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Abstract

In solid tumours millions of cells are shed into the blood circulation each day. Only a subset
of these circulating tumour cells (CTCs) survive, many of them presumable because of their
potential to form multi-cellular clusters also named spheroids. Tumour cells within these
spheroids are protected from anoikis, which allows them to metastasize to distant organs or
re-seed at the primary site. We used spheroid cultures of head and neck squamous cell car-
cinoma (HNSCC) cell lines as a model for such CTC clusters for determining the role of the
epidermal growth factor receptor (EGFR) in cluster formation ability and cell survival after
detachment from the extra-cellular matrix. The HNSCC cell lines FaDu, SCC-9 and UT-
SCC-9 (UT-SCC-9P) as well as its cetuximab (CTX)-resistant sub-clone (UT-SCC-9R)

were forced to grow in an anchorage-independent manner by coating culture dishes with
the anti-adhesive polymer poly-2-hydroxyethylmethacrylate (poly-HEMA). The extent of
apoptosis, clonogenic survival and EGFR signalling under such culture conditions was eval-
uated. The potential of spheroid formation in suspension culture was found to be positively
correlated with the proliferation rate of HNSCC cell lines as well as their basal EGFR
expression levels. CTX and gefitinib blocked, whereas the addition of EGFR ligands pro-
moted anchorage-independent cell survival and spheroid formation. Increased spheroid for-
mation and growth were associated with persistent activation of EGFR and its downstream
signalling component (MAPK/ERK). Importantly, HNSCC cells derived from spheroid cul-
tures retained their clonogenic potential in the absence of cell-matrix contact. Addition of
CTX under these conditions strongly inhibited colony formation in CTX-sensitive cell lines
but not their resistant subclones. Altogether, EGFR activation was identified as crucial factor
for anchorage-independent survival of HNSCC cells. Targeting EGFR in CTC cluster forma-
tion might represent an attractive anti-metastatic treatment approach in HNSCC.
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Introduction

Each day millions of tumour cells are shed into the blood circulation from solid tumours [1].
Of these cells, only a small subpopulation is able to survive and demonstrates tumour-induc-
ing potential enabling metastastic progression [2,3]. Circulating tumour cells (CTCs) have
been detected in peripheral blood of patients in most epithelial tumour types and were signif-
icantly associated with poor prognosis [4-9]. Previous findings revealed the existence of so-
called CTC clusters or circulating microembolis (CTM) which display an increased meta-
static potential compared to solitary CTCs [10,11]. In agreement with this, in vivo spheroids
were shown to be exclusively detectable in blood from patients with metastatic disease in var-
ious histological entities indicative of their role in tumour progression and metastasis [12].
CTC clusters can be built from CTCs alone or are mixed with accessory cells including leuko-
cytes, platelets, endothelial cells or fibroblasts [13-15]. In contrast to solitary CTCs, these
CTC aggregates (e.g. > 3 CTCs in advanced NSLCLC) [16] were shown to have an advantage
in the blood circulation in terms of protection from an immune attack and anoikis (apoptosis
resulting from loss of cell-cell and cell-matrix contact) [14,17]. Identification of the molecu-
lar mechanisms underlying the CTC cluster formation ability and their maintenance in the
blood circulation may lead to a better understanding of the mechanisms involved in the met-
astatic potential of CTCs and might identify novel therapeutic targets for anti-metastatic
treatment.

In the seminal study of Jost and coworkers, EGFR activation was identified as key factor
for anchorage-independent cell survival of primary and immortalized human keratinocytes
[18]. Subsequent studies demonstrated this function of EGFR in different epithelial tumour
models as well [19-21]. EGFR is overexpressed in many tumours of epithelial origin includ-
ing HNSCC showing upregulated expression in about 90% of patients [22]. Increased levels
of EGFR expression and activation have been associated with poor prognosis, distant metas-
tasis, and therapy resistance [23]. We have previously shown in a breast xenograft model that
EGFR as well as mesenchymal markers are upregulated in the CTC fraction [24]. Addition-
ally, in HNSCC patients with locally advanced disease, we have detected EGFR in the total
fraction of CTCs and its phosphorylated form in more than 50% of CTCs [25]. However, the
causative role of EGFR and its downstream signalling pathway for anchorage-independent
cell survival of CTCs in HNSCC remains unresolved. Previous studies established the forced
suspension culture as a near-physiological in-vitro model in which the tumour spheroids
rather than cells cultured in monolayers mimic biological properties of micrometastases/
CTC clusters, including their architecture as well as morphological and physiological charac-
teristics [26]. In the current study, we used the spheroid model mimicking the conditions
of these CTC clusters and anchorage-independent growth to evaluate whether signalling
from EGFR may affect their survival and cluster formation ability in the absence of matrix
engagement.

Materials and Methods

Reagents

Cetuximab (CTX) was provided by Merck Serono (Darmstadt, Germany) and unless other-
wise indicated CTX was used at a concentration of 100pg/ml. Recombinant epidermal
growth factor (EGF) and amphiregulin (AREG) were purchased from Invitrogen (Carlsbad,
CA, USA). These reagents were used at a concentration of 100ng/ml (EGF, AREG). Gefitinib
was purchased from SelleckChem (Houston, Tx, USA) and used at a concentration of
100nm.
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Cell Lines

The previously established HNSCC cell lines UT (University of Turku)-SCC-9 (UT-SCC-9)
and SCC-9 cells were kindly provided by T.K. Hoffmann (University of Essen, Dept. of Otorhi-
nolaryngology). The FaDu cell line was purchased from ATCC (Cat. No: ATCC® HTB-43™).
The identity of the cell lines was confirmed by high-throughput SNP-based authentication
(Multiplexion, Heidelberg, Germany). CTX-resistant subclone of UT-SCC-9 (UT-SCC-9R)
was established by chronic treatment of UT-SCC-9P cells with increasing concentrations of
CTX from 50pug/ml up to 200ug/ml over a period of 7 months. The resistance of treated cells
was validated by performing clonogenic assays (S1 Fig). In addition, UT-SCC-9R was verified
to originate from the UT-SCC-9P by next-generation sequencing in our lab. Cells were cul-
tured in MEM supplemented with 10% fetal calf serum (FCS) and incubated in a humidified
atmosphere of 95% air / 5% CO, at 37°C. All cell lines were routinely tested for mycoplasma
contamination.

