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Abstract: Despite remarkable successes with targeted therapies in the treatment of cancer, resistance can occur
which limits the clinical outcome. In this study, we generated and characterized resistant cell clones derived from
two different head and neck squamous cell carcinoma (HNSCC) cell lines (Cal27, UD-SCC-5) by long-term exposure
to five targeted- and chemotherapeutics (afatinib, MK2206, BEZ235, olaparib and cisplatin). The resistant tumor
cell clones showed an increased ERK1/2 expression and an altered expression of the stem-cell markers CD44,
ALDH1, Oct4, Sox2, Nanog and Bmil. None of the single markers alone was predictive for resistance to all five
targeted- and chemotherapeutics. Furthermore, long-term exposure of tumor cells to these five drugs resulted in
an eightfold increase in the mutational rate compared to untreated cells. Interestingly, targeted- and chemotherapy
resistant cell clones remained sensitive to irradiation. Lastly, clones that were resistant to afatinib, MK2206 or
BEZ235 showed cross-resistance to further treatment with therapeutics that affect the same signaling pathway,
but remained sensitive to those affecting different pathways such as cisplatin and olaparib. In contrast, cell clones
which were once resistant to cisplatin or olaparib were found to be multidrug-resistant. These data might indicate
that patients with HNSCC benefit more by a first line targeted therapy followed by cisplatin as a second line therapy.
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Introduction

Squamous cell carcinomas constitute to 90%
of all head and neck cancers (HNSCC). HNSCC
is the sixth most common neoplasia worldwide,
showing rising incidence rates [1]. Mortality
due to this cancer remains largely unimproved
despite ongoing advancements in tumor sur-
gery, radiotherapy, and chemotherapy. The
B5-year survival rate of advanced HNSCC is
below 50% [2]. The prognosis of HNSCC is
worsened by a poor loco-regional disease con-
trol and significant morbidity [3]. In cases of
advanced unresectable and metastatic cancer
multi-agent chemotherapy or biological thera-
pies are presently investigated [4, 5]. These
include drugs targeting growth factors and their

receptors. The Epidermal Growth Factor Re-
ceptor (EGFR) is overexpressed in 90% of
HNSCC and thus represents an important
target.

Cetuximab received its FDA approval for the
therapy of HNSCC in 2006. The human-murine
chimeric immunoglobulin cetuximab competi-
tively targeting the EGFR prevents receptor acti-
vation by endogenous ligands and results in
EGFR downregulation by internalization of the
receptor/antibody complex [6]. Tyrosine-kinase
inhibitors like erlotinib or gefitinib influence
downstream signaling processes. They were
used in locally advanced or metastatic NSCLC
pancreatic carcinomas and were studied in
HNSCC.
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NSCLC patients harboring the activating muta-
tion in the EGFR kinase domain respond well
to small tyrosine-kinase inhibitors like erlotinib
or gefitinib. However, after an initial clinical
response, 50% of all tumors develop the EGFR
T790M mutation [7] which alters the binding
pocket of the receptor and thus prevents bind-
ing of the inhibitor [8]. The knowledge of the
molecular mechanisms of drug resistance is
important for the selection of the patients for
further therapy. It was shown, that tyrosine-
kinase inhibitors of the third generation like
AZD9291 or rociletinib are targets for tumors
with the EGFR mutation T790M [9, 10].

Different resistance mechanisms such as cell-
cycle alterations, mutations, activation of alter-
nate signaling pathways have been elucidated
[11]. Cancer stem cells which have been identi-
fied in many tumor entities have also been
associated with drug resistance [12, 13].
Various cell surface markers such as CD44 and
ALDH1 have been associated with a stem cell
phenotype in HNSCC [14, 15]. Sox2, Oct4,
Nanog and Bmil are transcription factors that
play pivotal roles in maintaining the pluripoten-
cy of embryonic stem cells [16, 17] and are also
found in tumors [18-20].

In the presented study, we generated resistant
tumor cell clones derived from two different
HNSCC cell lines by a long-term incubation to
five targeted- and chemotherapeutics (afatinib,
MK2206, BEZ235, olaparib and cisplatin). The
tumor cell clones were screened for alterations
in the EGFR signaling pathway, for the expres-
sion of stem-cell markers and for upcoming
mutation rates. In addition, therapeutic strate-
gies to overcome resistancy were investigated.

