate tumor cells, which is accomplished
predominantly by directly or indirectly inducing lethal damage of the DNA. Direct DNA damage is
induced when atoms in the DNA molecule become ionized by radiation. However, mostly the DNA
is damaged by free radicals (notably hydroxyl radicals), which are formed through the ionization of
water and react with the DNA molecule, inducing indirect damage. For example, the irradiation
of human cells with a dosis of 1 Gy causes approximately 4000-5000 damaged bases, 1000 single
strand breaks, 150 DNA-DNA- and DNA-protein crosslinks as well as 20-40 DNA double strand
breaks (DSBs) per cell [6].
The capacity of the cells to repair these radiation induced DNA damage determines the cellular
radiosensitivity and therefore the outcome of radiation therapy [16] [117]. This is because miss- and
unrepaired DNA damage, especially DNA double strand breaks (DSBs), leads to the inactivation
of the cell. This inactivation is primarily mediated by mitotic cell death. Mitotic cell death occurs
when DNA damage is not or is incorrectly repaired before the cell undergoes mitosis. During
mitosis, the miss- or unrepaired damage causes chromosomal aberrations which finally lead to loss
of DNA content and proliferative ability. DNA damage can also lead to apoptosis, a programmed
form of cell death, which is generally initiated through a variety of extracellular or intracellular
signals. Apoptosis leads to the complete fragmentation of the cell, whereby the fragments are
removed through phagocytosis. Finally, DNA damage can also cause a permanent cell cycle arrest
leading to a loss of proliferative ability and therefore to the inactivation of the cells [120].
Apart from DNA repair capacity, the radiosensitivity of tumors can also be influenced by the tumor
type, cell cycle phase, vascularisation, oxidation of the tissue, the presence of tumor stem cells,
the expression of specific oncogenes as well as by alterations and mutations in important signaling
pathways [120]. However, the cellular radiosensitivity is mainly predicted by the DSB repair
capacity. Therefore, by decreasing the DSB repair capacity of tumor cells, radiosesitivity can be
increased, thus leading to improved tumor control.

2.2. Repair of radiation-induced DNA damage

DNA is continuously exposed to endogenous and exogenous damaging agents. Endogenous
genotoxic agents such as reactive oxygen species are produced by the normal cellular metabolism
and can induce DNA damage. Spontaneous DNA damage also occurs during the replication of the
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2. Introduction

DNA. Furthermore, exogenous genotoxic agents such as ionizing radiation (IR) and ultraviolet (UV)
light as well as chemicals found, for example, in cigarette smoke, can also induce DNA damage [23].
To maintain genomic integrity, cells have a very effective repair machinery for the repair of DNA
damage, consisting of hundreds of proteins. Thereby, the activity and localization of these repair
tools must be precisely regulated to allow for the correct repair of the DNA [23]. In this context,
posttranslational modifications of these proteins such as phosphorylation, poly(ADP-ribosylation)
(PARylation), acetylation, methylation, SUMOylation and ubiquitination play an important role in
the regulation of the activity of repair proteins and therefore in DNA repair [23]. For example, the
importance of phosphorylation has been demonstrated by Beli et al., who showed that DNA damage
induces approximately 1700 distinct phosphorylation events on several hundred proteins [9].
Different types of genotoxic agents can induce different types of DNA damage which require
different but specific repair pathways for their removal. The major repair pathways are: Direct
repair (DR), base excision repair (BER), mismach repair, nucleotide excision repair (NER), non-
homologous end-joining (NHEJ) and homologous recombination (HR) [50]. The initial step in
all pathways is the recognition of damaged DNA and the initiation of the required repair pathway,
which is accomplished by the DNA damage response.

2.2.1. DNA damage response (DDR)

DNA damage is recognized by specific proteins, which induce distinct signaling cascades that
can lead to the repair of the damage, but which can alo lead to the induction of apoptosis or cell
cycle arrest. These proteins and signaling cascades are summarized with the term ”DNA damage
response” (DDR). One of the key proteins in DDR is the tumor suppressor p53, which plays a
critical role in maintainig the integrity of the genome. Its role as a tumor suppressor is evident
in that p53 is mutated in approximately 50% of all cancers [59]. Moreover, wild type p53 can be
functionally inactivated not only by viral oncogenes (e.g. human papillomavirus, HPV), but also
by defects in the p53 activation pathway. The p53-dependent cell cycle arrest triggered by DNA
damage is of importance because it gives the cell time to repair the DNA damage before the cell
enters the critical cell cycle phases such as the S-phase and mitosis. To perform these functions,
p53 is initially stabilized by phosphorylation by the kinases ataxia telangiectasia mutated (ATM)
and checkpoint homolog 2 (CHK2). The stabilized p53 induces the transcription of several genes
which promote cell cycle arrest. For example, p53 stabilization leads to the expression of p21,
which binds and inhibits cycline-dependent kinases, thus preventing the cell’s progression from the
G1 to the S phase. In addition to cell cycle arrest, p53 stabilization can induce the transcription of
Bcl-2-associated protein X (BAX), Bcl-2-antagonist/killer (BAK) and p53 upregulated modulator
of apoptosis (PUMA), all of which lead to apoptosis [79] [23]. Induction of growth arrest and DNA
damage-inducible protein (GADD45) and XPE by p53 in turn promotes DNA repair [59].
In addition to the stabilization of p53 and the regulation of cell cycle and apoptosis, DDR leads to a
reorganization of repair and signaling proteins into sub-nuclear structures, the so-called IR-induced
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2. Introduction

foci, which surround DSB sites and enable DNA repair [65]. In this process, the DNA breaks are
initially detected by the MRE11-Rad50-NBS1 (MRN) complex together with ATM. ATM has a
central role in DDR and together with ataxia telangiectasia related (ATR) and DNA-dependent
protein kinase (DNA-PK) phosphorylates hundreds of proteins involved in DDR and DNA repair,
including the histone H2AX [94]. This H2AX phosphorylation can extend over megabases of DNA
flanking the DSB [56] and initiates the recruitment of other repair proteins, thereby serving as a
recruitment platform [8]. In addition to phosphorylation, histone methylation and ubiquitination
are also important modifications for the recruitment of repair factors to the site of damage. Among
these factors, 53BP1 (p53-binding protein-1) is recruited and interacts with methylated histones
[23]. This property is utilized for the investigation of DSB induction and repair, whereby DSBs can
be visualized by immunofluorescence staining using antibodies that bind to 53PB1, for example, or
to the phosphorylated form of H2AX, known as γH2AX.

2.2.2. Repair of single strand breaks and damaged nucleotides

Direct repair (DR) Direct repair (DR) is responsible for the repair of alkylated guanine. O6-
methylguanine-DNA methyltransferase (MGMT) transfers the alkyl groups from the DNA to itself,
after which it is ubiquitinated and subsequently degradated. [22].

Base excision repair (BER) or single strand break repair (SSBR) The most frequent
types of DNA damage, base damage and single strand breaks, are removed by base excision repair
(BER). BER allows for an error-free form of repair by using the second, intact DNA strand as a
template for the repair[27] [32]. Initially, damaged bases are recognised and removed by various
DNA glycosylases [88]. The remaining apurinic/apyrimidinic (AP) site is then processed by the AP
endonuclease (APE). Subsequently, the damage site is repaired by different polymerases and the
5’ overhanging flap structure is cleaved by the flap endonuclease FEN1. Finally, the ligation step
is performed by DNA ligases I and III. The poly(ADP-ribose) polymerase PARP1 also plays an
important role in BER. It binds to both sides of a single strand break and attaches PAR polymers to
histones and itself, which loosens the chromatin and facilitates the access of BER enzymes such as
XRCC1, DNA polymerase β and Ligase III [22] to the damage site.

Nucleotide excision repair (NER) Large DNA adducts and bulky DNA lesions are repaired
by NER, which employs more than 30 proteins [43]. Initially, DNA lesions are detected by XPA,
RPA, the XPC-TFII-H-complex and damaged DNA binding protein (DDB). Subsequently, the
transcription factor TFIIH, which consists of seven different proteins, unwinds the DNA at the site
of the lesion, which is then excised by the XPG and XPF-ERCC1 complex [22]. Finally, the DNA
gap is filled by polymerases and sealed by Ligase I [22].
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2. Introduction

Mismatch repair (MMR) Base mismatches in the DNA are caused by errors in replication as
well as through spontaneous or induced base deamination, oxidation and methylation [69] [104].
The MutSα complex recognises and binds mismatches or modified bases, while the excision of the
DNA strand is carried out by exonuclease I [34]. Finally, the synthesis of new DNA is performed
by Polδ [61].

2.2.3. DNA double strand break (DSB) repair

Unlike for the repair of nucleotide damage or single strand breaks, there is no template for the
repair of double strand breaks (DSBs), because both DNA strands are damaged, thus making their
repair far more challenging. Moreover, DSBs represent the most lethal form of DNA damage that,
if remain unrepaired, or are misrepaired, lead to chromosomal aberrations (chromosome breaks
and changes) and therefore to the inactivation of the cell [120]. There are at least two main repair
mechanisms for DSBs: homologous recombination (HR) and non-homologous end-joining (NHEJ).
Which repair pathway is used depends on the type of damage and the cell cycle phase [22] (Figure
1).
Non-homologous end-joining (NHEJ) provides a mechanism for the repair of DSBs throughout
the cell cycle [17]. It re-ligates the broken DNA ends and does not require a template for the
repair. However, NHEJ can be associated with the loss of nucleotides and is therefore a potentially
error-prone repair pathway, whereas HR is mostly error free. Since HR requires a homologous
template in the form of a sister chromatid, it is only active in the late S-phase and G2 phase of the
cell cycle [22].
In addition to NHEJ and HR, DSBs can also be repaired by single strand annealing (SSA) or by
alternative NHEJ pathways. However, SSA can only take place when repetitive sequences exsist
near the break while alternative NHEJ only occurs, when NHEJ is disabled [120] (Figure 1).

Non-homologous end-joining (NHEJ) NHEJ is the most frequently used DSB repair mech-
anism, repairing approximately 80% of radiation-induced DSBs [120]. After DSB formation,
the heterodimer Ku70/Ku80 binds to the DNA ends. Subsequently, the DNA-PK catalytic sub-
unit (DNA-PKcs) is recruited to the break [41], forming the DNA-PK holoenzyme together with
Ku80/Ku70. The Ku heterodimer then moves inward on the DNA, allowing the DNA-PKcs to have
physical contact with the DNA [119]. In doing so two DNA-PKcs molecules form an interaction
across the DSB, leading to a formation of a synapse between the two DNA ends [26]. For the most
part, the DNA ends are not directly ligatable and require processing before the ligation step can
be performed. This is accomplished by the MRN complex, which displays exonuclease, endonu-
clease and helicase activity and removes excess DNA at 3’ flaps. The 5’ flaps are removed by flap
endonuclease (FEN1) or by the protein Artemis, which functions as an exo- and endonuclease [70].
Finally, the DNA ends are ligated by the XRCC4-Ligase IV complex. By processing the DNA ends,
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2. Introduction

base pairs can potentially be lost, and thus repair through NHEJ can be error prone. However, if
compatible DNA ends exist, NHEJ can also be error free.

Homologous recombination (HR) Unlike NHEJ, HR is usually an error-free repair pathway.
The homologous DNA sequence on the sister chromatid is used as a template for the repair, hence
no genetic information is lost through the repair by HR. Initially, the DSB is processed by in the
5’-3’ direction by the nucleolytic resection of the MRN complex [22] to obtain 3’ single stranded
DNA (ssDNA), which is then bound by a ring complex formed by Rad52 proteins. This complex
protects the DNA ends from exonucleolytic digestion. Rad52 interacts with the replication protein A
(RPA) and Rad51, which then polymerizes on the 3’ single stranded DNA, forming a nucleoprotein
filament and enabling the ssDNA to search for the complementary sequence on the sister chromatid.
Subsequently, a three stranded intermediate (synaptic complex) is formed with the intact DNA
strand of the sister chromatid. Here, the single-stranded DNA displaces one strand and a D-loop
structure with holliday junctions is formed. DNA polymerases extend the invading ssDNA strand
using the intact sequence on the sister chromatid as a template [22]. After accomplished repair
synthesis, the holliday junctions are resolved by the BLM-TOPOIII-RMI1 complex or by a group
of endonucleases (known as holliday junction resolvases) [50].

Single strand annealing (SSA) Single strand annealing can take place in all cell cycle phases
since it does not require a homologous sequence on the sister chromatid. However, it does require
repetitive DNA sequences on the same DNA strand near the break. Initially, the DNA strands at
the break are resected to produce single stranded 3’ overhangs, which are then coated with RPA.
Subsequently, the homologous sequences on the complementary strands are aligned with the help
of Rad52, leading to the annealing of the homologous sequences. The 3’ overhangs are removed
by the endonuclease ERCC1/XPF. As a consequence, DNA sequences are always lost during SSA,
making it an error prone repair pathway [120] [39].

Alternative NHEJ In addition to the NHEJ, an alternative pathway exists, the so-called alterna-
tive NHEJ. This backup pathway is activated when NHEJ is not available. It operates independently
of Ku and DNA-PKcs, but is PARP dependent. PARP1 recognizes and binds to the DNA ends
and recruits the MRN complex to the break. Together with CtIP and BRCA1, it then mediates the
resection of the DSB [23]. The DNA ends are finally ligated by XRCC1 and LigIII [41].
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Figure 1: Schematic overview of the most important repair pathways for DNA double strand breaks.
Non-homologous end-joining (NHEJ), alternative NHEJ (Alt-NHEJ), homologous recombination (HR) and single
strand annealing (SSA) [120].

2.3. Inhibition of DSB repair and radiosensitization

The importance of DNA repair for cellular radiosensitivity makes proteins involved in DDR and
DNA repair promising targets for tumor therapy, as blocking DDR or DNA repair in tumor cells
would lead to increased radiosensitivity and therefore to better tumor control. Inhibitors of DNA
repair proteins are in developement and have already been used to sensitize tumor cells towards
chemo- or radiation therapy, PARP1 inhibitors being one such example [50] [120]. However, the
use of DNA repair-inhibiting drugs can be problematic, as they are not specific for tumor cells and
are also toxic for normal cells. Additionally, they can predispose patients to secondary cancers due
to the DNA mutations they cause [50]. The inhibition of DNA repair can also be accomplished
indirectly, however, by inhibiting proteins that play a role in the regulation of DNA repair. In order
to reduce normal tissue toxicity, it is important that the targeted proteins are tumor-specific, such as
proteins which are overexpressed or deregulated in tumors. One such target is the receptor of the
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epidermal growth factor (EGFR).
The EGFR is overexpressed or deregulated in many tumors and its inhibition has already been
shown to radiosensitize tumors [12] [13]. This form of radiosensitization is considered to be caused
by the inhibition of DNA DSB repair, but EGFR inhibition can also induce a permanent form of G1
arrest [120](see 2.6).

2.4. EGFR

The receptor of the epidermal growth factor (EGFR, also known as ErbB-1 or Her1) is frequently
used as a target to achieve radiosensitization. It is a 170 kDa transmembrane receptor tyrosine kinase
that belongs to the family of ErbB receptors. The other three closely related receptors in this family
are ErbB-2 (Her2), ErbB-3 (Her3) and ErbB 4 (Her4) (Figure 2). These receptor tyrosine kinases
receive extracellular signals through binding growth factors (hormones) and convert these into
intracellular signals. For example, ErbB receptor signaling leads to the activation of transcription
factors resulting in changes in cell division, differentiation, migration, adhesion or apoptosis [63].
ErbB receptors consist of an extracellular ligand-binding domain, a hydrophobic transmembrane
domain, an intracellular tyrosine kinase domain and several autophosphorylation sites at the c-
terminus of the receptor. More than ten ligands exist that are known to bind to ErbB receptors. These
ligands belong to the EGF family of growth factors, all of which have an EGF-like domain and three
disulphide-bonded intramolecular loops. Three of these are specific to the EGFR: epidermal growth
factor (EGF), amphiregulin (ARG) and transforming growth factor α (TGFα). They are generated
upon cleavage of transmembrane precursors and predominantly signal over short distances as
autocrine or paracrine growth factors, with the exception of EGF, which is found in almost all body
fluids. Moreover, the ligands display organ- and developmental stage-specific expression patterns
[73]. Ligand binding leads to the homo- or heterodimerisation of the receptor and the activation of
its tyrosine kinase domain, resulting in the autophosphorylation of the carboxy-terminal tyrosine
residues. Both the ligand and dimerisation partner influence the phosphorylation pattern of these
tyrosine residues and therefore the quality and quantity of the resulting signal. The phosphotyrosine
residues and the amino acids surrounding them provide docking sites for specific adapter proteins.
The recruited adapter proteins can then initiate specific signal transduction pathways downstream
of ErbB receptors and therefore determine which signaling pathways are activted [63]. The best
characterized signaling pathways activated by EGFR are the MAPK, PI3K-AKT and PLC-PKC
pathways 2. The activation of these pathways leads to posttranslational modifications of target
proteins and for example, to the activation of specific transcription factors in the nucleus [63].
The MAPK (mitogen activated protein kinases) pathway is activated by the guanine nucleotide
exchange factor Sos, which is recruited to the receptor through its association with the protein Grb-2.
Sos activates Ras, which in turn activates the Raf kinase. This initiates a kinase cascade involving the
phosphorylation of MEK1/2 (MAPK kinase) and ERK1/2 (MAPK). ERK phosphorylates multiple
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cytoplasmic and cytoskeletal proteins and also translocates into the nucleus, where it phosphorylates
and activates various transcription factors [63].
Ras can also activate the phosphatidyl-inositol-3-kinase (PI3K), which in turn phosphorylates
phosphatidylinositol 4,5-bisphosphate (PIP2), at the plasma membrane leading to the recruitment
of multiple signaling effectors such as the Akt kinase, the key effector of PI3K. Akt has many
cytoplasmic and nuclear targets, and promotes survival and proliferation. [63]
Ras protein family members are not only important for the activation of the MAPK- and Akt
pathways downstream of EGFR. They also serve as signaling points in the cell that activate other
signaling cascades after diverse stimuli [24]. Furthermore, Ras proteins are significant proto-
oncogenes, with approximately 30% of tumors displaying a Ras mutation. Activating mutations of
Ras proteins can lead to overactvation of the Akt and MAPK pathways [24].
In order to inactivate EGFR signaling, EGFR activity is controlled by protein tyrosine phosphatases
(PTPs), which dephosphorylate the receptor and thus down-regulate its activity [75]. Another
mechanism for the down-regulation of EGFR signaling is internalization. The activation of EGFR
leads to its internalization through clathrin coated regions in the cell membrane which then form
endocytic vesicles. The internalized receptor is either recycled and transported back to the cell
surface or it is polyubiquitinated and directed to lysosomal degradation [109]. Additionally, the
activity of the EGFR can be regulated through its localization to the caveolae, special compartments
of the plasma membrane which have been reported not only to reduce the receptor’s activity, but
also to cause its internalization, resulting in its recycling [92].
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Figure 2: ErbB family receptor tyrosin kinases and their signaling network.
Upon ligand binding ErbB receptors form homo- or heterodimers, which leads to transactivation by phosphorylation
and to recruitment of adaptor proteins. The major signaling pathways activated by ErbB receptors (Raf/MEK/ERK,
PI3K/Akt, PLCγ/PKC, Rac/Pak/JNK, Jak/Stat pathways) are depicted. Number in each ligand block indicates the ErbB
receptor they bind to. Trans-regulation by G-protein-coupled receptors and cytokine receptors is is indicated by wide
arrows [116].

2.5. EGFR and cancer

The EGFR as well as Her2 have been reported to be over-expressed or mutated in many types of
cancer and both are thought to be driving factors of carcinogenic proliferation. An over-expression
of EGFR can be caused by polysomy or gene amplification. The altered regulation of transcription
or impaired degradation may also lead to EGFR over-expression [14] [72]. Cancer types displaying
EGFR over-expression include gliablastomas and breast, bronchial, colorectal, and head and neck
carcinomas [15] [35] [66] [83] [81] [84]. For example, some studys have shown 90% of head and
neck carcinomas to display an over-expression of the EGFR [25] [47] [82].
Tumors with EGFR over-expression are characterized by a more aggressive phenotype including
increased proliferation, a higher degree of invasiveness and a higher risk of developing metastases.
This leads to a poor prognosis and shortened survival of the patients [1]. Moreover, tumors with high
level of EGFR expression are often resistent to chemo- and radiation therapy [2]. This resistanse is
thought to stem, at least in part, from an enhancement in DNA DSB repair caused by EGFR [77].
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Therefore, the EGFR is a promising target in molecular targeted tumor therapy and has already
gained importance in the treatment of several tumor entities [120].
The EGFR can be targeted by monoclonal antibodies such as cetuximab, which blocks the dimerisa-
tion and therefore the activation of the receptor. Furthermore, small molecule inhibitors like erlotinib
inhibit the tyrosine kinase activity of the receptor by binding to the kinase domain [111]. EGFR
inhibition can be applied in monotherapy or in combination with chemo- or radiation therapies
[40]. In combination with RT, a study from Bonner et al. demonstrated, that the treatment of
HNSCC tumor patients with cetuximab led to an almost 10% increase in overall survival compared
to patients that received RT alone [13]. This increased survival is considered to be the result of
the radiosensitizing effect of EGFR inhibition, stemming at least in part from attenuated DNA
repair through EGFR inhibition. A study by Bonner et al. additionally revealed that patients who
developed an acneiform rash as an side effect of cetuximab treatment survived 2.5 times longer
than patients without a rash [13]. This indicates that the acneiform rash is a biomarker for optimal
therapy outcome of RT combined with cetuximab, but it also demonstrates that some tumors respond
to EGFR inhibition and other tumors do not. Because the underlying molecular mechanisms for the
development of the rash as well as for the better outcome are not yet known, molecular biomarkers
which predict a successful response have yet to be identified. Yet, the expression of EGFR has been
dicussed as a potential marker, however, it did not correlate with responce to cetuximab treatment
[20] [13]. On the other hand, studies indicate that activating somatic mutations in the tyrosinkinase
domain of EGFR in non-small cell lung carcinoma (NSCLC) are promising markers to predict the
outcome of RT combined with EGFR inhibitors [20]. This shows that for successful biomarker
identification, it is essential to also understand the molecular mechanisms leading to attenuated
DNA repair and radiosensitization by EGFR inhibition.