Spheroid Cell Culture

Non-adhesive tissue culture plates were used for forced suspension culture. Briefly, the anti-
adhesive polymer poly-HEMA (Sigma Chemical Co., St. Louis, MO, USA) was dissolved in
ethanol to a final concentration of 10mg/ml and used for coating tissue culture plates. The eth-
anol was evaporated overnight at room temperature and plates were sterilized under UV light
for 2h. Thereafter, cells were plated into pre-coated dishes in serum-free medium unless stated
otherwise. For assessment of the spheroid formation capacity, HNSCC cells were seeded at a
density of 2,500 cells/well in non-adhesive 96-well plates. After 96h, the total number of spher-
oids per well was determined under light microscope.

For analysis of the effects of EGFR stimulation or blockade on spheroid volume, HNSCC
cells were seeded at a density of 300,000 cells in non-adhesive 6-well plates. Cells were left
untreated or were treated with AREG, EGF, CTX or gefitinib. After an incubation of 72h at
least two microscopic images were taken of each culture well from the areas with highest spher-
oid density. To calculate the mean spheroid volume short and long diameters of 15 spheroids
per sample were measured by the software Image ] [27]. Spheroid volumes were then calculated
according to the formula V = axb*xn/6, with a and b representing the lesser and greater spher-
oid diameters, respectively. Relative spheroid volumes were calculated by setting volumes of
non-treated spheroids to 100%.

Clonogenic Survival Assay

To analyse clonogenic survival following the culture of HNSCC cells in forced suspension,
spheroids were disaggregated to single cells by 10-min treatment with trypsin (0.25%)/EDTA.
Thereafter, cells were plated into 12-well plates at a density of 250 cells per well and incubated
until colonies were formed. Colonies containing 50 cells or more were counted. Plating effi-
ciency and survival fractions for given treatments were calculated on the basis of survival of
non-treated cells. All samples were done in triplicates and at least three independent experi-
ments were carried out.

Proliferation Assay

The growth kinetics of HNSCC cells was determined by cell counting. To this aim, 2x10*cells/
well were plated into 12-well culture plates in MEM containing 10% FCS. On days 1, 2, 3 and
4, cells were harvested by trypsinisation and counted in the haemocytometer under the light
microscope.
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Apoptosis Assay

For the detection of apoptotic cells, samples from the volume measurements were harvested by
trypsinisation and analysis of apoptosis was performed by propidium iodide (PI) staining fol-
lowed by flow cytometric analysis as described by Riccardi and Nicoletti [28]. Briefly, cells were
tixed by 70% (v/v) cold ethanol and stored overnight at -20°C. Fixed cells were washed with
PBS and stained using DNA staining solution (20pg of PI in 1 ml of PBS containing 2mg of
RNase). Subsequently, the fraction of cells with a DNA content less than 2n ("sub-G; cells") as
a result of apoptotic DNA fragmentation was determined using a FACSCanto II cytometer
(BD Biosciences Europe, Heidelberg, Germany). For each sample 10,000 events were recorded.
Data analysis was performed with BD FACSDiva Software v6 (BD Biosciences).

MTT Cell Viability Assay

Cells were seeded in coated or non-coated 96-well plates at the optimal cell concentration for
each cell line (10,000-75,000 cells (forced suspension); 2,500 cells (monolayer)). Cells were
then left untreated or were treated with AREG, EGF, CTX or gefitinib. Seventy-two hours after
seeding, the MTT reagent (5mg/ml) was added and cells were incubated overnight. After addi-
tion of DMSO, absorbance at 540nm was measured by the use of the AR 2001 microplate
reader (Anthos Mikrosysteme GmbH, Krefeld, Germany). The relative cell viability was calcu-
lated using untreated cells as control.

Western Blotting

Expression levels of phosphorylated-MAPK/ERK (42/44 kDa) were assessed by Western blot-
ting. Cells were treated as indicated in the figure legends. After treatment, cells were lysed with
RIPA buffer (Thermo Scientific, Schwerte, Germany) and protein concentrations were mea-
sured. Thereafter, proteins were electrophoretically separated by SDS-PAGE and transferred to
PVDF membranes (BioRad, Munich, Germany). Membranes were incubated with the specific
antibodies for pERK1/2 followed by incubation with a secondary antibody conjugated to horse-
radish peroxidase (Cell Signalling Technology, Danvers, MA, USA). Immuno reactive proteins
were visualized using enhanced chemiluminescence (WesternSure@® PREMIUM Chemilumi-
nescent Substrate, LI-COR, Bad Homburg, Germany) and the C-Digit Blot scanner (LI-COR,
Bad Homburg, Germany). For loading control an antibody against vinculin (124 kDa; Abcam,
Cambridge, UK) was used.

Statistical Analysis

For assessment of the effects of EGFR stimulation and EGFR blockade on spheroid formation
capacity, apoptosis, proliferation and clonogenic survival, the paired Student's #-test was used.
The level of significance was set at p < 0,05. Statistical analyses were carried out using the SPSS
Statistics software (version 22.0.0, IBM, Armonk, NY, USA).

