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ABSTRACT

The increase in cellular radiosensitivity by EGF receptor (EGFR) inhibition has 
been shown to be attributable to the induction of a G1-arrest in p53-proficient cells. 
Because EGFR targeting in combination with radiotherapy is used to treat head and 
neck squamous cell carcinomas (HNSCC) which are predominantly p53 mutated, 
we tested the effects of EGFR targeting on cellular radiosensitivity, proliferation, 
apoptosis, DNA repair and cell cycle control using a large panel of HNSCC cell lines. In 
these experiments EGFR targeting inhibited signal transduction, blocked proliferation 
and induced radiosensitization but only in some cell lines and only under normal (pre-
plating) conditions. This sensitization was not associated with impaired DNA repair 
(53BP1 foci) or induction of apoptosis. However, it was associated with the induction 
of a lasting G2-arrest. Both, the radiosensitization and the G2-arrest were abrogated 
if the cells were re-stimulated (delayed plating) with actually no radiosensitization 
being detectable in any of the 14 tested cell lines. Therefore we conclude that EGFR 
targeting can induce a reversible G2 arrest in p53 deficient HNSCC cells, which does 
not consequently result in a robust cellular radiosensitization. Together with recent 
animal and clinical studies our data indicate that EGFR inhibition is no effective 
strategy to increase the radiosensitivity of HNSCC cells.

INTRODUCTION

For head and neck squamous cell carcinomas 
(HNSCC) the only approved molecular targeting approach 
in combination with X-irradiation (IR) is the targeting 
of the epidermal growth factor receptor (EGFR) using 
the antibody cetuximab. This is based on the data from 
Bonner et al. [1] which showed an increased overall 
survival by about 8% compared to radiotherapy alone 
when advanced HNSCC patients were treated additionally 
with cetuximab. It is assumed, that targeting of the EGFR 
improves tumor control at least in part by increasing the 

cellular radiosensitivity of the tumor cells [2]. This cellular 
radiosensitization is thought to result from inhibited DNA 
double strand repair [3-5] and increased apoptosis [6, 7]. 
Additionally, many studies reported an inhibition of cell 
growth and an accumulation of cells in distinct phases of 
the cell cycle [6-9]. However, cellular radiosensitization 
by EGFR targeting is still a matter of discussion since 
some tumor cells show sensitization but others do not [5, 
10, 11].

We have recently demonstrated for non-small cell 
lung carcinoma (NSCLC) cell lines, that EGFR inhibition 
by the small molecule inhibitor erlotinib induces a cell 

               Research Paper



Oncotarget45123www.impactjournals.com/oncotarget

cycle arrest in G1. This G1 arrest correlated with cellular 
radiosensitization under pre-plating conditions in a p53-
dependent manner. However, the sensitization did not 
translate into improved tumor control when tumors were 
treated with fractionated IR [10]. Since re-stimulation by 
re-plating (delayed plating) abolished this G1 arrest and 
reversed the sensitization, the failure to improve tumor 
control might result from re-stimulating events during 
tumor repopulation in the course of fractionated therapy 
[12, 13].

Knowing about the importance of cell cycle 
regulation and culturing conditions in terms of 
radiosensitization by EGFR targeting, we asked whether 
EGFR targeting by cetuximab and erlotinib induces 
cellular radiosensitization of human papilloma virus 
(HPV)-negative HNSCC cells under different culturing 
conditions. To facilitate a relevant outcome we included a 
large panel of 14 different cell lines in this study.

RESULTS

Deficient p53 signaling in HNSCC cell lines

In this study we wanted to determine if EGFR 
targeting is able to radiosensitize HNSCC cells. Because 
our previous studies have demonstrated the importance 
of intact p53 signaling in the context of EGFR targeting, 
we tested p53 and p21 induction in 14 different HNSCC 
cell lines using Western blot. In contrast to the p53 wild 
type (wt) NSCLC cell line A549 none of the HNSCC cells 
showed p53 or p21 induction 4 h after IR (Figure 1, Table 
1). This and the strong basal level of p53 in some cell lines 
is in agreement with data reporting p53 mutations in 12 of 
the used HNSCC cell lines (Table 1) [14, 15].