2.6. Effect of EGFR inhibition on DNA repair

Clinical data imply that the inhibition of EGFR leads to the sensitization of cancer cells towards
radiation. To unveil the molecular mechanisms behind this radiosensitization, several preclinical
studies have investigated the effects of EGFR activation and inhibition in combination with IR,
thereby mainly focussing on DSB repair. In this context, Golding et al. reported a regulation of DSB
repair by the EGFR. Their studies showed that the DSB repair capacity of glioma cells was enhanced
when these cells expressed a constitutively active EGFR mutant. On the other hand, when the cells
expressed a dominant negative EGFR construct, the DSB repair capacity decreased [36]. Such
regulation of DNA repair by the EGFR was also demonstrated by others [101], including in previous
studies from our lab demonstrating a modulation of DSB repair by the EGFR in NSCLC cells.
These studies revealed the importance of the MAPK pathway for this regulation, while additional
studies from other groups indicate that the regulation is also dependent on the Akt pathway [54]
[36] [100].
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Several mechanisms have been suggested to explain EGFR’s modulation of DNA repair. These
include the regulation of the expression of DNA repair proteins, the regulation of their intracellular
distribution and the control of the phosphorylation of DNA repair proteins [67]. For example,
Huang and Harari reported that EGFR inhibition prior to irradiation caused a redistribution of
DNA-PKcs from the nucleus to the cytoplasm [46]. Additionally, a shuttling of EGFR itself into the
nucleus after irradiation was reported by Dittmann et al.. Here, EGFR translocates to the nucleus
after irradiation and then interacts with DNA-PKcs, thus leading to its activation. The inhibition of
EGFR with cetuximab therefore blocks this tranlocation and suppresses DNA-PKcs activity [29].
On the other hand, EGFR has also been shown to regulate the transcription of XRCC1, a DNA
repair protein which plays an important role in BER [114], as well as that of Rad51, a central
protein in HR [21] [51].
Furthermore, EGFR signaling has been shown to affect the phosphorylation status of DNA repair
proteins such as DNA-PKcs, ATM, H2AX and PARP1, which is required for the activation of these
proteins after DNA damage [67] [49] [36]. For example, Toulany et al. showed that the inhibition
of EGFR led to the reduced phosphorylation of DNA-PKcs. However, this change was observed
only in cells expressing a mutated form of the EGFR signaling transducer K-Ras, and not in K-Ras
wild type cells [101].
The majority of these studies concentrate on the effects of receptor inhibition. In terms of activation,
only the effect of activating mutations or activation by EGF on DSB repair has been analyzed so
far. Moreover, these results are restricted to the receptors effects on some specific DNA repair
proteins, which have only been investigated in only one or two cell lines per study. The majority
of the studies have also reported regulation of only overall DSB repair, measured by γH2AX foci
technique, without a detailed analysis of different repair pathways such as NHEJ and HR. Therefore,
it is not yet clear whether the regulation of DSB repair by the EGFR is dependent on important
factors such as changes in EGFR ligands, mutations in K-Ras or p53 or of the amount of the EGFR
itself. In short, it is not known whether the regulation is a conserved and general mechanism.
There is even no consistent model for the mechanisms by which EGFR regulates DNA repair.
Therefore, it is important to analyze whether the regulation of DSB repair by the EGFR is in fact a
general mechanism and to examine these effects using a global approach which would allow for the
simultaneous analysis of a wide spectrum of different proteins and pathways. This might help to
gain insight in to the underlying mechanisms and the DSB repair networks regulated by the EGFR
and therefore to establish biomarkers for the prediction of the successful radiosensitization of tumor
cells.
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3. Aim of the study

The aim of the study was to elucidate, whether the regulation of DNA DSB repair by EGFR is
a general and conserved phenomenon. For this purpose, the impact of different EGFR-specific
ligands such as ARG, TGFα and EGF was investigated. The relevance of the mutation status of
important genetic markers such as p53 and K-Ras was analyzed and the impact of EGFR expression
and inhibition efficiency was tested. Furthermore, it was investigated whether the regulation of
DSB repair is restricted to only a few special cell lines or might be observed in multiple and even in
non-tumor cells. Finally, the effect of EGFR on both main DSB repair pathways, the NHEJ and
the HR, was tested. Based on these observations, the second aim of this work was to establish an
exploratory mass spectrometric method for the functional and quantitative analysis of DNA repair
proteins which could be used to study the effects of EGFR inhibition on the chromatin recruitment
and phosphorylation of DNA repair proteins upon irradiation. Such an approach might enable the
simultaneous analysis of a multiplicity of repair pathways and proteins and therefore might give
rise to new concepts and regulation pathways leading to biomarkers for the prediction of efficient
DSB repair inhibition and therefore radiosensitization in the clinic.
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4.1. Cell lines

Cells used in this work: Human non-small-cell lung carcinoma (NSCLC) cells A549 and H1299
and reporter cells for non-homologous end-joining A549.EJ (M. Kriegs), H1299.EJ (T. Rieckmann),
cervix carcinoma cells HeLa.EJ, Vervet monkey kidney fibroblast cells CV1.EJ (W. Mansour) and
reporter cells for homologous recombination H1299.GC (T. Rieckmann). In case of A549.EJ cells
two clones were used in these experiments (A549.EJ.1.1 and A549.EJ.1.15) and one in case of
H1299.EJ/GC cells, HeLa.EJ cells and CV1.EJ cells. In the case of A549.EJ cells these clones
were cultivated in the presence of 100 U/ml penicillin, 100 µg/ml streptomycin and with 1µg/ml
puromycin or 1,5 µg/ml in the case of H1299.GC cells or 1 mg/ml G418 in case of H1299.EJ,
HeLa.EJ and CV1.EJ cells. The head and neck squamous cell carcinoma (HNSCC) cells SAS and
UTSCC5 were also used in these studies.

4.2. Antibodies

Table 1: Antibodies

Description Organism, clonality, Manufacturer
dilution

Primary antibodies

Akt rabbit, polyclonal, 1:1000 Cell Signaling Technology R©
ATM rabbit, monoclonal, 1:1000 Cell Signaling Technology R©
Calpain 1/2 mouse, monoclonal, 1:1000 Calbiochem R©
DNA-PKcs rabbit, monoclonal, 1:1000 Santa Cruz Biotechnology R©Inc.
EGFR rabbit, monoclonal, 1:1000 Cell Signaling Technology R©
γ H2AX (S139) mouse, monoclonal, 1:2000 Merck Millipore
GAPDH maus, monoclonal, 1:1000 Santa Cruz Biotechnology R©Inc.
H2B rabbit, monoclonal, 1:500 Imgenex
Ku70 rabbit, polyclonal, 1:1000 Cell Signaling Technology R©
Ku80 rabbit, polyclonal, 1:1000 Cell Signaling Technology R©
ERK1/2 rabbit, monoclonal, 1:2000 Cell Signaling Technology R©
pAkt (Thr308) rabbit, polyclonal, 1:1000 Cell Signaling Technology R©
pATM (S1981) mouse, monoclonal, 1:1000 Cell Signaling Technology R©
PARP mouse, monoclonal, 1:1000 BD Pharmingen
pEGFR (Tyr1173) rabbit, monoclonal, 1:1000 Cell Signaling Technology R©

Continued on next page
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Description Organism, clonality, Manufacturer
dilution

p-Threonin rabbit, polyclonal, 1:1000 abcam
p-Tyrosin (p-Tyr-100) mouse, monoclonal, 1:2000 Cell Signaling Technology R©
p-Serin rabbit, polyclonal, 1:1000 abcam
pERK1/2 (Thr202/Tyr204) rabbit, monoclonal, 1:2000 Cell Signaling Technology R©
Rad51 mouse, monoclonal, 1:2000 Genetex
SP rabbit, polyclonal, 1:1000 Santa Cruz Biotechnology R©Inc.
53BP1 rabbit, monoclonal, 1:500 Novus Biologicals

Secondary antibodies

Alexa Fluor 594 conju-
gated

goat, 1:600 Molecular Probes

ECLTMAnti-Rabbit IgG donkey, 1:2000 GE Healthcare
ECLTMAnti-Mouse IgG sheep, 1:2000 GE Healthcare
Fluorescein (Anti-53BP1) donkey, 1:100 GE Healthcare

4.3. Kits

Table 2: Kits

Description Application Manufacturer
Subcellular Protein Fraction Kit for
Cultured Cells

Cell fractionation / Isolation of chro-
matin bound proteins

Thermo Scientific

TALON R©PMAC Magnetic Phospho
Enrichment Kit

Isolation of phosphorylated proteins ClonTech Labora-
tories

SILAC Protein Quantitation Kit cell cultre medium / labeling Thermo Scientific

4.4. Plasmids

Table 3: Plasmids

Description Manufacturer
pGFP ClonTech Laboratories
I-SceI provided by T. Misteli [93]
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4.5. Cell culture media

Table 4: Cell culture media

Description Composition
DMEM-media 500 ml DMEM-media

2% glutamine
10% FBS

light SILAC-media 500 ml SILAC DMEM-media
100 mg/l [12C6]arginine
100 mg/l [12C6]lysine
200 mg/l L-proline
10% dialysed FBS

heavy SILAC-media 500 ml SILAC DMEM-media
100 mg/l [13C6]arginine
100 mg/l [13C6]lysine
200 mg/l L-proline
10% dialysed FBS

4.6. Chemicals and tools

Table 5: Chemicals

Description Manufacturer
[12C6]arginine Thermo Scientific
[12C6]lysine Thermo Scientific
[13C6]arginine Thermo Scientific
[13C6]lysine Thermo Scientific
Acrylamide-mix Bio-Rad
AmershamTMECLTMWestern Blotting Detection Reagents GE Healthcare
Ammoniumbicarbonate Fluka BioChemika
APS Bio-Rad
ARG Sigma
BCA Reagenz A Sigma R©
BCA Reagenz B (copper(II)sulfate-solution) Sigma R©
Bromphenol blue Sigma R©
BSA powder PAA The cell culture

Company
Cetuximab (Erbitux R©) Merck
CL-X PosureTMFilm (Western Blot film developing) Thermo scientific
Coomassie Brilliant Blue R250 Sigma R©

Continued on next page
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Description Manufacturer
Coomassie Brilliant Blue G250 Sigma R©
Coulter-Beckman-solution Coulter-Beckmann
Crystal violet Merck
DAPI Merck
DMSO Sigma R©
DMEM-Media Invitrogen
DTT Sigma R©
EDTA Serve
EGF Upstate
EGTA Sigma R©
Erlotinib (Traveca R©) Roche
Developer (Western Blot Film developing) AGFA
Extraction/Loading Buffer (TALON R©PMAC Magnetic Clon Tech
Phospho Enrichment Kit)
FACS Clean BD
FACS Flow BD
FACS Rinse BD
FBS Biochrom
FBS (dialysed) Pan Biotech
Fixing solution (Western Blot Film developing) Teternal
Formaldehyde 37% Merck
G418 Gibco
Glacial acetic acid J.T.Baker
Glutamine Invitrogen
Glycerine Roth
Glycine Roth
HEPES Sigma R©
Kaleidoskop Marker Bio-Rad
KCl Merck
KH2PO4 Merck
Lipofectamine2000 Invitrogen
L-Proline Thermo Scientific
Skimmed milk powder Spinnrad
Methanol J.T.Bakker
β-Mercaptoethanol Sigma R©
Methane acid Merck
NaCl Sigma R©
Na2HPO4 Merck

Continued on next page
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Description Manufacturer
NP-40 amresco
Penicillin Gibco
Phosphatase Inhibitor Thermo Scientific
PonceauS Sigma R©
Propidium Iodid Calbiochem
Protease Inhibitor (Complete Protease Inhibitor Cocktail Tablets) Roche
Puromycin Sigma
PVDV Membrane (Hybond-P) Amersham
RNase Serva
SDS Sigma R©
SeeBluePlus2 Marker novex
Streptomycin Gibco
Sucrose Calbiochem
TEMED Bio-Rad
TGFα Sigma
Triamcinolone acetonide (TA) Sigma
Trifluoroacetic acid Merck
Tris-Base Sigma R©
Tris-HCl Sigma R©
TritonX-100 Serva
Trypsin (0.05%) (cell culture) Gibco R©
TWEEN-20 Sigma R©
Ultrapure H2O Gibco R©
Vectashield mounting media Vector Laboratories

Table 6: Tools and materials

Description Manufacturer
6 Well plate BD
Coverslip (ø15 mm) Roth
Criterion Gels Bio-Rad
Falkon tubes (15 ml/ 50 ml) Sarstedt
Eppendorf reaction tubes (1.5 ml/ 2 ml) Eppendorf
FACS-tubes Sarstedt
Pipette tips Eppendorf
Scalpel Braun
Cell culture flasks (25 cm2/ 75 cm2) Sarstedt
Cell scraper Cellstar
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4.7. Technical equipment

Table 7: Technical equipment

Description Manufacturer
Autoclave Meditech
Incubator (CO2 Incubator) SANYO
Blot-chambers (Criterion Precast) Bio-Rad
Coulter-Counter Z1 Beckman Coulter
Curix 60 (Western Blot developing machine) AGFA Healthcare N.V.
EGεG Berthold Molecular Light Imager Berthold Technologies

GmbH & Co.KG
Ice machine (FM-120DE-50) Hochizaki
BD FACS canto BD
Freezer (-20◦C, -80◦C) Kryotec
Gel electrophoresis chamber (Criterion Precast) Bio-Rad
Heating block (Thermostat 5320) Eppendorf
Refrigerator (Standard 432) Kirsch
Magnetic stirrer (IKAMAG) IKA Labortechnik
Microsope (Axiovision Observer Z1) Zeiss
Power supply (consort E455) LTF Labortechnik
pH-meter Hanna Instruments
Bio-Photometer Eppendorf
X-Ray tube Gulmay RS 225 Gulmay Medical
Shaker (ST5CAT) neolab
Shaker (Rotamax 120) Heidolph
Sterile bench (Herasafe) Heraeus
Sonificator (UP5OH) hielscher
Vortexer (Genie2) Scientific Industries
Heating cabinet Memmert
Water bath Lauda
Zentrifuge Megafuge 1.0 Heraeus
Zentrifuge 5424R Eppendorf
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4.8. Computer software

The following software was used for recording and analysing data: GraphPadPrism, ModFit, FACS
Diva, AxioVision und Berthold WinLight 32, OpenMS/TOPP.

4.9. Solutions and buffers

4.9.1. Buffers for cell culture and cell fractionation

Table 8: Cell culture and fractionation

Description Contents
PBS (1x) 2 mM KH2PO4

10 mM Na2HPO4

137 mM NaCl
2.7 mM KCl

Puffer 1 (Cell fractionation) 10 mM HEPES pH 7.9
10 mM KCL
0.1 mM EDTA
0.1 mM EGTA

4.9.2. Buffers and solutions for immunofluorescence staining

Table 9: Solutions and buffers (immunofluorescence staining)

description Contents
Fixation solution PBS

2 % formaldehyde

Permeabilization solution PBS
0.2 % TritonX-100

Blocking solution PBS
3% BSA

Solution for antibody incubation and washing BPS
0.5 % Tween 20
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4.9.3. Buffer and solutions for SDS-Page

Table 10: Solutions and buffers (SDS-Page)

description Contents
TG buffer (10x) 192 mM Glycin

25 mM Tris Base
desalted H2O ad 1 l
pH 8.3

TBS buffer (10x) 10 mM Tris-HCL
100 mM NaCl
desalted H2O ad 1 l
pH 7.5

SDS (10%) 10 g SDS
desalted H2O ad 100 ml

SDS-Lysis buffer (1x) 200 mM Tris-HCl (pH 8.8)
5 mM EDTA
0.1% Bromphenol blue
10% Sucrose
3.3% SDS
2% β-Mercaptoethanol

SDS-Lysis buffer (5x) 50 mM Tris-HCl (pH 6.8)
100 mM DTT
2% SDS
0.1% Bromphenol blue
10% Glycerol
desalted H2O ad 50 ml

Stacking gel (4%) 3.05 ml Ultrapure H2O
650 µl Acrylamide mix
1,25 ml 0,5 M Tris-HCL (pH 6.8)
50 µl 10% SDS
25 µl 10% APS
5 µl TEMED

Separating gel (15%) 2.4 ml Ultrapure H2O
5 ml Acrylamide mix
2.5 ml 1.5 M Tris-HCL (pH 8.8)
100 µl 10% SDS
50 µl 10% APS

Continued on next page
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Description Contents
5 µl TEMED

Running buffer 100 ml 10x TG buffer
10 ml 10% SDS
desalted H2O ad 1 l

Coomassie 2 g Coomassie Brilliant Blue R250
0.5 g Coomassie Brilliant Blue G250
425 ml Ethanol
100 ml glacial acetic acid
425 ml desaltet H2O

Destaining solution 130 ml Methanol
100 ml glacial acetic acid
desalted H2O ad 1 l

4.9.4. Buffer and solutions for Western blot

Table 11: Solutions and buffers (Western blot)

Description Contents
Transfer buffer 200 ml 10x TG buffer

400 ml Methanol
desalted H2O ad 2 l

Ponceau S-staining solution 2 g Ponceau S
30 g Trichloroacetic acid
desalted H2O ad 1

TBS-T 200 ml TBS buffer
4 ml TWEEN-20
desalted H2O ad 2 l

Blocking solution:
5% BSA 5 g BSA powder

TBS ad 100 ml
5% Skimmed milk 5 g skimmed milk powder

TBS ad 100 ml

Stripping buffer 200 M Glycin
1%SDS
pH 2.5
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5. Methods

5.1. Cell culture

The cell lines were cultured in flasks at 37◦C and 10% CO2 in an incubator. The cells were passaged
every 3 to 4 days . For this purpose, the medium was aspirated and the cells were washed with PBS
and trypsinized in 1.5 ml trypsin for 3 min at 37◦C. Finally, the cells were resuspended in DMEM
medium and diluted by seeding in a new flask.

5.1.1. Cell counting

If a distinct number of cells had to be seeded out, the concentration of the cell suspension had to
be determined after trypsinisation. For this purpose, 200 µl cell suspension was diluted in 9.8 ml
Coulter-Beckmann-solution and cells within a defined µm range were counted using the Coulter
counter.

5.1.2. Proliferation assays and cell cycle analysis

To analyse the proliferation of the cells, 100,000 cells were seeded in 25 cm2 cell culture flasks
containing 4 ml medium. For a ten days period, one flask of cells was harvested daily and the
cell number was determined (5.1.1). For the analysis of cell cycle distribution the harvested cells
were pelleted by centifugation at 1400 rpm for 5 min, the supernatant was aspirated and the cell
pellet was resuspended in 1 ml PBS. For fixation, the cell suspension was added drop by drop into
ice-cold 80% ethanol with simultaneous vortexing. The probes were stored at -20◦C until staining.
For staining with propidium iodid the cells were pelleted by centrifugation at 1400 rpm for 5 min.
The supernatant was aspirated and the cells were washed with 2 ml PBS + 0.1% Tween. After that
the cells were pelleted again (1400 rpm for 5 min), the supernatant was aspirated and the cells were
resuspended in PI staining solution (10 µg/ml PI-solution with 1% RNase). The cells were stained
for 30 min to overnight at room temperature in the dark. Prior to flow cytometric analysis the cells
were passed through a fine mesh sieve to avoid clumping of the cells. Finally, the DNA content
of the cells was measured using a flow cytometer. The histograms were analysed with ModFit
software.
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5.1.3. EGFR activation and inhibition

Unless indicated otherwise, EGFR was inhibited with cetuximab or erlotinib 2 h before the cells
were irradiated (IR) or prior to cell lysis. EGFR was stimulated with EGF, ARG or TGFα 15 min
prior to irradiation or cell lysis. In the NHEJ or HR repair assays, EGFR was activated 30 min
before DSB induction.

5.1.4. X-irradiation

The cells were irradiated at room temperature with Gulmay RS225 X-Ray machine at 200 kV and
15 mA with a dose rate of 1.2 Gy/min (0.5 mm Cu- and a 0.8 mm Be filtering).