Results
The Extent of Spheroid Formation is Cell Line-Dependent

Since established HNSCC cell lines can show different properties in cell growth and invasive-
ness, we first assessed the extent of spheroid formation in forced suspension in relation to the
growth rates of HNSCC cell lines in monolayer cultures. In the four HNSCC cell lines tested,
we observed formation of spheroids from single-dissociated HNSCC cells in forced suspension
cultures. As depicted in Fig 1A, FaDu cells showed the highest and SCC-9 cells the lowest
potential to form spheroids, whereas no significant difference was observed in UT-SCC-9P
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Fig 1. Spheroid generation s cell line dependent. (A) 2,500 cells were seeded into 96-well plates (poly-HEMA
coated). After 96h, total number of spheroids per well were counted. (B) 2 x10*cells/well were plated into 12-well
culture plates and at indicated times cells were counted. The data points shown in (A) and (B) representthe mean
values + standard deviation (SD) of three independent experiments. (C) Cells were lysed, and protein samples
were subjected to western blot analysis with specific antibodies against EGFR. GAPDH was used as a loading
control.

doi:10.1371/journal.pone.0163149.9001

cells compared to their cetuximab-resistant subclone UT-SCC-9R. (Fig 1A) The capability of
HNSCC cells to form spheroids was positively correlated with their growth rates (Fig 1B) and
the basal EGFR expression determined by immunoblotting. (Fig 1C)

Autocrine EGFR Signalling Is Maintained in Spheroid Culture of HNSCC
Cell Lines

Since it was shown that EGFR activity has protective effects on epithelial cells when growing in
absence of matrix interaction, we investigated whether endogenous EGFR signalling was main-
tained under forced suspension conditions. As readout we used the activation of ERK1/ERK2
as downstream factor of the EGFR signal cascade, by examining its phosphorylation status
(pERK1/2). All four cell lines were cultured either in monolayers or forced suspension. We
used serum-free culture conditions for these experiments to avoid stimulation of EGFR by
potential traces of exogenous EGFR ligands in foetal serum. Cells were harvested after 24h, 48h
and 72h, and immunoblotting was performed. Activation of EGFR signalling was observed
under both culture conditions in all cell lines (Fig 2). However, both the pattern of ERK1/
ERK?2 activation and its kinetics differed between the cell lines. Whereas FaDu demonstrated
higher expression levels of pERK1 and pERK2 in forced suspension compared to monolayer
cultures, the other three cell lines showed mainly pERK2 expression irrespectively of the type
of culture condition. Interestingly, cell lines UT-SCC-9R and SCC-9 showed a marked reduc-
tion in pERK1/2 after 72h of spheroid culture. This can be explained by a declined growth and
size of spheroids, which is not observed in the other two cell lines.
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Fig 2. Autocrine EGFR signallingis maintained in spheroid culture of HNSCC cell lines. Cells were cultured
as monolayer (M) or spheroids (FS) for 24h, 48h or 72h in serum-free medium. The expression levels of pERK1/2
(42/44 kDa) and vinculin (internalloading control; 124 kDa) were analysed by immunoblotting. The values of the
quantitative analysis are depicted as pERK1/2 protein levels relative to vinculin expression levels.

doi:10.1371/journal.pone.0163149.9002

Spheroid Formation Is EGFR-Dependent

To further explore the influence of EGFR signalling on the potential of HNSCC cells to escape
anoikis and to survive in forced suspension, the four cell lines were either treated with EGFR
ligands (100ng/ml AREG or EGF), the EGFR-blocking antibody cetuximab (CTX, 100ug/ml)
or the EGFR-specific tyrosine-kinase inhibitor gefitinib, for 72h. Subsequently, the volume of
formed spheroids was determined. In Fig 3, representative microscopic images from one of
four independent experiments and from each cell line after activation or blockade of EGFR are
shown. Especially in the cetuximab sensitive cell lines, an effect of either EGFR stimulation or
EGEFR blockade was observed. In Fig 4, the results from the quantitative analysis of volume
measurements from four independent experiments are presented. For a better comparison of
treatment effects, relative spheroid volumes were calculated in each experiment. Stimulation of
cells cultured under non-adhesive conditions especially with EGF significantly increased spher-
oid volumes in the three CTX-sensitive HNSCC cell lines compared to their controls. Con-
versely, blocking of EGFR by CTX caused a markedly reduction of spheroid volumes in all cell
lines. The effects of EGFR activation/blockade was more pronounced in FaDu and SCC-9 com-
pared to UT-SCC-9P and UT-SCC-9R cells. Comparable effects were observed using gefitinib
for EGFR blockade (Fig 4).

EGFR Activation Has Protective Effects against Anoikis

We next evaluated whether cell survival of HNSCC cells in spheroids was also controlled by
EGEFR. For this purpose, all four cell lines were seeded and treated with AREG, EGE, CTX or
gefitinib for 72h in forced suspension or monolayer cultures. In all three CTX-sensitive cell
lines, reduced apoptosis was observed in EGFR ligand-treated compared to untreated cells (Fig
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Fig 3. Effects of EGFR activation/blockade on spheroid formation. Cells were seeded at a density of 300,000
cells/well into 6-well plates and cultured under non-adherent conditions in the absence or presence of EGFR
ligands (AREG, EGF) or EGFR blocking agents (CTX, gefitinib). Pictures were taken 72h after cell seeding. (5x
magnification)

doi:10.1371/journal.pone.0163149.9003

5). Although EGFR activation/blockade showed similar effects in forced suspension and mono-
layer cultures, the most prominent reduction or increase in apoptosis was observed in spheroid
cultures, indicative for a stronger dependence of cells on EGFR signalling under the former
culture conditions. Especially the cell line SCC-9 with the lowest capability to form spheroids
demonstrated the strongest rescue in forced suspension culture after stimulation by EGE Sur-
prisingly, the monolayer showed reverse effects in this cell line. No significant changes were
observed in UT-SCC-9R cells (Fig 5). These results were verified using MT'T assays. (Fig 6) Cor-
roborating the results from the analysis of apoptosis, a strong protective effect of EGFR stimula-
tion in FaDu and SCC-9 cells cultured in forced suspension was observed. In UT-SCC-9P cells
only slight effects of EGFR stimulation but clear effects of EGFR blockade were detected. In
UT-SCC-9R cells EGFR stimulation or inhibition did not affect cell proliferation (Fig 6).