Methods
Selection of inhibitors

We conducted a systematic literature research
to identify the most promising targets and
inhibitors for HNSCC which had been clinically
successful in other solid tumors. Most of our
targets were in the EGFR pathway which plays a
pivotal role in HNSCC development and pro-
gression [21]. In order to generate resistant
cells, we selected the EGFR tyrosine-kinase
inhibitor afatinib (Selleckchem, Houston, United
States of America), the AKT inhibitor MK2206
(Adooq, Irvine, United States of America), the
dual mTOR/PI3K inhibitor BEZ235 (Adooq), the
PARP inhibitor olaparib (Selleckchem) and cis-
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platin (Teva, Ulm, Germany), the standard che-
motherapy in HNSCC. By PARP inhibition, olapa-
rib is able to enhance pre-existing DNA repair
defects leading to the accumulation of unre-
paired DNA double strand breaks [22].
Therapeutics can thus be divided into two
classes: EGFR pathway inhibitors such as afa-
tinib, MK2206 and BEZ235, and DNA-damaging
therapeutics such as olaparib and cisplatin.

Cell culture and reagents

The Cal27 cell line was obtained from DSMZ
(Braunschweig, Germany), UD-SCC-5 cells were
obtained from the University of Dusseldorf
(Clinic for Otolaryngology, Dusseldorf, Ger-
many). The cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) (Invitrogen,
Darmstadt, Germany) containing 10% fetal calf
serum (FBS) (Biochrom, Berlin, Germany), 2
mM glutamine (Biochrom), 100 ug/ml strepto-
mycin (Biochrom), and 100 U/ml penicillin
(Biochrom), maintained at 37°C in an atmo-
sphere of 5% COz, and grown to 70-90%
confluence.

IC5O determination

For IC,, determination cells were treated with
increasing concentrations of the five targeted-
and chemotherapeutics. Cell survival was
assessed by applying the crystal-violet assay.
The cells were seeded in a 6-well plate (5 x 103
cells/well). After 1 d, the cells were treated with
the drug and then cultured for 10 days. Ten
days after treatment, the culture medium was
aspirated and 500 pl of 4% formaldehyde/1 x
PBS were added to each well for 30 minutes.
After washing with 0.1% Triton-X-100/1 x PBS
and H,0, crystal violet (0.04%) was added to
the fixed cells and allowed to act for 30 min-
utes. Finally, SDS (1%) was added and the opti-
cal density was measured at 590 nm using an
ELISA reader 1 h later. The IC,; was calculated
by nonlinear regression of three independent
experiments by using GraphPad Prism 6.0 soft-
ware (Graph Pad Software Inc., La Jolla, United
States of America).

Development of resistant cells

To establish resistant HNSCC cells we started
treating the two cell lines with the IC_, concen-
tration of each targeted- and chemotherapeu-
tic (IC,, for Cal27/UD-SCC-5: afatinib 3.45/2.24
nM, MK2206: 0.21/0.18 uM, BEZ235 9.21/
5.45 nM, cisplatin: 1.00/1.96 uM, olaparib
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8.96/7.06 uM). We increased the dose step-
wise for 6 months, and finished by decreasing
the concentration slightly to regain normally
proliferating cells for the following experiments.
We did not perform single-cell cloning, as we
think the generated potentially heterogeneous
cells are a more realistic clinical model. Tumors
in patients have been demonstrated to be het-
erogeneous as well.

Western blot

The expression of key proteins of the EGFR
receptor pathways and stem-cell markers was
assessed by western blotting. For that purpose
cells were seeded in 6-well-plates (2.5 x 10°
per culture dish). After treatment cells were
lysed in an appropriate buffer (20 mM Tris/HCI,
pH 7.5, 150 mM NaCl, 1 mM Na_EDTA, 1 mM
EGTA, 1 % Triton-X-100, 2.5 mM sodium pyro-
phosphate, 1 mM B-glycerophosphate, 1 mM
Na,VO,, 1 pg/ml leupeptin, 1 mM PMSF).
Lysates were centrifuged at 10.000 rpm for 15
minutes at 4°C to precipitate insoluble mem-
brane particles. Protein concentrations of the
lysates were quantified by using the Bradford
assay to ensure equal amounts of protein load-
ed per lane in SDS-PAGE. The proteins were
then transferred to a PVDF membrane
(Immobilon-P, Millipore, Germany). Before incu-
bation with primary antibodies, membranes
were blocked with 5% non-fat dry milk in Tris-
buffered saline containing 0.1% Tween 20
(TTBS) for 1 h at room temperature. After 12
hours of incubation on a shaker at 4°C, the sec-
ondary anti-lgG antibodies labelled with peroxi-
dase were added in 5% non-fat dry milk in
TTBS. Bands were detected by means of chemi-
luminescence using the ECL Detection System
with the Imager SRX-101° (Konica Minolta,
Langenhagen, Germany). Primary antibodies
against the following antigens were used (dilu-
tion): p-EGFR Tyr1068 (1:2500), p-Akt Serd73
(1:1000), p-ERK 1/2 Thr202/Tyr204 (1:1000),
ALDH1 (1:1000), Oct4 (1:1000), Nanog
(1:2000), Sox2 (1:2000), Bmil (1:1000),
Tubulin (1:5000). Antibodies were obtained
from Cell Signaling Technology (Danvers MA,
USA), US Biological (Marblehead MA, USA).