5.1.5. Non-homologous end-joining repair assay

The reporter cells for non-homologous end-joining (NHEJ) have a repair construct which is stably
intergrated into the genome of the reporter cells. The contruct consists of an artificial start codon
followed by a second start codon and a GFP gene. The transcription can only start from the artificial
start codon, but since the GFP gene is not in the right reading frame, it cannot be transcribed. There
are restriction sites for the endonuclease I-SceI on both sides of the artificial start codon. The
cleavage of these sites through the enzyme induces a double strand break and leads to the loss of
the artificial start codon. The ends of the break can be ligated though NHEJ, which enables the
transcription of the GFP gene starting from the second start codon. The green fluorescence of the
reporter cells is hence a result of the NHEJ activity of the cells (Figure 3).

Transient transfection of A549 or H1299 cells with the pDsRed-I-SceI-GR expression vector was
performed using Lipofectamine2000. For this purpose, 2 µg plasmid and 5 µl Lipofectamine2000
were used per 2.5x105 cells. The fusion construct pDsRed-I-SceI-GR is composed of DsRed,
I-SceI and the hormone binding domain of the glucocorticoid receptor (GR). The DsRed is a
red fluorescence protein which enables the detection of the construct in the cells. I-SceI is an
endonuclease which cleaves the specific restriction sites in the repair construct of the reporter cells.
The glucocorticoid receptor controls the constructs cellular localization. The fusion construct cannot
enter the nucleus in the absence of hormone ligands. When the GR binds to its ligand it translocates
into the nucleus where the I-SceI enzyme is able to cut at the specific restriction sites. Thus, the GR
enables us to control the time of DSB induction. To avoid I-SceI translocation due to hormones
included in the FBS, the cells were washed twice with PBS and switched to medium supplemented
with dialyzed FBS before transfection. Once the glucocorticoid analog triamcinolone acetonide
(TA) is added, the construct rapidly enters the nucleus, enabling the I-SceI moiety to cleave its
specific target sequences in the integrated reporter constructs. TA (100 ng/ml) was added 24 h post
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Figure 3: Diagram of the reporter construct for non-homologous end-
joining (NHEJ).

The reporter construct consists of an artificial start codon (ATG), a second start codon,
a GFP gene and two restriction sites for the endonuclease I-SceI. Since the GFP gene
is not in the right open reading frame (ORF), the transcription from the artificial start
codon leads to a truncated GFP protein. The transcription of the GFP gene starting from
the second start codon can only take place after a successful repair of the I-SceI-induced
double strand break by NHEJ.

transfection and cells were harvested after a repair period of an additional 24 h. The number of
GFP-positive cells was determined using a fluorescence cytometer. In the case of EGFR inhibition
cetuximab or erlotinib was added 2 hours before growth factor treatment and the growth factors
(EGF, ARG, TGFα) were added 30 min before TA addition.
Since the cells are stimulated with growth factors, it was important to ensure, that the treatment
did not influence the expression of the reporter, which could alter the amount of green fluorescent
cells. To control reporter expression, cells were transfected with GFP encoding plasmid (pGFP).
Two hours after the start of the transfection, cetuximab or erlotinib was added in case of EGFR
inhibition and 4 h after the start of the transfection medium was changed to contain fresh inhibitor
and/or growth factors.

5.1.6. Homologous recombination repair assay

The reporter cells for homologous recombination (HR) also have a repair construct stably integrated
to the genome. The construct consists of a mutated and thus inactive GFP gene with two I-SceI
restriction sites and an incomplete GFP sequence. During the S-phase, the repair construct is
duplicated along with the rest of the genome so that there is a second repair construct on the sister
chromatid. Cleavege through the I-SceI restriction enzyme removes the mutated sequence in the
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GFP gene and a DSB occurs. The incomplete GFP sequence on the sister chromatid serves as
a template for homologous recombination repair of the induced double strand break. Repair of
the break leads to a functional GFP gene which can be measured as green fluorescense (Figure 4).
The HR repair assay was conducted in a similar manner to the NHEJ repair assay (5.1.5), with the
exception that the cells were harvested for flow cytometric analysis after a repair period of 48 hours.
To control the influence of the treatment on the reporter expression itself, the reporter expression
was controlled as described under 5.1.5.

Figure 4: Diagram of the reporter construct for homologous recombina-
tion (HR).

The reporter construct consists of a mutated GFP gene with two I-SceI restriction
sites and an incomplete GFP sequence. The GFP gene can be transcribed only after a
successful repair of a I-SceI-induced double strand break (DSB) by HR, during which
the incomplete GFP sequence on the sister chromatid serves as a template for the repair.

28



5. Methods

5.2. Cell fractionation and cell lysis

5.3. Determination of protein concentration

The BCA (bicinchoninic acid) assay was used to determine the protein concentration of cell lysates.
For this purpose, 2-10 µl of the probes were diluted in 40-48 µl of H2O (for the final volume of
50µl). One mililiter of the BCA solution (for which reagent A was mixed with reagent B according
to the manufacturer’s instructions) was added to each probe, vortexed and incubated in a 37◦C water
bath for 30 min. The extinction of the probes was measured at 562 nm. Duplicates were measured
for each probe.

5.3.1. Cell fractionation

To analyse only nuclear proteins, these must be separated from the cytoplasmic proteins. This is
made possible by cell fractionation. For fractionation, cells were grown in 75 cm2 cell culture
flasks to confluency (for 6-7 days). The medium was removed and the cells were washed with
PBS. Subsequently 4 ml PBS was added to the cells and they were detached using a cell scraper
and transferred into Falcon tubes. The cells were centrifuged for 5-7 min at 1000 g and 4◦C and
the supernatant was aspirated. The pellets were resuspended in 500 µl hypotonic buffer (buffer I),
transferred to a 1.5 ml reaction tube and incubated on ice for 30 min. During this incubation the
cells in the hypotonic buffer swell and finally burst. Subsequently 31.4 µl of 10% NP-40 was added
to the lysates and vortexed for 10 sec. This detergent disrupts plasma membranes and vesicles but
does not break the nuclear membrane. Finally, the probes were centrifuged for 10 min at 1000 g and
4◦C. The supernatant containing cytoplasmic proteins was transferred to a new reaction tube. The
pellet was washed once with buffer 1 without resuspending it and centrifuged again for 3 min at
1000 g and 4◦C. The supernatant was discarded. For lysis of the nuclei the pellet was resuspended
in extraction/loading buffer (TALON R©PMAC Magnetic Phospho Enrichment Kit), incubated on
ice for 20 min, vortexed once every minute and finally centrifuged at 10000 g and 4◦C for 20 min.
The supernatant with the nuclear proteins was transferred to a new precooled reaction tube and
stored at -20◦C.

5.3.2. Isolation of chromatin bound proteins

To analyse the recruitment of DNA repair proteins to the damaged DNA, chromatin bound proteins
were isolated. To do so, cells were grown in 75 cm2 flasks for 6-7 days to reach confluency and
were washed with PBS after treatment. For the SILAC experiments (see 5.6.3), the cells were
then trypsinized, resuspended in 8 ml medium and the cell number was determined. The same
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number of cells was used for each probe. The cells were pelleted by centrifugation at 1000 g and
4◦C for 5-7 min. The supernatant was aspirated and the cell pellet was washed in 1 ml PBS before
being transferred in a 1.5 ml reaction tube, centrifuged again at 1000 g and 4◦C for 5-7 min. The
supernatant was then discarded. Through a gradual resuspension of the cell pellet in different buffers
of the Subcellular Protein Fractionation Kit for Cultured Cells, the cells could be fractionated
according to their different compartiments, the fourth being the chromatin bound protein fraction
(Figure 5). At first, the cytoplasmic proteins were isolated after incubation in CEB (cytoplasmic
extraction buffer). The cytoplasmic membrane fraction was obtained through incubation in MEB
(membrane extraction buffer). NEB (nuclear extraction buffer) was used for the extraction of soluble
nuclear proteins. The cromatin bound proteins were obtained through the addition of micrococcal
nuclease (Mnase) to the NEB. Subsequently, the chromatin bound fraction was sonificated for about
10 seconds. All fractions were stored at -20◦C.

Figure 5: Diagram of cell fractionation using the Subcellular Protein
Fractionation Kit for Cultured Cells.

The gradual resuspension of the cell pellet in different buffers provided in the kit allow
for the isolation of proteins from the different cell compartments. CEB, cytoplasmic
extraction buffer; MEB, membrane extraction buffer; NEB, nuclear extraction buffer;
PEB, pellet extraction buffer. [Protocol for The Subcellular Protein Fractionation Kit
for Cultured Cells, Thermo Scientific]

5.3.3. Isolation of phosphorylated proteins

Many DNA repair proteins are either autophosphorylated or become phosphorylated by other
kinases after DNA damage. This phosphorylation often leads to activation of these proteins. To
investigate the activation of DNA repair proteins after irradiation, phosphorylated proteins were
enriched from nuclear protein extracts using the TALON R©PMAC Magnetic Phospho Enrichment

Kit (Figure 6). Hereby the phosphate metal affinity chromatography (PMAC) based magnetic beads
specifically bind the phosphorylated proteins. The protein concentration of nuclear protein extracts
was determined by BCA assay (5.3). The same amount of protein from each probe was used for
the isolation. The nuclear protein lysate was incubated with the magnetic beads for 1 h at 4◦C.
During this incubation period, the phosphorylated proteins bind to the beads due to their surface
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properties. After the incubation the beads are washed three times with the wash buffer and finally
the phosphorylated proteins were detached from the beads through incubation in the elution buffer.
The eluates containing the isolated phosphoproteins were stored at -20◦C. The isolation procedure
is depicted in figure 6. For Western blot analysis (see 5.5.1 and 5.5.2), 20 µl of the extracts were
mixed with 5 µl of 5 X SDS buffer and heated at 95◦C for 5-10 min.

Figure 6: Diagram of phosphoprotein isolation.
The protein extract (input) is incubated with the magnetic beads. The beads with the
bound phosphoproteins can be separated from the supernatant using a magnet separator.
After washing the beads three times, phosphorylated proteins are detached from the
beads with the elution buffer. [The Magnetic Phosphopeptide Enrichment KitProtocol,
Clontech]

5.3.4. Preparation of whole cell lysates

Cells were seeded in 6-well plates and were grown over night or for 6-7 days. Two hours before
cell lysis, the cells were treated with different concentrations of erlotinib (0, 0.5, 1, 2.5, 5 and 10
µM) or DMSO. Stimulation of the cells with growth factors (EGF, ARG, TGFα) was conducted
15 min prior to cell lysis. The incubation was stopped by placing the 6-well plates on ice. The
medium was aspirated and the cells were washed with PBS, then lysed with 150µl SDS lysis buffer
and transferred into Eppendorf-reaction tubes. Finally the lysates were sonificated for 5-10 sec
and heated at 95◦C for 5-10 min. The lysates were either immediately analysed by SDS Page and
western blotting (5.5.1 and 5.5.2) or stored at 4◦C.
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5.4. Immunological assays

5.5. Immunofluorescence staining of γH2AX and 53BP1 repair foci

DNA double strand breaks were visualized through the immunofluorescense staining of γH2AX
(histone H2AX phosphorylated at Serine 139) and 53BP1, which can be detected at DNA breaks
after irradiation [11]. To do so, cells were seeded on cover slips placed in 12-well plates with 1 ml
medium in each well. The cells were incubated over night at 37◦C. The cells were treated with
erlotinib for 2 hours and with growth factors (EGF, ARG, TGFα) for 15 min prior to irradiation with
0 or 2 Gy. After irradiation the cells were incubated for an additional 24 h. After that, the cells were
fixed with 1 ml 2% formalderhyde for 15 min, washed once with PBS followed by permeabilisation
for 10-15 min under gentle shaking. Subsequently, the cells were blocked for 1 h to minimize
unspecific binding of the antibodies. The cells were then incubated for 1 h at room temperature with
the primary antibodies anti-γH2AX or anti-53BP1. After washing three times 10 min with wash
buffer, the cells were incubated for 1 h at room temperature with secondary antibodies (Alexa Fluor
594 and Fluorescein). Additionally, this solution contained DAPI in 1:1000 dilution for the stainung
of DNA. The incubation was performed in the dark to avoid bleaching of the fluorescent proteins
or DAPI. Finally, the cells were washed four times with wash buffer for 10 min and then mounted
inversely in Vectashield medium on glass slides. The cover slips were fixated with nail polish
and the slides were stored at 4◦C in the dark. The analysis of the fluorescent foci, representing
unrepaired DNA double strand breaks, was conducted using a fluorescent microscope. Only foci
showing both γH2AX and 53BP1 staining were counted as DSB.

5.5.1. SDS-Page

In order to separate proteins according to their molecular mass, SDS-Page (Sodium dodecyl sulphate
polyacrylamide gel electrophoresis) is used. The precast Criterion gradient gels (4-15% Tris-HCl)
were used for the separation. First, the gel was placed into the electrophoresis tank, subsequently
filled with running buffer. The probes (in SDS buffer) were heated at 95◦C for 5-10 min, vortexed
and finally loaded into the wells of the gel. Five µl of the molecular marker (see Blue R©Plus2
PreStained Standard or Kaleidoskop Marker) was also loaded onto the gel. The electrophoresis was
performed at a constant voltage of 120 V for 10 min and after that the voltage was increased to
190 V for further migration. The electrophoresis tank was placed on ice during the electrophoresis.
Finally, the proteins were transferred onto a PVDF membrane via Western blotting (5.5.2).
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5.5.2. Western blot (WB)

To detect specific proteins by immune detection, the protein extracts were initially separated by
SDS-Page (5.5.1). After that the proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane with a pore size of 0,45 µm by wet blotting. First, the membrane was activated in
methanol for approximately 5 min before being washed for another 5 min in H2O and finally in
transfer buffer. After that sponges, whatman paper, the gel and the membrane were piled up as
a sandwhich in following order: sponge, whatman paper, SDS gel, PVDF membrane, whatman
paper and another sponge. This sandwich was clamped between a gel holder cassette and placed in
the tranfer apparatus so that the negatively charged proteins, which migrate towards the anode in
the electric current, can be transferred onto the membrane. The apparatus was filled with transfer
buffer. The transfer was conducted at a constant voltage of 50 V for 4 hours and then at 20 V over
night at 4◦C. After the transfer, the membrane was stained with Ponceau S for 10 min at room
temperature. The membrane was subsequently washed first with water and followed by TBS-T.
Then the membrane was blocked with either 5 % BSA or 5 % skimmed milk powder in TBS-T
for 1 hour at room temperature or overnight at 4◦C so that unspecific binding could be reduced.
After blocking, the membrane was incubated in the primary antibody, diluted in blocking buffer
overnight at 4◦C or for 1 to several hours at room temperature with constant gentle shaking. After
that, the membrane was washed three times with TBS-T for 10 min. A HRP conjugated secondary
antibody was also diluted in blocking buffer and the membrane was incubated in the dilution for 1 h
at room temperature with constant gentle shaking. Finally the membrane was washed four times
in TBS-T for 10 min. The detection was performed by covering the membrane with ECL reagent.
The chemiluminescense produced by the HRP enzyme was detected by Berthold molecular Light

Imager as a digital image and the membrane was also exposed to an X-ray film. For the detection of
further proteins on the membrane, the antibodies from the previous detection were at first removed
by incubating the membrane in stripping buffer for 30 min to 2 h at 37◦C, washed with TBS-T and
then continued with immunodetection as described above.

5.6. Mass spectrometric analysis of SILAC-samples

5.6.1. Mass spectrometry

Mass spectrometry (MS) is a technique to detect, identify and quantitate ionized molecules based
on their mass and charge. It produces spectra of the mass to charge (m/z) ratios of the molecules. In
tandem mass spectrometry, (MS/MS) ions from the first MS (MS1) analysis are fragmented and
analyzed in a second MS analysis (MS2), which provides the spectra for the ion fragments. Tandem
mass spectrometry is commonly used to elucidate the structure of biomolecules like peptides and
oligonucleotides. The predicted sequence of a fragment spectrum of a peptide ion can be compared
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with protein sequences in databases (e.g. IPI, RefSeq and Swis-Prot) [62]. Figure 7 shows a
schematic overview of the tandem mass spectrometric analysis.

Figure 7: Diagram of a tandem mass spectrometric analysis.
The injected sample molecules are ionized and then analysed by the first mass analyzer
(MS1). Subsequently the selected individual peptide ions are fragmented in a collision
cell and analysed by the second mass analyzer (MS2) to obtain the spectra for the ion
fragments [90].

Biological samples often display a high degree of complexity and molecules which are present
in high concentration can mask the detection of target molecules. To reduce the complexity of
the samples, they are often separated by liquid chromatography (LC) prior to mass spectrometric
analysis. The protein samples may also be additionally separated by SDS page before the LC-
MS/MS analysis.

5.6.2. Protein labeling

To quantitatively compare two different samples by mass spectrometric analysis, especially if the
samples undergo different processing steps, the samples must be processed and analysed in a single
probe. In order to distinguish the peptides in the different samples, one of the samples must be
labelled. This is accomplished by SILAC (stable isotope labelling by amino acids in cell culture).
This method is based on growing cells in media containing heavy isotope labeled amino acids.
In these experiments, the 13C6 isotope labeled amino acids arginine and lysine were used. The
cells incorporate the amino acids provided by the medium into proteins and eventually the entire
proteome of the cells is labeled by the heavy amino acids. As the labeling does not alter the structure
of the proteins, the proteins carrying a label do not behave differently from unlabelled proteins
(Ong et al., 2002). To obtain peptides for MS analysis, the proteins in the samples were digested by
trypsin. This enzyme cleaves proteins mainly at the C-terminus of arginine and lysine. Therefore,
all of the analysed peptides should contain at least one heavy isotope labeled amino acid after the
digestion. The labeled peptides show a mass increment of 6 Da compared to unlabelled peptides,
which makes it possible to distinguish them from the unlabelled peptides. The peak intensity of a
light peptide can be compared to the peak intensity of the corresponding heavy peptide in the mass
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spectrum. Such peptide pairs reflect the abundance ratio for the two proteins in the sample.
Some cells convert high concentrations of arginine to proline, which in the case of heavy arginine
labeled cells leads to additional heavy peaks in the mass spectrum representing heavy labeled proline.
This complicates the analysis of the ratios of heavy and light peptides in the probes. To prevent this
conversion in these experiments, the light and heavy media were additionally supplemented with
200 µg/l L-proline [10].
Prior to each experiment, it had to be controlled, that the label incorporation into proteins was
complete. For this purpose, the nuclear proteins (see 5.3.1) of the labeled cells were analysed by
mass spectrometry to prove that only heavy peptides were present in the sample.

5.6.3. Experimental setting of the SILAC experiments

In these experiments the effects of EGFR inhibition on chromatin recruitment and the phosphory-
lation of DNA repair proteins after irradiation were studied. The experimental design is depicted
in figure 8. The heavy cells (labeled with the heavy amino acids) were treated with erlotinib prior
to irradiation and the light (unlabeled) cells were only irradiated. The cells were harvested, and
the heavy and light cells were mixed at a ratio of 1:1 according to cell number (for the analysis
of chromatin recruitment see 5.3.2) or protein concentration (for the analysis of nuclear phospho
proteins see 5.3.3), processed together and finally analysed simultaneously in one measurement
(”probe”). To assure that the different media did not cause alterations in the samples, a sample was
analysed in that both, the heavy and light cells were only irradiated (”control”). In this control, the
amount of heavy and light peptides was expected to be identical (Figure 8).

5.6.4. Mass spectrometric analysis

To reduce the complexity of the samples of chromatin bound proteins (5.3.2) and nuclear phos-
phoproteins (5.3.3) as well as to remove detergents from the samples, the samples were at first
separated via SDS-Page. To do so, the samples were mixed with 5 X SDS buffer, heated at 95◦C
for 5-10 min and loaded to a 15% separation gel with a 4% stacking gel. After the separation of
the samples, the gel was stained in a Coomassie staining solution for 30 min, destained with the
destaining solution for approximately 1 h and finally washed over night with H2O. The protein
bands in the gel were cut out in sections with each section being cut into 1 x 1 mm squares which
were then collected in 1.5 ml reaction tubes. The mass spectrometric analysis of the samples
was conducted by the mass spectrometric proteomics group (Prof. Schlüter). For the analysis, an
in-gel digestion of the proteins with trypsin was conducted. Prior to mass spectometric analysis
the peptides were separated via liquid chromatography. The measurements were carried out with
a nanoUPLC-ESI-QTOF-MS/MS mass spectrometer. The identification and quatification of the
proteins was conducted using OpenMS/TOPP Software [97] [52]. Figure 9 shows the tools used
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Figure 8: Diagram of the SILAC-coupled MS experiments.
For the ”probe” the labeled cells were treated with erlotinib prior to irradiation (10 Gy) and the unlabeled cells were
only irradiated. For the ”control” both labeled and unlabeled cells were only irradiated. After the treatment, the
labeled and unlabeled cells were mixed equally and the enrichment steps were carried out using the two mixed
samples. Prior to the mass spectrometric analysis the samples were separated via SDS-Page and analysed in several
fractions.
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by TOPP for the identification and quantification of the data from the mass spectrometric analysis
which was performed in two parallel processes.
Identification: The identification of peptides in the MS/MS spectra is conducted by two parallel
search engines, Xtandem and OMSSA. Subsequently, the data from both search engines is analysed
parallel by the ID posterior error probability, which estimates the probability of an incorrect peptide
identification. The two peptide identification files are merged followed by a consensus identification
from the two peptide identification files. Peptide indexer assignes the peptides to a matching protein.
Subsequently, the false dicovery rate on peptide level was estimated using the False-Discovery-Rate
tool. The ID-Filter was set to a false discovery threshold of 5% and only peptides under this
threshold were kept for the identification.
Quantification: For the quantification the raw data is initially extracted followed by the identification
of peptide pairs in the LC-MS data and determination of their relative abundance performed by the
SILAC Analyzer.
The data from these parallel data processing pipelines is finally combined and the ID Mapper assigns
the identified proteins the respective SILAC ratio.
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Figure 9: Diagram of the data processing pipeline.
Tools used by the TOPP software for the peptide and protein identification and quantification of the respective SILAC-
ratios are depicted. The identification of peptides in the MS/MS spectra and the estimation of the probability of an
incorrect peptide identification was conducted by two parallel search engines (Xtandem and OMSSA) and two parallel
ID posterior error probabilities. Subsequently the peptides were assigned to the corresponding proteins. Parallel to
the identification the relative abundance of the peptide pairs (labeled and unlabeled) was determined by the SILAC
analyzer.