Effect of EGFR inhibition on EGFR signalling 
and cell proliferation

To test whether EGFR inhibition by erlotinib 
and cetuximab blocks EGFR signaling we detected the 
phosphorylation of EGFR, ERK and AKT in three cell lines 
with either low (SAS), intermediate (UT-SCC 5) or very 
high EGFR expression due to egfr gene amplification (UT-
SCC 14) by Western blot. We chose 5 μM erlotinib and 30 

nM cetuximab since these concentrations already induced 
maximal proliferation inhibition (Supplementary Figure 1). 
In line with the strong EGFR expression UT-SCC 14 cells 
also displayed strong EGFR, ERK and AKT phosphorylation 
which was blocked by erlotinib (Figure 2A). In contrast, 
cetuximab only blocked ERK phosphorylation. This was 
also observed for SAS and UT-SCC 5 cells with SAS 
displaying even more phospho-EGFR after 2 h cetuximab 
treatment. Erlotinib also blocked EGFR, ERK and AKT 
phosphorylation in SAS and UT-SCC 5 cells. The merely 
moderate inhibition of ERK phosphorylation in SAS in 
response to erlotinib and cetuximab can be explained by a 
downstream activation of the MAPK pathway due to Ras 
overexpression and hyper-activation [16]. Additionally we 
tested the effect of EGFR inhibition on cell proliferation 
since a block in proliferation would falsify the analysis 
of cellular radiosensitivity. Both drugs induced a block 
in proliferation, with erlotinib causing again a stronger 
reduction compared to cetuximab and SAS being most 
resistant while UT-SCC 14 cells, which harbour an egfr gene 
amplification, were most sensitive (Figure 2B). Because of 
these blocks in proliferation we removed the drugs 24 h after 
IR in the subsequent colony formation experiments, which 
restored cell proliferation (data not shown).

Influence of EGFR inhibition on radiosensitivity 
under pre- and delayed plating conditions

To test radiosensitization by EGFR inhibition in the 
colony forming assay, cells were treated with erlotinib 
or cetuximab 2 h before IR and drugs were removed 24 
h later. Under pre-plating conditions cetuximab induced 
radiosensitization only in UT-SCC 14 cells while erlotinib 
induced a clear sensitization in UT-SCC 5 and UT-SCC 
14 cells (Figure 3A). All three sensitizations were found 
to be significant for 2 Gy. No sensitization was observed 
for SAS cells.

Strikingly, when the UT-SCC 5 or UT-SCC 14 
cells were re-plated 24 h after IR (delayed plating), no 
sensitization upon EGFR targeting was observable for 
either exponentially growing (Figure 3B) or plateau 
phase cells (Figure 3C; Supplementary Figure 2A). Even 
extending the time of treatment up to 24 h did not provoke 
any radiosensitization under delayed plating conditions 
(Supplementary Figure 2B).

Figure 1: EGFR expression and p53 signaling in HNSCC cell lines. Different HNSCC cells were irradiated with 6 Gy. EGFR 
expression and induction of p53 and p21 were analyzed 4 h later by Western blot using whole cell lysates. A549 cells served as a positive 
control for p53 and p21 induction and actin as a loading control.
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Like the radiosensitization also the effect of erlotinib 
and cetuximab on cell inactivation was dependent on the 
plating conditions: under pre-plating conditions both drugs 
caused a significant reduction in the plating efficiency of 
UT-SCC 5 and UT-SCC 14 cells, with erlotinib causing 
a stronger reduction (Figure 3D) while under delayed 
plating conditions this reduction was abolished (Figure 
3E). For DMSO-treated samples the absolute plating 
efficiency was not altered much by changing the plating 
condition, indicating no selection bias caused by re-plating 
(Supplementary Figure 3).

The results presented so far indicate that EGFR 
targeting does not cause a robust radiosensitization. 
To verify this result in a large cohort of HPV-negative 
HNSCC cell lines, we tested the other 11 cell lines 
including 9 cell lines derived from primary tumors and 
2 from metastases (Table 1, Supplementary Figure 4). 
Since KRAS status has been reported to be of importance 
for EGFR mediated radiosensitization [17, 18] we also 
sequenced KRAS exons 2-4 in all cell lines detecting 
only wt sequences (Table 1). In respect to cytotoxicity 
we observed, on average, only a moderate reduction after 
erlotinib or cetuximab treatment without IR using plateau 
phase cells and delayed plating conditions (Figure 4A). 
In combination with IR no significant increase in cellular 
radiosensitivity was observed for any cell line under the 
same conditions (Figure 4B).