X-ray irradiation kinetics

For determining the kinetics of cell death after
X-ray exposure, cells were seeded in 6-well
plates at a density of 5 x 102 cells/well. The
irradiation of cells was performed by using an
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X-ray generator (Gulmay CP-2225; maximum
dose rate 3 Gy/min) at the Department of
Radiotherapy (Technische Universitat Minchen,
Germany). The cells were irradiated at room
temperature (70 kV, 10 mA) with X-ray doses
ranging between 0.5 and 10 Gy 24 h after
seeding. Control cells were treated accordingly,
however, without irradiation. Cell survival was
assessed by crystal-violet assay as described
above.

Random mutation capture assay

We followed the random mutation capture
assay protocol of Wright et al. [23] with slight
variations described below. In order to calcu-
late the DNA copy number per well gPCR was
performed using a 10-fold dilution series and
the control primer (forward 5’-CACTGACAACCA-
CCCTTAACC-3', reverse 5-TCAGCATCTTATCCG-
AGTGGA-3’). A reaction volume of 25 pl was
used: 12.5 yl SYBR Green Master mix (Peglab
Erlangen, Germany), 7.25 ul double deionized,
UV-irradiated water (Cayman Chemical, Ann
Arbor, United States of America), 0.25 ul 20 pM
Primer (MWG Biotech, Ebersberg, Germany), 5
pl DNA. PCR was performed in 96-well format
(4titude Frame Star, Wotton, Surrey, United
Kingdom) with a C1000 thermal cycler (Biorad,
Munich, Germany) machine. The following gPCR
protocol was used: 1. 95.0°C for 10:00; 2.
95.0°C for 0:30; 3. 65.0°C for 0:30; 4. 74.0°C
for 0:10 + plate read; 5. GOTO 2 for 57 more
times; 6. melt Curve 65.0°C to 95.0°C, incre-
ment 0.5°C for 0:05 + plate read.

Then Taqg®l digestion was performed as
described by Wright et al. [23]. The reaction
was incubated in an Eppendorf thermomixer
(Eppendorf, Hamburg, Germany) for 3 hours,
while shaking the reaction mixture at 750 rpm
for a total of nine times. Before the third, fifth
and seventh addition of Tag®l, precipitated BSA
was removed by transferring the sample to a
new tube and 8 ul fresh BSA were added. We
did not perform the Microcon YM-50 buffer
exchange described by Wright, as we experi-
enced a heavy DNA loss when using these con-
centrator tubes [23].

After that, we tested for Tag®l (New England
Biolabs, Ipswich, United Kingdom) digestion
efficiency using the mutation-specific primer
(forward 5-CAAGCAGGGGAGGCCTTTT-3/, reve-

Am J Cancer Res 2016;6(9):1963-1975



Pathway inhibitor resistant cells are hypermutated and crossresistant

Cal27

UD-SCC-5
10000

-+ Afatinib -=- Afatinib
-¥- MK2206 1000 -¥- MK2206
-+ BEZ235 -+ BEZ235

15 20 25 30 35
time [weeks]

T T
0 5 10

Cal27

-4 Olaparib

0 5 10 15 20 25 30 35

time [weeks]

800x 50x

-= Cisplatin

35
time [weeks]

UD-SCC-5

-= Cisplatin
-+ Olaparib

0 5 10 15 20 25 30 35

time [weeks]

16x% 1% 1x

Figure 1. Development on the time axis of the resistant tumor cell clones. Starting with the two cell lines Cal27
and UD-SCC-5 and the IC_, dose of the three EGFR signaling inhibitors afatinib, MK2206 and BEZ235 and the two
DNA-damaging substances cisplatin and olaparib, a total of 10 resistant cell lines were generated by increasing the
dose of a single durg tepwise over 24 weeks. Each dot represents a cell passages. Cells resistant to EGFR-pathway
inhibitors could be dose-escalated far higher (e.g. Cal27 afatinib: 800 x IC vs. Cal27 cisplatin: 9x).

rse 5-TCCTGGCTAACGGTGAAACC-3’) and cho-
se a dilution for screening of mutants [23]. The
master mix and the qPCR protocol described
above were applied.