5.7. Data evaluation

Experiments were repeated up to three times and the data are presented as a mean (± SEM). Prism
software (GraphPad Prism) was used for analyzing and graphing, while the Student’s t-test was
instrumental in the statistical analysis. P-values were calculated using one-sided tests (* : p.< 0.05,
** : p < 0.01, *** : p < 0.001).
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6. Results

Previous studies in our lab have shown that EGFR modulates DNA DSB repair in the lung carcinoma
cell line A549. We found that the stimulation of cells with the EGFR ligand EGF led to an increased
overall DSB repair capacity and especially to increased NHEJ activity. Inhibition of the EGFR in
turn led to attenuated DSB repair capacity and NHEJ activity. The studies also revealed that the
MAP kinase pathway is responsible for the regulation of DNA DSB repair through EGFR [54].
This work examined whether the regulation of DNA DSB repair by EGFR is a conserved mechanism,
meaning whether or not the regulation depends on specific properties such as activating ligand, cell
line or the expression of regulatory proteins. Since the character and strength of EGFR-mediated
signaling is dependent on the activating ligand [63], it was important to examine whether the
regulation seen after EGF stimulation can also be observed after stimulation with other EGFR-
specific ligands such as ARG and TGFα. Furthermore, the regulation of DSB repair was investigated
and especially whether that of NHEJ through EGFR is restricted to a specific cell line or depends on
genetic alterations in crucial proteins such as p53 and K-Ras or on EGFR expression and signaling
activity. Furthermore, it was examined whether HR in addition to NHEJ is regulated by the EGFR.
Finally, in order to allow for the analysis of the molecular mechanism causing this regulation as
well as the identification of bio-markers of this regulation, an exploratory approach using mass
spectrometry was established. In doing so, two methods for the analysis of the activity of DNA
repair proteins were tested: (i) Isolation of chromatin-bound proteins and (ii) phosphorylated
nuclear proteins. Some of these results have already been published in the journal Radiotherapy

and Oncology [71].

6.1. Modulation of DNA double strand break repair by EGFR is a
conserved mechanism

Previous work in our lab showed an increase in DNA repair after EGFR stimulation with EGF
primarily in A549 cells. Here are investigated whether the regulation of DNA repair by EGFR can
also be triggered by different ligands and whether this phenomenon is only observed in a specific
cell line or whether the mutation status of genetic markers like p53 and K-Ras are of importance.
Furthermore it was tested, whether differences in EGFR expression and activity between different
cell lines might influence the EGFR-dependent regulation of DSB repair.
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6.1.1. The EGFR specific ligands ARG, TGFα and EGF lead to increased DNA
double strand break repair

In order to analyse the effects of EGFR activation on DNA DSB repair, previous studies have
focussed primarily on EGF, one of the three EGFR-specific ligands [54]. However, the EGFR can
also be activated by two additional specific ligands, ARG and TGFα. Although all of these ligands
activate the EGFR, they can lead to different qualities and durations of signaling [73]. Moreover,
ARG and TGFα are of special importance because they are frequently overexpressed in tumors
[107]
The non-small cell lung cancer (NSCLC) cell line A549 was used, in order to investigate the effect
of ARG and TGFα. As demonstrated by Western blot (WB) analysis as depicted in Figure 10
A, ARG and TGFα treatment resulted in a concentration-dependent phosphorylation of EGFR
and ERK, whereby the stronger activation was measured for TGFα. Compared to TGFα, EGF
stimulation led to an even stronger activation.
In order to assess the effect of EGFR activation through these ligands on DSB repair, the number of
residual DSB repair foci remaining 24 h after irradiation (IR) was analyzed. Residual DSBs were
detected through the immunofluorescence staining of two marker proteins, γH2AX and 53BP1.
γH2AX is a phosphorylated form of histone 2AX, which is phosphorylated in response to DNA
DSBs, whereas 53BP1 is recruited to the DSB. A549 cells were stimulated with ARG, TGFα
or EGF 30 min before IR. After 24 h of repair, the cells were fixed and stained for γH2AX and
53BP1 (Figure 10 B). The number of residual DSBs per cell was determined using a fluorescence
microscope. Figure 10 C shows that the activation of EGFR with all three ligands resulted in a
decreased number of residual DSBs, indicating a stimulation of repair. This stimulation was the
strongest for EGF and the weakest for ARG, which fits with the observation that EGF leads to
strongest and ARG to weakest activation of EGFR signaling (Figure 10 A). Figure 10 D shows the
number of DSBs in unirradiated cells 24 h after the treatment. No changes in the number of DSBs
due to treatment with the ligands without irradiation could be observed.
To rule out the effect of cell cycle rearragements on the number of DSBs, the cell cycle was analysed
by PI-staining and flow cytometry (Figure 10 E). The slight increase observed in the fraction of
S-phase cells in EGF or TGFα-treated samples might actually increase the number of potential
DSBs, as DNA content is greater in S-phase cells compared to G1-phase cells. Therefore, cell
cycle alterations are not responsible for the observed effect and can be excluded as the cause of the
reduced number of DSBs depicted in figure 10 C.
To additionally test the effect of EGFR inhibition on overall DSB repair, A549 cells were treated
with erlotinib, a specific EGFR-inhibitor, 2 h prior to irradiation. This led to an increased number
of residual DSBs (Figure 11 A). Although the cell cycle analysis revealed substantial alterations in
the cell cycle distribution when irradiated cells were pre-treated with erlotinib (Figure 11B), the
15-20% increase in the G1-fraction observed should actually create the appearence of a decrease
in the number of potential DSBs. This suggests an even stronger reduction in overall DSB repair
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capacity after erlotinib treatment than depicted in figure 11 A.
In summary, these results show that the EGFR-specific ligands ARG, TGFα and EGF cause different
degrees of EGFR activation. This activating effect was the weakest after stimulation with ARG and
the strongest for EGF. The strength of this activation for each ligand translated into the magnitude
of DSB repair activation. On the other hand, the inhibition of the EGFR led to decreased DSB
repair.
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A B

C D

E

Figure 10: Effect of EGFR stimulation with ARG, TGFα and EGF on overall DSB repair.
A549 cells were pre-treated with ARG, TGFα or EGF for 30 min before being exposed to 0 or 2 Gy, followed by 24 h
incubation. (A) EGFR, pEGFR and ERK, pERK expression as determined by Western blot 30 min after stimulation with
different ligand concentrations as indicated. The relative ratios of pERK/ERK are listed below. (B) Immunofluorescence
staining of γH2AX/53BP1 foci, identifying residual DSBs. Red: γH2AX, green: 53BP1, blue: Dapi (DNA). (C)
Average number of residual DSBs 24 h after IR, as the result of EGFR stimulation. (D) Average number of DSBs in
unirradiated cells as the result of EGFR stimulation. (E) Cell cycle distribution of cells 24 h after IR as measured by
flow cytometry after DNA staining by PI. ** : p < 0.01, *** : p < 0.001, student’s t-test.
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A B

Figure 11: Effect of EGFR blockage on overall DSB repair.
A549 cells were treated with 5 µM erlotinib for 2 h before being exposed to 0 or 2 Gy. (A) Relative number of residual
DSBs. (B) Cell cycle distribution of cells 24 h after IR as measured by flow cytometry using DNA staining by PI.

6.1.2. Stimulation of NHEJ activity in response to ARG, TGFα and EGF treatment

Since radiation-induced DSBs are mainly repaired by NHEJ, a stimulation of overall DSB repair
might reflect an increase in NHEJ. In order to test this possibility, the effect of EGFR stimulation
through ARG, TGFα and EGF on NHEJ was studied using A549.EJ reporter cells. The NHEJ
activity in these reporter cells is measured via a GFP-based reporter construct which is activated
by the repair of DSBs. The DSBs were induced by the endonuclease SceI as described under
section 5.1.5. For this purpose the cells were transiently transfected with I-SceI, which is fused to a
glucocorticoid receptor (GR). The addition of TA, which binds to the GR, leads to the translocation
of I-SceI into the nucleus and to DSB induction. Succesful repair of these DSBs leads to the
expression of GFP, and therefore green fluorescence of the cells can be used as an indicator for
NHEJ activity (see section 5.1.5).
For these experiments the cells were stimulated with the ligands 30 min prior to TA treatment.
Twenty-four hours later the fraction of cells which had succesfully performed NHEJ was determined
by flow cytometry (Figure 12 A). Figure 12 B shows that this fraction was significantly increased
when the EGFR was activated prior to the induction of DSBs, regardless of the ligand used. Again,
the weakest effect was measured for ARG, while TGFα and EGF appeared to be equally effective.
To exclude the possibility that EGFR activation has an effect on the reporter expression itself, cells
were transfected with EGFP-N1 plasmid (pGFP) and treated with ARG, TGFα or EGF 2 h after
the start of the transfection. After an additional 2 h the medium was changed to fresh medium
containing the respective ligand. Twenty-four hours later, the number of GFP-positive cells was
determined by flow cytometry. Figure 12 C shows that the activation of EGFR did not lead to an
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altered GFP expression in the cells.
These results demonstrate that the stimulation of the EGFR with any of its specific ligands leads to
an increase in NHEJ activity which was not due to increased reporter expression. As for overall
DSB repair, it was also observed for NHEJ that the strength of the activation of EGFR signaling is
more or less reflected in the effectiveness of the repair activity.

A

B C

Figure 12: Effect of EGFR stimulation by ARG, TGFα or EGF on NHEJ activity.
(A) Identification of NHEJ-positive A549.EJ cells by flow cytometry; left chart: without TA; right chart: with TA; P1:
NHEJ positive cells. (B) Relative NHEJ activity. A549.EJ cells were treated with EGF, ARG or TGFα for 30 min
before TA treatment, as indicated. Cells expressing GFP were measured 24 h after the addition of TA. (C) Influence of
ARG, TGFα or EGF on reporter expression. Two hours after the start of transfection with pGFP the cells were treated
with ARG, TGFα or EGF. After an additional 2 h the medium was changed to fresh medium containing the respective
ligand. Cells expressing GFP were measured 24 h later. * : p< 0.05, *** : p < 0.001, student’s t-test.

6.1.3. Inhibition of NHEJ activity by the anti-EGFR antibody cetuximab

In addition to EGFR activation, the effect of EGFR inhibition on NHEJ activity was examined by
treating A549.EJ reporter cells with the EGFR-specific inhibitory antibody cetuximab. Figure 13 A
shows that the EGF-induced increase in NHEJ activity was blocked when the cells were pre-treated
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with cetuximab for 2 h prior to EGF treatment. Again, these differences did not result from altered
gene expression (Figure 13 B).

A B

Figure 13: Effect of EGFR inhibition on NHEJ activity.
(A) I-SceI-dependent DSBs were induced by the addition of TA. GFP-positive cells were quantified by flow cytometry
24 h later. EGFR was activated via pre-treatment with 10 ng/ml EGF for 30 min before TA treatment. EGFR was
inhibited with 30 nM cetuximab for 2 h prior to EGF treatment. (B) Influence of EGFR activation and inhibition on
reporter expression. Two hours after the start of transfection with pGFP, the cells were treated with cetuximab. After an
additional 2 h the medium was changed to fresh medium containing cetximab and EGF. Cells expressing GFP were
measured 24 h later. * : p.< 0.05, student’s t-test.

6.1.4. Regulation of overall DSB repair and NHEJ activity by EGFR is independent
of K-Ras and p53 status

It was previously reported by Toulany et al. [101] that EGFR blockage decreases DSB repair only
in cells expressing mutated K-Ras. However those experiments were conducted in cell lines derived
from two different tumor entities, specifically NSCLC (A549) and head and neck squamous cell
carcinoma (HNSCC) cell line FaDu. In order to examine whether the regulation of DSB repair by
EGFR is dependent on K-Ras status within the same tumor entity, the NSCLC cell lines H1299
and A549 cells were used. A549 cells express a mutated K-Ras but are wt for the tumor suppressor
p53, whereas H1299 cells express a wild type K-Ras but are negative for p53 (Figure 14 A) [105]
[103]. The latter is also of importance since p53 is often mutated or inactive in tumors and has been
reported to influence DSB repair [33].
To investigate the influence of EGFR inhibition on overall DSB repair, H1299 cells were treated
with the EGFR inhibitor erlotinib for 2 h and then irradiated with 2 Gy. After 24 h repair, the cells
were fixed and stained for γH2AX and 53BP1. An analysis of residual DSBs revealed that H1299
cells showed an increased number of unrepaired DSBs when the cells were treated with erlotinib
prior to irradiation (Figure 14 B). Again, this increase was not due to cell cycle effects, as shown by
PI-staining and flow cytometric analysis (Figure 14 C).
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Figure 14: Effect of EGFR inhibition on overall DSB repair in H1299 cells.
(A) Expression of EGFR, pEGFR and p53 after 30 min incubation with 0 or 10 ng/ml EGF as determined by WB. (B)
Relative number of γH2AX/53BP1 foci measured 24 h after irradiation. Cells were pre-treated with 5 µM erlotinib for
2 h before exposure to 0 or 2 Gy. (C) Cell cycle distribution of H1299 cells, as determined by PI-staining and flow
cytometry 24 h after IR.

In addition to overall DSB repair, the effect of EGFR signaling on NHEJ activity was examined.
The stimulation of H1299.EJ cells with EGF resulted in an increase in NHEJ activity, while this
increase was blocked by EGFR inhibition with cetuximab (Figure 15 A). Again, the observed
differences in NHEJ activity were not due to altered GFP expression (Figure 15 B).
These data are consistent with the results from the experiments using A549 cells (Figure 11)
demonstrating that the EGFR regulates DNA DSB repair additionally in the K-Ras wt and p53
negative cell line H1299.
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A B

Figure 15: Regulation of NHEJ by EGFR in H1299 cells.
(A) I-SceI-dependent DSBs were induced by the addition of TA . GFP-positive cells were quantified by flow cytometry
24 h later. EGFR was activated by pre-tratment with 10 ng/ml EGF for 30 min and inhibited by 30 nM cetuximab 2 h
prior to EGF treatment. (B) Influence of EGF and cetuximab treatment on reporter expression. The cells were treated
with cetuximab two hours after the start of transfection with pGFP. After an additional 2 h, the medium was changed to
fresh medium containing cetuximab and EGF. GFP expressing cells were measured 24 h later. ** : p < 0.01, student’s
t-test.

6.1.5. The EGFR regulates NHEJ in non-NSCLC cells

In order to examine the regulation of NHEJ by EGFR in cell lines of different entities and from
different species, two additional reporter cell lines, HeLa.EJ (cervix carcinoma) and CV1.EJ
(monkey kidney), were tested. Like H1299 cells, HeLa cells are deficient in p53 expression due to
HPV infection, whereas CV1 cells are p53 wild type cells from the vervet monkey [3]. Despite their
different origins, both cell lines showed a EGFR-dependent regulation of NHEJ activity (Figure
16 A). Again, the observed differences in NHEJ activity were not due to altered GFP expression
(Figure 16 B).

In summary, the EGFR was shown to regulate overall DSB repair in two different bronchial
carcinoma cell lines, A549 and H1299, which differ in their K-Ras and p53 status. Additionally
it was shown that EGFR signaling regulates NHEJ activity in these two cell lines as well as in a
tumor cell line derived from cervix carcinoma and in a wild type cell line derived from monkeys.
This indicates that the regulation of DNA DSB repair by EGFR is of general importance and is a
conserved mechanism.
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A B

Figure 16: Regulation of NHEJ by EGFR in HeLa and CV1 cells.
(A) I-SceI-dependent DSBs were induced by the addition of TA and GFP-positive cells were quantified by flow
cytometry 24 h later. EGFR was activated by pre-treatment with 10 ng/ml EGF for 30 min and inhibited by 30 nM
cetuximab 2 h prior to EGF treatment. (B) Influence of EGF and cetuximab treatment on reporter expression.Two hours
after the start of transfection with pGFP, the cells were treated with cetuximab. After an additional 2 h, the medium was
changed to fresh medium containing cetuximab and EGF. GFP expressing cells were measured 24 hours later. *** : p
< 0.001, student’s t-test.

6.1.6. EGFR-dependent regulation of homologous recombination (HR)

In addition to NHEJ, DSB repair via HR is of central importance for the repair of IR-induced DNA
damage. In order to answer the question of whether HR is also regulated by EGFR, reporter cells
for HR were used. HR is only active during the S- and G2 cell cycle phases because it requires a
homologous sequence on the sister chromatid as a template for the repair of the break. For this
reason it is important for this assay that the reporter cells proliferate and thus pass through all cell
cycle phases. Therefore, these experiments were not conducted using reporter cell lines generated
from A549 cells. Because of the wt p53 expression in A549 cells, these cells arrest in G1 after
transfection. Due to this lack of proliferation, HR is not detectable in A549 cells (data not shown).
Since H1299 are deficient in p53 and do not show G1 arrest after transfection, H1299.GC reporter
cells were used for these experiments. These cells carry a HR repair construct integrated in their
genome. Similar to the NHEJ reporter construct, the HR reporter construct is also based on GFP
expression (see 5.1.6). Thus, successful HR is indicated by the green florescence of the cells.
Repair activity was measured 48 h after DSB induction as described in section 5.1.6. A significant
increase in HR activity was observed when H1299.GC cells were pre-treated with EGF. This
increase was more than abolished when EGFR was blocked either by cetuximab or erlotinib (Figure
17 A). These changes did not result from an altered expression of the GFP reporter itself (Figure 17
B).
As mentioned above, HR is restricted to the S- and G2 phases of the cell cycle, thus differences
in proliferation might influence this assay, with faster proliferating cells having more potential to
perform HR. To exclude such proliferation effects, the number of cells in the different samples was
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analyzed at the time of HR measurement (Figure 17 C). As depicted in figure 7 C, the regulation of
HR activity was not a result of alterations in proliferation.
These data demonstrate that in addition to NHEJ, HR is also regulated by the EGFR.

A B

C

Figure 17: Regulation of HR by EGFR in H1299.GC cells.
(A) Relative HR activity in H1299.GC reporter cells 48 h after DSB generation by I-SceI as measured by flow cytometry.
EGFR stimulation through pre-treatment with 10 ng/ml EGF for 30 min or blockage with either 30 nM cetuximab or 0.5
µM erlotinib for 2 h prior to EGF administration. (B) Influence of EGF, cetuximab and erlotinib treatment on reporter
expression. Two hours after the start of transfection with pGFP, the cells were treated with cetuximab or erlotinib. After
an additional 2 h, the medium was changed to fresh medium containing EGF and cetuximab or erlotinib, respectively.
Cells expressing GFP were measured 48 h later. (C) Influence of the treatment on cell proliferation. Number of cells
treated with EGF, cetuximab or erlotinib in figure A, analysed at the time of flow cytometric analysis. * : p.< 0.05, ** :
p < 0.01, *** : p < 0.001, student’s t-test.
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6.1.7. EGFR-dependent regulation of DSB repair in HNSCC cells differing in EGFR
expression and activity

The regulation of DSB repair by EGFR is of special importance in HNSCC cells, since 90% of
HNSCC tumors display an overexpression of the EGFR [25] [47] [82]. Furthermore, Bonner et al.

demonstrated a survival benefit of approximately 10% for HNSCC patients who received anti-EGFR
therapy in addition to IR compared to patients who recieved IR alone [13]. So far, HNSCC patients
are the only cancer patients treated regularly with anti-EGFR therapy combined with IR. Neverthe-
less, not all patients benefit from this strategy. It is not yet known, however, whether differences in
EGFR expression and activity are of importance in this context. To investigate the regulation of
DSB repair in HNSCC and to analyze the impact of EGFR expression and signaling, the HNSCC
cell lines UTSCC5 and SAS, differing in EGFR expression and their sensitivity towards EGFR
inhibitiors, were investigated.
These cell lines show differing expression of EGFR (Figure 18 A), both are K-Ras wt (personal
communication) and both are deficient in p53 function (UTSCC5 cells express a mutated p53
and SAS cells are negative for full length p53) as demonstrated by the WB in figure 18 B. The
WB shows p53 and p21 expression in both cell lines with or without irradiation. The lack of p53
expression and function is indicated by the lack of p21 induction after irradiation.
To analyse the effect of EGFR inhibition on EGFR signaling, SAS and UTSCC5 cells were treated
with different concentrations of erlotinib and analysed by WB. Erlotinib treatment resulted in
a concentration-dependent decrease in the phosphorylation of EGFR as well as that of ERK as
depicted in figures 18 C and D. The effect of EGFR inhibition was more pronounced in UTSCC5
cells. Nevertheless, in both cell lines 5 µM of elotinib was sufficient to inhibit EGFR signaling.
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Figure 18: Expression of EGFR and EGFR inhibition in HNSCC cell lines UTSCC5 and SAS.
(A) WB result showing EGFR and pEGFR expression of UTSCC5 and SAS cells. (B) WB detection of p53 and p21 in
UTSCC5 and SAS cells after 0 or 2 Gy IR. (C, D) Inhibition of EGFR signaling in (C) UTSCC5 and (D) SAS cells.
The cells were treated with different concentrations of erlotinib (0-10 µM) for 2 h before cell lysis.