Influence of EGFR inhibition on apoptosis and 
DNA repair foci

The data presented so far indicate that 
radiosensitization of HNSCC cells only occurs under pre-
plating conditions but is abolished after re-plating (delayed 
plating). To analyse which mechanisms are involved in the 
sensitization observed under pre-plating, we first analysed 
the induction of apoptosis by flow cytometry (Figure 5A) and 
the repair of DNA double strand breaks (DSB) by detecting 
residual 53BP1-positive repair foci via immunofluorescence 
microscopy (Figure 5B). For SAS, UT-SCC 5 and UT-
SCC 14 cells no increase in the fraction of apoptotic cells 
could be observed 24 h after IR in the samples treated with 
EGFR inhibitors and IR compared to the irradiated only 
samples (Figure 5C). In contrast, an increased number of 
residual DSB was detected after IR in almost all EGFR 
inhibitor-treated samples (Figure 5D). As this was observed 
also for SAS cells and for cetuximab-treated UT-SCC 5 
cells, the increase in residual DSB did not correlate with 
radiosensitization under pre-plating conditions.

Influence of EGFR inhibition on the cell cycle 
distribution

The previous experiments have demonstrated, that 
radiosensitization does not correlate with the induction 

Table 1: Cell lines characteristics

Linie Origin HPV p53 p21 
induction

EGFR
(Exon 19-

21)

EGFR 
amplification

KRAS status
(Exon 2-4)

UT-SCC 5 linguae - mut* - wt** -** wt#

UT-SCC 8 larynx - mut** - wt** +** wt#

UT-SCC 14 linguae - mut* - wt** +** wt#

UT-SCC 15 linguae - mut* - wt** -** wt#

UT-SCC 29 larynx - mut# - nd nd wt#

UT-SCC 42A larynx - mut# - nd nd wt#

UT-SCC 42B larynx (m) - nd - nd nd wt#

UT-SCC 60A tonsil - mut# - nd nd wt#

Cal33 tongue - mut** - wt** -** wt#

HSC4 tongue - mut** - wt** -** wt#

FaDu hypopharynx - mut* - wt** -** wt#

SAS tongue - mut** - wt** -** wt#

SAT oral cavity - nd - wt** +** wt#

XF354 ? (m) - mut** - wt** -** wt#

+ positive; - negative; m metastasis; wt wild type; mut mutated; nd not done
*Eicheler et al. 2002 [16]; **Kasten-Pisula et al. 2011 [17]; #own sequencing data
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of apoptosis or residual DSB. Because we have recently 
demonstrated, that radiosensitization can be associated 
with the induction of distinct cell cycle arrests [10], we 
asked whether an EGFR-mediated cell cycle block might 
correlate with radiosensitization also in this study. To 
this end, we analysed the cell cycle distribution after IR 
in combination with erlotinib treatment. While erlotinib 
alone caused an accumulation of cells in the G1-phase 
of the cell cycle, IR induced an accumulation in S/G2, 
as expected due to the induction of DNA damage (Figure 
6A). Treatment with erlotinib 2 h before IR reduced the 
number of S/G2 cells 12 h after IR. However, 24 h after IR 
more G2 cells were detectable in the erlotinib/IR treated 
samples compared to the samples treated with IR alone. 
This was especially pronounced for the UT-SCC 5 and 
UT-SCC 14 cells (Figure 6A). To investigate the transition 
through G2 in more detail we removed erlotinib 24 h after 
IR and analysed the G2 population up to 72 h after IR. 
These analyses revealed a strongly delayed G2 efflux in 
double-treated UT-SCC 5 and UT-SCC 14 cells while no 
such effect was observed for SAS cells (Figure 6B).