Then gPCR plate was performed to screen for
mutants. Primer-specific products which had
been positive as confirmed by melt curves were
then analyzed by means of post-PCR restriction
and gel electrophoresis to differentiate bet-
ween the wild-type and the mutant PCR prod-
uct. 5 pl of PCR product were digested with
0.25 pl Tag®l, 0.2 pl CutSmart (New England
Biolabs) and 1.55 ul double-deionized water
[23].

Next, the number of DNA copies per well was
determined by standard curve and mutation
frequency was calculated [23].

1966

All experiments were performed three times
independently.

A total of 777 mutations were detected by gel
electrophoresis. A random sample was chosen
and 100 mutations were sent to sequencing
with the mutation-specific primer.

Proliferation assay

Cell proliferation was assessed by a crystal vio-
let assay. The binding of crystal violet to cellular
DNA was used to assess cell proliferation by
means of ELISA as described previously [24].
Briefly, 5 x 103 cells/well were seeded in six-
well plates 24 h before treatment. On the next
day, cells were incubated with the IC,  dose of
each drug. Ten days after treatment, culture
medium was aspirated and 500 ul of 4% form-
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aldehyde were added to each well for 30 min-
utes. After washing with 0.1% Triton-X-100/PBS
and H,0, crystal violet (0.04%) was added to
the fixed cells and allowed to act for 30 min-
utes. Finally, SDS (1%) was added and the opti-
cal density was measured at 590 nm, using an
ELISA reader 1 h later.

Statistical analysis

Statistical analysis was performed by using
GraphPad Prism 6.0 software (Graph Pad
Software Inc.). Assuming a symmetry correla-
tion structure for all experiments, all hypothe-
ses were tested with the One-way ANOVA test.
The means of treated cells and untreated con-
trols were compared by applying Student’s
t-test. The level of statistical significance was
set at p < 0.05.

Results

Establishment of drug-resistant HNSCC cell
lines

According to a protocol described by Kim et al.,
a resistant tumor cell clone which displays the
typical T790M mutation could be established
after exposure of the NSCLC cell line PC9O with
escalating doses of afatinib [25]. In the present
study we chose a similar approach and gener-
ated HNSCC cell lines which are resistant to
five targeted- and chemotherapeutics.

After increasing the drug doses stepwise for 6
months we observed that resistant cell clones
could be divided in two groups: Clones resis-
tant to EGFR pathway inhibitors could be dose
escalated much more than clones resistant to
DNA-damaging therapeutics. The final concen-
tration of Cal27 clones resistant to the pathway
inhibitors was at 800 x IC, 47 x IC_ and 50 x
IC,, for afatinib, MK2206, and BEZ235, respec-
tively, whereas the final concentration to DNA-
damaging cisplatin was 9 x IC_ and to olaparib
4 xIC,. Similar results were obtained with the
cell line UD-SCC-5: afatinib 800 x IC_ , MK2206
50 x IC,,, BEZ235 16 x IC,, cisplatin and
olaparib only 1 x IC .. The development of the
resistant clones of both cell lines is shown in
Figure 1A, 1B.

Switch to ERK1/2 pathway in resistant cells

Next we assessed changes in the EGFR signal-
ing pathway by applying a western-blot analysis

1967

to the expression of p-EGFR Tyr1068, p-AKT
Serd73 and p-ERK1/2 Thr202/Tyr204 (Figure
2A, 2B). In untreated UD-SCC-5 cells p-EGFR
was phosphorylated at tyrosine 1068, whereas
we did not detect any phosphorylation of
p-ERK1/2 or p-AKT. In all five drug-resistant
UD-SCC-5 cell lines p-EGFR phosphorylation
at tyrosine 1068 was lost, whereas ERK1/2
and AKT phosphorylation newly occurred. In
untreated Cal27 cells we detected a basal
phosphorylation of p-EGFR Tyr1068, p-ERK1/2
Thr202/Tyr204 and p-AKT Serd73. In treated
Cal27 cells, ERK1/2 phosphorylation increased
generally, whereas there was an inhomoge-
neous pattern in AKT and EGFR phosphoryla-
tion (Figure 2A, 2B). These results indicate an
activation of the ERK1/2 in UD-SCC-5-resistant
cells and, less pronounced, in resistant Cal27
cell lines.