Clonogenic Potential of HNSCC Spheroids Is Conserved by EGFR
Activation during Forced Suspension Culture

During their journey through hematogenous routes, small CTC clusters need to maintain their
clonogenic potential for establishment of new lesions at distant organs. We therefore deter-
mined whether EGFR stimulation during forced suspension culture would also conserve the
clonogenic potential of spheroid-derived HNSCC cells. Clonogenic survival assays were per-
formed using cells which had been cultured for 72h either in monolayers or forced suspension
in the absence or presence of EGFR ligands or CTX. Overall, clonogenic survival potential was
slightly higher in cells derived from monolayer compared to forced suspension cultures. (Fig 7)
Addition of AREG and EGF during forced suspension culture improved clonogenic survival of
CTX-sensitive cells, which was more pronounced after stimulation with EGF compared to
AREG. While the effect of EGF stimulation on clonogenic survival was significant for SCC-9
and UT-SCC-9P cells, only a trend was observed for FaDu. Conversely, CTX significantly
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Fig 4. Effects of EGFR activation/blockade on spheroid volume. Cells were seeded at a density of 300,000
cells/well into poly-HEMA coated 6-well plates and treated with the indicated agents. After 72h, the diameters of at
least 15 spheroids were measured and spheroid volumes calculated relative to the untreated spheroids. Bars
represent mean values + SD of four independent experiments. For the cell line SCC-9 the y-axis was adapted due
to the EGF-induced strong increase in spheroid volumes.

doi:10.1371/journal.pone.0163149.9004

blocked clonogenic survival in all CTX-sensitive cells. The inhibitory effect was more pro-
nounced in spheroid compared to monolayer cultures. As seen also for apoptosis, there was no
influence of EGF or CTX on the clonogenic potential of CTX-resistant UT-SCC-9R cells.

Discussion

Using spheroid culture of HNSCC cell lines as a representative in-vitro model for CTC cluster
formation and growth after loss of cell-matrix interactions contributing to the metastatic
spread in vivo, [10] we here established an important role of EGFR activation for HNSCC cell
survival and spheroid maintenance under such conditions. Spheroid formation leading to resis-
tance to anoikis by autocrine EGFR stimulation could be mediated by the activation of different
downstream components of the EGFR signalling pathway including upregulation of the hyp-
oxia-inducible-factor-1 (HIF1) [29] or activation of the PI3K/AKT [30] as well as the MAPK
pathway [18]. In support of a major role of MAPK, the activation of this pathway was shown to
be required for spheroid formation [18]. Consistent with these previous studies, we observed
that autocrine EGFR signalling through MAPK/ERK was maintained after loss of cell adher-
ence in all HNSCC cells and that the strongest activation of MAPK/ERK was observed in the
cell line with the highest capacity of spheroid formation. Moreover, exogenous stimulation of
EGFR increased the number and volume of spheroids. Interestingly, differences in the effects
of AREG and EGF on spheroid formation capacity were observed, indicating divergent molec-
ular mechanisms influenced by these two EGFR ligands. In line with our observation, EGF was
demonstrated to induce morphological changes in colon cancer cell lines whereas AREG had
an effect only on cell proliferation [31].
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@° PLOS | ONE

In Vitro Analysis of EGFR Signalling in Anchorage Independent Survival

FaDu SCC-9
35 35
30 30
gQ5 25
g 20 20 *
‘g_ 15 15 *kKk
o} L
Q 10 10
@© * I ]: i
5 I 5 =
0 e Lamim -I-ﬁ l.l—l_.._ I Ii 2= T 0 I |ﬁ I Iﬁ wTa i
Ctrl. AREG EGF CTX  Gefi Ctrl. AREG EGF CTX Gefi
nFS mM 1nFS mM
UT-SCC-9P UT-SCC-9R
35 * 35
30 I 30
EZS 25
2 20 20
%}
"g_ 16 l 15
(]
Q 10 10
% I | l I I [
5 5 I
0 . = III—. i i 0 I |_— I I-:. rlanma | I.a I

Ctrl. AREG EGF CTX  Gefi Ctrl. AREG EGF CTX  Gefi
1FS mM 1HFS mM n=3

Fig 5. Activation of EGFR protects HNSCC cells against anoikis. Cells were seeded at a density of 300,000
cells/well in non-coated or poly-HEMA coated 6-well plates and were immediately treated with either EGFR ligands
or blocking reagents. After 72h, cells from monolayer (M) and forced suspension (FS) cultures were harvested and
the apoptotic fraction was determined by Pl staining and subsequent flow cytometry. Bars represent the mean
percentages of apoptotic cells + SD of at least three independent experiments. Significant changes compared to
control are marked with an asterisk.

doi:10.1371/journal.pone.0163149.9005

The results from our in-vitro model are suggestive of EGFR being a master regulator of cell
survival not only in the bulk tumour [32] but also in CTC-forming clusters. This conclusion is
further supported by our previous observation that basal expression of EGFR can be detected
in 100% and activated EGFR (pEGFR) in 55% of CTCs from HNSCC patients with locally
advanced stage disease [25]. EGFR-expressing CTCs have also been detected in metastatic
breast cancer patients as well as patients with non-small-cell lung cancers [33,34]. These data
strongly suggest that EGFR might not only represent an attractive molecular target in the bulk
tumour [35] but also in CTCs to prevent them from forming clusters. In favor of such a thera-
peutic approach is our previous observation that the radiation-induced increase in CTC num-
bers was less pronounced when radiotherapy was combined with CTX compared to
chemotherapy [25]. However, addition of CTX to radiotherapy significantly improved local
but not distant control in the Bonner trial [36]. This negative result could be explained by an
enrichment of cells with primary or acquired resistance to CTX among CTCs. Generally, in pri-
mary tumours acquired resistance to anti-EGFR antibodies could result from compensatory
mechanisms for reduced EGFR signaling [37] as well as genetic alterations in the EGFR-RAS--
RAF-MEK signaling pathway or other receptor tyrosine kinases [38]. Several previous studies
also revealed the hepatocyte growth factor receptor MET as a potential mediator of resistance
to anti-EGFR targeted therapies [39-43]. MET activates intracellular signaling cascades includ-
ing RAS-MAPK and PI3K-AKT pathways, NF-xB and Wnt/GSK-3p/8-Catenin signaling [44].
Moreover, an increased expression of MET in combination with CD47 and EpCAM was
shown to be correlated with a high tumorigenicity of CTC subpopulations [2,45]. Increased