A B

Figure 19: Effect of EGFR inhibition on proliferation of UTSCC5 and SAS cells.
(A, B) UTSCC5 and SAS cells were treated with 5 µM erlotinib one day after seeding. After 24 h erlotinib was either
removed by changing the media (mc) or it was left on the cells. The cell number was assessed daily for the following
10 days.
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The effect of EGFR inhibition on the proliferation of these cell lines was also analysed. For this
purpose, SAS and UTSCC5 cells were seeded and treated with 5 µM erlotinib the following day.
After 24 h erlotinib was either removed or left on the cells. The cell number was assessed daily.
In both cell lines EGFR inhibition led to a clear inhibition of cell proliferation (Figure 19). This
effect was stronger in UTSCC5 cells, which completely stopped proliferating when erlotinib was
not removed. Erlotinib also caused attenuated proliferation in SAS cells, but the cells still continued
to proliferate even when erlotinib was not removed. These results are in line with the observed
stronger inhibitory effect of erlotinib on EGFR signaling in UTSCC5 cells compared to SAS cells
(Figure 18 C and D).
Finally, to investigate the repair of DNA DSBs the cells were treated with the EGFR inhibitor
erlotinib for 2 h, before being irradiated with 2 Gy. After 48 h repair, the cells were fixed and
stained for γH2AX and 53BP1. Analysis of residual DSBs revealed that EGFR inhibition caused
an attenuation in DSB repair in both cell lines, but the effect was stronger in UTSCC5 cells than
in SAS cells (Figure 20 A). The differences in the number of residual DSBs was not the result of
differences in the cell cycle distribution of the cells (Figure 20 B).
This result correlates with the observed effect of erlotinib on EGFR signaling in these cell lines.
Erlotinib had a stronger effect on EGFR signaling in UTSCC5 cells than in SAS cells. The strength
of signaling inhibition appears to be reflected in the strength of DSB repair inhibition.

A B

Figure 20: Effect of EGFR inhibition on overall DSB repair in UTSCC5 and SAS cells.
(A) Relative number of γH2AX/53BP1 foci measured 48 h after IR. The cells were treated with 5 µM erlotinib for
2 h before being exposed to 0 or 2 Gy. (B) Cell cycle distribution of the cells as determined by PI staining and flow
cytometry 48 h after IR. * : p.< 0.05, student’s t-test.

Altogether, these data demonstrate that UTSCC5 cells are more sensitive to EGFR inhibtion than
SAS cells. EGFR inhibition in UTSCC5 cells causes a stronger inactivation of the MAP kinase
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pathway than in SAS cells; it completely blocks the proliferation of the cells and has a significant
effect on DSB repair. All of these effects are less pronounced in SAS cells. However, the regulation
of DSB repair by EGFR is still detectable in SAS cells. As UTSCC5 and SAS cells show these
differences in response to EGFR inhibition, they make a suitable cell pair to examine the mechanisms
of DSB repair regulation through EGFR.

6.2. Functional and quatitative analysis of DSB repair proteins by
mass spectrometry

The data presented above show that the EGFR is important for the regulation of DNA repair and
that this is a conserved and general phenomenon. Nevertheless, the exact molecular mechanisms by
which EGFR signaling influences NHEJ and HR are not yet well understood.
It is known that upon DNA damage, proteins important for DNA repair are recruited to the site
of damage. Furthermore, the majority of proteins that are involved in DNA damage signaling and
DNA repair also become phosphorylated upon DNA damage, which is often associated with the
activation of their (enzymatic) activity [23]. In the course of these studies, it was assumed that
EGFR signaling could regulate the localization and activity of proteins involved in DNA damage
signaling or DNA repair, thus leading to the observed regulation of NHEJ and HR.
To study this, the recruitment of DNA repair proteins to the damaged DNA and their phosphorylation
had to be analyzed. Two enrichment methods were established: The isolation of chromatin-bound
proteins (showing the recruitment of DNA repair proteins to the damaged DNA) and the isolation of
nuclear phosphoproteins (activation of DNA repair proteins). Because EGFR was found to regulate
both NHEJ and HR, a variety of different repair proteins could be affected by EGFR signaling.
Therefore, in order not to limit the analysis to only a few well-known repair proteins, an exploratory
approach using mass spectrometry was established as well. Stable isotope labeling by amino acids

in cell culture (SILAC) was used for the quantitative comparison of the samples.
These experiments were conducted using the two HNSCC cell lines UTSCC5 and SAS, which
showed different degrees of regulation in DSB repair through EGFR due to differences in the
amount and activity of the EGFR (see section 6.1.7). Additionally, these cell lines are either p53
inactive or deficient, respectively (see section 6.1.7), so that cell cycle effects like G1 arrest should
not have an impact in these experiments. Finally both cell lines are derived from the same tumor
entity, a carcinoma of the tongue, which allows for the best possible comparability.
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6.2.1. Isolation of chromatin-bound proteins

To analyse the recruitment of repair proteins to the chromatin, the isolation of chromatin-bound
proteins by subcellular fractionation was established. To enrich DNA repair proteins, the cells were
irradiated with 10 Gy so that a great amount of DNA damage is induced, enabling the binding of
many repair proteins. Forty-five minutes after IR, UTSCC5 and SAS cells were fractionated using
the Subcellular Protein Fractionation Kit for Cultured Cells (see 5.3.2). Figure 21 A shows a WB
analysis of the different cell fractions. Calpain was detected as a marker for the cytoplasmic fraction
and was only present in the cytoplasmic and cytoplasmic membrane fractions. The transcription
factor Sp1 was mainly detected in the soluble nuclear fraction, as expected, while histone H2B was
only detectable in the chromatin bound fraction, indicating a successful and pure isolation of the
chromatin fraction.
Figure 21 B shows WB results for the localization of some DNA repair proteins in those fractions.
Even though the chromatin-bound fraction contained the smallest amount of repair proteins, all
proteins were detectable. To demonstrate the chromatin recruitment of the repair proteins upon
IR, cells were either left unirradiated or irradiated with 10 Gy and the chromatin fraction was
subsequently isolated. As the WB analyses in figures 21 C and D illustrate, most of the proteins
show an increased chromatin binding after irradiation.
These results demonstrate that the fractionationation allows for the successful isolation of DNA
repair proteins associated with the chromatin. Furthermore irradiation caused an increase in the
amount of DNA repair proteins bound to the chromatin.
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Figure 21: Isolation of chromatin-bound proteins.
SAS cells were irradiated with 10 Gy. The cells were harvested and fractionated fourty-five minutes later. (A) WB
analysis showing the detection of fraction-specific proteins: calpain (cytoplasm and membrane fractions); Sp1 (soluble
nuclear fraction) and H2B (chromatin bound fraction). (B) WB detection of DNA repair proteins in the different
fractions. (C, D) WB detection of DNA repair proteins in the chromatin-bound fractions of unirradiated and irradiated
(C) SAS and (D) UTSCC5 cells.

6.2.2. Isolation of nuclear phosphoproteins

For many proteins phosphorylation can be used as a surrogate marker for protein activation. Many
proteins that detect and repair DSBs are regulated by phosphorylation [23]. Therefore, the anal-
ysis of the phosphorylation of DSB repair proteins in association with EGFR inhibition is a very
promising approach to study the activation of these proteins. To this end, nuclear phosphopro-
teins were isolated and analyzed by mass spectrometry. Nuclear proteins were first enriched by
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separating cytoplasmatic and nuclear proteins (see 5.3.1). Figure 22A shows WB results for the
fractionation, with the cytoplasmic protein calpain being detected solely in the cytoplasmic fraction
and the transcription factor Sp1 being detected mainly in the nuclear fraction. The isolation of
phosphoproteins from the remaining nuclear fraction was carried out using the TALON PMAC

phospho enrichment kit (see 5.3.3). Here, the phosphorylated proteins bind to magnetic beads due
to the surface properties of the beads. Nuclear protein extracts were incubated with the beads, the
bound proteins were eluted from the beads and then subsequently analysed by Western blot. Figure
22 B shows the WB results: Input is the nuclear protein extract which was incubated with the beads,
supernatant contains the unbound proteins and eluate the bound, thus likely phosphorylated proteins.
To demonstrate the efficacy of this method, the kinase ERK was detected by WB. The EGFR can be
activated by ligand binding upstream from ERK or by irradiation, which leads to the activation of
the MAPK pathway and therefore to the phosphorylation of ERK. Upon activation, ERK is known
to translocate into the nucleus [63]. The activation of MAPK signaling after EGF treatment or
irradiation can be seen in the input as an increased amount of pERK. An increased amount of pERK
can also be detected in the eluate after EGF treatment and irradiation, indicating the increased
binding of the phosphorylated protein to the beads. After inhibition of EGFR with erlotinib, ERK
shows significantly less binding to the beads, indicating inhibited phosphorylation (Figure 22 B).
These results demonstrate that this method is suitable for the isolation of phosphorylated proteins.
Different DNA repair proteins were also detected in the fraction of the eluated proteins, demonstrat-
ing that they are probably phosphorylated and can effectively be enriched by this method (Figure 22
C and D). Unfortunately it was not possible to isolate large proteins such as DNA-PK and ATM,
although these are known to be phosphorylated after irradiation [23]. This might be due to sterical
problems.
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Figure 22: Isolation of nuclear phosphoproteins.
SAS cells were treated with 5 µM erlotinib 2 h before irradiation with 10 Gy. After 15 min incubation, the cells were
harvested and the nuclear proteins were isolated. (A) Western blot analysis of the cytoplasmic and nuclear fractions.
The cytoplasmic protein calpain was detected mainly in the cytoplasmic fraction and the nuclear protein Sp1 was
detected only in the nuclear fraction. (B) Isolation of pERK from the nuclear fraction. WB analysis of pERK in input,
supernatant and eluate. ERK is phosphorylated after EGF treatment or irradiation, which can be seen as increased
pERK detection in the input. In the eluate, the level of pERK detection is similar to that of the input. (C) WB detection
of DNA repair proteins in the different samples of phosphoprotein isolated from SAS cells. (D) WB detection of DNA
repair proteins in the different samples of phosphoprotein isolated from UTSCC5 cells.
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6.2.3. Stable isotope labeling by amino acids in cell culture (SILAC)

The isolation of chromatin bound proteins and phosphorylated nuclear proteins was found to be a
suitable method for the analysis of the chromatin recruitment and phosphorylation of DNA repair
proteins. To investigate these parameters not only for some well known DNA repair proteins using
WB but also to simultaneously analyse a broad spectrum of proteins, mass spectrometry was used.
However, for the quatitative analysis and comparison of different samples it is important to minimize
variation due to the isolation procedure and separate measurements. In order to do so, stable isotope

labeling by amino acids in cell culture (SILAC) was used. By labeling proteins from one sample,
two samples can be mixed prior to isolation and analysis, and the different samples can still be
distinguished in the mass spectrometric analysis (see 5.6.2).
To label the cells, they were grown either in normal DMEM medium with amino acids containing
the most abundant isotope of carbon (12C6) or in DMEM medium containing the amino acids arginin
and lysin labelled with an heavy isotope of carbon (13C6). The cells incorporate these heavy amino
acids into their proteins, which leads to labeling of the entire proteom of the cells. Subsequently
the labeled and unlabeled cells can be treated differently. Before the purification steps, the labeled
cells can be mixed with the unlabeled cells and the purification can be carried out using the mixed
sample. As a result, the cells from the different treatments are sbjected to the same experimental
process and are exposed to same experimental alterations in an identical manner. In the mass
spectrometric measurements, the labeled peptides can be distinuished from the unlabeled peptides
due to a molecular mass that is 6 Da greater as a result of the incorporated heavy isotopes of arginin
and lysin. Prior to the mass spectrometric analysis, the protein samples must be digested with the
protease trypsin, which cleaves at the C-terminus of arginin and lysin. Because of this, nearly every
peptide carries one labeled amino acid.
In contrast to the typically used fetal bowine serum (FBS) in culture media, SILAC media contain
dialysed FBS (in order to avoiod contamination with the 12C6 containing amino acids found in
the normal FBS), which could cause attenuated cell proliferation. Therefore the effect of SILAC
media on the proliferation of UTSCC5 and SAS cells was tested. Figures 23 A and B show the
proliferation of UTSCC5 and SAS cells in the SILAC medium compared to normal DMEM medium
with no significant alterations detectable.
In addition to controlling for cell proliferation, it was nessessary to confirm that all proteins were
completely labeled prior to performing the experiment. To test this nuclear proteins were isolated
and analysed by mass spectrometry after different passages. As shown in figure 23 C, the cells
showed a complete incorporation of the label after 15 cell doublings.
These data show that UTSCC5 and SAS cells are suitable cell lines to use in SILAC experiments.
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Figure 23: Proliferation of UTSCC5 and SAS cells in SILAC media and protein labeling.
(A, B) Proliferation of the cells in SILAC media. The cells were seeded in low density and cultured in normal DMEM
medium or in SILAC medium. One flask of cells was harvested daily and the number of UTSCC5 (A) and SAS (B)
cells was assessed. (C) Incorporation of 13C6. After 15 cell doublings in the SILAC media, the incorporation of the
label was checked by mass spectrometric measurement. The complete labeling is demonstrated by the ion spectrum of
the repair protein Ku80. (D) Ion fragment spectra for the respective peptide of Ku80
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6.2.4. EGFR dependent changes in chromatin recruitment

To analyse changes in the chromatin recruitment of DSB repair proteins in response to EGFR
inhibition, SILAC coupled mass spectrometry was performed following the isolation of chromatin
bound proteins. For the purpose, two samples of heavy cells were treated either with erlotinib (1) or
DMSO (2) 2 h prior to irradiation with 10 Gy, while two samples of light cells were treated with
DMSO and irradiation (3 and 4). After irradiation the cells were incubated for 45 min and were
subsequently harvested by trypsinization. One sample of the light cells and the erlotinib-treated
heavy sample (3 and 1) were mixed 1:1 according to cell number (referred to as ”probe” in the
following text). To ensure that quantitative changes are not caused by differences between the light
and heavy media, DMSO-treated and irradiated light and heavy cells (2 and 4) were also mixed 1:1
(referred to as ”control” in the following text). Thus, two differend mixed samples were analysed:
(i) a sample with irradiated cells and cells treated with erlotinib and irradiation (”probe”) and (ii) a
sample with only irradiated cells (”control”). The fractions of chromatin-bound proteins (see 5.3.2)
from these two mixed samples were subjected to mass spectrometric measurement as described in
the section 5.6.4. The obtained data was analysed by OpenMS/ToPP software which determined the
ratios of the abundance of light peptides of a protein divided by the abundance of the corresponding
heavy peptides (Ratio=L/H). Reciprocal values were used (H/L) for easier interpretation.
Figure 24 shows scatter blots of the identified proteins blotted according to their ratios. Each dot
represents a protein. Only proteins that were identified both in the probe as well as in the control
were included in the blot. If the light and heavy samples are mixed exactly 1:1 and no changes are
induced by the treatment, a ratio of 1 is expected. Figure 24 A shows the untransformed ratios of
chromatin bound proteins from UTSCC5 and SAS cells. The graph reveals that the means of the
ratios are all below 1. This indicates a systematic error in the mixing of the light and heavy proteins
rather than a regulation. Therefore, for each sample the ratio of the proteins was normalized using
the mean of all ratios. After this transformation, the relative changes in the ratios were analyzed
again (Figures 24 B, C, D and E). After the transformation, a ratio of 1 means that identical amounts
of heavy and light peptides of a respective protein was identified in the sample. Thus, the chromatin
binding of the protein was not affected by EGFR inhibition. Threshholds were set at 1.5 and
0.667. Proteins with a ratio above 1.5 were considered to be upregulated in their ability to bind
chromatin after EGFR inhibition, while the chromatin binding of proteins with a ratio below 0.667
was considered to be attenuated through EGFR inhibition. In figures 24B and D proteins that play a
role in DNA damage signaling or DNA repair are represented by red symbols.
None of the detected proteins in UTSCC5 cells had a ratio above 1.5 or below 0.667. All in all, 7
proteins were detected in UTSCC5 cells that are involved in DNA damage signaling or DNA repair.
In SAS cells none of the detected proteins show a ratio greater than 1.5. While 11 proteins that play
a role in DNA damage signaling or DNA repair were detected. Non of these proteins displayed a
ratio below 0.667. However, 2 proteins not involved in DNA damage detection or repair displayed a
ratio below 0.667 in the Probe: EF1G (0.647) and NEP1 (0.570), indicating that EGFR inhibition
leads to reduced chromatin binding of these proteins.

60



6. Results

A

B C

D E

Figure 24: SILAC-ratios of chromatin bound proteins.
Threshholds for regulation were set at 1.5 (up-regulated chromatin binding) and 0.667 (down-regulated chromatin
binding) (A) SILAC-ratios for proteins detected in UTSCC5 and SAS cells. (B) Normalized SILAC-ratios of detected
proteins in UTSCC5 cells. Ratios were normalized using the mean of the ratios from A. (C) Normalized SILAC-ratios
of DNA repair proteins detected in UTSCC5 cells. (D) Normalized SILAC-ratios of proteins detected in SAS cells. (E)
Normalized SILAC-ratios of DNA repair proteins detected in SAS cells.
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6.2.5. EGFR-dependent changes in protein phosphorylation

To analyse changes in the phosphorylation of DSB repair proteins in response to EGFR inhibition,
SILAC coupled mass spectrometry was performed following to the isolation of nuclear phosphopro-
teins. To do so, the heavy cells were treated with erlotinib (1) or DMSO (2) 2 h before irradiation,
while two samples of the light cells were treated only with DMSO before irradiation with 10 Gy (3
and 4). Nuclear proteins were isolated 15 min after irradiation. The protein concentration of the
nuclear lysates was determined by BCA test (see section 5.3). Subsequently, nuclear lysates from
the light cells were mixed with the nuclear lysate from the erlotinib-treated heavy cells (3 and 1)
1:1 according to the protein concentration (”probe”). Nuclear proteins from the DMSO-treated and
irradiated heavy and light cells (2 and 4) were also mixed 1:1 (”control”). Phosphorylated proteins
were isolated from these mixed samples using the TALON PMAC phospho enrichment kit. The
phosphoproteins from these two mixed samples were subjected to mass spectrometric measurement
as described in section 5.6.4. The obtained data were analysed using OpenMS/ToPP software,
which determined the ratios of the abundance of light peptides of a protein divided by the abundance
of the corresponding heavy peptides (Ratio=L/H). Reciprocal values were used (Ratio=H/L) for
easier interpretation.
Figure 25 A shows the ratios of the detected proteins blotted as described above (see 6.2.4). Figures
25B, C, D and E show the normalized ratios (described under 6.2.4). Again, a ratio of 1 means that
the phosphorylation of the protein was not affected by EGFR inhibition. Treshholds were set at 1.5
and 0.667.
In UTSCC5 cells, the ratios of the proteins in the probe varied greater compared to the control,
indicating that EGFR inhibition has a significant effect on the phosphorylation of many nuclear
proteins after irradiation. None of the detected proteins in UTSCC5 cells had a ratio above 1.5 but 8
proteins were detected with a ratio below the 0.667 threshhold, indicating that the phosphorylation
of these proteins is decreased after EGFR inhibition. For one of these proteins (SEPT7) the control
was also below 0.667, meaning that the decreased ratio seen for this protein is probably not due
to EGFR inhibition. However, the other 7 proteins showing a down-regulation of phosphorylation
in the probe do not show changes in the control. Of these 7 proteins, 4 are involved in the repair
of DNA damage: Ku80 (0.648), PRP19 (0.478), PARP1 (0.436) and GAPDH (0.382). Twelve
additional proteins were identified that are involved in the detection and repair of DNA damage, but
display no regulation.
The ratios of the proteins in the Probe in SAS cells also vary compared to the ratios in the control.
In Probe 8 proteins show a ratio higher than 1.5. Twenty-seven proteins have a ratio below 0.667.
None of these proteins showing an up- or down-regulation in the probe showed regulation in the
control. Four of the down-regulated proteins are involved in DNA damage detection or DNA repair:
GAPDH (0.601), ILF3 (0.573), PARP1 (0.552) and DDX5 (0.483). Altogether, 20 proteins having
a function in DNA damage signaling or DNA repair were detected.