Heterogeneous alterations in stem cell marker
expression

To explore common patterns of stem-cell popu-
lations after pathway inhibition or targeted- or
chemotherapy, we determined the expression
of the stem-cell markers CD44, ALDH1, Oct4,
Sox2, Nanog and Bmil in untreated and resis-
tant clones. Untreated Cal27 and UD-SCC-5
cells expressed all of the abovementioned
stem-cell markers, with the exception of CD44
in wild-type UD-SCC-5 and ALDH1 in wild-type
Cal27. UD-SCC-5 clones resistant to the path-
way inhibitors expressed CD44 except for
ALDH1, whereas UD-SCC-5 clones resistant to
DNA-damaging substances expressed ALDH1,
with the exception of CD44 (Figure 3A, 3B).
Bmil was downregulated in all resistant
UD-SCC-5 cells. These patterns were not
observed in resistant Cal27 cells. We detected
heterogeneous alterations in the expression of
Oct4, Nanog and Sox2. No clear pattern of
change in the expression of these markers was
observed in the two cell lines when they were
treated with the same inhibitor (Figure 3A, 3B).
In conclusion, stem-cell makers had already
been expressed differently in the untreated cell
lines, and no single marker could be attributed
to the resistance to a specific drug.

Hypermutation of the cancer-cell genome in
drug-resistant cells

Genetic change can be a powerful mechanism
of acquiring resistance. To test this hypothesis,
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Figure 2. Western blot and concordant relative quantification displaying the changes in signaling of the resistant
cells compared to untreated cells. No clear pattern of signaling alternations in EGFR, p-EGFR Tyr1068 and p-AKT
Ser4d73 could be identified. Untreated UD-SCC-5 cells however showed a much weaker phosphorylation of Thr202/
Tyr204 at ERK1/2 while all resistant cell lines show a sharp rise in phosphorylation. Cal27 resistant cell lines show
an overall increase in ERK1/2 phosphorylation, although this effect is less pronounced than in UD-SCC-5 due to
basal level of phosphorylation in untreated cells. Together these findings indicate a switch to ERK1/2 during the

development of the resistances.

we determined the point-mutation frequency by
applying the random mutation capture assay
[23].

Untreated cancer cells were co-cultivated over
the period of 6 months. Untreated Cal27 and
UD-SCC-5 cells had a mutation frequency of
7.00 x 10¥and 1.57 x 107, respectively (Figure
4). The average mutation frequency of all resis-
tant Cal27 clones was at 5.78 x 107 and thus
8.3 times higher than in the untreated control
(p < 0.001). The median mutation frequency of
resistant UD-SCC-5 cells was at 1.22 x 10°
and thus 7.8 times higher compared to the con-
trol (p=0.007). The mutation frequency can be
transformed into the number of gained muta-
tions in coding regions by assuming 3.3 x 10°
bases per genome of which only 1 % are coding.
Untreated Cal27 cells gained 2.3 mutations in
coding regions, while untreated UD-SCC-5 cells
gained 5.2. Resistant Cal27 clones accumulat-
ed on average 19.0 mutations, whereas resis-
tant UD-SCC-5 clones accumulated 40.3 muta-
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tions. Mutation frequency increases of the vari-
ous drugs ranged from 4.4-14.8 x in resistant
clones (Figure 4). As expected, the mutation
frequency incremented most in cells treated
with DNA-damaging substances (cisplatin and
olaparib). Interestingly, after treatment with the
pathway inhibitors (afatinib, MK2206 and
BEZ235), the mutation frequency increased as
well (Figure 4). In conclusion, long-term target-
ed- and chemotherapeutical treatment leads to
a hypermutation of the cancer-cell genome.