To determine if this G2 block can be abolished by re-
plating, we used EdU incorporation. As depicted in Figure 
6C, EdU staining of UT-SCC 14 cells revealed that nearly all 
untreated cells migrated through the cell cycle within 24 h. 
In contrast, when cells were treated with IR or erlotinib 24 h 
before adding Edu (erlotinib was removed 2 h before adding 
EdU), a fraction of cells stayed in G1 and G2. Strikingly, 
following combined treatment, the fraction of G2-arrested 
cells increased dramatically. Such an increase was not 
detectable for G1-arrested cells (Figure 6C, Supplementary 
Figure 5). Quantifying the amount of G2-arrested cells 48 h 
after adding EdU, we detected a significant increase in the 
erlotinib- plus IR-treated samples compared to the erlotinib-
only-treated samples for UT-SCC 5 and UT-SCC 14 cells 
(Figure 6D). However, when the cells were re-stimulated 
24 h after IR by re-plating, this strong arrest in G2 was 
significantly reduced.

In summary, these data strongly indicate that 
radiosensitization observed under pre-plating conditions 
depends on a reversible arrest of erlotinib- and IR-treated 
cells in G2.

Figure 2: Effect of EGFR inhibition on HNSCC cells. SAS, UT-SCC 5 and UT-SCC 14 cells were treated with 5 μM erlotinib or 
30 nM cetuximab as indicated. A. Signaling: Phosphorylation of EGFR, ERK and AKT was determined by Western blotting after 2 h of 
treatment. The relative signal intensities are depicted under the corresponding lane. The values of the phospho-signals were normalized to 
the values of the corresponding unphosphorylated proteins. Cetuximab-treated samples were normalized to untreated ones and erlotinib-
treated samples to DMSO-treated ones. B. Cell proliferation: The cells were harvested and counted at the indicated time points.
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DISCUSSION

Using a large panel of 14 independent HPV-negative 
HNSCC cell lines we clearly demonstrate in this study 
that targeting the EGFR fails to cause a robust cellular 
radiosensitization. Whilst cellular radiosensitization can be 
observed in some cell lines under pre-plating conditions, 
re-stimulation of the cells by re-plating abolished the 
sensitization. This effect was recently described by us 
also for glioblastoma [19] and NSCLC cell lines [10]. 

In the latter study we also observed no improved tumor 
control for NSCLC xenografts treated with fractionated 
IR and EGFR inhibitors erlotinib or cetuximab [10]. For 
some HNSCC cells, including a few of the cells tested 
in the present study, Gurtner et al. reported improved 
tumor control only after cetuximab treatment but not after 
erlotinib treatment in combination with fractionated IR 
[20]. Since erlotinib always causes stronger biological 
effects compared to cetuximab we assume that improved 
tumor control by cetuximab may not be caused by cellular 

(Continued)

Figure 3: Influence of EGFR inhibition on radiosensitivity and cell survival under pre- and delayed plating conditions. 
SAS, UT-SCC 5 and UT-SCC 14 cells were treated with 5 μM erlotinib or 30 nM cetuximab as indicated. A-C. Cells were irradiated with 
different doses 2 h later. Cell survival measured under (A) pre-plating conditions of exponentially growing cells (inhibitors were removed 
24 h after IR, no re-seeding) or (B, C) delayed plating conditions (cells were re-seeded 24 h after irradiation) of (B) exponentially growing 
cells or (C) plateau phase cells. 
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radiosensitization but rather by a residual immune 
response in the NMRI (nu/nu) mice, especially for 
tumors with strong EGFR expression such as UT-SCC 
14-derived tumors [20, 21]. This is in line with both the 
positive results from Bonner et al. reporting better survival 
after combining cetuximab with RT [1] and the failure of 
recent clinical trials combining either fully humanized 
anti-EGFR antibodies or small molecule inhibitors with 
radiotherapy and radio-chemotherapy [22-24]. Why also 
cetuximab failed to improve radio-chemotherapy has to 
be examined in the future [25]. Putting all these findings 
together, the doctrine that EGFR targeting radiosensitizes 
HNSCC cells, which accounts for improved patient 
survival, has to be reconsidered.