PLOS ONE | DOI:10.1371/journal.pone.0163149 September 19,2016 9/14



@° PLOS | ONE

In Vitro Analysis of EGFR Signalling in Anchorage Independent Survival

relative cell viability [%]

relative cell viability [%]

FaDu SCC-9
200 800
150 i i 600 .
100 — . * 400
50 |I|i *f 200 o
- : W &
0 ” . I'm II. B B PR
Ctr. AREG EGF CTX Gefi Ctrl. AREG EGF CTX Gefi
1nNFS mM 1nMFS mM
UT-SCC-9P UT-SCC-9R
200 200
150 150

o

o
o
o
o

N PP e R
Milden “mAnn

Ctrl. AREG EGF CTX Gefi Ctrl. AREG EGF CTX Gefi
11FS mM 11FS mM n=4
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control are marked with an asterisk.

doi:10.1371/journal.pone.0163149.9006

expression of MET has been described for CSCs and has a key role in cell growth, survival and
metastasis [44]. Therefore, CTCs could contain a subpopulation of CSCs with intrinsically
lower sensitivity to CTX treatment. CSC characteristics have indeed been described for CTCs,
and it was postulated that it is their stemness feature which enables them to survive in periph-
eral blood as single-dissociated cells or small spheroids [46-48] (reviewed in ref. 4). Thus, tar-
geting also key regulators in MET activated pathways might help improving distant control in
HNSCC. These aspects are currently under investigation in our laboratory.

The poor distant control by CTX treatment in HNSCC patients might be alternatively
explained by the occurrence of CTCs in peripheral blood of patients as tightly packed spheroids
[12]. Thus, resistance to CTX could simply result from a reduced accessibility of the antibody
to inner spheroid layers where the true metastasis-initiating cells might be located. Recently,
the in-depth characterization of tumour cell spheroids from peripheral blood of patients with
solid cancers revealed heterogeneous cell layers, with cells displaying a cancer stem cell (CSC)-
like phenotype in the center and cells with a more differentiated phenotype at the spheroid sur-
face [12]. Moreover, in CSCs high expression of efflux pump genes is known to cause multi-
drug resistance, especially for chemotherapeutic agents [49,50]. In agreement with this,
another study demonstrated resistance to anoikis and cytotoxic drugs for CTM rather than for
solitary CTCs in SCLC [17]. If confirmed in our in-vitro model, strategies to target the mecha-
nisms involved in spheroid aggregation and maintenance might represent an attractive combi-
natory approach to improve the anti-metastatic efficacy of EGFR blockade as well as
chemotherapy in CTC clusters.
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Fig 7. EGFR signalling regulates clonogenic survival of HNSCC cells derived from forced suspension
cultures. Cells were cultured as monolayer (M) or in forced suspension (FS) in the absence or presence of EGF,
AREG or CTX. 72h later, cells were harvested, disaggregated to single cells and subjected to clonogenic survival
analysis. Bars represent the surviving fractions (SF) £ SD from three independent experiments. Significant
changes compared to control are marked with an asterisk.

doi:10.1371/journal.pone.0163149.9007

In conclusion, HNSCC cells lacking cell-matrix interactions require mechanisms including
EGFR signalling to form cell clusters to be protected from anoikis-like cell death. An anti-meta-
static therapeutic approach directed against CTCs or CTC clusters should thus include EGFR
as a molecular target. However, other mechanisms such as the factors responsible for cell
aggregation in tightly packed spheroids and/or the acquisition of a CSC phenotype in such
structures might also contribute to resistance from anoikis. Future studies focusing on a more
detailed characterisation of the architecture and physiological characteristics of spheroids in
vitro and in vivo are required in order to optimize current treatment concepts for a better dis-
tant tumour control in HNSCC.

Supporting Information

S1 Fig. Validation of resistance and sensitivity to cetuximab in different HNSCC cell lines.
UT-SCC-9P was chronically treated with increasing cetuximab concentrations. The CTX-resis-
tant phenotype of the subclone UT-SCC-9R was confirmed by assessment of the inhibitory
effect of CTX treatment on clonogenic cell survival in UT-SCC-9R compared to the parental
cell line UT-SCC-9P, FaDu and SCC-9. Bars show the mean survival fractions (SF) + standard
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ments.
(TIFF)

Author Contributions

Conceptualization: DB MS FN MO BBP RK VB IT.

Data curation: DB MS FN MO BBP RK VB IT.

Formal analysis: DB MS FN MO BBP RK VB IT.

Funding acquisition: IT.

Investigation: DB MS FN MO BBP RK VB IT.

Methodology: DB MS FN MO BBP RK VB IT.

Project administration: DB MS IT.

Resources: DB MS FN MO BBP RK VB IT.

Supervision: IT.

Validation: DB MS FN MO BBP RK VB IT.

Writing - original draft: DB MS IT.

Writing - review & editing: DB MS IT.

References

1.

10.

11.

Butler TP, Gullino PM (1975) Quantitation of cell shedding into efferent blood of mammary adenocarci-
noma. Cancer Res 35:512-516. PMID: 1090362

Baccellil, Schneeweiss A, Riethdorf S, Stenzinger A, SchillertA, et al. (2013) Identification of a popula-
tion of blood circulating tumor cells from breast cancer patients that initiates metastasis in a xenograft
assay. Nat Biotech 31:539-544.