Drug-resistant cells are sensitive to irradiation

To assess the response to radiation therapy we
conducted X-ray kinetics with wild-type and
resistant cells. As shown in Figure 5, with the
exception of Cal27 cells which had been treat-
ed with cisplatin and olaparib, changes were
rather minimal. The resistant cells are thus as
sensitive to irradiation as their untreated wild-
type counterparts, indicating that different
mechanisms are mediating chemo- and radio-
resistance.

Am J Cancer Res 2016;6(9):1963-1975
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Figure 3. The western blot and the concordant relative quantification showing changes in the stem-cell marker
expression of CD44, ALDH1, Oct4, Sox2, Nanog and Bmil in untreated and resistant clones. With the exception of
CD44 in UD-SCC-5 and ALDH1 in Cal27, all stem-cell markers had already been expressed in the untreated cells.
While there are similarities, for example, a downregulation of BMI1 in all resistant UD-SCC-5 cells, overall alterna-
tion in stem-cell marker expression was heterogeneous and no single marker could be attributed to the resistance
to all therapeutics.

Cells resistant to pathway inhibitors show
“cross-resistance”, whereas DNA-damaging
substances show “multidrug resistance”

To characterize the change in sensitivity of cell
lines resistant to various other forms of target-
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ed- and chemotherapy, we treated each resis-
tant cell line with a single IC_ dose of one of
the five drugs. All cells lines resistant to EGFR
pathway inhibitors showed a cross-resistance
with respect to the other EGFR pathway inhibi-
tors afatinib, MK2206 or BEZ235 and a strong
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Figure 4. Table showing the point-mutation frequency determined by application of the random mutation capture
assay. The overall increase in mutation frequency compared to untreated, co-cultivated cells is 8.3 in cell lines re-
sistant to Cal27, and 7.8 in those resistant to UD-SCC-5, indicating the importance of point mutations in acquiring
resistance to all therapeutics. The fold increase in mutation frequency ranged from 4.4 in Cal27 cells resistant to
MK2206 to 14.8 in cisplatin-resistant UD-SCC-5 clones, displaying comparability of increases of the mechanistically

per se nonmutational tyrosine-kinase inhibitors and DNA-crosslinking cytotoxic cisplatin.

reduction in their proliferative capacity when
treated with cisplatin or olaparib.

In contrast, cells resistant to DNA-damaging
therapeutics like cisplatin or olaparib showed
multidrug resistance in UD-SCC-5 and Cal27
cell lines (Figure 6A, 6B).

Discussion

Survival in chemotherapeutic treatment in
advanced cancer disease is limited. While prop-
erly selected patients for targeted therapy
respond initially, resistances develop and
patients’ tumors relapse. Generation of resis-
tant cell lines by chronic exposure and dose
escalation has been widely used as a model to
study resistance mechanisms at the molecular
level, for example, in lung cancer [25], colon

1970

cancer [26], breast cancer [27] and melanoma
[28]. While most authors chose one cell line
and only one treatment, in this study, we gener-
ated cells with an acquired resistance in two
HNSCC cell lines and five different drugs to
explore whether there is a common pattern of
adaption to targeted- or chemotherapy . Our
results show that clones resistant to inhibitors
of the EGFR signaling pathway, such as afatinib,
MK2206 and BEZ235, could be dose-escalat-
ed much more than clones resistant to the
DNA-damaging substances olaparib and cispla-
tin. The highest dose escalation was seen in
receptor-targeting afatinib, whereas far lower
dose increases were possible in downstream
targeting MK2206 and BEZ235. We think that
this is due to more alternative and downstream
pathways available for acquiring resistance to
therapy.
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tion in response to irradiation is largely minimal, leaving radiation therapy as an option for a further treatment of

chemoresistant clones.

Our western-blot analyses show that resistant
cancer cells switch towards the ERK1/2 path-
way. This is in acccordance with previous find-
ings described in the literature. Rampias et al.
reported that oncogenic HRAS promoted the
activation of the ERK1/2 pathway when medi-
ating cetuximab resistance in HNSCC [29]. In
ovarian cancer, Wang et al. showed that ERK2
promotes phosphorylation of mitogen-activat-
ed protein kinase phosphatase-1, leading to
increased cisplatin resistance [30]. Upregula-
tion of RAS has been described as a mecha-
nism of acquired resistance to B-RAF (V60OE)
inhibition in melanoma [31]. Whether cisplatin
activates ERK signaling directly or through
induction of DNA damage remains unclear [32].
Also further research is needed to clarify
whether a switch to the RAS/RAF/ERK pathway
alone is sufficient for acquiring resistance to
targeted- or chemotherapy.