In summary, these results show that by isolating chromatin-bound proteins and phosphorylated
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nuclear proteins, several DNA repair proteins could be isolated and identified via mass spectrometry.
It was also possible to detect changes resulting from EGFR inhibition and, additionally, to quantify
these changes. These established methods therefore allow for a quantitative and functional analysis
of multiple DNA repair proteins. Interestingly, a lrger number of proteins were identified and more
changes resulting from EGFR inhibition were observed in the analysis of phosphorylated nuclear
proteins than in that of chromatin-bound proteins. However, the isolation of phosphorylated proteins
using the TALON PMAC phospho enrichment kit represents an indirect methode of phospho-protein
detection. Therefore, further experiments are required to prove, that the effects observed in these
experiments are actually due to changes in phosphorylation.
Nevertheless, these methods established for the quantitative analysis of DNA repair proteins are
promising tools for the further study of the effects of EGFR signaling on the activity of DNA repair
proteins.
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Figure 25: SILAC-ratios of nuclear phosphoproteins.
Thresholds for regulation were set at 1.5 (up-regulated phosphorylation) and 0.667 (down-regulated phosphorylation).
(A) SILAC-ratios of detected proteins from UTSCC5 and SAS cells. (B) Normalized SILAC-ratios of proteins detected
in UTSCC5 cells. Ratios were normalized using the mean of the ratios from A. (C) Normalized SILAC-ratios of DNA
repair proteins detected in UTSCC5 cells. (D) SILAC-ratios of proteins detected in SAS cells.(E) SILAC-ratios of DNA
repair proteins detected in SAS cells.
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7. Discussion

The aim of this study was to investigate whether the regulation of DNA DSB repair through EGFR
is a common phenomenon that can be observed independemtly of cell line, EGFR expression
and activity, EGFR ligand, genetic alterations and repair pathway. To this end, the molecular
mechanisms of this regulation were studied using a mass spectrometric method which aims to allow
for the functional and quantitative analysis of DNA repair proteins.
These experiments revealed that the stimulation of the EGFR with any of its specific ligands such as
ARG, TGFα or EGF resulted in increased overall DSB repair as well as increased NHEJ. EGFR
inhibition, in turn, led to a decrease in the overall repair capacity and the NHEJ activity of the cells.
However, the strength of DSB repair regulation was dependent on the intensity of EGFR activation
or inhibition. Furthermore, this regulation of DSB repair was observed regardless of the genetic
background of the cells, and the regulation of NHEJ was also observed in a variety of cell lines,
including different cancer entities and non-human cells. Additionally, a regulation by EGFR was
also observed for HR.
To quantitatively analyse the activity of a number of DNA repair proteins in respect to EGFR
inhibition, two different methods were established: the isolation of chromatin bound proteins
and phosphorylated nuclear proteins, and combined with mass spectrometry. These experiments
revealed that both methods allow for the detection and quantitive analysis of a number of DNA repair
proteins simultaneously, The analysis of phosphorylated nuclear proteins was found to be even
more effective, with 16 and 20 DNA repair proteins, respectively, being detected in two separate
cell lines. Of these proteins, four showed a decrease in phosphorylation after EGFR inhibition, with
two of them (PARP1 and GAPDH) being decreased in two independent cell lines. Therefore, this
method represents a promising approach for the study of the EGFR-dependent regulation of DNA
repair proteins and with this, the identification of biomarkers predicting a responsiveness towards
anti-EGFR treatment.

7.1. Modulation of DNA double strand break repair by EGFR is a
conserved mechanism

The EGFR has been shown to be associated with an aggressive phenotype and radioresistance
in many tumors. Accordingly, its inhibition has been shown to lead to the radiosensitization of
several tumor cells and to improve therapy outcome, though not in all cases. The exact mechanism
causing the radiosensitization is not known, but it has been shown that it is caused, at least in
part, by attenuated DNA DSB repair. A better understanding of the mechanism leading to this
radiosensitization as well as the identification of factors that affect this regulation could help to
improve tumor therapy and to identify bio-markers which would help to predict tumor response.
One factor affecting rediosensitivity might be the expression level of EGFR itself, since the EGFR
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level has been reported to correlate with therapy outcome [2] and cellular radiosensitivity [48].
Furthermore, the expression of different EGFR-specific ligands might influence radiosensitivity,
as these show varying expression in tumors and have been suggested to be prognostic markers
for therapy outcomes [116] [78]. However, the role of the different ligands in the regulation of
DNA repair has not yet been studied. Another factor could be the mutations in the important
proto-oncogene K-Ras and the tumor suppressor p53. Therefore, this work examined whether
DSB repair is sensitive to EGFR stimulation with all EGFR specific ligands and whether it can be
observed in cell lines differing in EGFR expression and the mutation status of K-Ras and p53. In
addition to overall DSB repair, effects on both major DSB repair pathways, NHEJ and HR, were
investigated as well.

7.1.1. Overall DSB repair

The regulation of DNA repair through EGFR has been demonstrated previously [36] [54]. However,
these previous studies focussed on the inhibition of the EGFR or on its stimulation by EGF, one
of its specific ligands. Yet, the EGFR can be activated by several ligands, and three of them, EGF,
ARG and TGFα, are specific for EGFR. These ligands are characterized by different expression
patterns and binding affinities which contribute to the receptor’s signaling ability [73] [107]. While
EGF displays a similar expression in different tissues, the ligands ARG and TGFα are often over-
expressed in tumors [107] [116]. Therefore, the effect of the stimulation of EGFR by ARG and
TGFα on DSB repair compared to stimulation with EGF was investigated. For this purpose, overall
DSB repair was assessed by analyzing residual DSBs 24 h after irradiation.
The analysis revealed that regardless of the ligand used, the stimulation of EGFR led to an enhanced
overall DSB repair in A549 cells (Figures 10 and 12). However, the effects induced by the different
ligands varied. Thereby, the strength of the repair-activation correlated with the strength of the
phosphorylation of EGFR and ERK as induced by the different ligands. This is reasonable, since
different EGFR-specific ligands have been shown to have differing effects on the activation of ErbB
receptors. In this context it was demonstrated by Beerli and Hynes that ARG has a significantly
weaker affinity for EGFR than EGF [7]. The mild effect of ARG on the EGFR in comparison to the
strong effect of EGF is thus in line with this previous report.
Additionally, different ligands favor the formation of distinct receptor dimers, which in turn
determine which signaling pathway is activated as well as the strength of the signal [7] [73].
Her2 is the most favored heterodimerisation partner for other ErbB receptors, and also the most
potent, causing strong signal activation [63]. ARG has been shown to be incapable of inducing
EGFR dimerisation with Her2 [7]. This might help to explain the low level of EGFR and ERK
phosphorylation after ARG treatment, indicating that ARG may lead to the homodimerisation of
EGFR or to dimerisation with ErbB3, which would result in a milder activation of the MAPK
pathway than activation through EGF or TGFα. This might be of importance, as previous results
from our lab have shown that the regulation of DSB repair by EGFR is dependent on the MAPK
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pathway [54]. This is supported by the observation that the strength of ERK phosphorylation is
reflected in the strength of the DSB repair stimulation. However, this is only speculative, since the
activation of other pathways such as the Akt pathway was not investigated in this study.
Both ARG and TGFα are often over-expressed in tumors, and their expression has been reported to
correlate with poor prognosis [116] [78] [107]. According to the results presented here, especially
the over-expression of TGFα might affect DNA DSB repair capacity in tumor cells and therefore
cause tumor radioresistance.
In summary, these results demonstrate that all EGFR-specific ligands cause a stimulation of EGFR
signaling and DSB repair. This result is in line with previous reports showing an increase in DSB
repair after stimulation with EGF prior to irradiation [54], but it was also shown here for the first
time that ARG and TGFα can stimulate DSB repair capacity as well.

In order to analyze whether overall DSB repair may be not only activated by EGFR stimulation
but also blocked by EGFR inhibition, A549 cells were treated with the EGFR inhibitor erlotinib
prior to irradiation. As expected, this blockage of the EGFR led to a decrease in overall DSB repair
capacity. Inhibition of the EGFR is already applied in tumor therapy to radiosensitize tumors [64].
Yet not all tumors respond to the EGFR-targeted therapy [13]. One explanation for this might be
the observation that a decrease in overall DSB repair capacity resulting from EGFR inhibition
in cell culture depends on specific mutations such as a K-Ras mutation. EGFR inhibition have
previously been reported to impair DNA repair only in K-Ras mutated cells and not in K-ras wt cells.
However, these experiments compared K-Ras wt cells derived from a HNSCC (FaDu) with K-Ras
mutated A549 cells derived from a NSCLC [101] [99]. Given that these two cell lines represent two
different tumor entities, many additional factors might cause the different response towards EGFR
inhibition. Another explanation could be the p53 mutation status, as it has been reported that the
tumor suppressor p53, in addition to its role in the regulation of the cell cycle and apoptosis, also
influences the repair of DNA damage via HR [33]. A third explanation for the differences in response
to EGFR inhibition might be the EGFR level itself [2]. Although clinical studies have shown that
the EGFR expression level does not correlate with a better therapy response to EGFR inhibitors
[13], activating mutations in the EGFR are clinical markers for response to EGFR inhibition [19].
Because K-Ras and p53 mutations are among the most common mutations and because the EGFR
is frequently over-expressed or mutated in tumors, it is important to know whether these factors
restrict the radiosensitizing effect of EGFR inhibition. It was therefore investigated, whether K-Ras
and p53 status as well as EGFR expression and activation level influence the regulation of DSB
repair by EGFR.
The role of K-Ras and p53 mutations was studied using the NSCLC cell lines A549 and H1299,
which are complementary in their K-Ras and p53 status. Both cell lines showed an increased
number of unrepaired DSBs when treated with erlotinib prior to irradiation (Figures 11 and 14).
Furthermore, the strength of this increase was comparable in both cell lines.
To examine the effects of EGFR expression and its basal activity on DSB repair two HNSCC cell
lines, UTSCC5 and SAS, were used. The UTSCC5 cells display a higher level of EGFR expression
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and also an increased basal activity of EGFR compared to SAS cells. As expected, EGFR inhibition
had a stronger effect on EGFR signaling and cell proliferation in UTSCC5 cells than in SAS cells.
The analysis of the effects of EGFR inhibition on DSB repair in these two cell lines revealed that
this effect was also more pronounced in UTSCC5 cells than in SAS cells (Figure 20). Nevertheless,
an inhibition of DSB repair was observed in both cell lines.
Since the EGFR-dependent regulation of DNA repair was observed in both A549 and H1299 cells,
this indicates that the mutation status of K-Ras or p53 has no influence on this regulation. This
finding is supported by previous work from our lab that has shown, that the EGFR affects NHEJ
activity in both A549.EJ and H1299.EJ reporter cells [54]. These results are also in line with the
data from our lab demonstrating that p53 does not affect HR, and that p53-dependent repair effects
are due to cell cycle alterations [80]. However, as the experiments using the two HNSCC cell lines
UTSCC5 and SAS indicate, the strength of DSB repair regulation by EGFR might be determined
by the expression and activation levels of EGFR. In UTSCC5 cells, which show higher levels of
expression and activity in EGFR signaling compared to SAS cells, a stronger inhibition of DSB
repair is also achieved. Following this contradicts the findings in Bonner et al., which showed
no correlation between EGFR expression and response to cetuximab treatment [13]. Possible
explanation for this might be that not the amount of EGFR expression, but more likely the level
of basal activity and therefore the responsiveness to inhibition of EGFR signaling might be of
relevance. This would be in line with the observation that a stronger activation of EGFR and its
downstream signaling was observed in UTSCC5 cells compared to SAS cells, and that the inhibition
was therefore more effective. Additionally, the results discussed above showed that the EGFR
ligand ARG, which caused the weakest activation of EGFR, also led to the mildest stimulation of
DSB repair. In contrast, the ligands TGFα and EGF caused the strongest activation of the EGFR
and also the strongest stimulation of DSB repair. Therefore, it is assumed that the stronger EGFR
signaling is, the greater influence it has on DNA repair, thus displaying a stronger responsiveness to
inhibition.
However, in addition to EGFR expression, other factors might also influence the radiosensitivity of
tumors, and these factors could also be responsible for the success or failure of radiosensitization by
EGFR inhibition. Such factors include for example tumor type, vascularisation and the oxidation of
the tumor as well as the presence of tumor stem cells. The investigation of these parameters is only
possible to a limited extend using cultured cells and would require animal tumor models.
Both sets of experiments, the effects of K-Ras and p53 as well as the influence of EGFR expression
and activity on DSB repair regulation by EGFR, were conducted using two cell lines derived from
the same tumor entity, but nevertheless stemmed from different tumors. This means that there
might also be other factors such as undetected mutations that influence the response towards EGFR
inhibition. To specifically study the role of K-Ras and p53 mutations, or the role of EGFR expression,
the experiments should be repeated in an isogenetic system using the knock-out technique. In
doing so the influence of cell line-specific factors could be ruled out. Regardless, these results still
demonstrate that the regulation of DSB repair by the EGFR can be observed in cells with different
genetic backgrounds and that EGFR inhibition shows the potential to negatively regulate DSB repair
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after irradiation in several tumors regardless of their K-Ras and p53 status.

7.1.2. NHEJ

Thus far, the influence of the EGFR on overall DSB repair has been analyzed without specifying
which repair pathways are involved. To reveal further characteristics of the regulation which might
help to unveil the precise molecular mechanisms involved, it is important to identify the specific
repair pathway affected. For this purpose, reporter cells were used to specifically analyse both the
NHEJ and the HR.
As for overall DSB repair, NHEJ was also increased after stimulation with each of the ligands, ARG,
TGFα and EGF. This effect was the weakest after stimulation with ARG, whereas TGFα and EGF
led to a stronger stimulation of DSB repair, similar in strength to that found for overall DSB repair.
Additionally, increased NHEJ activity was also observed after EGFR stimulation by EGF in another
NSCLC reporter cell line (H1299), in HeLa.EJ, derived from an additional tumor entity (cervix
carcinoma), and as well as in normal cells, CV1.EJ, derived from a non-human source (vervet
monkey). The observed increase in NHEJ activity resulting from EGFR stimulation was blocked by
pre-treatment with cetuximab or erlotinib. All of these cell lines have unique genetic backgrounds,
with H1299 differing from A549 cells with respect to K-Ras and p53 status (as described above).
HeLa cells do not express p53 due to a HPV infection and CV1 cells are normal cells. Therefore
these results show that EGFR regulates NHEJ regardless of K-Ras and p53 status, as it was also
demonstrated for overall DSB repair. Furthermore, these results are in line with results from
Golding et al. [36] as well as with previous results from our lab demonstrating an EGFR-dependent
regulation of NHEJ in A549.EJ and H1299.EJ reporter cells [54]. The experiments of Golding et al.

showed that glioma cell lines expressing a constitutively active EGFR mutant showed an increased
amount of NHEJ activity, while cells expressing a dominant negative EGFR mutant displayed
decreased NHEJ activity [36].
In summary, these results show that the inhibition or activation of overall DSB repair observed
after EGFR modulation is at least in part due to an effect on NHEJ. Because the EGFR-dependent
regulation of NHEJ was observed in cell lines from different tumor entities and also in a cell line
from a different species, these results also indicate that the regulation of DSB repair by EGFR is a
general and conserved mechanism.

7.1.3. HR

Along with NHEJ, HR is the other major repair pathway responcible for the repair of DSBs. To
investigate whether the EGFR also regulates HR, HR activity in H1299.EJ reporter cells was
analyzed with respect to EGFR activation or inhibition. In these experiments, HR activity was found
to increase after stimulation with EGF. This increase was blocked when the cells were pre-treated
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with cetuximab or erlotinib (Figure 17). Therefore, in addition to NHEJ, HR is also regulated by
the EGFR.
A weak point of the HR reporter assay is that it can be influenced by differences in the proliferative
activity of the cells, because HR only takes place in the S- and G2-phases of the cell cycle. As a
consequence more quickly proliferating cells have a greater potential to perform HR than more
slowly proliferating cells. Therefore, the cell number of the different samples was assessed by flow
cytometry. The results showed that the largest number of cells was measured in the sample with
untreated cells, and that treatment with either EGF or inhibition using cetuximab or erlotinib led to
a slight decrease in the number of cells in the samples (Figure 17). However, the cell number in
the differently treated cells did not vary strongly enough to explain the observed alteration in HR
activity.
Interestingly, the modulation of HR by EGFR seemed to be stronger than the modulation of
NHEJ, as the inhibition of cells with erlotinib decreased HR activity to even below the basal level.
Additionally, for the analysis of HR even a much lower concentration of erlotinib (0.5 µM instead
of 5 µM) was sufficient to block HR activity. This was nesessary because the inhibitory effect of
5 µM erlotinib on proliferation was so strong that HR was not measureable in the cells (data not
shown). This suggests that HR is significantly more sensitive to EGFR inhibition than NHEJ, and
therefore it can be speculated that EGFR signaling has an stronger effect on mechanisms involved
in HR than on those involved in NHEJ.
The activity of both NHEJ and HR was affected more strongly by erlotinib than by cetuximab.
In addition, WB analyses show that the inhibitory effect of elotinib on ERK phosphorylation is
stronger than the effect of cetuximab (data not shown). This might be explained by the fact that
cetuximab is highly specific for EGFR, while erlotinib has been shown to additionally inhibit Her2
[87]. The inhibitory effect on both the EGFR and Her2 might explain the stronger effect on NHEJ
and HR observed for erlotinib. In conclusion, all of these observations imply that Her2 might also be
important for the observed regulation, likely by regulating the MAPK pathway as well. Additionally,
as with EGFR, Her2 is frequently over-expressed in tumors [116]. It might therefore be worthwhile
to examine the effect of EGFR inhibition combined with a specific and potent inhibition of Her2
using the anti-Her2 antibody herceptin, for example, especially if cetuximab is used for EGFR
inhibition. It is possible that an additive effect on the DNA repair might be achieved through this
combination.

7.1.4. Conclusion

In conclusion, it is shown here that the regulation of DNA repair by EGFR is a common and
conserved phenomenon. It has been reported that EGFR signaling might affect DNA repair through
a variety of different mechanisms such as the regulation of expression and the localization or
phosphorylation of DNA repair proteins [67]. Since EGFR was found to regulate both NHEJ and
HR, it might be that the proteins regulated by EGFR play a role in both repair pathways or in DDR.
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This theory is supported by reports showing an EGFR-dependent nuclear localization of DNA-PKcs
[46] or an EGFR-dependent phosphorylation and thus activation of DNA-PKcs or ATM [101] [36].
Both DNA-PKcs as well as ATM play an important role in DDR and DSB repair (see introduction).
Alternatively, it is possible that EGFR signaling affects a wide range of different proteins involved
in the different DNA repair pathways, though there is no existing data to demonstrate this. However,
in order to be able to investigate a large number of different DNA repair proteins, which is required
in order to identify numerous changes, an exploratory approach is required. Yet, previous data
based on experiments on a proteomic scale have failed to demonstrate an impact of EGFR signaling
on DNA repair proteins. This might be because these investigations concentrated on the whole
proteome of the cell [74] [45] [38]. Whithout the initial enrichment of DNA repair proteins, these
are not likely to be detected by mass spectrometric analysis, due, at least in part, to their low
abundance. Therefore, such an approach has to be established and tested.

In summary, the results presented here demonstrate that the regulation of DNA DSB repair by
EGFR is independent of the activating ligand, and the genetic alterations found in the cells, and
also occurs in various cell lines derived from different tumor entities, but also from a non-human
species. Furthermore, these results indicate that both NHEJ and HR are involved in this regulation.
Therefore these results demonstrate that the regulation of DSB repair by the EGFR is a general and
conserved mechanism. However, this regulation is dependent on the magnitude of EGFR activity.