Like for NSCLC cell lines radiosensitization of UT-
SCC 5 and UT-SCC 14 cells under pre-plating conditions 
seems to depend on the induction of a reversible cell 
cycle block [10]. In contrast to p53 wt NSCLC cells, the 
p53/p21 signaling-deficient HNSCC cells did not arrest 
in G1 (Supplementary Figure 5). Instead, they showed 
a pronounced G2-phase arrest which was associated 
with radiosensitization. Therefore we assume that a 
lasting G2 arrest is responsible for the radiosensitization 
observed in p53 mutated cells since it was abolished by 
re-plating which also abolished radiosensitization. To 
our knowledge, this is the first study proposing such a 

mechanism of radiosensitization in HNSCC cells. The 
failure of erlotinib to improve tumor control in the animal 
studies [20] proves that this cell cycle arrest-dependent 
radiosensitization does not translate into improved tumor 
control and is therefore unlikely to contribute to a clinical 
effect of EGFR targeting in HNSCC patients. This is again 
in line with the data obtained for NSCLC cell lines and 
xenografts [10].

Under pre-plating conditions the putative 
radiosensitization as well as the inhibition of proliferation 
and the reduction of clonogenicity by EGFR targeting 
alone (plating efficiency) seem to correlate with the EGFR 
expression (SAS < UT-SCC 5 < UT-SCC 14). But again, 
the strong reduction in the plating efficiency under pre-
plating conditions (Figure 3D) can also be attributed to a 
cell cycle blockage because it is resolved by re-plating. In 
that case the arrest of cells in G1 seems to be of relevance 
(Supplementary Figure 5). Still, even under delayed 
plating conditions, some cell lines showed a moderate 
reduction in clonogenicity which does not correlate with 
EGFR expression level (Figure 4A). The factors causing 
the variations in cell inactivation between the different cell 
lines are not clear so far.

We have recently published that EGFR targeting 
inhibits DNA DSB repair in HNSCC cells via MAPK 
signalling and PARP1 [26]. In this study we also observed 

Figure 3 (Continued): D, E. Cell inactivation by EGFR inhibition alone under (D) pre-plating and (E) delayed plating conditions 
(plateau phase).
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elevated residual 53BP1 foci, indicative of an inhibition 
of DNA DSB repair (Figure 5B). However, it does not 
correlate with cellular radiosensitization since an increased 
amount of residual 53BP1 was detected also in SAS cells, 
which do not become sensitized. Additionally, using 
delayed plating conditions, an increased number of foci 
was detected in UT-SCC 5 and SAS cells, too [26]. Whilst 
the quantification of residual DSB repair complexes using 
marker proteins such as 53PB1 is a very well established 

method, further endeavours have to be made to answer 
why residual repair foci do not correlate with cellular 
survival in the context of combined EGFR targeting and 
IR, a phenomenon which has been described already by 
other studies [10, 27].

In addition to the importance of this study for the 
understanding of radiosensitization by EGFR targeting, its 
findings may apply more generally to targeting strategies 
using kinase inhibitors to induce radiosensitization in 

Figure 4: Radiosensitivity after EGFR inhibition in 14 HNSCC cell lines under delayed plating conditions. Confluent 
cultures of 14 different HNSCC cell lines were treated with 5 μM erlotinib or 30 nM cetuximab for 2 h. Cells were irradiated 2 h later with 
different doses as indicated and were re-plated 24 h later. The data for SAS, UT-SCC 5 and UT-SCC 14 cells were already depicted in Figure 
3, and pre-plating data were included (pale bars). A. Cytotoxicity: Relative effect of erlotinib and cetuximab on colony formation without 
IR. B. Radiosensitivity: Relative effect of EGFR inhibition on the surviving fraction after 6 Gy of IR (SF6).
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cell culture: Firstly our results highlight the importance 
of choosing the adequate experimental setup (pre- vs. 
delayed plating) and secondly they broaden the portfolio 
of potential mechanisms causing reduced colony formation 
(a persistent G2 arrest). Yet, whether re-plating can be 
assumed to be more relevant for the in vivo situation is 
hard to say. In our view, both techniques, pre- and delayed 
plating may reflect different in vivo scenarios: whilst pre-

plating might better reflect xenograft experiments using 
irradiation with a single dose or a few fractions, re-plating 
might better reflect the situation of normal fractionation 
where repopulation and therefore re-stimulating events 
take place throughout the course of treatment [12]. This 
assumption fits quite well to the published xenograft data: 
whilst effects of single dose irradiation or irradiation 
with up to five fractions show an additional benefit of 