Baccelli |, Trumpp A (2012) The evolving concept of cancer and metastasis stem cells. J Cell Biol 198:
281-293. doi: 10.1083/jcb.201202014 PMID: 22869594

Tinhofer |, Saki M, Niehr F, Keilholz U, Budach V (2014) Cancer stem cell characteristics of circulating
tumor cells. International Journal of Radiation Biology 90: 622—627. doi: 10.3109/09553002.2014.
886798 PMID: 24460132

Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, et al. (2004) Circulating tumor cells, disease
progression, and survival in metastatic breast cancer. N Engl J Med 351: 781-791. PMID: 15317891

Waulfing P, Borchard J, Buerger H, Heidl S, Zanker KS, et al. (2006) HER2-positive circulating tumor

cells indicate poor clinical outcome in stage | to lll breast cancer patients. Clin Cancer Res 12: 1715-
1720. PMID: 16551854

Krawczyk N, Banys M, Hartkopf A, Hagenbeck C, Melcher C, et al. (2013) Circulating tumour cells in
breast cancer. Ecancermedicalscience 7: 352. doi: 10.3332/ecancer.2013.352 PMID: 24066018
Cohen SJ, Punt CJ, lannotti N, Saidman BH, Sabbath KD, et al. (2008) Relationship of circulating
tumor cells to tumor response, progression-free survival, and overall survival in patients with metastatic
colorectal cancer. J Clin Oncol 26: 3213-3221. doi: 10.1200/JC0.2007.15.8923 PMID: 18591556

Hayes DF, CristofanilliM, Budd GT, Ellis MJ, Stopeck A, et al. (2006) Circulating tumor cells at each fol-
low-up time point during therapy of metastatic breast cancer patients predict progression-free and over-
all survival. Clin Cancer Res 12:4218—-4224. PMID: 16857794

Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS, et al. (2014) Circulating Tumor Cell Clus-
ters are Oligoclonal Precursors of Breast Cancer Metastasis. Cell 158: 1110—1122. doi: 10.1016/j.cell.
2014.07.013PMID: 25171411

Chang MC, Chang YT, Chen JY, Jeng YM, Yang CY, et al. (2016) Clinical Significance of Circulating Tumor
Microemboli as a Prognostic Marker in Patients with Pancreatic Ductal Adenocarcinoma. Clin Chem.

PLOS ONE | DOI:10.1371/journal.pone.0163149 September 19,2016 12/14


http://www.ncbi.nlm.nih.gov/pubmed/1090362
http://dx.doi.org/10.1083/jcb.201202014
http://www.ncbi.nlm.nih.gov/pubmed/22869594
http://dx.doi.org/10.3109/09553002.2014.886798
http://dx.doi.org/10.3109/09553002.2014.886798
http://www.ncbi.nlm.nih.gov/pubmed/24460132
http://www.ncbi.nlm.nih.gov/pubmed/15317891
http://www.ncbi.nlm.nih.gov/pubmed/16551854
http://dx.doi.org/10.3332/ecancer.2013.352
http://www.ncbi.nlm.nih.gov/pubmed/24066018
http://dx.doi.org/10.1200/JCO.2007.15.8923
http://www.ncbi.nlm.nih.gov/pubmed/18591556
http://www.ncbi.nlm.nih.gov/pubmed/16857794
http://dx.doi.org/10.1016/j.cell.2014.07.013
http://dx.doi.org/10.1016/j.cell.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25171411

@° PLOS | ONE

In Vitro Analysis of EGFR Signalling in Anchorage Independent Survival

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Denes V, Lakk M, Makarovskiy A, Jakso P, Szappanos S, et al. (2015) Metastasis blood test by flow
cytometry:in vivo cancer spheroids and the role of hypoxia. Int J Cancer 136: 1528—1536. doi: 10.
1002/ijc.29155 PMID: 25155872

Duda DG, Duyverman AM, Kohno M, Snuderl M, Steller EJ, et al. (2010) Malignant cells facilitate lung
metastasis by bringing their own soil. Proc Natl Acad Sci U S A 107:21677-21682. doi: 10.1073/pnas.
1016234107 PMID: 21098274

Krebs MG, Metcalf RL, CarterL, Brady G, Blackhall FH, et al. (2014) Molecular analysis of circulating
tumour cells[mdash]biology and biomarkers. Nat Rev Clin Oncol 11: 129-144. doi: 10.1038/nrclinonc.
2013.253 PMID: 24445517

Molnar B, Ladanyi A, Tanko L, Sreter L, Tulassay Z (2001) Circulating tumor cell clusters in the periph-
eral blood of colorectal cancer patients. Clin Cancer Res 7: 4080-4085. PMID: 11751505

Mascalchi M, Falchini M, Maddau C, Salvianti F, Nistri M, et al. (2015) Prevalence and number of circu-
lating tumour cells and microemboli at diagnosis of advanced NSCLC. Journal of Cancer Research and
Clinical Oncology 142:195-200. doi: 10.1007/s00432-015-2021-3 PMID: 26210156

Hou JM, Krebs MG, Lancashire L, Sloane R, Backen A, et al. (2012) Clinical significance and molecular
characteristics of circulating tumor cells and circulating tumor microemboliin patients with small-cell
lung cancer. J Clin Oncol 30: 525-532. doi: 10.1200/JC0.2010.33.3716 PMID: 22253462

Jost M, Huggett TM, Kari C, Rodeck U (2001) Matrix-independent survival of human keratinocytes
through an EGF receptor/MAPK-kinase-dependent pathway. Mol Biol Cell 12: 1519—-1527. PMID:
11359940

Kari C, Chan TO, Rocha de Quadros M, Rodeck U (2003) Targeting the epidermal growth factor recep-
torin cancer: apoptosis takes center stage. Cancer Res 63: 1-5. PMID: 12517767

Isakoff SJ, Engelman JA, Irie HY, Luo J, Brachmann SM, et al. (2005) Breast cancer-associated
PIK3CA mutations are oncogenic in mammary epithelial cells. Cancer Res 65: 10992—11000. PMID:
16322248

Rybak AP, Ingram AJ, Tang D (2013) Propagation of human prostate cancer stem-like cells occurs
through EGFR-mediated ERK activation. PLoS One 8: €61716. doi: 10.1371/joumal.pone.0061716
PMID: 23620784