7.2. Functional and quantitative analysis of DSB repair proteins by
mass spectrometry

The data discussed above show that the EGFR regulates DNA DSB repair and that this regulation
affects at least two major repair pathways, NHEJ and HR. However the mechanisms responcible
for this regulation are not clear. Different studies exist suggesting possible explanations for the
mechanism leading to EGFR’s regulation of DNA repair. These include models in which the EGFR
is thought to regulate the expression of DNA repair proteins, their intracellular localization or their
phosphorylation (activation) (see section 2.6).
Because the cells were inhibited for 2 h and stimulated for 15-30 min in experiments presented here,
which are relative short periods of time with respect to protein expression, the effects of EGFR on the
regulation of protein expression were not taken into consideration in this study. Alternatively, it was
assumed that EGFR signaling regulates the localization and/or the phosphorylation of DNA repair
proteins and with this affects DNA repair. For example, it has been reported that EGFR signaling
can activate the proteins ATM and DNA-PK by phosphorylation [36] [102]. The phosphorylation
of H2AX has also been reported to be regulated by EGFR, possibly via ATM or DNA-PKcs [67].
γH2AX functions as a scaffold for DNA repair proteins and initiates their recruitment to the break.
Therefore, it was speculated here that the EGFR regulates the recruitment of repair proteins to the
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damaged DNA by affecting phosphorylation, which in many cases also leads to activation.
Since the experiments presented in this work showed that EGFR regulates both NHEJ and HR the
decreased phosphorylation of central repair proteins such as ATM, DNA-PKcs or H2AX, all of
which play a role in NHEJ or HR, would fit with the results presented above. However, ATM and
DNA-PK both phosphorylate many proteins involved in DDR and DNA repair, which means that
the inhibition of their activity should also lead to the attenuated phosphorylation of many other
repair proteins.
Another possible explanation for the effect of EGFR modulation on several repair pathways is
that EGFR signaling might regulate a wide spectrum of proteins involved in these repair pathways
or also in additional pathways independently of ATM and DNA-PKcs. It is therefore likely that
proteins involved in EGFR-mediated regulation have yet to be identified. In order to be able to
analyse such complexity, an exploratory and global approach is needed which allows for the analysis
of many proteins at once.
For this reason, the impact of EGFR on DNA repair proteins was studied using a mass spectrometric
approach which allows for the analysis of many proteins simultaneously. In most cases, mass
spectrometric analysis requires an enrichment of the proteins of interest, especially when these are
not particularly abundant in the cell. This is the case, because the mass spectrometric analysis is
most sensitive for peptides that display a high abundancy in the sample and such peptides mask
the detection of low abundant proteins in the sample. As a consequence, in order to analyse DNA
repair proteins by mass spectrometry, these first had to be enriched. However, no method exists
thus far, which allow for the specific enrichment of DNA repair proteins. Thus, two methods were
used which take advantage of the functional characteristics of DNA repair proteins. One of these
methods is the isolation of chromatin-bound proteins, which reveals the recruitment of DNA repair
proteins to the damaged DNA after irradiation. The second method is the isolation of nuclear
phosphoproteins, which also monitors the phosphorylation of DNA repair proteins and thus their
activation after irradiation.
The HNSCC cell lines UTSCC5 and SAS were used for these experiments. Both cell lines are
derived from the same tumor entity, a HNSCC of the tongue, and they are both deficient in p53
function. However, they show differences in EGFR expression and activity, and furthermore they
exhibit different effects with respect to DSB repair upon EGFR inhibition, with UTSCC5 cells being
more sensitive to EGFR inhibition than SAS cells. Two explanations are possible in explaining this
difference. For example, it might be caused by the unique regulation of different repair pathways in
varying cell lines, or EGFR inhibition affects the same repair pathways in both cell lines but with
differing strength.
The detection of DNA repair proteins in the chromatin-bound fraction of unirradiated and irradiated
cells reveals an increased amount of the DNA repair proteins in the irradiated sample (Figure 21).
This means that there is a shift of repair proteins toward the chromatin after IR. Therefore, the
binding and recruitment of repair proteins to the DSBs is detectable by this method. DNA repair
proteins could also be successfully isolated through the isolation of phosphoproteins from nuclear
protein extracts after IR (Figure 22 C and D). Notably, such proteins could also be isolated from
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unirradiated samples, indicating a basal level of phosphorylation of these central repair proteins.
In order to analyse the effects of EGFR inhibition on repair proteins, quantitative changes in the
chromatin bound proteins and nuclear phosphoproteins had to be analysed. Different methods exist
for the quantitative analysis of such samples by mass spectrometry. For example, difference gel
electrophoresis (Dige) enables labeling of different samples using fluorescent dyes. The labeled
samples are then separated by 2-D gelelecrophoresis, after which changes in protein abundances can
be determined by different colours. The proteins from the gel can subsequently be identified using
mass spectrometry. Label-free methods exist also for the mass spectrometric quantitative analysis
of different samples; however, such methods are challenging because of the risk of experimental
inconsistency due to the separate sample preparation. Furthermore, this method is not suitable for
measuring small changes in protein abundancies. Another method is the SILAC-coupled mass
spectrometry, in which proteins from one sample are labeled with heavy amino acids and then
be mixed with a second unlabeled sample (normal amino acids), thus enabling the simultaneous
isolation and detection of proteins from both samples (see section 5.6.1). Because both samples can
be treated differentially with respect to EGFR inhibition, for example, SILAC is a good method for
the quantitative analysis of EGFR-dependent alterations to DSB repair proteins and was therefore
used in this work.
Because of the mixing of the differently treated samples, both samples can be processed together as
one thus reducing alterations occuring during separate isolation processes and with this improving
the comparability of these samples. Nevertheless, small alterations in the mixing of unlabeled
and labeled cells/proteins led to variation as shown in figures 24 A and 25A, which hamper the
evaluation and interpretation of the data. To correct for this variation, all ratios from each analysed
sample were normalized using the mean of all ratios for the respective sample. For successful
regulation, relaxed threshholds of 0.67 and 1.5 were used, as the aim of this explorative approach
was to identify general changes, which could then be validated using other direct methods.

7.2.1. Chromatin-bound proteins

The mass spectrometric analysis of the chromatin-bound proteins identified 87 proteins in UTSCC5
cells and 117 in SAS cells which were detected both in the control as well as in the sample, and
to which a ratio could be assigned. The ratios of the proteins from the controls did not indicate
for a regulation and it can therefore be assumed that differences between the media did not lead
to changes in the chromatin binding of the proteins. Hardly any of the detected proteins in the
probes showed reduced chromatin binding after EGFR inhibition. Only in the SAS cells could two
proteins be detected, whose ratios were below 0.67, indicating reduced chromatin binding after
EGFR inhibition. These proteins are elongation factor 1γ (EF1G) and ribosomal RNA small subunit
methyltransferase NEP1. EF1G is part of the elongation factor 1 complex, which is involved in
translation [68]. NEP1 is involved in ribosome biogenesis and is found mainly in the nucleus [31].
However 6 proteins were identified in UTSCC5 and 11 proteins in SAS cells that are involved in
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DNA damage signaling or DNA repair. However, none of these proteins showed altered chromatin
binding after EGFR inhibition. Therefore, these results demonstrate that there are no obvious and
profound changes in the chromatin binding of DNA repair proteins following EGFR inhibition.
However, the analysis of chromatin-bound proteins does not seem to be particularly effective for a
global analysis of changes in the activity of DNA repair proteins.

7.2.2. Nuclear phosphoproteins

All in all, the mass spectrometric analysis of phosphorylated nuclear proteins identified more
proteins in both cell lines than the analysis of chromatin-bound proteins. 152 proteins were
identified in UTSCC5 cells and 173 in SAS cells. The ratios for the probes from both cell lines,
clearly display more variation in respect to EGFR inhibition than the ratios for the control (Figure
25). This indicates the altered binding of proteins in the probe to the phospho enrichment beads
compared to the proteins in the control, demonstrating that EGFR inhibition has an effect on the
phosphorylation of several nuclear proteins. The effect seemed to be more pronounced in SAS
cells than in UTSCC5 cells. Of the detected proteins, 8 proteins in UTSCC5 cells and 27 in SAS
cells displayed a ratio below 0.67 in the probe, indicating a down-regulation of phosphorylation.
However, one of the eight proteins showing down-regulation after EGFR inhibition in UTSCC5
cells, Septin-7, also showed a down-regulation in the control, indicating that the observed ratio
might not be specific for EGFR inhibition.
In contrast, eight proteins displayed a ratio above 1.5, indicating that the phosphorylation of these
proteins was up-regulated as a result of EGFR inhibition. The majority of these proteins are
involved in transcription and RNA processing/translation. Interestingly, many proteins that showed
down-regulation of phosphorylation due to EGFR inhibition are also involved in transcription,
translation and RNA processing, which demonstrates the importance of EGFR signaling for gene
expression [121].
in addition to proteins important for gene expression, proteins that regulate actin polymerisation
also showed reduced phosphorylation after EGFR inhibition. The protein ARPC4 was even down-
regulated in both cell lines. It is known that the activity of the actin-related protein 2/3 complex is
regulated by several signal cascades including those involving Ras and RTK signaling, for example
[18]. Therefore, the decreased phosphorylation of these proteins after the inhibition of EGFR is
plausible, and confirms that EGFR-induced changes in the phosphorylation of nuclear proteins can
be detected with this method.

With in regard to proteins involved in DDR and DNA repair, 16 such proteins were detected in
UTSCC5 cells and 20 in SAS cells (Figure 25). In each cell line four DNA repair proteins displayed
a reduced phosphorylation after EGFR inhibition. In UTSCC5 cells these proteins were Ku80,
PRP19, PARP1 and GAPDH. In SAS cells these were ILF3, DDX5, PARP1 and GAPDH. Thus,
PARP1 and GAPDH were found to be altered in both cell lines.
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In terms of proteins specifically down-regulated in UTSCC5 cells, the down-regulation of Ku80 was
the most striking result, because Ku80 is a central protein in NHEJ. The Ku70/Ku80 heterodimer
binds DNA at DSBs and recruits DNA-PKcs to the DSB, which then phosphorylates Ku80/Ku70
at several sites. Although it was shown by Douglas et al. that the phosphorylation of Ku70/Ku80
by DNA-PKcs might not be required for DSB repair [30], the phosphorylation might reflect the
activity of DNA-PKcs, and therefore reduced Ku80 phosphorylation reflects inhibited DNA-PKcs
activity following EGFR inhibition.
The second protein found to be down-regulated only in UTSCC5 cells is PRP19. This protein is a
pre-mRNA processing factor required for the assembly and activation of the spliceosome, but also
plays a role in ubiquitination, the DNA damage response, proliferation and apoptosis. PRP19 has
been shown to have a function in the activation of the central DDR kinase ATR, the ATR-dependent
cell-cycle checkpoint and p53-dependent apoptosis. Although it is phosphorylated in an ATM-
dependent manner in response DSB inducing agents and is an important factor for the recruitment
of DNA repair proteins to the sites of damage [118], the meaning of this phosphorylation for DSB
repair is not yet fully understood. However, the reduced phosphorylation of PRP19 might reflect
reduced ATR activity.
Two repair proteins were specifically downregulated in SAS cells, ILF3 and DDX5. The protein
ILF3 (also known as NF90) is involved in transcription and translation, but has also been reported
to play a role in activating DNA-PK and therefore regulating NHEJ [91].
Tthe decrease in phosphorylation of Ku80, PRP19 and ILF3 might be the result of the inhibition of
the phosphorylation activity of central DNA repair and DDR proteins such as DNA-PKcs, ATM and
ATR. In this concept reduced Ku80 and PRP19 phosphorylation would therefore reflect reduced
DNA-PKcs activation.
DDX5 (RNA helicase p68) and GAPDH also showed reduced binding to the beads after EGFR
inhibition, with GAPDH being down-regulated in SAS and UTSCC5 cells. DDX5 has an important
role in the regulation of the p53-mediated activation of cell cycle arrest and the inhibition of
apoptosis in response to DNA damage [5]. GAPDH in turn is known for its prominent role in
glycolysis, but also plays a role in regulating the activity of DNA repair proteins such as APE1 and
DNA-PKcs [98]. The nuclear localization of APE1, a central protein of BER, has been shown to be
regulated by S-nitrosylation which may potentially be carried out by GAPDH [98]. Additionally,
GAPDH has been shown to reduce the oxidized form of APE1, therefore restoring its activity
[4]. Furthermore, S-nitrosylation has been reported to increase the expression and activity of
DNA-PKcs [113]. GAPDH has been shown to S-nitrosylate DNA-PK; however, the importance of
this phenomenon for DNA repair has not been studied [53].
The second protein regulated in both cell lines is PARP1. Like GAPDH, it is important in BER
but also in alternative NHEJ. The PARylation activity of PARP has also been shown to play a role
in DDR, e.g. in sensing single-strand breaks. After ionizing radiation, PARP1 and PARP2 are
activated and synthesize PAR chains on different proteins, including histones H1 and H2B, for
example, as well as and itself. These PAR chains recruit other DNA repair proteins to the break and
function thereby as a scaffold [23]. Because the PARylation activity of PARP1 have been reported
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to be activated by its phosphorylation through ERK [49], the observed decrease in phosphorylation
of PARP is in line with the existing model of PARP regulation. The importance of EGFR signaling
in regulating PARP1 phosphorylation is supported by the observation that the effect on PARP1 was
detected in both cell lines.
While DDX5 probably only has a minor role in DNA repair, the proteins GAPDH and PARP1, both
of which are regulated in SAS and UTSCC5 cells, are more important in BER and single-strand
break (SSB) repair than in DSB repair, with SSB being less important for cell inactivation. However,
unrepaired single-strand breaks can lead to the formation of lethal DSBs during replication [37].
Therefore, GAPDH and PARP1 could also participate in the observed down-regulation of DSB
repair after EGFR inhibition, especially with respect to the observed increase in γH2AX foci 24 h
after IR.
Interestingly, the analysis of nuclear phosphoproteins revealed that the phosphorylation of the
protein Matrin-3 was slightly increased in both cell lines after EGFR inhibition, though slightly
below the threshhold. Matrin-3 is a component of the nuclear matrix and plays a role in RNA
processing, but it has also been suggested to be involved in transcription, chromatin organization
and DNA repair. It has been reported that Matrin-3 is phosphorylated by ATM after DNA damage
induction, and it was also suggested to be involved in DDR and the regulation of NHEJ as part
of a complex with SFPQ and NONO [85]. SFPQ was also identified in both cell lines, but it did
not show altered phosphorylation upon EGFR inhibition. NONO was detected only in UTSCC5
cells, with a ratio slightly obove the 0.67 threshhold. However, the effects on the phosphorylation
of Matrin-3 and NONO observed in these experiment were very weak, and further investigations
are required to reveal whether these effects are relevant for DNA repair. The observed increase in
the phosphorylation of Matrin-3 is contradict what would be expected with respect to ATM activity.
However this phosphorylation of Matrin-3 might be a form of inhibitory phosphorylation.

7.2.3. Comparison and further analysis

Although no significant changes in the chromatin binding of DNA repair proteins were detected
in UTSCC5 cells, it is interesting that GAPDH, which in showed a very strong down-regulation
in phosphorylation after EGFR inhibition, also showed a slightly reduced chromatin-binding after
EGFR inhibition (though below the threshhold). This indicates a reduced chromatin recruitment of
GAPDH due to reduced phosphorylation. However, further experiments are required to confirm
these observations and to show whether the chromatin binding of GAPDH is in fact attenuated and
if this is the result of reduced phosphorylation.
Apart from that, the experiments did not reveal attenuated chromatin recruitment of DNA repair
proteins with decreased phosphorylation after EGFR inhibition (PARP1, GAPDH, Ku80, PRP19,
DDX5 and ILF3) in either cell lines. It is possible that phosphorylation has no impact on the
recruitment of these proteins to the damaged DNA, and possibly that the proteins can bind to the
chromatin without being activated. The isolation method used might not be suitable for the analysis
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of changes in recruitment, as the chromatin is extracted in its entirely and not only the damaged
chromatin. A more specific method such as chromatin immunoprecipitation using DSB-specific
antibodies (like anti-γH2AX antibody, for example) could be more sensitive for detecting changes
in the recruitment of DNA repair proteins to the site of damage.

Generally, a larger number of proteins displayed altered phosphorylation after EGFR inhibition
in SAS ells than in UTSCC5 cells. This result contradicted that which was expected. Since SAS
sells are more resistant to EGFR inhibition with respect to EGFR signaling, proliferation and the
effect on DSB repair, it was assumed, that EGFR inhibition could generally have a weaker effect on
protein phosphorylation in SAS cells than in UTSCC5 cells.
Additionally, many repair proteins detected in UTSCC5 cells were not detected in SAS cells, and
vice versa. Therefore, it is difficult to identify different patterns of regulation in these cell lines.
However, in both cell lines the phosphorylation of GAPDH and PARP1 was decreased after EGFR
inhibition, which might explain the observed inhibition of DSB repair in both cell lines. However,
UTSCC5 cells displayed a much stronger response towards EGFR inhibition with respect to DNA
repair. This could potentially be explained by the differences in the quantitative extend of this
regulation (GAPDH: 0.382 in UTSCC5, 0.601 in SAS, PARP1: 0.436 in UTSCC5, 0.581 in SAS).
The differences between UTSCC5 and SAS might also be explained by the regulation of Ku80
and PRP19 in UTSCC5 cells. In this way, these experiments provided indications of common
mechanisms affecting DSB repair and individual parameters, thus leading to individual differences.
These relationships need to be confirmed in future experiments, however.
Unfortunately, it was not possible to detect the important repair proteins ATM and DNA-PKcs in
these samples, although it is known that both proteins are phosphorylated upon irradiation and are
also located to the damaged DNA after irradiation [8] (Figure 22 D). Nevertheless, both of these
proteins were detectable in the chromatin bound fractions using WB (Figure 21). However, the
amount of isolated protein did not seem to be sufficient for the detection by mass spectrometriy.
With respect to phosphoprotein isolation, ATM and DNA-PKcs were not isolated at all. ATM and
DNA-PKcs are both quite large, and perhaps the phosphorylated residues are not accessable to
binding with the phospho enrichment beads due to steric properties.
Additionally, several detected DNA repair proteins displayed a basal level of phosphorylation, which
allowed them to effectively bind to the beads even without being irradiated (Figure 22 C and D). For
this reason, if irradiation only leads to the phosphorylation of an additional number of residues in
these already phosphorylated proteins this change might not be sufficient to lead to the significantly
increased binding of these proteins to the beads. Thus the possible increase in the phosphorylation
of such proteins after irradiation might not be detectable with this method. However, the isolation of
phosphorylated proteins represents an indirect method for the detection of protein phosphorylation.
This means that even unphosphorylated proteins might be able to be isolated by this method due
to interactions with phosphorylated proteins. Acidic proteins can also bind to the beads without
displaying phosphorylation. Therefore, the effects on the phosphorylation of proteins detected
by this method need to be validated by other methods such as WB using phosphosite-specific
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antibodies, in order to ensure that the effects are actually due to altered phosphorylation.
Additionally, the isolation of phosphopeptides after the tryptic digestion of the proteins could
represent a more effective enrichment method than the isolation of phosphoproteins and could
also increase the amount of detected proteins using mass spectrometry. This could also enable
the detection of ATM and DNA-PK, proteins which could not be isolated as whole proteins by
the phospho enrichment beads. Nevertheless, the isolation of phosphorylated nuclear proteins is
suitable for this explorative approach and allows for the enrichment of phosphorylated proteins in
general.
Since more proteins involved in DNA repair were detected in the samples of phosphorylated nuclear
proteins than in the samples of chromatin-bound proteins, this method seems to be more suitable
for the analysis of the activity of DNA repair proteins. These results offer insight into the role of
EGFR in the regulation of the phosphorylation and perhaps activity of DNA repair proteins. The
importance of this regulation on DNA repair remains to be further investigated.
In addition to phosphorylation, DNA repair proteins are also regulated through several other
posttranslational modifications such as ubiquitination and acetylation. The effect of the EGFR
on these posttranslational modifications of DNA repair proteins could also be analysed using
corresponding isolation methods coupled with mass spectrometry.

7.2.4. Conclusion

The EGFR-dependent changes in the phosphorylation of DNA repair proteins detected in these
experiments do not conclusively explain the observed regulation of DNA repair by the EGFR, espe-
cially the quantitative differences between UTSCC5 and SAS. However, the established analysis of
phosphorylated DNA repair proteins can be further improved and used to elucidate the mechanisms
which leading to the attenuation of DNA repair following EGFR inhibition. This might help in the
identification of distinct markers or regulation patterns in cells that respond to EGFR inhibition,
which in turn could be useful in predicting tumors that should respond to EGFR-targeted therapy.
Furthermore, this method could also help to uncover new alternative therapy targets.