Figure 5: Influence of EGFR inhibition on apoptosis and DNA repair. Exponentially growing SAS, UT-SCC 5 and UT-SCC 14 
cells were treated with 5 μM erlotinib or 30 nM cetuximab as indicated. Cells were irradiated with different doses 2 h later. A, C. Apoptosis: 
Twenty-four hours after IR cells were fixed and analyzed for primary apoptosis by staining of activated caspases and subsequent flow 
cytometry. Cells treated with 1 μM staurosporine served as a positive control. (A) Exemplary histograms for untreated and staurosporine 
treated UT-SCC 14 cells (X-axis: caspase activity). (C) Quantification. B, D. DSB repair: To determine DSB repair residual DNA DSB were 
stained and quantified by immunofluorescence using antibodies against 53BP1 protein. (B) Exemplary picture of residual 53BP1 (white) 
foci 24 h after 2 Gy in UT-SCC 5 cells. The DNA was stained with DAPI (grey). (D) Quantification.
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targeting EGFR in combination with irradiation [28, 
29], fractionated irradiation in combination with EGFR-
inhibition might not [20]. However, these considerations 
are impeded by the fact, that cetuximab might improve the 

outcome in xenograft experiments by mediating different 
kinds of immune responses, as discussed above.

In summary we have shown, that radiosensitization 
of p53/p21-deficient HPV-negative HNSCC cells can 
occur but only under pre-plating conditions. We also 

Figure 6: Influence of EGFR inhibition on the cell cycle. Exponentially growing SAS, UT-SCC 5 and UT-SCC 14 cells were 
treated with 5 μM erlotinib or 30 nM cetuximab 2 h before to IR. A. Cell cycle distribution 12 h and 24 h after IR as determined by PI 
staining and flow cytometry. B. Kinetics of G2 phase. Medium was changed 24 h after IR (dotted line). Values for 12 and 24 h were taken 
from A. C, D. Determination of G2-arrested cells using EdU incorporation and PI staining analyzed by flow cytometry. EdU was given 
2 h after medium change (pre-plating conditions without re-seeding) or re-plating (delayed plating conditions with re-seeding 24 h after 
irradiation), respectively. (C) Exemplary measurement of UT-SCC 14 cells 24 h after medium change. (D) G2 population 72 h after EdU 
administration.
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demonstrate here for the first time that this sensitization 
seems to depend on the arrest of the cells in the G2 phase 
of the cell cycle and could therefore be abolished by re-
plating (re-stimulation), a method which also abolishes the 
EGFR-dependent G2 cell cycle arrest. Together with our 
own data showing also no radiosensitization by cetuximab 
in a panel of 5 HPV-positive HNSCC cell lines [30] and in 
agreement with other preclinical and recent clinical studies 
we conclude that EGFR inhibition is no effective strategy 
to increase the radiosensitivity of HNSCC cells.

MATERIALS AND METHODS

Cell lines

HPV-negative HNSCC and A549 (NSCLC) 
cells were grown in D-MEM medium (Invitrogen) 
containing 10% FCS (PAN Biotech) and 2 mM glutamine 
(Invitrogen) at 37°C and 100% humidification. Cells 
were identified by a short tandem repeat multiplex assay 
(Applied Biosystems) if a reference was available. Cell 
lines UT-SCC-8, UT-SCC-14 and SAT harbour egfr gene 
amplifications (Table 1).

Substances

Erlotinib (Tarceva®; Roche), cetuximab (Erbitux®; 
Merck), staurosporine (Sigma-Aldrich) DMSO (vehicle; 
Roche), propidium iodide (Merck), RNase A (Serva).

Irradiation (IR)

Cells were irradiated at room temperature with 200 
kV X-rays (Gulmay RS225, Gulmay Medical Ltd.; 15 mA, 
0.8 mm Be + 0.5 mm Cu filtering; dose rate of 1.2 Gy/min).