Kalyankrishna S, Grandis JR (2006) Epidermal growth factor receptor biology in head and neck cancer.
J Clin Oncol 24:2666-2672. PMID: 16763281

Nicholson RI, Gee JM, Harper ME (2001) EGFR and cancer prognosis. Eur J Cancer 37 Suppl 4: S9—
15. PMID: 11597399

Gorges TM, Tinhofer |, Drosch M, Rése L, Zollner TM, et al. (2012) Circulating tumour cells escape
from EpCAM-based detection due to epithelial-to-mesenchymal transition. BMC Cancer 12:178-178.
doi: 10.1186/1471-2407-12-178 PMID: 22591372

Tinhofer |, Hristozova T, Stromberger C, Keilholz U, Budach V (2012) Monitoring of Circulating Tumor
Cells and Their Expression of EGFR/Phospho-EGFR During Combined Radiotherapy Regimens in
Locally Advanced Squamous Cell Carcinoma of the Head and Neck. International Journal of Radiation
Oncology*Biology*Physics 83: e685-e690.

Mueller-Klieser W (1987) Multicellular spheroids. Journal of Cancer Research and Clinical Oncology
113:101-122. PMID: 3549738

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. Nat
Meth 9:671-675.

Riccardi C, Nicoletti | (2006) Analysis of apoptosis by propidium iodide staining and flow cytometry. Nat
Protoc 1: 1458—1461. PMID: 17406435

Lee SH, Koo KH, Park JW, Kim HJ, Ye SK, et al. (2009) HIF-1 is induced via EGFR activation and medi-
ates resistance to anoikis-like cell death under lipid rafts/caveolae-disrupting stress. Carcinogenesis
30: 1997-2004. doi: 10.1093/carcin/bgp233 PMID: 19789263

Humtsoe JO, Kramer RH (2010) Differential epidermal growth factor receptor signaling regulates
anchorage-independent growth by modulation of the PI3K/AKT pathway. Oncogene 29: 1214—1226.
doi: 10.1038/0nc.2009.419 PMID: 19935697

Solic N, Davies DE (1997) Differential effects of EGF and amphiregulin on adhesion molecule expres-
sion and migration of colon carcinoma cells. Exp Cell Res 234: 465-476. PMID: 9260917

ZimmermannM, Zouhair A, Azria D, Ozsahin M (2006) The epidermal growth factor receptor (EGFR) in
head and neck cancer: its role and treatment implications. Radiation Oncology (London, England) 1:
11-11.

Payne RE, Yague E, Slade MJ, Apostolopoulos C, Jiao LR, et al. (2009) Measurements of EGFR
expression on circulating tumor cells are reproducible over time in metastatic breast cancer patients.
Pharmacogenomics 10: 51-57. doi: 10.2217/14622416.10.1.51 PMID: 19102715

PLOS ONE | DOI:10.1371/journal.pone.0163149 September 19,2016 13/14


http://dx.doi.org/10.1002/ijc.29155
http://dx.doi.org/10.1002/ijc.29155
http://www.ncbi.nlm.nih.gov/pubmed/25155872
http://dx.doi.org/10.1073/pnas.1016234107
http://dx.doi.org/10.1073/pnas.1016234107
http://www.ncbi.nlm.nih.gov/pubmed/21098274
http://dx.doi.org/10.1038/nrclinonc.2013.253
http://dx.doi.org/10.1038/nrclinonc.2013.253
http://www.ncbi.nlm.nih.gov/pubmed/24445517
http://www.ncbi.nlm.nih.gov/pubmed/11751505
http://dx.doi.org/10.1007/s00432-015-2021-3
http://www.ncbi.nlm.nih.gov/pubmed/26210156
http://dx.doi.org/10.1200/JCO.2010.33.3716
http://www.ncbi.nlm.nih.gov/pubmed/22253462
http://www.ncbi.nlm.nih.gov/pubmed/11359940
http://www.ncbi.nlm.nih.gov/pubmed/12517767
http://www.ncbi.nlm.nih.gov/pubmed/16322248
http://dx.doi.org/10.1371/journal.pone.0061716
http://www.ncbi.nlm.nih.gov/pubmed/23620784
http://www.ncbi.nlm.nih.gov/pubmed/16763281
http://www.ncbi.nlm.nih.gov/pubmed/11597399
http://dx.doi.org/10.1186/1471-2407-12-178
http://www.ncbi.nlm.nih.gov/pubmed/22591372
http://www.ncbi.nlm.nih.gov/pubmed/3549738
http://www.ncbi.nlm.nih.gov/pubmed/17406435
http://dx.doi.org/10.1093/carcin/bgp233
http://www.ncbi.nlm.nih.gov/pubmed/19789263
http://dx.doi.org/10.1038/onc.2009.419
http://www.ncbi.nlm.nih.gov/pubmed/19935697
http://www.ncbi.nlm.nih.gov/pubmed/9260917
http://dx.doi.org/10.2217/14622416.10.1.51
http://www.ncbi.nlm.nih.gov/pubmed/19102715

@° PLOS | ONE

In Vitro Analysis of EGFR Signalling in Anchorage Independent Survival

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Maheswaran S, Sequist LV, Nagrath S, Ulkus L, Brannigan B, et al. (2008) Detection of mutations in
EGFR in circulating lung-cancer cells. N Engl J Med 359: 366—377. doi: 10.1056/NEJMo0a0800668
PMID: 18596266

Bernier J, Bentzen SM, Vermorken JB (2009) Molecular therapy in head and neck oncology. Nat Rev
Clin Oncol 6: 266—277. doi: 10.1038/nrclinonc.2009.40 PMID: 19390553

Bonner JA, Harari PM, Giralt J, Azarnia N, Shin DM, et al. (2006) Radiotherapy plus cetuximab for
squamous-cell carcinoma of the head and neck. N Engl J Med 354: 567-578. PMID: 16467544

Boeckx C, Baay M, Wouters A, Specenier P, Vermorken JB, et al. (2013) Anti-epidermal growth factor
receptor therapy in head and neck squamous cell carcinoma: focus on potential molecular mechanisms
of drug resistance. Oncologist 18: 850—864. doi: 10.1634/theoncologist.2013-0013 PMID: 23821327

Van Emburgh BO, Sartore-Bianchi A, Di Nicolantonio F, Siena S, Bardelli A (2014) Acquired resistance
to EGFR-targeted therapies in colorectal cancer. Mol Oncol.