7.3. Summary

In this work it was shown that the regulation of DNA repair by EGFR is a common and conserved
mechanism. Therefore, the inhibition of EGFR has the potential to radiosensitize tumors. Though
factors such as EGFR activity might influence the effectivity. To nanalyse the mechanisms of DNA
repair regulation, a method using mass spectrometry was established which enables the quantitative
analysis of EGFR-dependent changes in chromatin binding and the phosphorylation of DNA repair
proteins. Especially the latter method was revealed to be a promising tool for the investigation of
mechanisms leading to the observed regulation of DNA repair by EGFR, and can also be used to
screen for bio-markers identifying tumors that respond to EGFR targeted therapy.
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9. List of abbreviations

9. List of abbreviations

53BP1 p53-binding protein 1
Abl Abelson murine leukemia viral oncogene homolog
Alt-NHEJ Alternative non-homologous end-joining
APS Ammoniumpersulfate
ARG Amphiregulin
ATM Ataxia telangiectasia mutated
Bad Bcl2-antagonist of cell death
BAK Bcl-2 homologous antagonist killer
BCA Bicinchonic acid
BER Base excision repair
BSA Bovine serum albumin
Cbl Casitas B-lineage Lymphoma
CEB Cytoplasmic extraction buffer
CHK2 CHK2 checkpoint homolog
CMV Cytomegalovirus
CtIP C-terminal-binding protein (CtBP)-interacting protein
FBS Fetal bowine serum
FDA US Food and Drug Administration
Da Dalton
DAPI Diamidinophenylindol
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethylsulfoxide
DNA Deoxyribonucleic acid
DNA-PKcs DNA-dependent protein kinase, catalytic subunit
DR Direct repair
DSB Double strand break
E2F Elongation Faktor 2
EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor
EGFP Enhanced green fluorescent protein
EGFR Epidermal growth factor receptor
Egr1 Early growth response protein 1
EGTA Ethyleneglycoltetraacetic acid
ERK Extracellular-signal-regulated kinases
ET Endothelin
Exo1 Exonuklease 1
FACS Fluorescence-activated cell sorting
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9. List of abbreviations

FGFR1 Fibroblast growth factor receptor 1
Fos FBJ murine osteosarcoma viral oncogene homolog
GADD45 Growth Arrest and DNA Damage
GAP GTPase activating protein
GAPDH Glycerinaldehyd-3-phosphat-Dehydrogenase
GDP Guanosine diphosphate
GFP Green florescent protein
GR Glucocorticoid recepror
GTP Guanosine triphosphate
Grb2, 7 Growth factor receptor-bound protein 2, 7
Gy Gray
HB-EGF Heparin-binding epidermal growth factor
HCl Muriatic acid
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HNSCC Head and neck squamous cell carcinomas
H2B Histone 2B
γH2AX Phosphorylated histone 2AX
HR Homologous recombination
HPV Human papiloma virus
HRP Horseradish peroxidase
IGFR1 Insulin-like growth factor receptor 1
IR Ionizing radiation
Jak Janus kinase
JNK c-Jun N-terminal kinase
JNKK JNK kinase
KCl Potassium chloride
kDa Kilo-Dalton
KH2PO4 Monopotassium phosphate
Koz Kozak consensus sequence
Ku70 XRCC6
Ku80 XRCC5
LigIV Ligase IV
LPA Lysophosphatidic acid
MAPK Mitogen-activated protein kinase
MDC1 Mediator of DNA-damage checkpoint 1
MEB Membrane extraction buffer
MEK MAPK/ERK kinase
MMR Mismatch repair
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9. List of abbreviations

MNase Micrococcal nuclease
Mre11 Meiotic recombination 11
MRN Mre11, Rad50 and Nibrin complex
MS Mass spectrometry
NaCl Sodium chloride
Na2HPO4 Disodium phosphate
nanoUPLC-ESI-
QTOF-MS/MS

Nano-ultra-high-performance-liquidchromatography-
electrospray-ionisation-quadrupol-time-of-flight-analyzer-
tandemmassespectrometry

Nck Non-catalytic region of tyrosine kinase adaptor protein
NEB Nuclear extraction buffer
NHEJ Non-homologous end-joining
NP-40 Polyethylenglycol(40)- nonylphenolether
NRG Neuregulin
NSCLC Non-small cell lung cancer
ORF Open reading frame
PAK P21 protein (Cdc42/Rac)-activated kinase
PAR Poly ADP-ribose
PARP Poly [ADP-ribose] polymerase
pDNA-PKcs phosphorylated DNA-dependent protein kinase, catalytic subunit
PEB Pellet extraction buffer
PI Propidium Iodid
PI3K Phosphoinositid-3-Kinase
PK A, B, C, Cγ Proteinkinase A, B, C, Cγ
PLCγ Proteinlipase C γ

PNK ATP-dependent polydeoxyribonucleotide 5’-hydroxyl-kinase
Polµ/λ/η Polymerase µ/λ/η
PUMA p53 upregulated modulator of apoptosis
PVDF Polyvinylidene flouride
Rac Ras-related C3 botulinum toxin substrate 1
Rad50, 51 Rad 50, 51 homolog
RAF Rapidly accelerated fibrosarcoma
Ras Rat sarcoma
RET Proto-oncogene tyrosine-protein kinase receptor Ret
RNase Ribonuclease
RPA Replication protein A
RT Radiation therapy
RTK Receptortyrosinkinase
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9. List of abbreviations

S6K Ribosomal protein S6 kinase
SDS Sodiumdodecylsulfate
Shp2 Src homology domain-2-containing protein tyrosine phosphatase 2
SILAC Stable isotope labeling by amino acids in cell culture
Sos Son of sevenless
SP1 Specificity Protein 1
SSA Single strand annealing
SSBR Single strand break repair
STAT Signal Transducer and Activator of Transcription
SUMO Small ubiquitin-like modifier
TA Triamcinolone acetonide
TEMED Tetramethylethylendiamin
TBE Tris/Borate/EDTA
TBS Tris-buffered saline
TCA Trichloroacetic acid
TGFα Transforming growth factor α
UV Ultraviolet light
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
WB Western blot
XLF XRCC4-like factor
XPF Xeroderma pigmentosum group F
XRCC1, 4, 5, 6 X-ray repair complementing defective repair in Chinese hamster cells 1,

4, 5 (Ku80), 6 (Ku70)
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A. Proteins detected in the mass spectrometric measurements

A. Proteins detected in the mass spectrometric

measurements

A.1. Chromatin-bound proteins UTSCC5

Protein Ratio probe Ratio control
1433E 1,035 0,867
1433Z 0,976 0,940
4F2 0,884 0,851
ACTBL 0,769 0,866
AHNK 1,193 0,923
ANXA2 1,049 0,963
BAF 0,857 0,986
CBX3 0,917 0,922
DDX21 0,945 0,985
DDX39 0,969 1,029
DHX9 1,020 1,032
DSRAD 1,005 0,992
EF1G 0,977 0,925
ELAV1 1,042 0,995
FBRL 1,011 1,033
FLOT1 1,030 0,879
G3P 0,777 1,006
H10 0,969 1,007
H12 0,996 1,016
H14 0,966 0,941
H15 1,041 0,986
H1X 1,113 1,180
H2AW 1,071 0,987
H2AY 1,045 1,021
H4 0,989 1,029
HNRDL 0,982 1,016
HNRH1 1,050 1,010
HNRH2 1,046 1,016
HNRH3 0,946 0,973
HNRPC 0,977 0,993
HNRPD 0,948 0,989
HNRPF 0,996 0,988

Continued on next page
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
HNRPG 1,042 1,103
HNRPK 0,983 0,974
HNRPR 1,018 1,027
HNRPU 1,013 1,047
HSPB1 0,702 0,779
IF4A3 1,092 1,019
ILF2 1,033 1,024
ILF3 1,007 1,006
K1C18 0,887 0,825
K2C8 1,056 0,847
KCRU 0,987 1,042
KRR1 1,115 0,993
LMNA 1,112 1,045
MATR3 0,987 0,984
MVP 0,905 0,949
NOL6 1,037 0,981
NPM 1,024 1,000
NU205 1,023 1,017
NUMA1 0,857 0,982
PABP2 0,963 0,994
PCBP2 0,925 0,937
PPIB 1,085 1,057
PTBP1 1,088 1,032
RAE1L 1,043 0,945
RALY 1,037 0,999
RALYL 0,989 1,032
RCC1 1,026 0,966
RL11 0,951 0,987
RL23A 1,048 0,896
RL5 1,140 0,987
ROA0 1,002 1,051
ROA1 1,022 1,046
ROA2 1,007 1,017
ROA3 1,004 1,035
ROAA 0,965 1,078
RPF2 1,054 0,995
RRS1 1,054 1,024
RU2A 0,983 1,167

Continued on next page
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
SAFB1 1,029 1,016
SARNP 1,014 1,500
SERPH 1,002 1,056
SF3A1 1,095 1,163
SF3B3 1,035 1,062
SF3B4 1,030 0,930
SFPQ 1,045 1,031
SMC1A 0,968 1,062
SMC3 0,843 1,056
SMU1 1,076 1,063
SRSF9 0,898 0,923
SSBP 1,032 0,984
STOM 0,911 0,851
TADBP 0,990 0,985
THOC4 1,127 1,104
UAP56 1,108 1,071
YBOX1 0,939 0,910

A.2. Chromatin-bound proteins SAS

Protein Ratio probe Ratio control
1433G 1,025 0,955
1433Z 0,923 0,886
4F2 0,901 0,983
ACTBL 1,150 0,897
AHNK 1,030 0,864
ANXA2 1,047 0,880
BAF 1,001 1,011
BAZ1B 1,112 0,945
CBX3 1,092 0,999
CENPV 1,028 0,929
DDX21 1,022 1,041
DDX5 1,052 0,924
DHX15 0,889 1,044
DHX9 1,014 1,013
DSRAD 1,017 0,995
EF1G 0,647 0,939

Continued on next page
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
ELAV1 1,059 1,037
FBRL 0,935 1,021
FUBP2 1,084 0,989
H10 0,994 0,992
H12 0,995 1,261
H13 0,971 1,042
H14 0,894 0,894
H15 1,024 1,032
H1X 0,947 0,867
H2AW 0,974 1,085
H2AY 1,011 1,028
H31 1,107 1,110
H32 1,045 1,091
H33 1,043 1,098
H4 0,996 0,925
HNRDL 0,983 0,981
HNRH1 0,978 0,983
HNRH2 0,998 1,004
HNRH3 0,974 1,019
HNRL2 1,052 0,974
HNRPC 0,917 1,004
HNRPD 0,960 0,994
HNRPF 0,989 0,958
HNRPG 1,013 1,003
HNRPK 1,004 1,002
HNRPL 1,006 1,023
HNRPM 0,929 0,887
HNRPQ 0,889 1,021
HNRPR 0,950 0,904
HNRPU 0,895 0,957
HSP7C 0,839 1,004
IF4A3 1,024 0,964
ILF2 1,005 1,037
ILF3 0,990 1,003
IMB1 1,077 1,008
K1C18 0,937 0,938
K1C19 0,853 0,999
K2C7 0,949 0,890

Continued on next page

97



A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
K2C8 1,024 0,914
KRR1 1,418 1,107
LMNA 0,945 0,912
MATR3 1,053 1,071
NAT10 1,127 1,063
NEP1 0,570 1,180
NOL6 1,276 1,033
NOP2 1,036 1,088
NOP58 0,985 1,003
NPM 0,978 0,915
NU155 0,885 1,018
NUMA1 1,016 1,163
NUP93 0,878 0,946
PABP2 1,000 1,047
PARP1 1,153 0,987
PP1B 1,020 1,184
PPIB 1,123 1,031
PTBP1 1,027 0,967
RALY 1,042 1,014
RALYL 1,015 0,979
RAN 1,017 1,035
RBBP4 1,006 1,066
RCC1 1,034 0,987
RCL1 1,354 1,238
RL12 0,940 0,960
RL18 0,848 1,086
RL1D1 1,061 1,011
RL23A 0,993 0,850
ROA0 1,062 0,984
ROA1 0,994 1,024
ROA2 1,020 1,046
ROA3 1,004 1,049
ROAA 1,016 1,015
RPF2 1,059 1,044
RRP5 1,192 1,137
RRS1 1,036 0,998
RU2A 0,972 0,850
RUVB1 0,862 0,957

Continued on next page

98



A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
RUVB2 0,757 1,053
SAFB1 1,007 1,093
SARNP 1,030 0,998
SERPH 1,140 1,026
SF3B1 0,843 0,882
SF3B3 1,009 0,893
SF3B4 1,085 0,719
SFPQ 0,939 0,994
SMC3 1,004 0,963
SMCA5 0,992 1,058
SMD1 0,966 0,969
SMHD1 1,042 1,006
SMU1 1,042 1,030
SRSF9 1,054 0,999
SSBP 0,949 0,947
TADBP 1,007 0,980
TBB5 0,788 0,988
THOC4 1,014 0,969
TOP1 0,755 0,920
UAP56 1,019 1,005
WDR36 1,219 1,171
YBOX1 0,998 0,956
YG015 1,188 1,053
YG034 0,925 1,010
ZFR 0,960 1,021

A.3. Nuclear phosphoproteins UTSCC5

Protein Ratio probe Ratio control
LMNA 1,435 0,993
MATR3 1,430 1,030
FLNA 1,370 0,621
ELAV1 1,335 1,045
XRN2 1,301 0,893
SF3A1 1,295 0,927
SRSF9 1,293 1,027
MMAB 1,275 1,259
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
SNRPA 1,270 0,966
HNRPC 1,269 1,077
SMD3 1,265 0,959
IF2B3 1,261 1,132
SMD1 1,256 0,987
PRP6 1,251 0,996
PTRF 1,250 1,112
SMD2 1,232 0,986
RBM8A 1,231 0,990
C1QBP 1,226 1,153
PR40A 1,215 1,065
FBRL 1,205 1,052
PSIP1 1,200 1,026
H13 1,193 1,058
RU17 1,190 0,976
CSK21 1,188 1,109
HNRPQ 1,187 1,064
HNRH3 1,187 1,070
ANXA1 1,177 1,199
PPIB 1,161 1,172
DHB4 1,160 1,037
RL5 1,157 0,939
EFTU 1,152 1,306
COR1C 1,152 1,072
NDUS5 1,144 1,240
NPM 1,142 1,024
U2AF2 1,141 0,955
HNRPR 1,140 1,032
HNRPL 1,139 1,055
NH2L1 1,139 1,127
SSBP 1,139 1,118
ERH 1,135 1,077
ROA3 1,132 1,016
RAB15 1,132 1,023
TADBP 1,132 0,885
H15 1,129 1,037
SND1 1,126 1,096
SRSF1 1,123 0,920

Continued on next page

100



A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
NXF1 1,119 1,041
ATPO 1,115 1,406
TFAM 1,114 1,088
ROA0 1,112 1,016
GRP78 1,111 1,118
NDUA8 1,111 1,205
ROA1 1,102 1,101
HMGA1 1,089 0,977
ROA2 1,085 1,027
NHP2 1,083 1,105
DKC1 1,080 1,063
EZRI 1,078 1,037
CPSF5 1,066 0,952
ERP29 1,065 1,121
HNRPK 1,065 0,912
NUCL 1,065 0,953
RALY 1,063 1,156
SRSF3 1,058 1,023
PDIA3 1,055 1,186
CH10 1,049 1,211
RUVB2 1,047 0,957
SRP09 1,046 0,963
RL23A 1,037 1,098
LRC59 1,032 1,020
RM48 1,030 0,976
MANF 1,024 1,159
HNRPD 1,019 0,956
HP1B3 1,017 0,984
TOP2B 1,016 1,058
SFPQ 1,014 0,930
SERPH 1,014 1,113
RS18 1,013 0,917
ILF2 1,012 1,030
RL12 1,008 0,963
STRBP 1,007 0,971
SF3B3 1,002 1,024
PTBP1 0,999 0,912
DDX39 0,998 0,947
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
RCC1 0,996 0,952
SARNP 0,993 0,974
TCRG1 0,990 0,763
ROAA 0,987 1,036
RS14 0,986 0,998
HNRPG 0,985 1,091
H1X 0,981 1,000
HSP7C 0,977 0,931
RAN 0,976 0,976
KCRU 0,970 1,045
HNRH1 0,970 0,969
IF2B2 0,967 0,982
TOP1 0,963 1,020
ILF3 0,962 1,016
RS5 0,955 1,007
DAZP1 0,949 0,913
RS25 0,944 0,937
API5 0,934 0,897
RL31 0,925 1,045
DDX21 0,921 0,985
HNRPU 0,920 1,055
DHE3 0,918 1,124
RS16 0,918 0,895
FLNB 0,908 0,636
TCP4 0,907 1,418
IQGA1 0,904 0,803
PSPC1 0,902 0,903
RS20 0,887 0,826
H10 0,883 0,797
DDB1 0,882 0,822
SLIRP 0,881 1,048
RS7 0,869 0,994
GAR1 0,852 1,135
RS19 0,851 0,937
XRCC6 0,850 0,878
ANXA2 0,835 0,822
HXK1 0,835 1,136
AHNK 0,827 0,703
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
IF2G 0,815 0,970
H4 0,812 1,051
CIRBP 0,806 0,971
DDX5 0,799 0,919
SP16H 0,792 0,926
DHX9 0,791 1,046
IF16 0,791 0,801
EF1G 0,790 0,725
EHD2 0,789 0,628
FUBP1 0,788 1,048
HNRDL 0,784 1,057
RS30 0,768 1,096
RL11 0,758 0,960
ARPC3 0,755 1,019
PRDX1 0,749 0,903
UAP56 0,720 0,997
GRP75 0,686 1,011
DDX17 0,684 0,958
KHDR1 0,680 0,766
NONO 0,671 0,960
XRCC5 0,648 0,876
MMP1 0,637 1,128
SEPT7 0,606 0,660
PRP19 0,478 1,044
S10AA 0,449 0,741
PARP1 0,436 0,745
G3P 0,382 0,988
ARPC4 0,294 1,024

A.4. Nuclear phosphoproteins SAS

Protein Ratio probe Ratio control
LMNA 1,999 1,041
SF3A1 1,968 1,019
ZN207 1,772 1,226
ELAV1 1,710 0,982
PTRF 1,695 1,075
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
GRWD1 1,619 0,996
EF1G 1,557 0,958
HNRPU 1,502 0,816
PLCB3 1,497 1,007
SMD3 1,411 0,867
HNRPL 1,383 1,004
TCRG1 1,379 1,345
RS13 1,372 1,048
TADBP 1,369 1,001
SMCA5 1,362 0,849
RS14 1,360 0,901
EXOS2 1,358 1,082
SMD2 1,356 0,987
RALY 1,342 1,161
SF3B2 1,334 1,061
EF1D 1,326 0,982
GTF2I 1,306 1,075
EF1B 1,291 0,980
SND1 1,285 1,075
MATR3 1,283 0,981
RS7 1,282 1,107
SPT5H 1,279 1,003
SMD1 1,276 0,904
RS20 1,266 0,847
RUVB1 1,262 0,965
RL12 1,259 1,226
U2AF2 1,259 0,975
RS19 1,238 1,047
H13 1,235 0,777
PRDX1 1,219 0,863
RALYL 1,217 0,602
XRN2 1,215 1,073
PNPT1 1,211 0,929
DSRAD 1,210 0,766
NUCL 1,198 1,152
HNRPC 1,194 0,926
ANXA2 1,189 1,132
API5 1,187 1,122
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
H12 1,186 0,833
RL31 1,178 1,277
K2C8 1,165 0,716
CPSF5 1,163 1,020
DHX9 1,162 0,920
HNRPQ 1,155 0,990
VRK1 1,153 0,961
MOES 1,149 0,998
FBRL 1,148 0,954
SRSF3 1,145 1,030
RCC2 1,139 1,159
TOP1 1,138 0,922
AHNK 1,130 1,051
RUVB2 1,128 0,981
RU2A 1,125 1,069
RS25 1,123 0,977
HMGA1 1,119 0,978
PTBP1 1,119 1,144
HNRPK 1,118 1,024
NPM 1,117 0,946
APEX1 1,110 1,159
SP16H 1,105 1,170
TOP2A 1,097 0,833
HMGB2 1,086 1,137
SSRP1 1,075 1,066
HP1B3 1,073 0,871
KDM1A 1,071 1,107
COR1C 1,066 0,964
ACTBL 1,059 0,961
MRE11 1,058 1,256
IF16 1,054 1,172
PR40A 1,054 0,877
NHP2 1,051 0,990
RU17 1,049 0,955
RL1D1 1,048 1,008
MBB1A 1,047 0,858
PDIA3 1,047 0,950
PSIP1 1,044 1,109
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
FUBP1 1,043 1,110
ERP29 1,040 0,936
SLIRP 1,039 0,774
SF3B3 1,038 0,980
EZRI 1,033 1,050
U17 1,032 1,066
PPIB 1,031 0,940
SNRPA 1,028 0,987
PCBP2 1,026 0,991
RBM25 1,024 0,901
DDX18 1,021 0,871
TFAM 1,018 1,007
ROA3 1,010 0,995
RL11 1,007 1,133
SERPH 1,003 1,048
HNRH3 0,992 0,995
NOP58 0,988 0,936
SSBP 0,980 0,876
SRSF9 0,975 1,023
DEK 0,973 1,127
CP080 0,968 0,945
XRCC6 0,968 1,040
IF4A3 0,964 0,955
H15 0,962 0,899
LONM 0,962 0,755
ERH 0,960 0,820
MCTS1 0,955 1,073
SRSF1 0,948 1,082
ANXA1 0,944 1,069
SFPQ 0,931 1,035
RAN 0,927 0,913
HNRPR 0,922 0,975
PUF60 0,922 0,878
SRP14 0,912 1,151
DDX21 0,905 0,808
EF2 0,898 1,061
HS90A 0,891 1,166
H10 0,884 0,964
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
XRCC5 0,881 0,968
TRAP1 0,875 1,064
GRP75 0,873 1,075
MANF 0,868 0,865
H1X 0,834 0,970
XPP3 0,830 1,173
HNRPG 0,828 0,992
PDIA6 0,822 1,033
DKC1 0,821 0,954
HNRH1 0,809 1,122
IF2A 0,796 1,009
ROA2 0,794 0,970
NH2L1 0,783 0,964
PPIA 0,771 1,003
PSPC1 0,768 1,055
ENPL 0,741 1,022
RL23A 0,726 0,926
TCP4 0,726 0,845
LRC59 0,722 1,216
HNRPD 0,720 0,962
S10AA 0,709 0,485
RCC1 0,708 0,991
NXF1 0,694 1,048
UAP56 0,693 1,022
DAZP1 0,682 1,130
CH60 0,679 1,005
HNRL2 0,669 0,879
TCPD 0,654 0,878
GRP78 0,653 1,005
ROA0 0,653 0,932
ILF2 0,639 0,994
TKT 0,629 1,236
TCPB 0,626 1,110
NEUL 0,621 1,012
G3P 0,601 1,084
CH10 0,596 0,935
ARPC2 0,590 1,033
PARP1 0,581 1,275
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A. Proteins detected in the mass spectrometric measurements

Protein Ratio probe Ratio control
ILF3 0,573 0,972
ENOA 0,572 1,102
FUBP2 0,558 0,954
ROAA 0,522 0,950
DDX5 0,508 0,919
BUB3 0,480 1,020
ARP2 0,456 1,109
ROA1 0,455 0,953
NPM3 0,448 1,055
GAR1 0,417 0,931
DDX17 0,398 0,991
ARPC4 0,370 1,023
ARP3 0,365 1,028
HNRDL 0,356 0,941
NEP1 0,333 0,970
RSSA 0,322 1,139
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