The cancer stem-cell hypothesis has been used
to explain various properties of cancer cells
including drug resistance [33-35]. Cancer
stem-cell enrichment was reported after treat-
ment with gemcitabine in pancreatic cancer
[36], with cyclophosphamide in colon cancer

1971

[37], and with irradiation in glioma [38]. We
explored the changes in expression of the well
described stem-cell markers CD44, ALDH1,
Oct4, Sox2, Nanog and Bmil [14-17]. All
untreated cancer cells expressed Oct4, Sox2,
Nanog and Bmil, only Cal27 expressed CD44
and UD-SCC-5 ALDH1. While we found altera-
tions in expression of stem-cell markers in
resistant clones, they were heterogeneous and
no clear pattern of enrichment or depletion
could be identified. This is in concordance with
findings of Liu et al., who reported a distinctive
rather than a common pattern of CD44, CD24
and ALDH1 expression in two breast cancer cell
lines treated with doxorubicin, docetaxel and
radiation [39].

Genetic change is an important mechanism in
acquiring resistance [40]. Our data supports
this hypothesis. Untreated Cal27 cells accumu-
lated about 2.3 point mutations in coding
regions, and untreated UD-SCC-5 accumulated
5 mutations over the six month period. All resis-
tant clones acquired additional point mutations
compared with untreated cancer cells. On aver-
age, a single resistant Cal27 cell acquired
around 19 mutations in coding regions, where-
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Figure 6. Reduction of proliferation in resistant cells treated with a single IC, |
dose of the three EGFR signaling inhibitors: afatinib, MK2206 and BEZ235
and the two DNA-damaging substances cisplatin and olaparib. While clones

treatment [IC5,]

Cal27 BEZ235 comparison with the parental
- line 18-91 [41].

In addition, we showed that

the response of the targeted-

and chemoresistant cell lines
& to irradiation remains mostly
e@” unchanged. These data might
imply that mechanisms of tar-
geted- and chemo- and radio-
resistance are independent
from each other and thus
irradiation might provide an
option to treat targeted- and
chemoresistant tumors in
the clinical setting. There is
no final consent in the litera-
ture on chemo- and radio-
cross-sensitivity or -resistan-

UD-SCC-5 BEZ235 ce. Pauwels et al. described a
] cisplatin-treated bladder-cell

line which showed cross-re-

sistance to chemo- and radio-

therapy [42]. On the other

hand, Gigante et al. described

é,& a cisplatin-resistant and mul-
& tidrug-resistant colon-cancer
cell line, which is radiosensi-

tive [43], and Shi et al. report-

ed that the radioresistant
lung-adenocarcinoma cell line

A549 is still sensitive to five
chemotherapeutic drugs [44].

treatment [IC o]

Furthermore, we showed that
clones resistant to one tar-
geted therapy are less sensi-
tive to the further application
of a differently targeted thera-
py involving the same path-
way. Interestingly, the “cross-

resistant to EGFR signaling inhibitors were cross-resistant relative to the resistant” cancer cells were
other EGFR pathway inhibitors, they were still sensitive to the DNA-damaging still sensitive to treatment
substances. In contrast, cells resistant to the DNA-damaging substances with cisplatin or olaparib,

only showed a minimal response after treatment with all substances, thus

indicating multidrug-resistance.

as a resistant UD-SCC-5 cell acquired about 40
mutations. The number of mutations acquired
was about eight times higher in resistant cells
than in untreated cells. In accordance with our
findings, Jia et al. found newly acquired single
nucleotide variants by next generation sequenc-
ing of an erlotinib-resistant NSCLC cell line in

1972

whereas cell clones resistant
to DNA-damaging substances
tend to be “multidrug-resis-
tant”. This indicates that there are specific
mechanisms of resistance to the pathway
inhibitors like mutations or use of alternative
pathways, whereas unspecific mechanism exist
in DNA-targeting pathways. This is in agree-
ment with previous findings of mutations affect-
ing the binding site of targets [45] or an activa-
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tion of alternative pathways after treatment
with targeted therapies [46]. In contrast, drug
efflux [47] or reduced cellular uptake have
been suggested as resistance mechanisms
effective in conventional chemotherapy [48].

To prevent multidrug resistance in cancers in
first-line treatment we hypothesize that it would
be more useful to treat patients with a combi-
nation of targeted therapies first and then start
a second-line treatment with DNA-damaging
substances.
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