Park J, Kim J-m, Park JK, Huang S, Kwak SY, et al. (2014) Association of p21-activated kinase-1 activ-
ity with aggressive tumor behavior and poor prognosis of head and neck cancer. Head & Neck: n/a-n/a.

Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, et al. (2007) MET amplification leads to
gefitinib resistance in lung cancer by activating ERBB3 signaling. Science 316: 1039—-1043. PMID:
17463250

Gusenbauer S, Vlaicu P, Ullrich A (2013) HGF induces novel EGFR functions involved in resistance for-
mation to tyrosine kinase inhibitors. Oncogene 32: 3846—-3856. doi: 10.1038/onc.2012.396 PMID:
23045285

Troiani T, Martinelli E, Napolitano S, Vitagliano D, Ciuffreda LP, et al. (2013) Increased TGF-alphaas a
mechanism of acquired resistance to the anti-EGFR inhibitor cetuximab through EGFR-MET interaction
and activation of MET signaling in colon cancer cells. Clin Cancer Res 19: 6751-6765. doi: 10.1158/
1078-0432.CCR-13-0423 PMID: 24122793

Bardelli A, Corso S, Bertotti A, Hobor S, Valtorta E, et al. (2013) Amplification of the MET receptor
drives resistance to anti-EGFR therapies in colorectal cancer. Cancer Discov 3: 658—673. doi: 10.
1158/2159-8290.CD-12-0558 PMID: 23729478

Gherardi E, Birchmeier W, Birchmeier C, Vande Woude G (2012) Targeting MET in cancer: rationale
and progress. Nat Rev Cancer 12: 89—103. doi: 10.1038/nrc3205 PMID: 22270953

Barriere G, Fici P, Gallerani G, Fabbri F, Zoli W, et al. (2014) Circulating tumor cells and epithelial, mes-
enchymal and stemness markers: characterization of cell subpopulations. Annals of Translational Med-
icine 2:109. doi: 10.3978/j.issn.2305-5839.2014.10.04 PMID: 25489583

Aktas B, Tewes M, Fehm T, Hauch S, Kimmig R, et al. (2009) Stem cell and epithelial-mesenchymal
transition markers are frequently overexpressed in circulating tumor cells of metastatic breast cancer
patients. Breast Cancer Research: BCR 11: R46—R46. doi: 10.1186/bcr2333 PMID: 19589136

Raimondi C, Gradilone A, Naso G, Vincenzi B, Petracca A, et al. (2011) Epithelial-mesenchymal transi-
tion and stemness features in circulating tumor cells from breast cancer patients. Breast Cancer
Research and Treatment 130: 449-455. doi: 10.1007/s10549-011-1373-x PMID: 21298334

Fehm T, Hoffmann O, Aktas B, Becker S, Solomayer EF, et al. (2009) Detection and characterization of
circulating tumor cells in blood of primary breast cancer patients by RT-PCR and comparison to status
of bone marrow disseminated cells. Breast Cancer Research: BCR 11: R59-R59. doi: 10.1186/
bcr2349 PMID: 19664291

Dean M, Fojo T, Bates S (2005) Tumour stem cells and drug resistance. Nat Rev Cancer 5: 275-284.
PMID: 15803154

Moitra K (2015) Overcoming Multidrug Resistance in Cancer Stem Cells. Biomed Res Int 2015:
635745. doi: 10.1155/2015/635745 PMID: 26649310

PLOS ONE | DOI:10.1371/journal.pone.0163149 September 19,2016 14/14


http://dx.doi.org/10.1056/NEJMoa0800668
http://www.ncbi.nlm.nih.gov/pubmed/18596266
http://dx.doi.org/10.1038/nrclinonc.2009.40
http://www.ncbi.nlm.nih.gov/pubmed/19390553
http://www.ncbi.nlm.nih.gov/pubmed/16467544
http://dx.doi.org/10.1634/theoncologist.2013-0013
http://www.ncbi.nlm.nih.gov/pubmed/23821327
http://www.ncbi.nlm.nih.gov/pubmed/17463250
http://dx.doi.org/10.1038/onc.2012.396
http://www.ncbi.nlm.nih.gov/pubmed/23045285
http://dx.doi.org/10.1158/1078-0432.CCR-13-0423
http://dx.doi.org/10.1158/1078-0432.CCR-13-0423
http://www.ncbi.nlm.nih.gov/pubmed/24122793
http://dx.doi.org/10.1158/2159-8290.CD-12-0558
http://dx.doi.org/10.1158/2159-8290.CD-12-0558
http://www.ncbi.nlm.nih.gov/pubmed/23729478
http://dx.doi.org/10.1038/nrc3205
http://www.ncbi.nlm.nih.gov/pubmed/22270953
http://dx.doi.org/10.3978/j.issn.2305-5839.2014.10.04
http://www.ncbi.nlm.nih.gov/pubmed/25489583
http://dx.doi.org/10.1186/bcr2333
http://www.ncbi.nlm.nih.gov/pubmed/19589136
http://dx.doi.org/10.1007/s10549-011-1373-x
http://www.ncbi.nlm.nih.gov/pubmed/21298334
http://dx.doi.org/10.1186/bcr2349
http://dx.doi.org/10.1186/bcr2349
http://www.ncbi.nlm.nih.gov/pubmed/19664291
http://www.ncbi.nlm.nih.gov/pubmed/15803154
http://dx.doi.org/10.1155/2015/635745
http://www.ncbi.nlm.nih.gov/pubmed/26649310