Western blotting

Proteins from whole cell extracts were detected 
by Western blot according to standard protocols. 
Primary antibodies: anti-EGFR, anti-pEGFR, anti-
ERK1/2, anti-pERK, anti-AKT and anti-pAKT (Cell 
Signaling Technology), anti-p53 (Novocastra), anti-p21 
(Pharmingen), anti-actin (Sigma-Aldrich). Secondary 
antibodies: anti-mouse and anti-rabbit antibodies (LI-
COR Biosciences). The Odyssey® CLx Infrared Imaging 
System (LI-COR Biosciences) was used for signal 
detection. Relative signal intensities were given as the 
quotient of [phospho-protein / unphosphorylated proteins]. 
Cetuximab-treated samples were normalized to untreated 
ones and erlotinib-treated samples to DMSO-treated ones.

Cell proliferation and survival

To measure proliferation, cells were seeded, treated 
with EGFR-inhibitors 24 h later and cell numbers were 
determined at the indicated time points. Cell survival was 

measured by colony formation either under pre-plating or 
delayed plating conditions. For pre-plating experiments the 
cells were seeded 24 h before inhibitor treatment. After 2 
h the cells were irradiated and the medium was changed 
24 h later, keeping the cells without inhibitor for the rest of 
the experiment. For delayed plating experiments the cells 
were treated as described above but were trypsinized and re-
seeded 24 h after IR (re-plating), inducing a re-stimulation. 
Cells were grown without inhibitors until colonies reached 
equal size. Colonies were fixed, stained with crystal violet 
and the colonies of more than 50 cells were scored as 
‘survivors’. The surviving fraction was normalized to the 
plating efficiency of the non-irradiated controls.

Cell cycle analysis

DNA content

At different time intervals after IR cells were 
harvested and fixed with ethanol, washed with PBS (0.1% 
Tween) and stained with propidium iodide solution (10 μg/
ml, RNase A 0.1 μg/ml) for 30 min at room temperature. 
DNA histograms as obtained by flow cytometry (FACS 
Scan Canto and FACSDiva software, BD Biosciences) 
were used to determine the fraction of G1-, G2- and 
S-phase cells using ModFit LTTM software (Verity 
Software House, Inc.).
EdU-incorporation

Twenty-four hours after IR the medium of the cells 
was either changed or the cells were re-plated. Two hours 
later the nucleoside analog 5-ethynyl-2´-deoxyuridine 
(EdU) was added. Cells were fixed at different time 
points as indicated, stained for EdU according to the 
manufacturer’s protocol (Baseclick) and stained with 
propidium iodide as described above. DNA histograms 
and EdU incorporation were analysed using FACS Scan 
Canto and FACSDiva software (BD Biosciences).

Immunofluorescence / DNA repair

Residual DNA repair foci were analyzed by 
immunofluorescence staining as described earlier 
[31]. Briefly, cells were fixed and stained with anti-
53BP1 (Novus, Biologicals) antibodies followed 
by fluorescein-labeled anti-rabbit (GE-Healthcare, 
Amersham™) secondary antibodies. DNA was stained 
with 4′,6-diamidino-2-phenylindole (DAPI; QBiogene). 
A confocal fluorescence microscope (Zeiss Axioplan 2; 
630-fold magnification) was used for analysis of 53BP1 
foci. At least 100 nuclei were randomly selected and foci 
were counted by eye. Only intact nuclei were analyzed.

Apoptosis

For the detection of apoptosis, cells were analyzed 
24 h after IR by measuring caspase activity employing 
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flow cytometry and the Carboxyfluorescin FLICA 
Apoptosis Detection Kit Caspase Assay (Immunochemistry 
Technologies, LLC), according to the manufacturer’s 
protocol.

KRAS sequencing

Sequencing of KRAS exons 2/3/4 was performed as 
described previously [32].

Data evaluation

Unless otherwise indicated, experiments were 
repeated at least three times. The data are presented 
as mean values (±SEM). Prism 5 software (GraphPad 
Software) was used for analyzing and graphing the data. 
The unpaired student’s t-test was performed for the 
statistical analysis. P-values were calculated using two-
sided tests (* p < 0.05; ** p < 0.01; *** p < 0.001).
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